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ABSTRACT

Oral inhalation (OI) of drugs is the route of choice to treat respiratory
diseases or for recreational drug use (e.g., cannabis). After OI,
the drug is deposited in and systemically absorbed from various
regions of the respiratory tract. Measuring regional respiratory tis-
sue drug concentrations at the site of action is important for evaluat-
ing the efficacy and safety of orally inhaled drugs (OIDs). Because
such a measurement is routinely not possible in humans, the only
alternative is to predict these concentrations, for example by physio-
logically based pharmacokinetic (PBPK) modeling. Therefore, we
developed an OI-PBPK model to integrate the interplay between
regional respiratory drug deposition and systemic absorption to
predict regional respiratory tissue and systemic drug concentra-
tions. We validated our OI-PBPK model by comparing the simulated
and observed plasma concentration-time profiles of two OIDs, mor-
phine and nicotine. Furthermore, we performed sensitivity analyses
to quantitatively demonstrate the impact of key parameters on the
extent and pattern of regional respiratory drug deposition, absorp-
tion, and the resulting regional respiratory tissue and systemic

plasma concentrations. Our OI-PBPK model can be applied to pre-
dict regional respiratory tissue and systemic drug concentrations to
optimize OID formulations, delivery systems, and dosing regimens.
Furthermore, our model could be used to establish the bioequiva-
lence of generic OIDs for which systemic plasma concentrations are
not measurable or are not a good surrogate of the respiratory tissue
drug concentrations.

SIGNIFICANCE STATEMENT

Our OI-PBPK model is the first comprehensive model to predict
regional respiratory deposition, as well as systemic and regional tis-
sue concentrations of OIDs, especially at the drug's site of action,
which is difficult to measure in humans. This model will help opti-
mize OID formulations, delivery systems, dosing regimens, and bio-
equivalence assessment of generic OID. Furthermore, this model
can be linked with organs-on-chips, pharmacodynamic and quanti-
tative systems pharmacology models to predict and evaluate the
safety and efficacy of OID.

Introduction

Oral inhalation (OI) of drugs is the route of choice to treat respiratory
diseases (e.g., bronchodilators) and for recreational drug use (e.g., can-
nabis and nicotine). The advantages of administering drugs via this
route are multifold. This route is noninvasive, consumer friendly, and
results in rapid onset of action, local effect, and, therefore, reduced sys-
temic side effects (provided systemic absorption is low) (Gardenhire
et al., 2017). The respiratory tract is not a homogeneous tissue, and

orally inhaled drugs (OIDs) can be differentially deposited and absorbed
from various regions of the respiratory tract (Figs. 1 and 2) to produce
local or systemic effect (i.e., after reaching the systemic circulation) or
both (Gehr, 1994; ICRP, 1995; Derendorf et al., 2006). Often an OID is
targeted to specific regions of the respiratory tract based on the condi-
tion being treated (e.g., the trachea for tracheomalacia, bronchi for bron-
chitis and asthma, bronchioles for bronchiolitis obliterans, and alveoli
for infections such as COVID-19, emphysema, and pulmonary fibrosis.
Thus, a mechanistic understanding of the regional respiratory drug
deposition and absorption is crucial to determine local and systemic
drug concentrations and, therefore, pharmacodynamics (PD) (i.e., both
efficacy and toxicity) of the drug (Mobley and Hochhaus, 2001). Once
understood, this mechanistic knowledge can be applied to optimize OID
dosing regimens, drug formulation, delivery systems, and evaluate bio-
equivalence (BE) of a generic OID (Zhao et al., 2019).
Conventionally, regional respiratory drug concentrations are assessed by

imaging, and local lung pharmacokinetic (PK) studies (https://www.ema.
europa.eu/en/documents/scientific-guideline/guideline-requirements-clinical-
documentation-orally-inhaled-products-oip-including-requirements_en.pdf;
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ABBREVIATIONS:AL, alveolar or pulmonary; AUC, area under the curve; BB, bronchial; bb, bronchiolar; BDP, beclomethasone dipropionate;
BE, bioequivalence; 17-BMP, beclomethasone 17-monopropionate; DF, deposition fraction; DFscalar, deposition fraction scalar; DMET, drug-
metabolizing enzymes and transporters; ELF, epithelial lining fluid; ET1, extrathoracic (nasal passage); ET2, extrathoracic (oral passage); fagut,
fraction drug absorbed from the gut; fhyg, hygroscopic growth factor; ICRP, international commission on radiological protection; IVIVE, in vitro to
in vivo extrapolation; MMAD, mass median aerodynamic diameter; OCT, organic cation transporter; OI, oral inhalation; OID, orally inhaled drug;
PBPK, physiologically based pharmacokinetic; PD, pharmacodynamics; PK, pharmacokinetic; Pscalar, permeability scalar; RB, relative to the
baseline.
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Sadiq et al., 2021). Such studies are costly, and therefore not possible to
implement routinely. In addition, local PK studies are invasive, and the
measured concentration-time data are usually sparse. Another approach
is to scale local PK in animals to humans. However, when enzymes
and transporters are involved, such allometric scaling may not be accu-
rate. Unlike the above studies, systemic PK studies do not provide a mea-
sure of the regional respiratory drug concentrations (https://www.ema.
europa.eu/en/documents/scientific-guideline/guideline-requirements-clinical-
documentation-orally-inhaled-products-oip-including-requirements_en.pdf)
and, therefore, cannot be used as a surrogate measure of the PD of the
drug in the respiratory tissue. Even when the target site of the OID is sys-
temic (i.e., not in the respiratory tract), plasma drug concentrations are not
always measurable after OI of the drug. In that event, this classic systemic
PK approach cannot be used to assess bioavailability of the OID or BE
assessment of a generic version of the OID. Even if the systemic PK of
the OID are measurable, they may not be a surrogate of the respiratory
target site drug concentrations and, therefore, the PD of the drug (Hen-
drickx et al., 2018; Newman and Witzmann, 2020). In such cases, to dem-
onstrate BE of a generic OID, PD effect or comparative clinical endpoint
can be used as a surrogate of local respiratory drug concentrations. How-
ever, unless the PD effect or clinical comparative endpoint is readily quan-
tifiable, this approach is not feasible and, even if feasible, potentially
costly (Newman and Witzmann, 2020).
To overcome some of the above deficiencies of routine PK studies of

OID, a promising alternative approach is to predict local and systemic
drug concentrations and, therefore, the PD of an OID through physio-
logically based pharmacokinetic (PBPK) modeling and simulation
(Zhao et al., 2019). However, for such a model to have reliable predic-
tive success, it must incorporate fundamental processes that affect the
respiratory drug deposition, absorption, and local as well as systemic
drug concentrations (Boger et al., 2016; Haghnegahdar et al., 2019; Har-
tung and Borghardt, 2020; Yu and Rosania, 2010; Gaohua et al., 2015;
al.; Eriksson et al., 2020; Melillo et al., 2020; Miller et al., 2022; Shao
et al., 2021). Several commercial and open-source OI-PBPK models are
available (B€ackman et al., 2018; Borghardt et al., 2015). However, these
models have several limitations, namely: (1) incomplete inclusion of
important regions of the respiratory tract; (2) lack of hygroscopic

particle growth to predict respiratory deposition of a highly water-solu-
ble drugs (e.g., nicotine); (3) lack of monitoring of hydrolyzed or metab-
olized product(s) (active or toxic) in epithelial lining fluid (ELF) of the
respiratory tract, a feature especially important when the OID is a pro-
drug and the active moiety is the hydrolyzed product [e.g., beclometha-
sone dipropionate (BDP) and its active moiety such as beclomethasone
17-monopropionate (17-BMP)]; and (4) lack of incorporation of tissue
retention to accurately predict local concentration and absorption of the
drug (e.g., budesonide). Therefore, the goals of the present study were
to (1) develop a regional OI-PBPK model, which incorporates all the
above-listed features, to predict regional respiratory drug deposition and
local and systemic concentrations of an OID; (2) validate these predic-
tions using the two OIDs, morphine and nicotine; and (3) conduct a sen-
sitivity analysis to determine which drug and physiologic parameters are
important for regional and systemic drug exposure and therefore PD of
an OID.

Materials and Methods

OI Model Structure and Assumptions. Our OI model consists of four
regions (Figs. 2 and 3) based on the human respiratory tract model of the Interna-
tional Commission on Radiologic Protection publication 66 (ICRP 66) (ICRP,
1995). It includes the extrathoracic (ET) and thoracic airways. The ET airway
includes the nasal passages (ET1, anterior nose) and oral passages (ET2, includes
the posterior nasal passages, larynx, pharynx, and mouth). The thoracic airway
(also commonly known as lung) includes the bronchial [BB, which consists of
the trachea (airway generation 0) and the bronchi (airway generations 1–8)]; the
bronchiolar [bb, consisting of the bronchioles and terminal bronchioles (airway
generations 9–15)]; and the alveolar [AL, includes the respiratory bronchioles,
alveolar ducts, and sacs with their alveoli (airway generations 16 and beyond)]
regions (Fig. 2A). The term “airway generation” refers to the point at which an
airway separates into two or smaller airways. The BB and bb regions are collec-
tively referred as the tracheobronchial or central region, whereas the AL region
is known as the pulmonary or peripheral region. The ET1 region was ignored in
the current OI model because it is important for drug administration through
nasal inhalation but not for OI. However, if necessary, it can be integrated into
the current PBPK model. This OI model was created using MATLAB (version
R2021) and its SimBiology module (Mathworks, MA). The rate equations were
solved using the ode15s solver. Detailed information on model equations and
systems parameters of the ICRP reference adult male are provided in the Supple-
mental Material (Supplemental Method and Supplemental Tables 1–5). As
described below, each region was further subdivided into five compartments
(i.e., airway lumen, ELF, epithelial, subepithelial, and blood) (Fig. 3).

Airway Lumen Compartment. The regional dose exposure for each respi-
ratory tract region was calculated by multiplying the regional deposition fraction
(DF, percentage of the total amount of inhaled drug that is deposited in various
regions of the respiratory tract) with the overall OI dose. In the absence of
in vivo regional DF data obtained through imaging studies, deposition of drug in
the airway lumen of the human respiratory tract was calculated using the in silico
ICRP 66 deposition model (ICRP, 1995). Briefly, the ICRP 66 deposition model
calculates the DF for each respiratory tract region (ET2, BB, bb, and AL) using
algebraic equations built from experimental and theoretical data (Supplemental
Method and Supplemental Tables 1–3). The ICRP 66 deposition model considers
breathing maneuvers (mentioned below) based on various activities such as
sleep, sitting or resting, light exercise, and heavy exercise for nasal and mouth
breathers. Here, we used the ICRP 66 deposition model to predict regional depo-
sition of OID for a mouth breather who is seated. The ICRP 66 deposition model
is applicable to particles with diameters ranging from 0.001 to 100 mm (ICRP,
1995). To determine the extent and pattern of drug deposition of OID (solid or
liquid) from an OI delivery device, the ICRP 66 deposition model requires the
following information: (1) aerodynamic particle size distribution parameters
including mass median aerodynamic diameter (MMAD, the diameter at which
50% of the particles/droplets in an aerosol are larger and 50% are smaller) and
geometric standard deviation of the aerodynamic diameter (measures the disper-
sion of particle/droplet diameter); (2) drug particle/droplet density; (3) drug parti-
cle/droplet shape; (4) volumetric or inhalation flow (the volume of air that travels

Fig. 1. Drug movement pathway from the oral inhalation device to the respiratory
tract and eventually to the systemic circulation.
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per unit of time); (5) physiologic parameters such as tidal or inhalation volume
(the volume of air that enters or exits the lungs during each respiratory cycle),
functional residual capacity (volume of air remaining in the lungs after passive
expiration), and dead space volume (the volume of air inhaled that does not par-
ticipate in gas exchange); (6) anatomy parameter such average diameter of the dif-
ferent regions of the respiratory tract; and (7) hygroscopic growth factor (fhyg)
information, which is critical for highly water-soluble OI drugs because it can be
used to predict diameter changes caused by respiratory tract humidity. The above-
mentioned input parameters were collected from literature and ICRP publications
66 and 135 (ICRP, 1995; Paquet et al., 2015) (Supplemental Material 1).

ELF or Airway Liquid Compartment. After drug deposition, the solid
drug first dissolves in the ELF [described by the Hintz-Johnson model (Hintz

and Johnson, 1989)], where it may be chemically degraded or metabolized (e.g.,
via hydrolysis). Because the OID may be a prodrug and the metabolite/degradant
may be active/toxic, our model included monitoring the concentration of the
metabolite/degradant in the ELF. The mucus and aqueous layers were combined
into a single ELF and considered to be in instantaneous equilibrium with each
other, but dynamic changes in the volume of ELF was not considered because
of the lack of information on fluid absorption and secretion. The undissolved or
dissolved amount of drug from each compartment travels to the preceding com-
partment through first-order respiratory transit rate constant [direction: AL to bb
(through macrophage clearance), bb to BB (through mucociliary clearance), BB
to ET2 (through mucociliary clearance), and ET2 to the gut region (through
swallowing)] (ICRP, 1995; Borghardt et al., 2015). The respiratory transit rate
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Fig. 2. Regional classification of the human respi-
ratory tract (A) and the processes that determine
the movement of drugs through different layers of
each region (B). Transporter and enzymes listed
in (B) are examples and not a comprehensive list.
C, central region (BB1bb); P, peripheral region
(AL); P-gp, P-glycoprotein; MRP, multidrug resis-
tance-associated protein; BCRP, breast cancer resis-
tance protein; OCT, organic cation transporter; OCTN,
organic cation/carnitine transporter; PEPT1, peptide
transporter 1; OATP, organic-anion-transporting poly-
peptides; C Y P , cytochrome P450; UGT, UDP-glu-
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constants were obtained from the ICRP clearance model (Paquet et al., 2015).
The model also included the amount of drug removed from the ET2 region via
coughing and exhaled.

Epithelial or Intracellular Compartment. The OID can be actively trans-
ported (unbound) or passively transferred (unionized and unbound) in a bidirectional
manner across any of the cell membranes (Fig. 2B). Passive apparent permeability

was assumed to be bidirectionally the same and scaled based on regional surface area
(Gaohua et al., 2015; Melillo et al., 2020). In the epithelial compartment the unbound
drug can be metabolized by the enzymes present there (Fig. 2B). The model includes
drug tissue retention (e.g., reversible fatty acid conjugation) in localized epithelial tissue
of the respiratory system through second-order association and first-order dissociation
rate constants (Fig. 2B).
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our regional OI-PBPK model. Drug concentra-
tion in the peripheral vein (rather than the cen-
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Subepithelial or Interstitial Compartment. The OID can be actively
transported (unbound) or bidirectionally passively transferred (unionized and
unbound) to the subepithelial compartment through the basal cell membrane.
The lymphatic circulation can carry the drug from the subepithelial to the lymph
nodes and then to the venous blood.

Blood or Vascular Compartment. Rapid bidirectional transfer between
subepithelial and the blood compartment of the drug can be by both para- and
transcellular route due to the presence of fenestrated endothelial cells (Kuepfer
et al., 2016). Then, the drug can be carried into the arterial and venous blood
through the systemic (ET2 region), bronchial (BB and bb regions), and pulmo-
nary (AL region) circulations. The pulmonary circulation carries drugs from the
venous blood to the AL regions. In contrast, the bronchial circulation carries
drugs from the arterial blood to the BB and bb regions (Baile, 1996). Likewise,
systemic circulation carries drugs from the arterial blood to the ET2 region.

Integration of OI Model into a Whole-Body PBPK Model. The OI
model was integrated into our previously published PBPK framework (Ke et al.,
2012; Ke et al., 2013; Ke et al., 2014; Zhang et al., 2017; Zhang and Unadkat,
2017). The whole-body PBPK model included all the major tissues responsible
for drug disposition (Fig. 3). Except for the liver and respiratory tract, drug distri-
bution from the blood into tissues was assumed to be perfusion limited. In the
liver, segregated into three sub-compartments (intracellular, interstitial, and vas-
cular), permeability-limitation was allowed. Likewise, in the respiratory tract
compartments, permeability limited entry and exit of the drug across the cellular
and capillary/endothelial membranes was allowed and was parameterized with
respect to Michaelis-Menten parameters (maximum rate of active transport, Jmax;
and Michaelis constant, Km) or intrinsic clearance (CLint). To describe the
absorption of the drug in the gut that was swallowed from the ET2 region, the
first-order oral absorption model was implemented. The peripheral arm vein sam-
pling model developed by Huang and Isoherranen was incorporated into the OI-
PBPK model (Huang and Isoherranen, 2020).

Development of OI-PBPK Model for Morphine and Nicotine. To
develop OI-PBPK model for these drugs, the reported morphine (Emoto et al.,
2017) and nicotine (Kovar et al., 2020) PBPK models following their intravenous
(IV) administration (see Supplemental Tables 6 and 7 for drug-dependent param-
eters) were adopted. Then, validation of the OI-PBPK model for morphine and
nicotine was conducted as follows.

Estimation of Parameters for the Morphine and Nicotine OI-PBPK
Models. (1) regional morphine and nicotine deposition in the respiratory tract
following its OI administration via a nebulizer and cigarette, respectively, were
predicted using the ICRP 66 deposition model (Supplemental Tables 8 and 9);
(2) the in vitro apparent permeability between ELF and epithelial regional for
both drugs was predicted using logarithm of octanol-water distribution coefficient
at pH 7.4 value through in silico regression model developed using octanol-water
distribution coefficient at pH 7.4 and in vitro Calu-3 permeability data (Brillault
et al., 2010) (Supplemental Method); (3) regional apparent permeability was cal-
culated by scaling the in vitro apparent permeability of the drug through the epi-
thelial cell thickness of each region of the respiratory tract (Supplemental
Method); (4) the in vivo regional permeability of the drug was calculated by the
product of the regional apparent permeability and surface area of each region of
the respiratory tract (Supplemental Method); (5) the Henderson-Hasselbalch
equation (Po and Senozan, 2001) was used to compute the fraction unionization
of the drug in each sub-compartment of the OI model using the drug’s pKa value
(Supplemental Table 10); (6) the fraction unbound of the drug in each subcom-
partment of the OI model was calculated using the fraction unbound in plasma
and the partition coefficient (Supplemental Table 10); (7) the puff frequency and
time interval between each puff of the administered OI drug were obtained from
the literature (Supplemental Table 13); (8) in vitro to in vivo extrapolation
(IVIVE) of the metabolic and/or transporter kinetics of the drug in the respiratory
tract was performed using the relative total molar abundance of drug-metaboliz-
ing enzymes and transporters (DMET) protein in the various regions of the respi-
ratory tract relative to that in the liver tissue. To do so, we assumed that the
catalytic rate constant (kcat) is invariant across all tissues (Supplemental Method).
The total molar abundance of DMET protein per tissue (in mmol/tissue unit) was
determined by multiplying the abundance of DMET protein in the subcellular
fraction (in pmol/mg unit) by the yield of the subcellular fraction per gram of the
tissue (in mg/g unit) and the tissue weight (in g unit).

Assumptions for Morphine and Nicotine OI-PBPK Models. For both
drugs, the following assumptions were made (1) due to lack of information,

chemical degradation/hydrolysis in the ELF compartment and tissue retention of
drugs in the epithelial compartment was assumed to be negligible; (2) regional
passive permeability between epithelial and subepithelial and subepithelial and
blood compartments was assumed to be high (100 cm/s) and not rate limiting;
(3) the amount of drug eliminated through coughing was negligible; (4) due to
lack of region-specific tissue composition of lipids, proteins, and pH, the fraction
unbound and the fraction unionized in each compartment were assumed to be
identical for each region of the respiratory tract.

Validation of Morphine and Nicotine OI-PBPK Models. For validation
of our OI-PBPK model, the PK endpoints maximum [Cmax and area under the
concentration time curve up to the last measurable concentration (AUClast)] of
the drugs after their IV and OI administration were simulated and compared with
their corresponding observed in vivo values. Our model was considered validated
if the ratio of the simulated and the observed PK endpoints fell within 0.8–1.25
(Ladumor et al., 2019a; Ladumor et al., 2019b).

Sensitivity Analysis to Assess the Impact of Drug and Physiologic
Parameters on Respiratory Drug Deposition and Systemic Absorption. A
sensitivity analysis was performed to demonstrate the impact of drug and physio-
logic parameters on the regional deposition, regional tissue concentration, and
systemic absorption after OI of hypothetical drugs X and Y (modeled based on
morphine, i.e., input to the OI-PBPK model were assumed to be identical to mor-
phine except as noted below). The following additional assumptions are made
for the hypothetical drugs X and Y: (1) Drug X was administered as a solid form
through an inhaler, and its regional absorption was assumed to be a limited by its
solubility in the ELF; (2) drug Y was assumed to be permeability-limited, metab-
olized in the respiratory tissues, binds with fatty acid in the epithelial region of
the respiratory tract, and administered as a solution through a nebulizer. The
deterministic parameters of both these formulations were MMAD, inhalation
flow, inhalation volume, fhyg, drug dissolution, tissue retention, and DMET kinet-
ics, based on literature (Brand et al., 2005; Derendorf et al., 2006; Zhang et al.,
2006; Borghardt et al., 2015; Ehrhardt et al., 2017). Therefore, these parameters
were included in our sensitivity analysis and their values varied between two and
five times of the value used for morphine. Then, they were integrated into the
OI-PBPK model to predict the drug’s respiratory deposition, local tissue and sys-
temic exposure.

Results

Comparison of the OI-PBPK Model-Predicted and Observed
Plasma Concentration of Morphine or Nicotine after IV Admin-
istration. Using our OI-PBPK model, we reproduced the predicted
mean plasma concentration-time data published by others following IV
administration of morphine (Fig. 4A) or nicotine (Fig. 5A). The pre-
dicted-to-observed values (Cmax and AUClast) fell within our a priori
acceptance criterion (0.8–1.25) (Supplemental Tables 11 and 12).
Prediction of Systemic Exposure to Nebulized Morphine after

OI. The OI-PBPK model predicted that 53% of the nebulized morphine
was deposited in the respiratory tract while the remainder (47%) was
exhaled (Supplemental Table 8). This deposition followed the order
ET2 (19.2%) > AL (10.4%) > BB (16.0%) > bb (7.1%) (Supplemental
Table 8). When fhyg was not included in the model, the simulated PK
endpoints (Cmax and AUClast) of morphine after OI were underpredicted
as compared with observed data (Dershwitz et al., 2000) (Supplemental
Table 11). After including fhyg (53) (Supplemental Table 8), the change
in the predicted percent total and regional deposition increased [total:
72.9%; ET2 (33.0%) > AL (12.3%) > BB (19.5%) > bb (8.1%)]. How-
ever, the predicted PK endpoints remained underestimated (Supplemental
Table 11). After integrating a permeability scalar (Pscalar, 5) to the in vitro
apparent permeability of morphine between ELF and epithelial regional
compartments, the predicted PK endpoints fell within 0.8- to 1.25-fold of
the observed values (Supplemental Table 11).
Prediction of Systemic Exposure to Nicotine after Cigarette

Smoking. The OI-PBPK model predicted a total of 55.7% of nicotine
was deposited in the respiratory tract and the remaining 44.3% exhaled
(Supplemental Table 9). The predicted regional deposition of nicotine
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in the respiratory tract followed the order bb (31.3%) > AL (21.4%) >
BB (2.0%) > ET2 (1.0%). Using these data, the systemic exposure
of nicotine following OI administration was underpredicted. After
including the reported fhyg (5 1.7) (Schroeter et al., 2001) of nicotine in
the model (Supplemental Table 9), the change in the predicted percent
total and regional deposition improved [total: 64%; bb (41.1%) > AL
(20.8%) > BB (1.3%) > ET2 (0.7%)] when compared with the
measured in vivo values (Supplemental Table 9) but the systemic expo-
sure remained underestimated. However, after including an empirical
DF scaling factor (DFscalar, 1.5), the predicted total and regional deposi-
tion fractions were in good agreement with those measured in vivo
(Supplemental Table 9). With this scaling, the final predicted total and
regional depositions of smoked nicotine were 96% and followed
the order bb (61.7%) > AL (31.2%) > BB (2.0%) > ET2 (1.1%)
(Supplemental Table 9). Then, the simulated nicotine plasma concentra-
tion-time profiles after OI administration (cigarette smoking) fell within
1.25-fold of the observed values (Fig. 5 and Supplemental Table 13).
Sensitivity Analyses of the Impact of Drug and Physiologic

Parameters on Respiratory Deposition and Systemic Absorption
of OID. With an increase in MMAD, hypothetical drug X deposition
increased in the ET2 and BB region but decreased in the AL region.
Also, the ratio of deposition in the central to peripheral region (C:P
ratio) increased with an increase in MMAD (Fig. 6A). As a result, due
to the rapid dissolution in the airway fluid, the Cmax and AUClast of
drug X were decreased and increased, respectively (Fig. 6b). In contrast,

no change in the PK endpoints was observed when fraction of oral gut
absorption (fagut) was set to zero (Fig. 6b). However, when poor disso-
lution was assumed, all the PK endpoints of drug X increased (Fig. 6c).
The PK endpoints returned to baseline when oral gut absorption was set
to zero (Fig. 6c). Also, with a decrease in MMAD, the overall and
regional deposition decreased but the relative AL deposition increased
compared with other respiratory regions such as ET2. Hence, the C:P
ratio decreased (Fig. 6a). This led to a decline in PK endpoints but no
change in PK endpoints when dissolution rate and mucociliary clear-
ance were altered.
A decrease in the inhalation flow resulted in a higher fraction of drug X

deposited in the ET2 and BB regions and higher C:P ratio (>1). Due to
this, Cmax decreased but AUClast modestly increased (Supplemental
Fig. 1A). An increase in the inhalation flow resulted in a higher fraction of
drug X deposited in the AL region [relative to the baseline (RB), approxi-
mately twofold] and lower C:P ratio (<1). Consequently, Cmax increased
(RB, �1.5-fold), but AUClast did not change (Supplemental Fig. 1A).
As inhalation volume was increased, deposition of drug X in the AL

region increased (RB, approximately twofold) resulting in a lower C:P
ratio and higher Cmax (RB: �1.5-fold) but no change in AUClast

(Supplemental Fig. 1B). When the inhalation volume was decreased,
deposition of drug X in the AL region decreased, but drug deposition in
remaining regions did not change or slightly increased, resulting in a
higher C:P ratio, and Cmax decreased, but AUClast modestly increased
(Supplemental Fig. 1B).

Fig. 4. Representative OI-PBPK
model simulated and observed arte-
rial morphine plasma concentra-
tions after (A) intravenous (8.8 mg
over 0.16 hour) or (B) oral inhala-
tional (17.6 mg, 8 inhalation doses
with 1-minute interval) administra-
tion (nebulizer). Drug concentration
in the central artery was sampled.
The predicted-to-observed values
(Cmax and AUC) fell within our a
priori acceptance criterion (0.8–1.25)
(Supplemental Table 11).

Fig. 5. Representative OI-PBPK
model simulated and observed
peripheral venous nicotine plasma
concentrations after (A) intravenous
(4.38 mg over 0.5 hour) or (B) oral
inhalational (2.2 mg, multiple dos-
ing) administration (cigarette smok-
ing). Drug concentration in the
peripheral vein (rather than the cen-
tral vein) was sampled. The pre-
dicted-to-observed values (Cmax and
AUClast) fell within our a priori
acceptance criterion (0.8–1.25).
Although our model was validated
using data from a number of intra-
venous and oral inhalational studies
(Supplemental Tables 12 and 13),
only the observed data from
Gourlay et al. (1997) are shown.
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An increase in the hygroscopic growth factor resulted in a higher
total and regional deposition in the ET2 region and resulted in higher
AUClast but a minor change in Cmax (Supplemental Fig. 1C).
Increased apical influx and efflux transporter activity at epithelial and

subepithelial membranes resulted in increased and decreased systemic
and regional exposure of drug Y, respectively, (Supplemental Figs. 2
and 3). Likewise, increased metabolism resulted in a decrease in both
systemic and regional tissue exposure of drug Y (Supplemental Fig. 4).
The increased dissociation rate constant in the epithelial region resulted
in an increased systemic and regional Cmax but no change in exposure
of drug Y (Supplemental Fig. 5).
A decrease in the dissolution rate (z-factor) of drug X (solid formula-

tion as opposed to the liquid nebulizer formulation of drug X) resulted
in a decrease in both Cmax and AUClast (Supplemental Fig. 6).

Discussion

In the present study, we developed an OI-PBPK model to predict
drug deposition and absorption and the resulting respiratory tissue and
systemic drug concentrations of OIDs. Our model was developed using
the ICRP 66 deposition and clearance model (ICRP, 1995; Paquet et al.,
2015). The in vitro data required by our OI-PBPK model are aerody-
namic particle size distribution parameters, inhalation flow, inhalation

volume, dissolution (solubility), permeability, fraction unbound/union-
ized, and metabolic and transport kinetics. All these values are avail-
able, whether from the literature, estimated using in silico methods, or
determined from in vitro studies of the drug.
Our OI-PBPK model can be distinguished from the existing OI-PBPK

models by several features. First, our model accounts for the hygroscopic
growth of particles to predict regional deposition of water-soluble hygro-
scopic drugs (ICRP, 1995; Chalvatzaki and Lazaridis, 2018). Second,
our model can monitor drug degradation kinetics in the ELF. For exam-
ple, BDP is hydrolyzed to its metabolite, 17-BMP, in the intestinal fluid,
which also indicates possible degradation in ELF, which has a compara-
ble pH of 6.5 (W€urthwein and Rohdewald, 1990). Third, our model
accounts for tissue retention relevant to inhaled corticosteroids (e.g.,
budesonide) that can reversibly conjugate with fatty acid esters present
in the epithelial region. This conjugation will prolong the mean residence
time of the drug in the lung tissue (Miller-Larsson et al., 1998)
(Supplemental Fig. 5). Fourth, our model includes solubility and dissolu-
tion processes important for orally inhaled suspension or dry powder for-
mulation. For example, inhaled corticosteroids (e.g., BDP) are highly
lipophilic (Kumar et al., 2017), where dissolution/solubility is the
rate-limiting steps in their absorption (Supplemental Fig. 6). Hence, dis-
solution (solubility) processes are important to include in OI-PBPK mod-
els to reliably predict tissue and systemic concentrations of these drugs.
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Fig. 6. Sensitivity analyses to dem-
onstrate the impact of change in
MMAD on (A) total and regional
respiratory tract deposition, and
pharmacokinetics (PK) endpoints
of drug X with (B1 and B2) rapid
dissolution in the airway fluid
(z-factor 5 10 L/mg/h) without
and with no oral gut absorption
(fagut 5 0), and (C1 and C2) poor
dissolution in the airway fluid (z-
factor 5 0.0001 L/mg/h) without
and with no oral gut absorption
(fagut 5 0). z-factor, dissolution
rate constant.
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Fifth, the volume of each compartment was estimated based on compart-
ment thickness, which is critical for prediction of regional respiratory tis-
sue drug concentrations. Last, but not least, our model accounts for
regional transport and metabolic processes, crucial to determine local tis-
sue concentrations of OID (Supplemental Figs. 2–5). For example, drugs
can be actively transported through apical P-glycoprotein efflux trans-
porter (e.g., BDP, ciclesonide, and budesonide) and/or apical organic cat-
ion transporter (OCT) influx transporter (e.g., albuterol, formoterol,
ipratropium, and tiotropium bromide) present in the epithelia of the
respiratory tract tissues (Bosquillon, 2010; Crowe and Tan, 2012; Ehr-
hardt et al., 2017). Also, our model allows incorporation of transporters
in the subepithelial compartment (e.g., airway smooth muscle cells), a
site of action for many OIDs (Supplemental Fig. 3). For example,
organic cation/carnitine transporters, present in the subepithelial regions
(e.g., airway smooth muscle cells), are a target for inhaled bronchodilator
drugs (e.g., albuterol) (Horvath et al., 2007). Moreover, a few OIDs are
metabolized in the epithelia of the lung by phase I and phase II DME,
such as esterase that hydrolyze prodrugs to their pharmacologically
active metabolites (e.g., prodrug BDP and its metabolite 17-BMP) (Som-
ers et al., 2007; Olsson et al., 2011; Oesch et al., 2019).
For validation of our OI-PBPK model, we used the PK bioequiva-

lence criterion (i.e., predicted systemic exposure within 0.85- to 1.25-
fold of the observed value) to assess the success of the simulation. Our
OI-PBPK model was validated using systemic mean morphine and nic-
otine exposure rather than respiratory tissue exposure, because the latter
is not available. Our prediction for systemic exposure to morphine fol-
lowing OI administration via nebulizer was improved after integrating
fhyg and Pscalar in our model. The need to incoprorate fhyg is not surpris-
ing, because morphine is a water-soluble drug (64 mg/ml water solubil-
ity), and the nebulized solution is mixed with saline (sodium chloride,
NaCl) (Schuster et al., 1997; Dershwitz et al., 2000). NaCl is hygro-
scopic and exhibits a two- to fourfold higher in particle diameter upon
inhalation (ICRP, 1995). As a result, it may have an effect on the
amount of drug deposited in the respiratory tract, as shown in the litera-
ture for commercial nebulizer formulations (Haddrell et al., 2014). In
addition, morphine is a substrate of OCT1 and UGT2B7 (Emoto et al.,
2018), expressed in the respiratory tract (Sakamoto et al., 2013). The
systemic PK parameters of morphine were underpredicted after integrat-
ing morphine DMET kinetics in our OI model. Therefore, to recover
the observed systemic morphine PK profile, we needed to apply a Pscalar
value to the in vitro apparent permeability at apical epithelial membrane
perhaps because our IVIVE of morphine transport kinetics was not
accurate. For nicotine, besides including fhyg, the deposition fraction
needed to be scaled by DFscalar to recover the in vivo deposition of the
drug. This may be due to the fact that ICRP 66 deposition model does
not take into account cloud dynamics of smoked aerosol and the DFscalar
indirectly represents these mechanisms in the model. Interestingly, we
found that the impact of lung metabolism and/or transport on systemic
PK of nicotine and morphine was minimal (data not shown), likely due
to the low expression of DMET proteins in lungs.
In our sensitivity analysis, we showed the impact of drug and physio-

logic parameters on drug deposition as well as respiratory and systemic
drug concentrations. Some studied parameters, e.g., MMAD, inhalation
flow, and inhalation volume, affected drug deposition and therefore the
PK endpoints. For example, increased MMAD resulted in greater depo-
sition of drug X in total, including the ET2 and BB regions, but lower
deposition in the AL region (Fig. 6A), most likely due to increased par-
ticle impaction caused by the increased particle size (Brand et al.,
2005). This resulted in an increased AUClast of drug X driven by greater
total deposition and a lower Cmax driven by lower deposition in the AL
region (Fig. 6B). No change in the PK endpoints was observed when
fagut was set to zero. This suggests that all the drug is dissolved in the

airway fluid and there is little drug cleared by mucociliary clearance to
the GI tract (Fig. 6B). However, when we assumed poor drug dissolu-
tion rate in the airway fluid then the PK endpoints were increased with
increase in MMAD, likely because mucociliary clearance transferred
undissolved drug to the GI tract (Fig. 6C). Indeed, the PK endpoints did
not increase with increase in MMAD when oral gut absorption was set
to zero (Fig. 6C). This again highlights the role of mucocilliary clear-
ance in interpreting PK data of OI drugs. With reduced MMAD, the
total deposition decreased, but AL deposition increased relative to other
regions (e.g., ET2) likely due to increased particle sedimentation in the
AL region driven by the smaller particle size. This resulted in decreased
PK endpoints as driven by lower total deposition but little or no change
in PK endpoints with different dissolution conditions and mucociliary
clearance because these parameters mostly affect drug absorbed from
the ET2 region which was minimal due to reduced deposition in this
region (Fig. 6).
Similar trends were obtained with inhalation flow rate. Reduced flow

rate resulted in greater deposition in the AL region and therefore greater
Cmax due to rapid absorption of the drug from the AL region, which has
a greater surface area. AUClast did not change likely because the drug’s
total deposition was similar to that obtained with the other flows
(Supplemental Fig. 1A). Similarly, increased inhalation volume, resulted
in higher deposition in AL region, likely due to particle sedimentation.
As a result, Cmax was increased (due to larger AL surface area and
higher drug AL deposition), leading to higher rate and somewhat higher
extent (AUC) of drug absorption (Supplemental Fig. 1B). Increased
hygroscopic growth resulted in increased particle size due to impaction,
and therefore higher total drug deposition in the ET2 region as well as
total. As a result, AUClast increased as driven by total deposition
(Supplemental Fig. 1C). A modest increase in Cmax is likely due to
slightly increased drug deposition in AL region and therefore increased
rate of absorption from this region (higher surface area). The latter was
not observed with an increase in MMAD because that was accompanied
by a reduction in AL drug deposition (Fig. 6A).
We also explored the impact of metabolism and transport on respira-

tory tissue and systemic drug concentrations. Variability in DMET pro-
tein abundance in the respiratory tract can alter the drug concentration
at target site and therefore drug response. We found that increased
influx or efflux apical epithelial or subepithelial membrane transporter
activity resulted in either increased (influx) or reduced (efflux) drug Y
epithelial or subepithelial concentrations in all the regions of the respira-
tory tract (Supplemental Figs. 2 and 3). We found that increased drug
metabolic activity in the epithelial region, decreased systemic and
regional exposure of drug Y (Supplemental Fig. 4). In contrast, as
expected, increased dissociation rate of the drug from its intracellular
binding to fatty acids, resulted in an increase in systemic and regional
Cmax but no change in local or systemic exposure as measured by
AUClast (Supplemental Fig. 5). Also, we found that decreased dissolu-
tion rate of drug X resulted in a decrease in both Cmax and AUClast due
to slow drug release in the airway fluid (Supplemental Fig. 6).
There are a few limitations to our OI-PBPK model. First, the model

does not consider device-related parameters such as device geometry,
spray angle, plume size and force, or orifice diameter. However, it does
consider critical parameters for drug deposition prediction like aerody-
namic particle size distribution, inhalation flow, and inhalation volume.
Second, for simplicity, we used a monodisperse particle size distribution
rather than a polydisperse to predict regional respiratory deposition of
both drugs; however, the latter can be accomplished using a normal or
lognormal particle size distribution. Third, though our model considers
regional deposition and absorption, it does not do so for each generation
of the respiratory tract due to a lack of required physiologic data for
each generation. Fifth, the effect, if any, of the excipient on the diameter
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of the OID particles other than hygroscopicity, can be addressed using
the DFscalar. Further, inclusion of regional thickness to calculate regional
apparent permeability can be further tested with regional in vitro perme-
ability experiments for both the test drugs. In addition, once data are
available (or curated from the literature), our OI-PBPK model can easily
be populated with interindividual variability in physiologic (including
the effect of age and sex) or drug-dependent parameters as well as the
regional abundances of DMET proteins in the respiratory tract. All these
refinements will be important for IVIVE of local and systemic exposure
to OID.
In summary, our developed OI-PBPK model was successfully vali-

dated using systemic plasma concentrations after OI administration of
morphine or nicotine. In addition, we conducted sensitivity analyses to
show how various drug or physiologic parameters will impact regional
respiratory tract tissue as well as systemic concentrations of OID. We
believe, after further validation with additional OID, our OI-PBPK
model could be used in the future to predict regional lung tissue and
systemic concentration of drugs to optimize OID dosing regimen and
evaluate BE of generic OID when systemic drug concentrations are not
measurable or are not a good surrogate of the tissue drug concentrations
relevant for the PD of the drug.
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Supplemental Method 

Drug Deposition Model. The regional dose exposure for each respiratory tract region was 

calculated by multiplying the regional deposition efficiency (DE, dimensionless; sometimes 

referred to as deposition fraction, DF) with the overall OI dose (Eq. 1) 

Doseregion = DEregion × OI dose                                                                                                       (1) 

During both the inhalation (inh) and exhalation (exh) cycles, each region acts as a filter (N=7 

for the OI route) of the drug particles/droplets that flow through the region. The total and 

regional DE in the extrathoracic (ET2, oral passage), bronchial (BB), bronchiolar (bb), and 

alveolar (AL) regions were calculated by adding the DE in each filter during inh and exh 

cycle (Eqs. 2-7). 

DEET2 = DE1,inh + DE7,exh                                                                                                                  (2) 

DEBB = DE2,inh + DE6,exh                                                                                                                   (3) 

DEbb = DE3,inh + DE5,exh                                                                                                                    (4) 

 DEAL = DE4,inh and exh                                                                                                                         (5) 

DEtotal = DEET2 + DEBB + DEbb + DEAL                                                                                       (6) 

fexhaled = 1 −  DEtotal                                                                                                                          (7) 

where fexhaled is fraction exhaled. 

The DE of each filter was calculated using the ICRP 66 deposition model (Eq. 8) as follows. 

DEj = DEj−1 ∙  ηj ∙  ξj ∙ �
1
ηj−1

− 1� ,   for j = 1 to 7                                                                       (8) 

where, j denotes the number of filters connected in series. ηj is the total filtration efficiency 

(dimensionless) of the jth filter, i.e. the fraction of drug particles that enter and are deposited 

in the filter. ξj is a dimensionless factor that accounts for the different air volumes that pass 

through the filter. 

The ηj for each filter was calculated using Eq. 9 as described below. 

ηj = �ηae,j
2 +  ηth,j

2 �1/2                                                                                                                          (9) 

where, ηae,j and ηth,j denote the aerodynamic (accounting for impaction and gravitational 

settling) and thermodynamic (accounting for particle diffusion by Brownian motion) filtration 

efficiencies (dimensionless), respectively and calculated as indicated in Tables S1 and S2. 

ξj for each filter was calculated using Eq. 10 as described below. 
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ξj =
ϕj
ϕj−1

                                                                                                                                               (10) 

where ϕj is the volumetric fraction (dimensionless) calculated by the cumulative volume of 

the preceding filters as indicated in Table S3. 

To determine DE for the first filter (DE1), prefiltration efficiency (η0) at an imaginary prefilter 

(this filter reflects the potential loss of particles/droplets before entering the mouth) was 

calculated using Eq. 11. 

η0 = (1 − ηI)                                                                                                                                        (11) 

where ηI is defined as inhalability (Eq. 12), defined as the fraction of drug particles in 

ambient air that enter the mouth before inhalation. 

ηI = 1 − 0.5 (1 − [7.6 × 10−4 dae2.8 + 1]−1) + 1.0 × 10−5 U2.75exp (0.055 ∙ dae)           (12) 

where dae stands for aerodynamic diameter (µm), which is defined as the “diameter of unit 

density (1 g/mL) sphere that has same terminal settling velocity in air as the particle of 

interest”, and U denotes windspeed (m/s), which is defined as the rate at which air enters the 

respiratory tract via the mouth passage. 

In order to calculate ηth, thermodynamic diameter (dth (µm) is defined as “diameter of a 

spherical particle that has the same diffusion coefficient (D; Eq. 15) in air as the particle of 

interest”) was determined using Eq. 13. 

dth = dae ∙ �
χ ∙ ρ0
ρ 

 ∙  
C(dae)
C(dth) 

                                                                                                         (13)    

where, ρ0 and ρ are the unit density (1 g/mL) and drug density (g/mL), respectively; χ is the 

particle shape factor (dimensionless); C(dae) or C(dth) is dimensionless slip correction factor 

for dae and dth (Eq. 12), which is defined as "particle slip caused by the relative velocity of gas 

molecules at the particle surface".   

C(d) = 1 +
λ
d 
∙ �2.514 + 0.800 exp �−0.55 ∙

d
λ 
��                                                                   (14)   

where, λ (µm) is a mean free path of the air molecules at 37oC, 100% relative humidity and 

76 cm Hg atmospheric pressure. d is a diameter (dae or dth).  Convergence of Eq. 13 and 14 

was achieved by using the initial setting such as dth = dae ∙ �χ ρ⁄    . 

 

D =
kB ∙  T ∙  C(dth)
3 ∙ π ∙ μair ∙ dth

                                                                                                        (15) 
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where, kB is the Boltzmann constant, T is the absolute body temperature in Kelvin and μair is 

the viscosity of air. 

The hygroscopic growth of aerosol was integrated using Eq. 16 and 17, and the resulting 

new values of dae,j and Dj in each regional filter j were substituted for the dae and D in Tables 

S1 and S2. 

dae,j = dae,∞ − �dae,∞ − dae,0�  ∙  �exp �
− �10 ∙  tr,j�

0.55

dae,0
��

0.6

                                           (16)    

Dj = D 0 −  �
dae,j − dae,0

dae,∞ − dae
� ∙ (D 0 − D ∞)                                                                                  (17)    

where tr,j is the residence time in regional filter j (Eqs. 20-23); dae,0 and D 0 are the initial 

values of dae and D; dae,∞ and D ∞ are the equilibrium values of dae and D, respectively, as 

determined by hygroscopic growth factor (fhyg, this is generally between 2-4-fold at 

equilibrium) using Eq. 16 and 17. 

dae,∞ =  dae,0 ∙  fhyg                                                                                                                             (18)  

D ∞ =  D 0 fhyg⁄                                                                                                                                   (19) 

Residence time in second (s) for ET2, BB, bb and AL was calculated using Eqs. 20-23 

considering the regional (n) dead space volume (VD,n), tidal or inhalation volume (V), 

volumetric or inhalation flow rate (Q) and functional residual capacity (FRC). 

tr,ET2 = 0.1                                                                                                                                          (20) 

tr,BB =
VD,BB

Q
∙   �1 +

0.5 ∙ V
FRC

�                                                                                                          (21) 

tr,bb =
VD,bb

Q
∙   �1 +

0.5 ∙ V
FRC

�                                                                                                            (22) 

tr,AL =
V − VD,ET − �VD,BB + VD,bb� ∙   �1 + V

FRC� 
Q

                                                                  (23) 

Drug Absorption Model. The mass balance equations for the regional respiratory 

absorption, lymphatic and systemic model are shown below. 

ELF or Airway Liquid Compartment. The mass balance in the ELF compartment can be 

described using the following differential equation Eq. 24 and 25. 

dAud,n
dt

= kt,n+1 ∙ Aud,n+1 − kt,n ∙ Aun,n − Kdis,n ∙ Aud,n ∙ �Cs,n − Cudis,n�                               (24)  
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dCdis,n
dt

= 1
VF,n

∙ �kt,n+1 ∙ Adis,n+1 ∙ VF,n − kt,n ∙ Adis,n ∙ VF,n  +  Kdis,n ∙ Aud,n ∙ �Cs,n − Cudis,n�  −

kdeg,n ∙ Cudis,n ∙ VF,n − PSn ∙ �Cudis,n ∙  fuiF,n − CuE,n ∙  fuiE,n� − CLinf,F−E ∙ Cudis,n +

CLeff,E−F ∙ CuE,n�                                                                                                                    (25)  

where Aud,n is the undissolved drug amount in the nth ELF compartment of the respiratory 

tract; kt,n represent the transit rate constants in the nth compartment; Kdis,n represents the 

dissolution rate constant of the undissolved drug amount in the nth compartment (Eq. 26); 

Cs,n is drug solubility in the nth compartment; VF,n represent the ELF volume of the nth 

compartment; Cudis,n denotes the unbound dissolved drug concentration in the nth ELF 

compartment; subscript F, E and n denote ELF compartment, epithelial compartment and 

region of the respiratory compartment, respectively; kdeg,n is the first-order degradation rate 

constant in the nth ELF compartment; fui denote fraction of unionized drug; PS, permeability-

surface area product; CLinf,F-E, active influx transporter-mediated drug clearance from ELF to 

epithelial direction; CLeff,E-F, active efflux transporter-mediated drug clearance from epithelial 

to ELF direction.   

Dissolution rate constant. Kdis,n or z-factor was determined by Hintz - Johnson model (Hintz 

and Johnson, 1989) as shown in Eq. 26. 

Kdis,n =
3 ∙  D  
ρ ∙ r ∙ h

                                                                           (26) 

where r is the particle radius (r = de/2; de is equivalent volume diameter and was calculated 

from dae (Eq. 27)); h is the diffusion layer thickness (h = r if r < 30 µm, otherwise h = 30 µm); 

D was calculated using Eq. 15 considering the viscosity of simulated lung lining fluid. 

de = dae ∙ �
χ ∙ ρ0
ρ 

 ∙  
C(dae)
C(de) 

                                                    (27)    

where de was converged as described in Eq. 13 and 14 and C(de) was calculated according 

to Eq. 14.  

Fraction of unionized drug. fui values for the ELF, epithelial, subepithelial, and blood 

compartments of the regional respiratory tract were determined by the Henderson-

Hasselbalch equation (Po and Senozan, 2001) using pH value of the regional compartment 

and drug acid dissociation constant (pKa) data (Eqs. 28-33). 

fui = 1 for neutral drug                                                                                                                   (28) 

fui = 1 [1 + (10pH−pKa)]⁄ for monoprotic acid drug                                                            (29)    

fui = 1 [1 + (10pH−pKa1 +  102 ∙ pH− pKa1− pKa2)]⁄ for diprotic acid (pKa1 < pKa2)    (30)    
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fui = 1 [1 + (10pKa−pH)]⁄ for monoprotic base drug                                                           (31)    

fui = 1 [1 + (10pKa2−pH +  10pKa1+pKa2−2 ∙ pH)]⁄ for diprotic base (pKa1 < pKa2)     (32)    

fui = 1 [1 + (10pKa,base−pH +  10pH−pKa,acid)]⁄ for zwitterion drug                                 (33)    

Fraction of unbound drug. If experimental fu values are not available, fu for the epithelial and 

subepithelial compartments of the regional respiratory tract was calculated using the fraction 

unbound in plasma (fuplasma), the tissue to plasma partition coefficient (Kptissue-pls; Eq. 35) and 

the interstitial to plasma partition coefficient (Kpint-pls; Eqs. 36 and 38) (Schmitt et al., 2008). 

Lung includes the BB, bb and AL regions. The tissue composition of the ET2 region was 

assumed to be the same as lung, so the Kp of the ET2 region was identical to the lung 

tissue.  

fuF,n = 1                                                                                                                                                  (34) 

fuE,n = fuplasma Kptissue−pls ⁄                                                                                                           (35) 

fuS,n = fuplasma Kpint−pls⁄                                                                                                                (36) 

fuB,n = fuplasma BP⁄                                                                                                                          (37)  

Kpint−pls = (fwater,int + protein ratio ∙ (1/(fuplasma − fwater,plasma)))  ∙ fuplasma       (38)  

Membrane permeability. Apical epithelial membrane permeability or the permeability surface 

area product (PS) between ELF and epithelial compartment was calculated for each region 

using the apparent permeability (Papp, calu-3) obtained from the in vitro bronchial epithelial calu-

3 model and the surface area (SA) of each respiratory tract region (Eq. 39).  To calculate 

regional Papp (Eq. 40), Papp, calu-3 was then corrected by regional membrane thickness scalar 

(RT) through thickness, hmem, of the epithelial compartments of BB region and other regions 

of the respiratory tract (Eq. 41). For the purpose of making the model more general, we used 

the linear regression model (Eq. 42, R2 =0.93) for Papp, calu-3 developed by Brillault and 

colleagues (Brillault et al., 2010). This model (Eq. 42) is based on in vitro Papp, calu-3 of 

fluoroquinolones compounds in the presence of a P-glycoprotein (P-gp) inhibitor such as 

valspodar (PSC-833) and the partition coefficients between octanol and a pH 7.4 buffered 

solution (logD). 

PSn = Papp,n ∙ SAn                                                                                                                              (39)    

Papp,n = RTn ∙ Papp,calu−3                                                                                                                 (40)    

RTn =
hmem,BB

hmem,n
                                                                                                                                  (41)    

Papp,calu−3 (10−6 cm s⁄ ) = 6.1 ∙ logD + 7.5                                                                               (42)    
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Epithelial or Intracellular Compartment. The mass balance in the epithelial compartment 

can be described using the following differential Eq. 43. 

dCE,n
dt

= 1
VE,n

∙ �PSn ∙ �Cudis,n ∙  fuiF,n − CuE,n ∙  fuiE,n� + CLinf,F−E ∙ Cudis,n − CLeff,E−F ∙ CuE,n − PSn ∙

�CuE,n ∙  fuiE,n − CuS,n ∙  fuiS,n� + CLinf,S−E ∙ CuS,n − CLeff,E−S ∙ CuE,n − CLint,met,n ∙

CuE,n −  �kon,n ∙ CuE,n ∙ FA − koff,n ∙ Cconj,E,n� ∙ VE,n �                                                             (43)  

where V, Cu, and QB denote the volume, unbound drug concentration and blood flow of the 

tissue, respectively. PS and fui are permeability surface area product and fraction of 

unionized drug, respectively. CLint,met is intrinsic clearance of drug mediated by metabolism. 

kon and koff are the second order association and first order dissociation rate constants for 

tissue retention, respectively. Subscript E, S and n denote epithelial compartment, 

subepithelial compartment and region of the respiratory compartment, respectively. CLinf,F-E, 

active influx transporter-mediated drug clearance from ELF to epithelial direction; CLeff,E-F, 

active efflux transporter-mediated drug clearance from epithelial to ELF direction; CLinf,S-E, 

active influx transporter-mediated drug clearance from subepithelial to epithelial direction; 

CLeff,E-S, active efflux transporter-mediated drug clearance from epithelial to subepithelial 

direction; FA, fatty acid concentration.    

Subepithelial or Interstitial Compartment. The mass balance in subepithelial 

compartment can be described using the following differential Eq. 44. 

dCS,n
dt

= 1
VS,n

∙ �PSn ∙ �CuE,n ∙  fuiE,n − CuS,n ∙  fuiS,n� − PSn ∙ �CuS,n ∙  fuiS,n − CuB,n ∙  fuiB,n� −

CLinf,E−S ∙ CuS,n +  CLeff,S−E ∙ CuE,n + QL,n ∙ CuS,n�                                                                     (44)  

where V, Cu, QB and QL denote the volume, unbound drug concentration, blood flow and 

lymph flow of the tissue, respectively. PS and fui are permeability surface area product and 

fraction of unionized drug, respectively. Subscript E, S and n denote epithelial compartment, 

subepithelial compartment and region of the respiratory compartment, respectively; CLinf,E-S, 

active influx transporter-mediated drug clearance from epithelial to subepithelial direction; 

CLeff,S-E, active efflux transporter-mediated drug clearance from subepithelial to epithelial 

direction. 

Blood or Vascular Compartment. The mass balance in the blood compartment of ET2, BB 

and bb regions can be described using the following differential Eq. 45. 

dCB,n
dt

= 1
VB,n

∙ �PSn ∙ �CuS,n ∙  fuiS,n − CuB,n ∙  fuiB,n� + QB,n ∙ Cab,n − �QB,n − QL,n� ∙ CB,n�            (45)  

The mass balance in the blood compartment of AL region can be described using the 

following differential Eq. 46. 
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dCB,AL
dt

= 1
VB,AL

∙ �PSAL ∙ �CuS,AL ∙  fuiS,AL − CuB,AL ∙  fuiB,AL� + QB,AL ∙ Cvb − �QB,AL − QL,AL� ∙

CB,AL�                                                                                                                                             (46)  

where V, Cu, QB and QL denote the volume, unbound drug concentration, blood flow and 

lymph flow of the tissue, respectively. PS and fui are permeability surface area product and 

fraction of unionized drug, respectively. Subscript S and B denote subepithelial compartment 

and blood compartment, respectively. 

Lymph node compartment (LN). The mass balance in the lymph node compartment of AL 

region can be described using the following differential Eq. 47. 

dCLN
dt

= 1
VLN

∙ [QL,ET2 ∙ CS,ET2 + QL,BB ∙ CS,BB + QL,bb ∙ CS,bb +  QL,AL ∙ CS,AL − QL,LN ∙ CLN ]   (47)  

where V, C and QL denote the volume, concentration and lymph flow of the tissue, 

respectively. LN, ET2, BB, bb, AL, S and B denote the lymph node, extrathoracic (oral 

passage), bronchial, bronchiolar, alveolar, subepithelial and blood, respectively. 

Whole-body PBPK model. The mass balance equations for the whole-body PBPK model 

are shown below (Eqs. 48-54). 

Arterial blood compartment (ab).  

dCab
dt

= 1
Vab

∙ ��QB,AL − QL,AL� ∙ CB,AL −  QB,ET2 ∙ Cab − QB,BB ∙ Cab − QB,bb ∙ Cab − QB,adipose ∙ Cab −

QB,bone ∙ Cab − QB,brain ∙ Cab − QB,heart ∙ Cab − QB,kidney ∙ Cab − QB,muscle ∙ Cab −

QB,skin ∙ Cab − �QB,liver − QB,gut − QB,spleen − QB,pancreas� ∙ Cab − QB,gut ∙ Cab −

QB,spleen ∙ Cab − QB,pancreas ∙ Cab�                                                                                 (48)  

where V, C, QB and QL denote the volume, concentration, blood flow and lymph flow of the 

tissue, respectively. ab, ET2, BB, bb, and AL denote the arterial blood, extrathoracic (oral 

passage), bronchial, bronchiolar, and alveolar, respectively. 

Venous blood compartment (vb). 

dCvb
dt

= 1
Vvb

∙ ��QB,ET − QL,ET� ∙ CB,ET + �QBB − QL,BB� ∙ CB,BB + �Qbb − QL,bb� ∙ CB,bb − QB,AL ∙

Cvb + QL,LN ∙ CLN + QB,adipose ∙
Cadipose

Kpadipose BP⁄ + QB,bone ∙
Cbone

Kpbone BP⁄ + QB,brain ∙

Cbrain
Kpbrain BP⁄ + QB,heart ∙

Cheart
Kpheart BP⁄ + QB,kidney ∙

Ckidney
Kpkidney BP⁄ + QB,muscle ∙

Cmuscle
Kpmuscle BP⁄ + QB,skin ∙

Cskin
Kpskin BP⁄ + QB,liver ∙

Cliver
Kpliver BP⁄ − CLrenal ∙ fuB ∙ Cvb +

QB,forearm ∙ Cforearm �                                                                                                     (49)  
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where V, C, QB and QL denote the volume, concentration, blood flow and lymph flow of the 

tissue, respectively. Cvb denotes the venous blood concentration, Kp denotes the tissue-to-

plasma partition coefficient of the tissue, and fuB denotes the fraction unbound in blood. ET2, 

BB, bb, and AL denote the extrathoracic (oral passage), bronchial, bronchiolar, and alveolar, 

respectively. 

Non-eliminating tissue. 

dCtissue
dt

=  
1

Vtissue
∙ �QB,tissue ∙ �Cab −

Ctissue
Kptissue BP⁄ ��                                                                             (50) 

where Vtissue, Ctissue, and QB,tissue denote the volume, concentration, and blood flow of the 

tissue, respectively. Cab, Kptissue, and BP denote the arterial blood concentration, tissue-to-

plasma partition coefficient, and blood-to-plasma concentration ratio, respectively. 

Eliminating tissue (liver). 

dCliver,B
dt

= 1
Vliver

∙  ��QB,liver − QB,gut − QB,spleen − QB,pancreas� ∙ Cab  +  QB,gut ∙
Cgut

Kpgut BP⁄ + Qspleen ∙

Cspleen
Kpspleen BP⁄ + QB,pancreas ∙

Cpancreas
Kppancreas BP⁄ − QB,liver ∙ Cliver,B − PSB−IS or IS−B ∙

�Culiver,B ∙ fuiliver,B − Culiver,IS ∙ fuiliver,IS��                                                        (51)  

 

dCliver,IS
dt

= 1
Vliver,IS

∙  �PSB−IS or IS−B  ∙ �Culiver,B ∙ fuiliver,B − Culiver,IS ∙ fuiliver,IS� + PSIS−IC or IC−IS  ∙

�Culiver,IC ∙ fuiliver,IC − Culiver,IS ∙ fuiliver,IS� − CLinf,IS−IC ∙ Culiver,IS +

 CLeff,IC−IS ∙ Culiver,IC �                                                                                                 (52)  

 

dCliver,IC
dt

= 1
Vliver,IC

∙  �PSIS−IC or IC−IS  ∙ �Culiver,IS ∙ fuiliver,IS − Culiver,IC ∙ fuiliver,IC� + CLinf,IS−IC ∙

Culiver,IS −  CLeff,IC−IS ∙ Culiver,IC − CLint,H ∙ Culiver,IC �                                                     (53)  

 

Subscript B, IS and IC denote blood, interstitial and intracellular compartments, respectively. 

where V, Cu and QB denote the volume, unbound drug concentration and blood flow of the 

tissue, respectively. PS and fui are permeability surface area product and fraction of 

unionized drug, respectively. CLinf and CLeff are active influx and efflux transporter-mediated 

drug clearance, respectively. Cab, Kptissue, and BP denote the arterial blood concentration, 

tissue-to-plasma partition coefficient, and blood-to-plasma concentration ratio, respectively. 

CLint,H, denotes the intrinsic hepatic drug metabolic clearance.  
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Forearm (peripheral sampling) compartment. 

dCforearm
dt

=  1
Vforearm

∙  �QB,anastomoses ∙ Cab + QB,forearm muscle ∙
Cforearm muscle
Kpmuscle BP⁄ + QB,forearmskin ∙

Cforearm skin
Kpskin BP⁄ + QB,forearm adipose ∙

Cforearm adipose

Kpadipose BP⁄ − QB,forearm ∙ Cforearm�                (54)  

where V, C, and QB denote the volume, concentration, and blood flow of the tissue, 

respectively. Cab, Kptissue, and BP denote the arterial blood concentration, tissue-to-plasma 

partition coefficient, and blood-to-plasma concentration ratio, respectively. 

In vitro to in vivo extrapolation (IVIVE). Drug metabolizing enzyme or transporter 

(DMET) mediated in vivo intrinsic clearance in reference organ such as the liver 

(CLint,ref organ ; in L/h unit) can be determined by in vitro intrinsic clearance (CLint,in vitro; 

in µL/min/mg subcellular fraction protein or µL/min/number of cells) or by the vitro 

unbound Michaelis-Menten kinetics for the enzyme (maximum enzymatic reaction 

rate (Vmax)/ substrate affinity (Km)) or transporter (maximum transport rate (Jmax)/Km)) 

through IVIVE (Eqs. 55-58). 

 CLint,ref organ = CLint,in vitro × PSF × organ weight × 60 × 10−6                                       (55) 

 CLint,RT =  CLint,ref organ  ×  RART                                                                                                 (56) 

RART  =
Aprotein,RT  

Aprotein,ref organ 
                                                                                                                    (57) 

Aprotein,organ   = Aprotein,subcellular fraction  ×  PSF × Organ weight × 10−6                          (58) 

where PSF is the physiological scaling factor (yield of the subcellular fraction from 

whole organ (in mg subcellular fraction protein/g organ or number of cells/g of 

organ)); organ weight is the subject’s organ weight (in g); ref organ, RT and RA 

denote the reference organ (e.g. liver), respiratory tract regions (ET2, BB, bb and 

AL) and relative protein abundance, respectively; Aprotein,organ is the protein 

abundance of DMET per whole organ (in µmol unit); Aprotein,subcellular is the protein 

abundance of DMET per subcellular fraction of organ (in pmol/mg subcellular fraction 

protein unit); 60 × 10−6 and 10−6 are unit conversion factors to convert the CLint,ref 

organ to L/h and Aprotein,organ  to µmol, respectively.  
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Supplemental Tables 

Table S1. Algebraic expressions for aerodynamic filtration efficiency in the ICRP 66 

deposition model (ICRP, 1995). 
Aerodynamic filtration efficiency (Ƞae = 1-exp(-aRP)) 

Phase Filter 
(j) 

Region a R P 

Inhalation 
 

1 ET2$ 1.1 • 10-4 dae2 • (Q • SFBB3)0.6 • (V • SFBB2)-0.2 1.4 

2 BB 4.08 • 10-6 dae2 • Q • SFBB2.3 1.152 

3 bb 0.1147 (0.056 + tr,bb1.5) • dae tr,bb^-0.25 1.173 

4 AL 0.146 • SFAL0.98 dae2 • tr,AL 0.6495 
Exhalation 
 

5 bb 0.1147 (0.056 + tr,bb1.5) • dae tr,bb^-0.25 1.173 

6 BB 2.04 • 10-6 dae2 • Q • SFBB2.3 1.152 

7 ET2$ 1.1 • 10-4 dae2 • (Q • SFBB3)0.6 • (V • SFBB2)-0.2 1.4 

a and P are constants and R is a parameter, which is drug- and system-dependent. a, P and 
R were obtained from ICRP 66 deposition model (ICRP, 1995). ET2, extrathoracic (oral 
passage); BB, bronchial; bb, bronchiolar; AL, alveolar; SFBB, scale factor for trachea; SFbb, 
scale factor for bronchiolar; SFAL, scale factor for alveolar; V, tidal or inhalation volume; Q, 
volumetric or inhalation flow rate; tr,bb, residence time for bronchiolar;  tr,AL, residence time for 
alveolar; dae, aerodynamic particle diameter.  
$ Aerodynamic filtration efficiency for ET2 region was calculated as Ƞae = 1-1/(-aRP+1) 
 
Table S2. Algebraic expressions for thermodynamic filtration efficiency in the ICRP 66 

deposition model (ICRP, 1995). 
Thermodynamic regional deposition efficiency (Ƞth = 1-exp(-aRP)) 

Phase Filter 
(j) 

Region a R P 

Inhalation 
 

1 ET2 9 D • (Q • SFBB)-0.25 0.5 

2 BB 22.02 • SFBB
1.24 • Ψth D • tr,BB 0.6391 

3 bb -76.8 + 167 • SFbb
0.65 D • tr,bb 0.5676 

4 AL 170 + 103 • SFAL
2.13 D • tr,AL 0.6101 

Exhalation 
 

5 bb -76.8 + 167 • SFbb
0.65 D • tr,bb 0.5676 

6 BB 22.02 × SFBB
1.24 • Ψth D • tr,BB 0.6391 

7 ET2 9 D • (Q • SFBB)-0.25 0.5 

where a and P are constants and R is a parameter, which is drug- and system-dependent. a, 
P and R were obtained from ICRP 66 deposition model (ICRP, 1995).  ET2, extrathoracic 
(oral passage); BB, bronchial; bb, bronchiolar; AL, alveolar; SFBB, scale factor for trachea; 
SFbb, scale factor for bronchiolar; SFAL, scale factor for alveolar; Q, volumetric or inhalation 
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flow rate; tr,BB, residence time for bronchial; tr,bb, residence time for bronchiolar; tr,AL, residence 
time for alveolar; D, diffusion coefficient; dth, thermodynamic particle diameter. # Ψth is an 
empirical correction factor to allow for enhancement of thermodynamic deposition caused by 
nonlaminar bronchial airflow and calculated Ψth = 1+100 exp[-[log10(100+10/(dth0.9))]2] 
 
Table S3. Algebraic expressions for a volumetric fraction in the ICRP 66 deposition model 

(ICRP, 1995). 

Phase Filter (j) Region Volumetric fraction (ɸj) 

Inhalation 

 

1 ET2 1 

2 BB 1 – (VD,ET2/V) 

3 bb 1 – ((VD,ET2 + VD,BB,p )/V) 

4 AL 1 – ((VD,ET2 + VD,BB,p + VD,bb,p )/V) 
Exhalation 

 
5 bb 1 – ((VD,ET2 + VD,BB,p)/V) 

6 BB 1 – (VD,ET2/V) 

7 ET2 1 

FRC, functional residual capacity; VD, dead space volume; ET2, extrathoracic (oral 
passage); BB, bronchial; bb, bronchiolar; AL, alveolar; V, tidal or inhalation volume. VD,BB,p  
and VD,bb,p were calculated as VD,BB,p = VD,BB × (1 + (V/FRC)) and VD,bb,p = VD,bb × (1 + 
(V/FRC)), respctively. 
 
Table S4. Respiratory tissue-specific input parameters for the OI-PBPK model (ICRP, 1995; 
Patton and Byron, 2007).   
 

Extra-thoracic 
(ET2) 

Bronchial 
(BB) 

Bronchiolar 
(bb) 

Alveolar 
(AL) 

Surface area (SA, cm2) 450 290 2400 1475000 
ELF thickness (um) 15 11 6 0.07 
Epithelial thickness (cm) 50 55 15 0.361 
Subepithelial thickness (cm) 15 500 20 1.86 
ELF volume (mL) 0.68 0.32 1.44 10.33 
Epithelial volume (mL) 2.25 1.60 3.60 276 
Subepithelial volume (mL) 0.68 14.50 4.80 274 
Blood volume (mL) 17.73 11.43 94.57 556.5 
Tissue volume (mL) 2.93 16.1 8.4 550 
Density (g/mL) 1 1 1 1 
Blood flow rate (L/h) 1.63 1.05 8.70 390.00 
Respiratory transit time (h) 0.24 2.4 12 1200 
Respiratory transit rate (1/h) 4.17 0.417 0.083 0.00083 
Lymph flow (L/h) 0.002 0.0001 0.009 0.42 
pH of ELF* 6.6 6.6 6.6 6.6 
pH of epithelial* 6.69 6.69 6.69 6.69 
pH of subepithelial# 7.35 7.35 7.35 7.35 
pH of blood# 7.4 7.4 7.4 7.4 
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1. Volume of ELF, epithelial and subepithelial compartments of each region of the respiratory 
tract were calculated multiplying the SA of the compartment by the thickness of the 
compartment. 
2. Volume of blood compartment of AL region was calculated by multiplying the total blood 
volume (5.3 L for adult male, ICRP Valentin) by the % total blood volume of pulmonary 
tissue (10.5% for adult male, ICRP Valentin).  
3. Volume of blood compartment of BB and bb regions were calculated by multiplying the 
total blood volume (5.3 L for adult male, ICRP Valentin) by the % total blood volume of 
bronchial tissue (2% for adult male, ICRP Valentin) and SABB or bb/SABB+bb.   
4. Blood flow of BB and bb regions were calculated by multiplying cardiac output (390 L/h for 
adult male, ICRP Valentin) by the % cardiac output of bronchial tissue (2.5% for adult male, 
ICRP Valentin) and SABB or bb/SABB+bb.   
5. Blood flow or volume of ET2 region were calculated by multiplying blood flow or volume of 
BB region by the SAET2/SABB due to unavailability of data and SA of ET2 is comparable to 
that of BB region. 
6. Lymph flow of each region was calculated by dividing plasma flow (multiplying blood flow 
of each reagion by 1- hematocrit (0.46)) by 500 (Shah et al., 2012).    
*(Gaohua et al., 2015) 
#(Burton, 2001) 
 
Table S5. Summary of system-dependent parameters for the reference adult male (Valentin, 
2002)*   
 

Organ Volume (L) Blood flow (% of CO) Blood flow 
(L/h) 

Adipose 18.2 5 19.50 
Bone 10.5 5 19.50 
Brain 1.45 12 46.80 
Gut** 1.21 15 58.50 
Heart 0.33 4 15.60 
Kidney 0.31 19 74.10 
Liver 1.8 25.5 99.45 
Hepatic artery  6.5 25.35 
Muscle 29 17 68.25 
Skin 3.3 5 19.50 
Spleen 0.15 3 11.70 
Pancreas 0.14 1 3.90 
Lymph nodes 0.274$ 1.7 6.63 
Blood 5.3   
*Reference values for adult male: 35 years of age, 73 kg of body weight, 176 cm of height 
and 390 L/h of cardiac output (CO). ** Gut combines oesophagus, stomach, small and large 
intestine volumes and flows; gut contents were not included in the gut volume.  
$(Shah et al., 2012) 
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Table S6. Summary of input parameters for the morphine OI-PBPK model.  
Parameter Value/method/model Reference 
Physicochemical and blood binding  
MW (g/mol) 285.34 (Emoto et al., 2017) 

Log Po:w 0.77 (Emoto et al., 2017) 

pKa1, pKa2 9.63, 7.93 (Emoto et al., 2017) 

Compound type Ampholyte  

B/P 1.08 (Emoto et al., 2017) 

fu 0.62 (Emoto et al., 2017) 

Distribution 
Model Full PBPK (Emoto et al., 2017) 

Method Rodgers et al 
Method 2 

(Emoto et al., 2017) 

Organ/tissue Kp 
Adipose 
Bone 
Brain 
Gut 
Heart 
Kidney 
Liver 
Lung 
Muscle 
Skin 
Spleen 
Pancreas 
Kp scalar 

 
1.079 
2.092 
1.517 
7.228 
7.737 
4.187 
12.417 
1.970 
6.597 
3.521 
7.273 
4.771 
1 

(Emoto et al., 2017) 

Elimination 
CLR in L/h  8 (Emoto et al., 2017) 

Organ/tissue 
Pathway: 6MG 
Enzyme 
Vmax (pmol/min/mg protein) 
Km (µM) 
fumic 

Vmax (µmol/h) 
Pathway: 3MG 

Liver 
 
UGT2B7 
1917 
115.8 
1 
6625.15 
 

(Emoto et al., 2017) 
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Enzyme 
Vmax (pmol/min/mg protein) 
Km (µM) 
fumic 

Vmax (µmol/h) 

UGT2B7 
9250 
115.8 
1 
31968 

Transport   

Organ/Tissue 
CLPD,in vitro (mL/min/106 cells) 
CLPD,organ (L/h) 
fuIC 
fuIS 
 
Organ/Tissue 
Transporter 
Location 
Function 
Jmax (pmol/min/106 cells) 
Km (µM) 
fuinc 
RAF/REF 
Jmax (µmol/h) 
Liver: PSF 
HPGL (hepatocellularity /g liver or 106 cells/g 
liver) 
Liver weight (g) 

Liver 
0.003 
32.1 
0.05 
1 
 
Liver 
SLC22A1 (OCT1) 
Sinusoidal 
Influx 
29 
3.4 
1 
5.1 
1584.4 
 
99 
 
1800 

(Emoto et al., 2017) 
 
 
Eq. 35 
Eq. 36 
 
 
 
 
 
 
 
 
 
Eq. 55 
 
(Barter et al., 2007) 
 
Table S5 

Liver: UGT2B7 
AUGT2B7 (pmol/mg microsomal protein) 
A UGT2B7 (µmol/liver tissue) 
Liver: OCT1 
AOCT1 (pmol/mg membrane protein) 
A OCT1 (µmol/liver tissue) 
Liver: PSF 
MMPGL (mg microsomal protein/g liver) 
MMePGL (mg membrane protein/g liver) 
 
Lung: UGT2B7 
AUGT2B7 (pmol/mg microsomal protein)1 

 
75.2 
4.3 
 
4.45 
0.30 
 
32 
37 
 
 
0.15 

 
(Ladumor et al. 2019) 
Eq. 58 
 
 
Eq. 58 
 
(Barter et al., 2007) 
(Prasad et al., 2014) 
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AUGT2B7 (µmol/lung tissue) 
 
 
Lung: OCT1 
AOCT1 (pmol/mg membrane protein)2 
AOCT1 (µmol/lung tissue) 
 
 
Lung: PSF 
MMPGLu (mg microsomal protein/g lung) 
MMePGLu (mg membrane protein/g lung)3 

BB:9E-6 
bb: 5E-6 
AL: 3E-4 
 
0.22 
BB:1E-5 
bb: 7E-6 
AL: 5E-4 
 
3.8 
3.8 

Eq. 58 
 
 
 
(Wang et al. 2015) 
Eq. 58 
 
 
 
(Pacifici et al., 1988) 
(Pacifici et al., 1988) 

MW, molecular weight; Log Po:w, n-octanol/water partition coefficient; pKa, acid dissociation 
constant; B/P, blood/plasma ratio; fu, fraction of unbound drug in the plasma; HSA, human 
serum albumin; Kp, tissue to plasma partition coefficient; Vmax, maximum enzymatic reaction 
rate; Jmax, maximum transport rate; Km, substrate affinity or Michaelis-Menten constant; fumic, 
fraction of unbound drug in the vitro microsomal incubation; fuinc, fraction of unbound drug in 
the vitro incubation; fuIC, fraction of unbound drug in the intracellular compartment; fuIS, 
fraction of unbound drug in the interstitial compartment; CLPD, in vitro, in vitro passive diffusion 
clearance; CLPD,organ, in vivo whole organ passive diffusion clearance; CLR, renal clearance;  
RAF/REF, relative activity factor/relative expression factor; PSF, physiological scaling factor 
(yield of the subcellular fraction from whole organ (in mg subcellular fraction protein/g 
organ)); ADMET is the protein abundance of drug metabolizing enzymes and transporters 
(DMET); UGT, uridine 5'-diphospho-glucuronosyltransferase; OCT, organic cation 
transporter; MMPGL, mg microsomal protein per gram of human liver; MMePGL, mg total 
membrane protein per gram of human liver; MMPGLu, mg microsomal protein per gram of 
human lung; MMePGLu, mg total membrane protein per gram of human lung; HPGL, 
hepatocellularity per gram of human liver. 
1. UGT2B7 protein abundance per subcellular fraction was calculated by multiplying the liver 
subcellular protein abundance by the ratio of lung (BB, bb, and AL) to liver tissue mRNA 
expression (Somers et al., 2007). 
2. OCT1 protein abundance per subcellular fraction was calculated by multiplying the liver 
subcellular protein abundance by the ratio of lung (BB, bb, and AL) to liver tissue transporter 
plasma membrane expression (Ohtsuki et al., 2012; Sakamoto et al, 2013). 
3. MMePGLu was assumed similar to the MMPGLu. 
 
Table S7. Summary of input parameters for the nicotine OI-PBPK model. 
Parameter Value/method/model Reference 
Physicochemical and blood binding  
MW (g/mol) 162.2 (Kovar et al., 2020) 

Log Po:w 1.6 (Kovar et al., 2020) 

pKa1, pKa2 8.1, 3.3 (Kovar et al., 2020) 

Compound type Diprotic base  

B/P 1.03 (Kovar et al., 2020) 

fu 0.951 (Kovar et al., 2020) 

Distribution 



17 
 

Model Full PBPK (Kovar et al., 2020) 

Method Rodger et al. (Kovar et al., 2020) 

Organ/tissue Kp 
Adipose 
Bone 
Brain 
Gut 
Heart 
Kidney 
Liver 
Lung 
Muscle 
Skin 
Spleen 
Pancreas 
Kp scalar 

 
0.74 
1.27 
1.89 
2.90 
2.24 
4.15 
3.96 
3.25 
3.05 
1.1* 
2.86 
2.46 
1 

(Kovar et al., 2020) 

Elimination 
Organ/tissue: Liver 
Enzyme 
kcat (1/min) (smokers) 
Km (µM) 
fumic 

Vmax (µmol/h) 
 
Enzyme 
kcat (1/min) (smokers) 
Km (µM) 
fumic 

Vmax (µmol/h) 
 
Unspecified hepatic CL (1/min) 
Unspecified hepatic CL (L/min) 

 
CYP2A6 
10.5 
29.4 
1 
979.8 
 
CYP2B6 
16 
820 
1 
884.7 
 
0.3 
32.4 

(Kovar et al., 2020) 
 
 
 
 
 
 
 
 
 
 
Eq. 55 

CLR in L/h  3.58  

Liver: CYP2A6 
ACYP2A6 (pmol/mg microsomal protein) 
ACYP2A6 (µmol/liver tissue) 
Liver: CYP2B6 

 
27 
1.56 
 

 
 
Eq. 58 
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ACYP2B6 (pmol/mg microsomal protein) 
ACYP2B6 (µmol/liver tissue) 
Liver: PSF 
MMPGL (mg microsomal protein/g liver) 
Liver weight (g) 
 
Lung: CYP2A6 
ACYP2A6 (pmol/mg microsomal protein)1 
ACYP2A6 (µmol/liver tissue) 
 
 
Lung: CYP2B6 
ACYP2B6 (pmol/mg microsomal protein)1 
ACYP2B6 (µmol/lung tissue) 
 
 
Lung: PSF 
MMPGLu (mg microsomal protein/g lung) 

16 
0.92 
 
32 
1800 
 
 
0.11 
BB:7E-6 
bb: 4E-6 
AL: 2E-4 
 
0.16 
BB:1E-5 
bb: 5E-6 
AL: 3E-4 
 
3.8 

 
Eq. 58 
 
(Barter et al., 2007) 
Table S5 
 
 
 
Eq. 58 
 
 
 
 
Eq. 58 
 
 
 
(Pacifici et al., 1988) 

MW, molecular weight; Log Po:w, n-octanol/water partition coefficient; pKa, acid 
dissociation constant; B/P, blood/plasma ratio; fu, fraction of unbound drug in the 
plasma; HSA, human serum albumin; Kp, tissue to plasma partition coefficient; kcat, 
catalytic activity; Vmax, maximum enzymatic reaction rate; Km, Michaelis-Menten constant; 
fumic, fraction of unbound drug in the in vitro microsomal incubation; CLR, renal clearance; 
PSF, physiological scaling factor (yield of the subcellular fraction from whole organ (in 
mg subcellular fraction protein/g organ)); ADME is the protein abundance of drug 
metabolizing enzymes (DME); CYP, cytochromes P450; MMPGL, mg microsomal protein 
per gram of human liver; MMPGLu, mg microsomal protein per gram of human lung.  
*Huang and Isoherranen, 2020. 
1. CYP2A6 and CYP2B6 protein abundance per subcellular fraction were calculated by 
multiplying the liver subcellular protein abundance by the ratio of lung (BB, bb, and AL) to 
liver tissue mRNA expression (Somers et al., 2007). 
 
Table S8. Input and output for predicting the DE of morphine (administered via a 
nebulizer) in each region of the respiratory tract using the ICRP 66 deposition model. 
Input for the ICRP 66 deposition model 
Parameters Values References 
Drug parameters 
MMAD (µm) 
GSD (dimensionless) 
Type 
ρ (g/mL) 

 
2.95 
0 
Monodisperse 
3 

 

(Schuster et al., 1997) 
 
Default (ICRP, 1995) 
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Χ (dimensionless) 
ƞI (dimensionless) 
fhyg (dimensionless) 
DFscalar (dimensionless) 

1.5 
1  
3 
1 

Default (ICRP, 1995) 
Model predicted 
Assumed 
Default  

Breathing parameters 
Breathing route 
Activity type 
Q (mL/s) 
V (mL) 
U (m/s) 

 
Mouth 
Sitting 
1208.33  
500 
1 

 

 
 
(Dershwitz et al., 2000) 
(Dershwitz et al., 2000) 
(Klumpp and Bertelli, 2017) 

Systems parameters 
FRC (mL) 
VD,ET (mL) 
VD,BB (mL) 
VD,bb (mL) 
VD,total (mL) 
SFBB (dimensionless)  
SFbb (dimensionless) 

SFAL (dimensionless) 

 
3301 
50 
49 
47 
146 
1 
1 
1 

 

Adult male (ICRP, 1995) 
Adult male (ICRP, 1995) 
Adult male (ICRP, 1995) 
Adult male (ICRP, 1995) 
Adult male (ICRP, 1995) 
Adult male (ICRP, 1995) 
Adult male (ICRP, 1995) 
Adult male (ICRP, 1995) 

Output of the ICRP 66 deposition model 
Region DE DE with fhyg In vivo DE 
ET2 
BB 
bb 
TB (BB+bb) 
AL 
Total 
Exhaled 
TB (central)/AL (peripheral) 

19.2 
16.0 
7.1 
23.2 
10.4 
52.8 
47.2 
2.22 

33.0 
19.5 
8.1 
27.6 
12.3 
72.9 
27.1 

2.24 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

MMAD, mass median aerodynamic diameter; GSD, geometric standard deviation of 
aerodynamic diameter; Q, volumetric or inhalation flow rate; V, tidal or inhalation volume; 
DE, deposition efficiency (%); ET2, extrathoracic (oral passage); BB, bronchial; bb, 
bronchiolar; TB, tracheobronchial; AL, alveolar; fhyg, hygroscopic growth factor; DFscalar, 
empirical scaling factor to scale regional deposition fraction; ρ, drug density; χ, shape 
factor; ƞI, inhalibility.  
 
Table S9. Input and output for predicting the DE of nicotine (administered via cigarette 
smoking) in each region of the respiratory tract using the ICRP 66 deposition model. 



20 
 

Input for the ICRP 66 deposition model 
Parameters Values References 
Drug parameters 
MMAD (µm) 
GSD (dimensionless) 
Type 
ρ (g/mL) 
Χ (dimensionless) 
ƞI (dimensionless) 
fhyg (dimensionless) 
DFscalar (dimensionless) 

 
0.4 
0 
Monodisperse 
3 
1.5 
1  
1.7   
1.5 

 

(Schroeter et al., 2001) 
 
 
Default (ICRP, 1995) 
Default (ICRP, 1995) 
Model predicted 
(Schroeter et al., 2001) 
Estimated to recover in vivo 
deposition 

Breathing parameters 
Breathing route 
Activity type 
Q (mL/s) 
 
V (mL) 
U (m/s) 

 
Mouth 
Sitting 
17.5 
 
500 
1 

 

 
 
Calculated using puff volume (35 mL) 
and puff time (2 s) (Kane et al., 2010) 
(Kane et al., 2010) 
(Klumpp and Bertelli, 2017) 

Systems parameters 
FRC (mL) 
VD,ET (mL) 
VD,BB (mL) 
VD,bb (mL) 
VD,total (mL) 
SFBB (dimensionless)  
SFbb (dimensionless) 

SFAL (dimensionless) 

 
3301 
50 
49 
47 
146 
1 
1 
1 

 

Adult male (ICRP, 1995) 
Adult male (ICRP, 1995) 
Adult male (ICRP, 1995) 
Adult male (ICRP, 1995) 
Adult male (ICRP, 1995) 
Adult male (ICRP, 1995) 
Adult male (ICRP, 1995) 
Adult male (ICRP, 1995) 

Output of the ICRP 66 deposition model 
Region DE  DE 

with 
fhyg 

DE with 
fhyg and 
DFscalar  

In vivo 
DE 

ET2 
BB 
bb 
TB (BB + bb) 
AL 

1.0 
2.0 
31.3 
33.3 
21.4 

0.7 
1.3 
41.1 
42.4 
20.8 

1.1 
2.0 
61.7 
63.7 
31.2 

 
 
 
42-63* 
26-35* 
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Total 
Exhaled 
TB (central)/AL 
(peripheral) 

55.7 
44.3 
1.55 

64 
36 
2.04 

96.0 

4.0 
2.04 

86-97# 

MMAD, mass median aerodynamic diameter; GSD, geometric standard deviation of 
aerodynamic diameter; Q, volumetric or inhalation flow rate; VT, tidal or inhalation 
volume; ET2, extrathoracic (oral passage); BB, bronchial; bb, bronchiolar; TB, 
tracheobronchial; AL, alveolar; fhyg, hygroscopic growth factor; DFscalar, empirical scaling 
factor to scale regional deposition fraction; ρ, drug density; χ, shape factor; ƞI, inhalibility; 
DE, deposition efficiency in percent. 
*(Broday and Robinson, 2003), #(Hinds et al., 1983) 
Table S10. Summary of input parameters for morphine and nicotine OI model. 

Parameter Morphine Nicotine Equations 
Kpint-pls 0.74 0.93 Eq. 38 

Papp, calu-3 (cm/s) 4.54E-06 8.62E-06 Eq. 42 

Pscalar 2.4 -  

Thickness factor 
ET2 
BB 
bb 
AL 

 
1.10 
1.00 
3.67 
152.35 

 
1.10 
1.00 
3.67 
152.35 

Eq. 41 

Papp, n (cm/s) 
ET2 
BB 
bb 
AL 

 
4.99E-06  
4.54E-06  
1.66E-05  
6.92E-04 

 
9.48E-06 
8.62E-06 
3.16E-05 
1.31E-03 

Eq. 40 

Pmem or PS (L/h) 
ET2 
BB 
Bb 
AL 

 
1.94E-02 
1.14E-02 
3.46E-01 
8.81E+03 

 
1.54E-02  
9.00E-03  
2.73E-01  
6.97E+03 

Eq. 39 

Regions: ET2, BB, bb 
and AL 
fuiF 
fuiE  
fuiS 

fuiB 

 
 
0.04 
0.06 
0.21 
0.23 

 
 
0.97 
0.96 
0.15 
0.17 

Eqs. 28-33 

Regions: ET2, BB, bb 
and AL 

 
 

 
 

Eqs. 34-37 
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fuF 
fuE  
fuS 
fuB  

1 
0.31 
0.84 
0.57 

1 
0.29 
1 
0.92 

Regions: ET2, BB, bb 
and AL 
CLinf,F-E (L/h) 
CLeff,E-F (L/h) 
CLinf,S-E (L/h) 
CLeff,E-S (L/h) 

 
 
NA 
NA 
NA 
NA 

 
 
NA 
NA 
NA 
NA 

 

Regions: ET2, BB, bb 
and AL 
CLint (L/h) 

 
 
NA 

 
 
NA 

 

 

Regions: ET2, BB, bb 
and AL 
kdeg (1/h) 

 
 
NA 

 
 
NA 

 

 

Regions: ET2, BB, bb 
and AL 
kon (L/mg/h) 
koff (1/h) 

 
 
NA 
NA 

 
 
NA 
NA 

 

 

 
Table S11. Comparison of simulated and observed PK parameters of morphine after IV 
infusion (IV Inf) or oral inhalation (OI; nebulizer)  
Study ID Dosing regimen PK 

parameters 
Simulated Observed Ratio 

Dershwitz et 
al_2000 

IV Inf  
Dose: 8.8 mg 
Duration: 0.16 h 

Cmax 258.0 261.1 0.99 

AUClast 66.8 66.05 0.97 
Dershwitz et 
al_2000 (without 
fhyg) 

OI (dose: 2.2 mg, 
no. of dose: 8; 
interval: 1 min) 

Cmax 76.5 120.3 0.64 

AUClast 37.8 71.8 0.53 
Dershwitz et 
al_2000 
(with fhyg) 

OI (dose: 2.2 mg, 
no. of dose: 8; 
interval: 1 min) 

Cmax 91.8 120.3 0.76 

AUClast 46.5 71.8 0.65 
Dershwitz et 
al_2000 
(with fhyg and 
Pscalar) 

OI (dose: 2.2 mg, 
no. of dose: 8; 
interval: 1 min) 

Cmax 139.4 120.3 1.16 

AUClast 65.3 71.8 0.91 

fhyg, hygroscopic growth factor; Pscalar, permeability scalar, used to scale the epithelial 
apical permeability; Cmax, maximum plasma concentration; AUClast, area under the 
plasma concentration-time curve from 0 to the last measured time point. 
Table S12. Comparison of the simulated and observed PK parameters of nicotine after 
IV infusion.  
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Study ID Dosing regimen PK 
parameters 

Simulated Observed Ratio 

Gourlay and 
Benowitz_1997 

IV Inf  
(4.38 mg) 

Cmax 28.1 28.65 0.98 
AUC0-last 17.5 19.44 0.90 

Benowitz and 
Jacob_1994 

IV Inf  
(60 µg/kg) 

Cmax 27.1 24.06 1.13 
AUC0-last 50.6 51.24 0.99 

 
Table S13. Comparison of the simulated and observed PK parameters of nicotine after 
oral inhalation (cigarette smoking) when fhyg and DFscalar were incorporated. 

Study ID Dosing 
regimen* 

PK 
parameters Simulated Observed Ratio 

Gourlay and 
Benowitz 1997 

OI (Dose: 0.22 
mg; No. of 
puff: 10; Puff 
interval: 1 min) 

Cmax 19.9 19.18 1.04 

AUC0-last 11.1 10.36 1.07 

Fearson et al. 2017 

OI (Dose: 0.13 
mg; No. of 
puff: 10; Puff 
interval: 
0.0083 h) 

Cmax 12.2 11.95 1.02 

AUC0-last 2.4 2.12 1.14 

Fearson et al. 2017 

OI (Dose: 0.07 
mg; No. of 
puff: 10; Puff 
interval: 
0.0083 h) 

Cmax 6.6 6.29 1.04 

AUC0-last 3.6 3.59 1.01 

St. Helen et al. 2019 

OI (Dose: 0.24 
mg; No. of 
puff: 10; Puff 
interval: 
0.0083 h) 

Cmax 22.5 20.53 1.09 

AUC0-last 25.7 23.05 1.11 

*doses adopted from Kovar et al., 2020.  
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Supplemental Figures 

 

Fig. S1. Sensitivity analyses to demonstrate the impact of change in inhalation flow (a1 and 

a2), inhalation volume (V; b1 and b2), and hygroscopic growth factor (fhyg; c1 and c2)) on 

total and regional respiratory tract deposition, as well as pharmacokinetic (PK) endpoints of 

drug X. ET2, extrathoracic (oral passage); BB, bronchial; bb, bronchiolar; AL, alveolar; C, 

central region (BB+bb); P, peripheral region (AL). 
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Fig. S2. Sensitivity analyses to demonstrate the impact of epithelial membrane transport on 

systemic and local epithelial concentrations of drug Y in various regions of the respiratory 

a) b)
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tract (ET2, BB, bb and AL) in the presence of a) apical influx transport (clearance: 0 L/h, 

purple color; 0.0001 L/h, green color; 0.0005 L/h, sky blue color); or b) apical efflux transport 

(clearance: 0 L/h, purple color; 50 L/h, green color; 250 L/h, sky blue color). In all the cases, 

low apparent passive permeability (4.54e-8 cm/s) between ELF and epithelial was 

unchanged. Increased influx or efflux apical epithelial membrane transport results in either 

increased (influx) or reduced (efflux) drug Y epithelial concentrations in all the regions of the 

respiratory tract except for the AL region (because of the lower drug's AL deposition in the 

ELF compartment and large AL surface area, resulting in high passive drug permeability). 
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Fig. S3. Sensitivity analyses to demonstrate the impact of apical subepithelial membrane (or 

basal epithelial membrane) transport on systemic and local subepithelial concentrations of 

a) b)
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drug Y in various respiratory tract compartments (ET2, BB, bb and AL) in the presence of a) 

influx transport (clearance: 0 L/h, purple color; 50 L/h, green color; 250 L/h, sky blue color); 

or b) efflux transport (clearance: 0 L/h, purple color; 10 L/h, green color; 50 L/h, sky blue 

color). In all the cases, low apparent passive permeability (4.54e-8 cm/s) between ELF and 

epithelial as well as epithelial and subepithelial was unchanged. Increased influx or efflux 

subepithelial membrane transporter activity results in increased (influx) or reduced (efflux) 

drug Y epithelial concentrations in all the regions of the respiratory tract. 

 

  

Fig. S4. Sensitivity analyses to demonstrate the impact of epithelial metabolism on systemic 

and local epithelial concentrations of drug Y in various lung compartments (ET2, BB, bb and 

AL) in the presence of metabolism (clearance: 0 L/h, purple color; 10 L/h, green color; 50 

L/h, sky blue color). Increased drug metabolic activity in the epithelial region, decreased 

systemic and regional exposure of drug Y. 
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Fig. S5. Sensitivity analyses to demonstrate the impact of tissue retention on systemic and 

local epithelial concentrations of drug Y in various respiratory tract compartments (ET2, BB, 

bb and AL) in the presence of tissue retention (dissociation rate constant: 10 1/h, purple 

color; 50 1/h, green color; 250 1/h, sky blue color; in all these cases, the association rate 

constant and fatty acid concentrations were fixed to 50 L/mg/h and 10.0 mg/L). Increased 

dissociation rate constant in the epithelial region, increased systemic and regional Cmax but 

did not change exposure to drug Y (AUClast).    

 

 



30 
 

  

 

Fig. S6. Sensitivity analyses to demonstrate the impact of dissolution rate (z-factor) on 

systemic and local epithelial concentrations of drug X in various respiratory tract 

compartments (ET2, BB, bb and AL) in the presence of dissolution rate (z-factor 0.01 

L/mg/h, purple color; 0.001 L/mg/h, green color; 0.0001 L/mg/h, sky blue color). Decreased 

in the dissolution rate of drug X resulted in a decrease in both local and systemic Cmax as 

well as AUClast due to slow drug release in the airway fluid.  
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