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ABSTRACT
One of the challenges for toxicological assessment of inhaled aerosols is to accurately predict their
deposited and absorbed dose. Transport, evolution, and deposition of liquid aerosols are driven by
complex processes dominated by convection-diffusion that depend on various factors related to phys-
ics and chemistry. These factors include the physicochemical properties of the pure substance of inter-
est and associated mixtures, the physical and chemical properties of the aerosols generated, the
interplay between different factors during transportation and deposition, and the subject-specific inhal-
ation topography. Several inhalation-based physiologically based pharmacokinetic (PBPK) models have
been developed, but the applicability of these models for aerosols has yet to be verified. Nicotine is
among several substances that are often delivered via the pulmonary route, with varied kinetics
depending upon the route of exposure. This was used as an opportunity to review and discuss the cur-
rent knowledge and state-of-the-art tools combining aerosol dosimetry predictions with PBPK modeling
efforts. A validated tool could then be used to perform for toxicological assessment of other inhaled
therapeutic substances. The Science Panel from the Alliance of Risk Assessment have convened at the
“Beyond Science and Decisions: From Problem Formulation to Dose-Response Assessment” workshop
to evaluate modeling approaches and address derivation of exposure-internal dose estimations for
inhaled aerosols containing nicotine or other substances. The discussion involved PBPK model evalu-
ation criteria, challenges, and choices that arise in such a model design, development, and application
as a computational tool for use in human toxicological assessments.
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Introduction

Pulmonary delivery of substances is of great interest to the
medical and scientific community and for public health. The
route of aerosol administration offers several advantages,
such as faster onset of action, improved bioavailability, easier
noninvasive administration, high permeability, and a large
absorptive surface area in the lungs, importantly, avoiding
first-pass metabolism in the liver (Labiris and Dolovich 2003).
Performing toxicity assessments, as well as efficacy testing for
substances of interest, is of equal importance. Inhalation,
however, is not a typical route of administration for drugs
outside the realm of respiratory diseases, and as a result, pro-
gress on aerosol drug development has been limited and pri-
marily focused on treating airway diseases, such as asthma,
cystic fibrosis, and chronic obstructive pulmonary disease
(COPD) (Labiris and Dolovich 2003). Typically, achieving intra-
venous (IV)-like plasma concentrations with oral administra-
tion is challenging and may require large oral doses, but
these doses would lead to higher systemic and gastrointes-
tinal (GI) exposures and potential toxicity. Pulmonary delivery
enables rapid absorption and IV-like plasma concentrations
with a smaller dose. Simultaneously, certain substances such
as fluticasone are deposited in the lung and are not instant-
aneously absorbed into the systemic circulation or cleared
(Borghardt et al. 2018). Hence, for therapeutic substances
without instantaneous pulmonary absorption and requiring
prolonged exposures, inhalation may result in a favorable
benefit/risk ratio. With advancements in science and technol-
ogy, the respiratory tract (RT) is being studied as a route of
drug delivery for a wide variety of substances, including ther-
apeutics for diabetes and preventive vaccines (Valdespino-
Gomez et al. 2006).

The major challenge in inhalation toxicity or efficacy
assessment is the appropriate and accurate determination of
the delivered dose. An inhaled dose is more difficult to quan-
tify than the dose delivered via other routes of administra-
tion, as the complex physiological process of inhalation
makes the estimation of delivered dose challenging
(Alexander et al. 2008). For example, inhalation of dry solid
particles would result in a certain dose depending on factors
such as the properties of both the aerosol (e.g. particle size
distribution and their abilities concerning hygroscopic
growth) and the individual (e.g. exertion level, breathing pat-
terns, and RT morphology and physiology). After deposition
in the lung, some particles dissolve and absorb into the sys-
temic/pulmonary circulation, while others are cleared from
the lung by pulmonary metabolism and mucociliary clearance
(MCC). Similarly, substances forming liquid aerosols may
change their phase presence by evaporation process and
become absorbed from the gas phase modulating the deliv-
ered dose. The U.S. Environmental Protection Agency has
derived methods for determining inhalation reference con-
centrations for dosimetry adjustments, but the applicability
for inhaled aerosols still needs to be evaluated (IPCS 2005;
U.S.EPA 2014). To further review, a panel of experts discussed
the model structure, evaluation criteria, and applicability of
inhalation physiologically based pharmacokinetic (PBPK)
modeling for aerosolized nicotine or other substances in a

toxicological assessment framework. In this review, various
factors and associated challenges that were identified and
need to be considered for PBPK modeling of inhaled aerosol
are discussed. Nicotine was chosen as an example because of
its varied pharmacokinetics depending upon route of admin-
istration and public interest. A well developed and validated
model for nicotine could be used to investigate the chal-
lenges associated in delivery of therapeutic substances. After
a brief summary of nicotine pharmacokinetics (PK), aerosol
characteristics, and influencing factors, inhalation PBPK mod-
els representing various complexities are described. Further,
given the highly complex process and incomplete develop-
ment, future approaches for PBPK modeling of inhaled aero-
sol are outlined. This review is expected to help regulatory
bodies understand the limitations of existing models and the
potential influence of various factors in deriving dose for
toxicological assessment, and further bridge the gap between
aerosol dosimetry and PBPK modeling researchers for devel-
oping improved strategies.

Nicotine PK

Nicotine, one of the most abundant tobacco alkaloids, has
been reported to exert several pharmacological effects on
the brain and GI system (Benowitz et al. 2009). Nicotine per-
meates the blood-brain barrier, and its effects are mediated
through binding to nicotinic acetylcholine receptor (nAChR)
subtypes, particularly those located on dopaminergic neurons
in the ventral tegmental area. Upon stimulation, dopamine is
released in the shell of the nucleus accumbens, which is an
important mechanism in drug-induced reward-motivated
behavior. Changes in dopamine levels are also supported by
nicotine-induced release of other neurotransmitters, such as
glutamate (that facilitates the release of dopamine) and
c-aminobutyric acid (that inhibits dopamine release), in these
brain areas. The absorption, distribution, metabolism, and
excretion (ADME) properties of nicotine have been studied in
humans and pre-clinical species (Benowitz et al. 2009).
Nicotine has a very low plasma protein binding and is rapidly
metabolized by the liver, primarily by the cytochrome P450
(CYP) 2A6 (and to a lesser extent by CYP2B6 and CYP2E1), to
cotinine, its main metabolite (80% of nicotine conversion)
(Benowitz et al. 2009).

Inhaling nicotine in cigarette smoke is the most rapid
form of nicotine delivery known and peaks at the completion
of smoking (Figure 1). The arterial boli and high venous
blood nicotine concentrations are produced within seconds
and minutes, respectively, as the lungs offer a large surface
area for absorption and a favorable dissolution pH of 7.4
(Benowitz et al. 2009). Further inhalation enables faster deliv-
ery of nicotine to the brain next to IV administration
(Benowitz et al. 2009). The rapid central nervous system
delivery facilitates binding to nAChRs and increases dopa-
mine levels, resulting in reward-motivated behavior.
Cigarettes, however, are a dangerous nicotine delivery sys-
tem. Smokers are far more likely than nonsmokers to develop
heart disease, lung cancer, and COPD (U.S. DHHS 2014). The
best way to avoid the harms of smoking is never to start,
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and for smokers, the best way to reduce the harms of smok-
ing and the risk of tobacco-related disease is to quit. For dec-
ades, the goal of reducing the harm caused by smoking has,
therefore, focused on preventing smoking initiation and pro-
moting smoking cessation.

Chewing tobacco and oral snuff lead to absorption of
nicotine in oral mucosa and by the small intestine rather
than in the stomach because of its pH-dependent ionization.
Although the peak levels attained after chewing tobacco may
approximate those attained by smoking, the shape of the
plasma concentration versus time is different, and the time
required to reach peak level is longer (Figure 1). Nicotine
plasma levels are maintained transiently after the cigarette
smoke is inhaled, rather than the more gradual and sustained
elevation after oral ingestion (Benowitz et al. 2009). In add-
ition, oral snuff can damage the linings of the oral cavity and
oropharynx, causing cells to grow more rapidly to repair DNA
damage and leading to oral cancer (ACS 2015).

Nicotine replacement therapy (NRT) aims to reduce the
motivation to consume tobacco and the physiological and
psychomotor withdrawal symptoms while still delivering
nicotine and has been shown to be less harmful than con-
suming tobacco (Silagy et al. 2004; Prochaska 2015). NRT
products are delivered in various forms, including gum, trans-
dermal patch, nasal spray, oral inhaler, and tablet.
Transdermal delivery of nicotine via a patch is successful, as
the nicotine penetrates rapidly, allowing the delivery of fairly
large doses. The nicotine patch is a slow, sustained-release
form of nicotine delivery that is intended to gradually lower
users’ dependence on tobacco and ultimately eliminate this
dependence (Figure 1) (Benowitz et al. 2009). Acute dosing
products allow users to titrate the timing and dose of

nicotine. Products such as nicotine gum and lozenges are
buffered to alkaline pH to facilitate increased absorption.
Despite their formulations, NRTs were unable to mimic the
plasma concentrations of nicotine following inhalation, as the
absorption of nicotine from the buccal cavity is slower, and a
portion of the dose is swallowed and subjected to first-pass
metabolism (Benowitz et al. 2009). Nicotine nasal spray is
absorbed more rapidly than other NRTs but does not reach
the maximum nicotine concentration (Cmax) of inhaled nico-
tine, thus requiring larger doses (Lunell et al. 2000).

To accelerate the decline in smoking prevalence and
reduce smoking-related population harm, candidate modified
risk tobacco products (MRTP) are being developed (U.S.FDA
2012). To effectively encourage smokers to switch to MRTPs,
sufficient delivery of nicotine is an important attribute
(Institute of Medicine 2012). For this reason, the U.S. Food
and Drug Administration has also recommended that MRTP
Applications must provide an assessment of the product’s
“speed and efficiency of nicotine delivery” (U.S.FDA 2012).
Philip Morris Products S.A. has developed the Tobacco
Heating System (THS), a candidate MRTP (U.S.FDA 2017). The
THS consists of a device that heats, but does not burn, a pro-
prietary tobacco stick (HeatSticksVR ), creating an inhalable
nicotine-containing aerosol that provides a range of con-
sumer sensory attributes that appeal to adult smokers. The
THS aerosol contains significantly reduced quantities and
numbers of toxicants in comparison with cigarette smoke
(Schaller et al. 2016). PK and pharmacodynamics (PD) studies
were designed to assess the nicotine uptake profile in adult
smokers who use THS. During the clinical studies, the extent
and rate of nicotine absorption during single-stick ad libitum
use of THS were measured and compared with those of

Figure 1. Nicotine concentrations in blood during and after consumption of cigarette, oral snuff, chewing tobacco, nicotine gum, nicotine patch, and THS 2.2. Data
obtained from Benowitz et al. (2009), Cipolla and Gonda (2015), and Picavet et al. (2015).
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cigarettes (Picavet et al. 2015; Brossard et al. 2017). These
studies also evaluated the relationship between plasma nico-
tine concentrations and the suppression of the urge to
smoke in adult smokers and yielded initial safety data on
product use (e.g. vital signs, clinical biochemistry, hematol-
ogy, spirometry, electrocardiography, and adverse events).
Figure 1 shows that nicotine from THS has a similar PK pro-
file (e.g. time to reach Cmax [Tmax] and Cmax) to nicotine from
cigarettes. Therefore, when taken together, the studies dem-
onstrated that THS provided similar amounts of nicotine as
combustible cigarettes (CCs) (i.e. the area under the curve for
THS was 77.4% of CCs) and at a similar rate to CCs (the Tmax

for THS was same as CCs and the Cmax of THS was 70.3% of
CCs) (Picavet et al. 2015; Brossard et al. 2017). Inhalation of
an liquid aerosol containing nicotine provided rapid systemic
delivery; however, further understanding of the fate of
inhaled aerosol is needed to improve toxicological assess-
ment of substances beyond nicotine.

Aerosol delivery

Aerosol delivery is complex, spans over many scientific disci-
plines and has been studied thoroughly over the past deca-
des. A comprehensive introductory overviews of the aerosol
delivery have been written by Hinds (2012), Ruzer and Harley
(2012), Phalen (2008) and Finlay (2001). In this section, we
will briefly guide the reader through the main topics relating
to aerosol inhalation dosimetry, starting with a brief descrip-
tion of aerosol generation and characterization methods fol-
lowed by a discussion of aerosol evolution, transport and
deposition in the lungs.

Aerosol generation and characterization

Various ways of aerosol formation (e.g. nebulization, nucle-
ation, atomization, and dispersion of manufactured spray-
dried powders) cause solid and/or liquid particles to become
suspended in the carrier gas. Methods for characterizing
aerosol particles can generally be divided into chemical and
physical methods. Chemical aerosol characterization includes
methods for evaluating substances in all phases (gas, solid,
liquid) of the aerosol mixture and methods for measuring the
most important physiochemical properties (e.g. viscosity, sur-
face tension, boiling point, solubility) of substances used to
generate and deliver an aerosol. Physical characterization
methods for determining aerosol particle densities, morphol-
ogies, surface properties and interaction forces (most import-
ant for solid particles) and methods for determining the
aerosol particle size distribution, which is widely considered
the most important aerosols in terms of inhalability and
deposition. The particle size distribution gives information
about the number and sizes of a flowing polydisperse aero-
sol. The amount of the delivered aerosol dose is directly
linked to the particle size distribution because aerosol depos-
ition is mainly controlled by the physical mechanisms that
are dependent on the physical sizes of the particles
(Nordlund and Kuczaj 2015).

The chemical composition and physical properties of an
aerosol will affect the transport, evolution, and deposition of
the aerosol mixture in the RT, as is further discussed below.
One of the key barrier to the delivery of a substance through
inhalation is the complex relationship between the physico-
chemical characteristics of the aerosol formulation and
potential performance of aerosol in the humid environment
of the RT (Haddrell et al. 2017). The properties of liquid and
solid substances in aerosols (e.g. molecular weight, lipophilic-
ity (log P), solubility, pKa, protein binding, vapor pressure,
surface tension, polar surface area, and electrostatic charge)
will affect deposition of the substances in the RT. For
example, increasing the pH markedly improves absorption of
nicotine as base form is non-ionized and more hydrophilic
(Benowitz et al. 2009).

Devices using different principles (e.g. time-of-flight, light-
scattering and electrical mobility) have been developed to
determine the particle sizes in aerosols (Figure 2(A)) (Allen
2013). To deliver significant doses, aerosols are generated
with higher particle density leading altered particle size distri-
butions due to increased coalescence. Furthermore, liquid
aerosols are complex chemical mixtures containing various
substances, such as the active ingredient, solvents, wetting
agents, anti-oxidants, preservatives, stabilizers, volatile liquids,
surfactants, flavors, and inert materials. The range of substan-
ces present affects the particle size and, for solid particles,
the particle density, shape, surface roughness, and surface
area. The factors mentioned above can be used to manipu-
late the aerodynamic properties of an aerosol.

Aerosol evolution, transport and deposition

Aerosols produced from nicotine and other therapeutic deliv-
ery systems are affected by external conditions that can
change the particle size distribution, shift in phase and com-
position of a multispecies aerosol through phase partitioning.
Furthermore, the transport, evolution, and deposition of aero-
sols are dependent on the surrounding thermal and chemical
environment and the flow conditions. Linking the local
exposure in the respiratory system with the measured dose
and target tissue dose is, therefore, the ultimate goal of aero-
sol dosimetry research. The physicochemical mechanisms
that govern the transport and deposition of aerosols in the
RT are described below. Detailed discussions of aerosol dos-
imetry aspects, particle kinetics, and lung interaction mecha-
nisms are available in a number of publications (Schulz et al.
2000; Phalen and Hoover 2006; Phalen et al. 2010; Tsuda
et al. 2013; Phalen and Raabe 2016). Here, we briefly describe
key points relating to inhaled liquid aerosols.

Aerosol evolution

The main physical mechanisms governing the evolution of a
liquid aerosol during inhalation are evaporation (caused by
dilution with inhaled air), condensation (caused by the high
relative humidity in the airways), and coalescence (coagula-
tion) (Figure 3) (Hinds 2012). Evaporation of the liquid phase
decreases the particle size or, for very small particles,
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decreases the particle number density because some liquid
particles completely evaporate, particularly particles at the
lower end of a polydisperse aerosol distribution.
Condensation of vapors onto existing particles increases par-
ticle size, resulting in increased upper airway RT deposition.
Condensation can also result in deposition of aerosol particles

on the walls of the RT, caused in particular by warm and
humid conditions. It is important to mention that in the case
of liquid multispecies mixtures, the physicochemical properties
of the mixture (e.g. surface tension, boiling point) depend on
the mixture composition itself and often cannot be superim-
posed as a simple function of the species properties.

Figure 3. Schematic diagram of aerosol generation, transport, evolution, and deposition mechanisms.

Figure 2. Factors influencing aerosol exposure affecting exposure of an inhaled aerosol. (A) Physiochemical properties. (B) Short, intermediate, and long duration of
exposures. (C) Inhalation topography. (D) Morphological difference between rodent and human airways.
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Most aerosols are delivered with intended high particle
number density (directly linked with the amount of delivered
substance), causing simultaneous coalescence, and a process
where larger particles are formed as a result of collisions
between 2 or more smaller particles. The kinematic forces
(i.e. impact of external forces or aerodynamic effects) and the
Brownian motion of the particles can influence coalescence.
Because of the complexity involved in aerosol evolution, sev-
eral studies have assumed constant particle size during resi-
dence in the lungs, perhaps leading to inaccurate prediction
of deposition.

Aerosol transport

Transport or uptake of an aerosol into the RT is driven by the
negative pressure (with respect to the ambient atmosphere)
caused by the contraction of the diaphragm that results in
expansion of the chest cavity and intrapleural space (Hinds
2012). The resulting pressure gradient between the atmos-
phere and the thoracic cavity generates airflow by which the
aerosol particles enter the RT. The flow rate is relatively high
in the upper airways as the geometric dimensions are large
causing to a convection-driven downward flow. Whereas, air-
flow in the mouth, nose and pharynx is often complex caus-
ing turbulence and possible circulating vortices during
exhalation. Further down the RT, the flow rate is lower in
each branch and the geometric dimensions are smaller,
making convection less pronounced and diffusion becomes
the driving force. The inhalation/exhalation flow rates vary
depending on breathing rates, inhalation patterns and
geometric RT dimensions; these factors will strongly affect
particle transport (Kleinstreuer and Zhang 2010). The mecha-
nisms governing aerosol transport in the RT are shown in
Figure 3. Aerosol transport will directly affect both the evolu-
tion and deposition of the aerosol particles because the
factors affecting transport will act as size-dependent filtra-
tion mechanisms.

Transport of an evolving aerosol is influenced by several
factors; the dominant factors include the humidity and spa-
tio-thermal conditions in the RT. The chemical composition
of the aerosol and external factors will affect partitioning of
the different phases in an aerosol mixture and will, therefore,
affect particle deposition and absorption which in turn affect
the dose-response of the substance under investigation.

Aerosol deposition

The total deposited dose of an aerosol is dependent on both
particulate (i.e. solid and/or liquid) and gaseous phases.
Primary mechanisms of particle deposition include impaction,
diffusion, interception, sedimentation, and electrostatic pre-
cipitation, as shown in Figure 3 (Hinds 2012; Nordlund and
Kuczaj 2015). It must be noted that modulation of the phys-
ical aerosol characteristics mentioned earlier (particle size dis-
tribution) directly affects the magnitude and subsequently
the physical location of the aerosol deposition governed by
these mechanisms. The absorption of gases depends on sev-
eral factors, such as solubility, diffusivity, surrounding

temperature, humidity, and concentration (Nordlund and
Kuczaj 2015). Combination of both phenomena (aerosol par-
ticles deposition and gas phase absorption) contributes to
the overall substance-specific dosimetry quantification. These
substances are then either further absorbed into the lung tis-
sue structure or cleared by MCC.

Factors influencing inhalation PBPK modeling

Studies of aerosol delivery systems largely focus on the for-
mulation of the substance and the device used to generate
and deliver the aerosol, or the PK and the efficacy of the
inhaled substance. As a direct result, the aerosol characteris-
tics determined using a benchmark system (i.e. product char-
acteristics determined in laboratory tests) will not represent
the actual performance during real inhalation conditions (i.e.
studies in clinic and real world application). In recent years,
significant efforts have been dedicated to improving our
understanding of delivered aerosol doses and our ability to
extrapolate doses from experimental systems using computa-
tional methods. The challenges involved in of predicting and
understanding the key processes that determine pulmonary
exposure to inhaled substances remain, and are the subject
of ongoing research and validation (Phalen et al. 2010). One
of the key challenges in developing and validating an evolv-
ing aerosol model for nicotine, as well as other substances,
is the lack of experimental tools available for measuring
aerosol characteristics and deposition in living subjects.
Understanding how the chemical composition and physical
characteristics of aerosols influence deposition and drug
absorption (permeability, tissue affinity) in complex lung
geometries, and their impact on physiological processes
(including MCC and metabolism), would be beneficial.
Computer-based mechanistic modeling and aerosol dosim-
etry provide an opportunity to explore these questions, but
significant gaps still exist. The challenges are broadly
grouped into various categories, as shown in Figure 4 and
are discussed below.

Inhalation topography

Inhalation topography determines the amount of a substance
available for absorption and will be different for voluntary
and involuntary exposures. Involuntary exposures (e.g. occu-
pational or environmental exposure) typically lasts for several
hours to days, and modeling of inhalation patterns is prob-
ably not very important because the concentrations tend to
reach a steady state. However, for a self-administered, ultra-
short, or short exposures ranging from few seconds to couple
of minutes, the inhalation patterns influence the delivered
dose and the PK significantly (Figure 2(B)). The inhalation
topography is comprised of several stages, such as puff vol-
ume/duration, mouth hold time, inhalation volume/duration,
breath hold, and exhalation volume/duration (Vas et al.
2015). The duration and volumes at each stage are known to
vary not only across individuals but also within an individual
puffing pattern. The rates of inspiration for a normal tidal
breathing pattern could result in a differential deposition
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compared to a slow inspiration rate with a breath hold or a
forced inspiration without a breath hold. Clinically, these
breathing patterns have been tested for various products,
such as metered dose inhalers, and guidance is available for
efficiently delivering the substance (Figure 2(C)). However,
there is no guidance available for other commercial products,
resulting in free self-administration and varied PK. For
example, studies have reported that changes in product
design can impact puffing intensity. In particular, when
switching from a high- to low-yield smoking product, people
tend to take larger puffs with an increase in puffing fre-
quency. Further, during cigarette consumption, a smoker may
have large inspiratory volumes for a few initial puffs and
lower volumes at the end of puffing (Benowitz et al. 2009).
Clearly, inhalation patterns vary across individual subjects,
resulting in different exposures. Thus, there is a requirement
to analyze and benchmark inhalation patterns for ADME fol-
lowing aerosol exposures to develop and validate a popula-
tion-based PBPK model.

Anatomy and physiology of the RT

Differences in the RT anatomy exist both within species and
among species at each level of the RT (Figure 2(D)). There is
limited knowledge on the influence and deposition of mouth
and nose geometries on the delivery of aerosols for rodents
and humans. Rodents predominantly exhibit a monopodial
lung branching system, whereas humans have an irregular
dichotomous and trichotomous branching pattern of the air-
ways (Harkema et al. 2013). The effects of these various
branching patterns on airflow distribution, gas uptake, and
the deposition of particles have not been sufficiently studied
to determine the extent to which branching patterns impart
regional non- homogeneities or local variations in the

deposition of inhaled substances. To date, detailed morpho-
metric data used to calculate aerosol particle deposition are
very limited (Rostami 2009). The scientific community have
been using 3D reconstruction techniques to examine various
aspects of lung structure. Studies vary from the reconstruc-
tion of individual cells to reconstructing conducting airway
and alveolar duct branching systems. The human whole-lung
measurements are obtained based on limited subjects and
are currently the gold standard predictions for modeling pur-
poses (Raabe et al. 1976). However, these data are limited
and are not representative of a population-level difference.
Obtaining realistic geometry including the branching system
is critical for mathematical calculations of aerosol dosimetry.
The branching system from trachea to terminal bronchioles
involves an average path length of 16 branches, while shorter
path lengths may be 8 to 10 branches (Weibel 1963a; Raabe
et al. 1976; Yeh et al. 1979). The tissue thickness decreases
down the RT, and the expression of cells varies along the RT.
This may lead to differential partitioning, retention, absorp-
tion, and clearance rates via the mucociliary escalator. After
deposition, the compound may be subjected to phagocytosis
by different cell types such as pulmonary alveolar macro-
phages and alveolar epithelial cells, or it may enter the alveo-
lar interstitium which would increase compound retention.
The compound retention is mainly driven by the physico-
chemical properties of the compound and to some extent
aerosol particle redistribution (Snipes 1989). Mucus is a highly
viscous gel-like fluid lining the RT with an estimated replen-
ishment rate of 3-5mm/min and a clearance time of 15min
to 2 h for trapped substances (Duncan et al. 2016). To this
end, preliminary dissolution experiments to investigate chem-
ical-specific dissolution rates of aerosol mixtures in artificial
mucus (Jug et al. 2018) and in vitro experiments using 3D tis-
sue models to determine diffusion would be beneficial

Figure 4. Specific aspects that need to be considered in a PBPK model of an inhaled aerosol to perform a toxicological assessment include physicochemical charac-
terization of the aerosol (particle size distribution, gas/liquid/solid phase partitioning), assessment of the inhalation topography (the temporal flow rate distribution
during lung ventilation), subject or population-specific assessment of the lung morphology (volume, dimensions and airway structure), PBPK modeling (using a com-
partmental model structure with relevant parameters), coupling of dosimetry and PBPK models, and assessing the risks involved in translating information from
in vitro to in vivo and rodent to human models.
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(Hoffmann et al. 2018). Further in vitro evaluation of mechan-
istic biology, such as expression of CYP enzymes, active trans-
porters, and lysosomal trapping mechanisms, would enable a
more reliable prediction of pulmonary PK.

Aerosol dosimetry

Predicting dose due to inhalation processes is a difficult task.
The methods/approaches described in this section are based
on various modeling efforts and issues that need to be fur-
ther developed and validated to be applicable for inhalation,
in particular for evolving aerosols. A tremendous amount of
work has been done by several groups to understand dosim-
etry for inhalation exposures, but most of it was focused on
gas exposure or for non-evolving aerosols containing solid
particles (Ramsey and Andersen 1984; Csanady et al. 1994;
U.S.EPA 1994; Anjilvel and Asgharian 1995; Kumagai and
Matsunaga 1995; Sarangapani, Teeguarden, et al. 2002;
Phalen et al. 2010; Boger and Wigstrom 2018).

The Association of Inhalation Toxicologists have proposed
a methodology for determining delivered dose in rats based
on concentration of the substance in air, respiratory minute
volume, duration of exposure, body weight, and an arbitrary
inhalation fraction (Alexander et al. 2008). A more holistic
determination of dose calculation must account for at least
the aerosol physicochemical properties, inhalation topog-
raphy, and RT anatomy. Several varieties of the so-called
whole-lung models have been developed for estimating
deposited dose. These models are based on simplified trans-
port processes, including lung morphometry data and semi-
empirical aerosol deposition correlations (Figure 5). They can

be classified into groups concerning the level of scrutiny at
which the geometrical upper RT branching is taken into
account (i.e. single/multiple-path models) and 2 distinct ways
to deal with complexities related to the lower RT (i.e. deter-
ministic/stochastic models). Among these, the historic
International Commission on Radiological Protection (ICRP)
66 inhalation model is based on the particle filtration effi-
ciency at different regions of the lung (IRCP 1994). This
approach is purely driven by particle size and does not
account for any aerosol evolution during its transport along
the RT. Similarly, the multiple-path particle dosimetry (MPPD)
model developed by Applied Research Associates and started
by pioneering work performed by Asgharian (Anjilvel and
Asgharian 1995; Asgharian and Anjilvel 1998) resulted in the
release of the publicly available MPPD software package
(Price et al. 2002). This is one of the most advanced models
capturing solid particle physics deposition mechanisms (e.g.
impaction, sedimentation, and diffusion phenomena) for a
large number of flow scenarios and various airway geome-
tries. Progress in understanding the aerosol evolution proc-
esses and their influence on deposition for multispecies
aerosol mixtures is ongoing. Developed Computational Fluid
Dynamics (CFD) approaches are still far away from applicabil-
ity to inhalation case scenarios, including full lung geometry,
but can be used to validate simplified models. Growing com-
putational capabilities allow for application of CFD, in which
transport, evolution, and deposition equations are solved dir-
ectly and locally in the human- or rodent-specific geometry
of the upper RT (Haghnegahdar et al. 2019). In this case, it is
possible to obtain the exact numerical solutions with respect
to the flow. The accounted aerosol physics still needs to con-
tain modeling simplifications due to limitations concerning

Figure 5. Methods for aerosol dosimetry modeling and levels of coupling with PBPK.
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computational feasibility. Two generally distinct fundamental
approaches were developed. The Lagrangian method allows
tracking of each particle separately, usually treating them
mathematically as point particles containing mass, while
the Eulerian method computes particle fluxes through the
computational domain, approximating particle physics on the
basis of phenomenological models (e.g. mass transfer correla-
tions around a single particle in a flow, taking into account
heat transfer equations). Both methods have been success-
fully applied and validated for non-evolving aerosols while
being under continuous development and improvement con-
cerning evolving liquid aerosols that are closely linked and
dependent on the aerosol chemistry. To particularly tackle
the liquid evolving multispecies aerosols, an open-source
code method, AeroSolvedTM, was developed to simulate
aerosol flows (see the Aerosolved (2019) reference for the
repository code). With the applied Eulerian approach, particu-
lar attention was paid to the ability to simulate high particle
number density flows at varying thermodynamic conditions.
Although CFD models are able to provide accurate calcula-
tions of the deposited dose for an aerosol, the reliability of
these tools still remain to be validated with respect to
assumptions standing behind them.

Rodent exposure studies for human extrapolation

Animal models have been essential and have provided a
wealth of information for aerosol studies that needs to be
extrapolated to humans (Phalen et al. 2008). The exposure
systems for inhalation toxicological testing of liquid aerosols
on rodents depends on the experimental question. While sev-
eral systems have been developed for evaluating nicotine
and other substances in preclinical rodents, these can be div-
ided into (1) aerosol nebulizer, (2) smoking machine and (3) a
vacuum based system (Miliano et al. 2019). Aerosol nebuliza-
tion is a the most preferred as it delivers precise amount to
the animal and but lacks the heating element found in the
devices. In general, the temperature of the heating element
is controlled to generate aerosol with minimum heat-induced
chemical degration. Aerosol from smoking machines captures
testing of any heating induced chemical degration by-prod-
ucts and will need regular cleaning for long term exposure
studies. Vacuum exposure systems involve replacement of
ambient air with aerosol by creating a negative pressure in
the chamber housing the rodents. Although, these systems
are preferred for long term studies, the delivered dose is
challeneging to determine given the different inhalation pat-
tern or exposure type (nose-only or whole body). Preclinical
inhalation studies performed to evaluate the pulmonary
pharmacokinetics of a substance usually involve intratracheal
administration (Gunerka et al. 2015; Hendrickx et al. 2018).
These studies need to be performed taking into consider-
ation the conditions and types of exposures, including non-
physiological deposition patterns during intratracheal admin-
istration and, more importantly, the different breathing pat-
terns of humans and animals exposed to aerosols. Humans
can be exposed by either nasal or oral breathing, while most
rodents are obligatory nasal breathers. In the case of rodents,

the nose acts as an efficient particle filter, thereby limiting
the particle size range that can be delivered to the lungs
compared to humans (Forbes et al. 2011). Humans can be
cooperative subjects and can participate in protocols involv-
ing variable breathing rates and tidal volumes as well as
both nasal and oral breathing. Human subjects can also per-
form tests of physiological response that are less feasible for
test animals. By contrast, most animal inhalation studies have
been restricted to quiescent nasal breathing. Human studies
are limited to those focused on short-term exposures and
transient physiological responses. By contrast, animal studies
can include long-term exposures, serial termination, and
pathological assays. Experimentation on rodents usually
involves using the same aerosol developed for human inhal-
ation experiments. As rodents have much smaller airways,
the penetration of the same size particles is then much more
limited than in the case of humans. The differences in aerosol
inhalaibility and experimental variability caused by the
whole-body (or nose-only) exposure of rodents may lead to
varied exposure and PK profiles. Moreover, a direct extrapola-
tion using the regional deposited dose ratio from rodents to
human could lead to different reference doses
(U.S.EPA 1994).

Dosimetry-relevant compartmental PBPK model
structure requirements

The PBPK modeling approach uses a classical 1 D system-level
simulations in which the physiologically relevant parts of the
body (i.e. compartments) are selected and the effects of
these compartments on the selected substance distribution
characteristics (i.e. PK) are simulated by solving (coupled
ordinary differential) equations for transport between the
compartments. Once the PBPK model is parametrized and
validated, it will delivers robust, simplified, and useful esti-
mates of PK data under various conditions that will support
regulatory decisions (Zhao et al. 2011). Ongoing advances in
the physiology field allows the relevant processes to be bet-
ter captured and allow increasingly complex models to be
developed while delivering more refined outcomes for the
users (Hester et al. 2011). The increasing complexity must be
balanced by relevant and required outcomes. There remains
several challenges when developing PBPK models of inhal-
ation (Forbes et al. 2011). Inhalation is a complex process,
and the necessary fit-for-purpose modeling compartmental
framework still needs to be determined. Inhalation PBPK
models for an inhaled aerosol should include an RT and GI
tract along with other compartments representing tissues of
relevance for the substance in question. Initial inhalation
PBPK models developed for occupational or environmental
exposures are comprised of either 1, 3, or 4 respiratory com-
partments (Figure 6). Lately, PBPK models are being devel-
oped that include all 24 generations of the RT (Backman
et al. 2018; Boger and Wigstrom 2018), but the necessity for
inclusion of this level of detail remains to be validated and
benchmarked with other models. Moreover, inhalation PBPK
models coupled to computational dosimetry approaches
(whole-lung or CFD-coupled) are recommended for
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development while simultaneously accounting for accuracy
versus feasibility and practical use.

Existing PBPK models for inhalation

PBPK modeling is a mechanistic approach for predicting con-
centration-time profiles derived from pulmonary PK (e.g. dis-
solution, absorption) and systemic PK characteristics (e.g.
distribution, excretion) by incorporating various anatomical
and physiological aspects (e.g. tissue volumes, blood flow
rates) and drug formulation characteristics (e.g. pKa, solubility,
partition coefficients, protein binding). These models are
often advanced and require considerable prior information to
increase the credibility of predictions. Moreover, in human
health risk assessment, we assume a 100% absorption of the
deposited fraction in the RT in the absence of an absorption
factor and a 75% absorption for indirect exposures (HERAG
2007; ECETOC 2010), but in reality, the chemical is either
absorbed, precipitated, or cleared, and PBPK modeling ena-
bles prediction of systemic available/internal doses after
inhalation of complex chemical mixtures in various forms.
Previously developed PBPK methods and their limitations in
modeling of inhaled aerosols are described below and cate-
gorized in the following sections by the level of anatomical
lung representation.

PBPK model with non-anatomical lung representation

Early PBPK models, developed for inhalation of chemicals
such as styrene, described the lung compartment as a single
uniform tissue with gas-exchange dynamics at the portal
entry and closed-form equilibrium relations (Figure 6(A))
(Ramsey and Andersen 1984; Csanady et al. 1994). The PBPK
model captured the arterial blood and tissue concentrations
but assumed that inhaled air flow rate was equal to the alveo-
lar ventilation rate while attaining a rapid equilibrium with
capillary blood per the specified blood:air partition coefficient.

Kumagai and Matsunaga further developed the PBPK
model for acetone exposure by including the mucus layer of
the inhaled and exhaled air tract and a compartment for gas
exchange within the lung compartment (Figure 6(B))
(Kumagai and Matsunaga 1995). The mucus layer represent-
ing the outermost mucus lining in the wall of the air tract
was 5–10 mm in thickness, but the model assumed it to be
2mm with a volume of 1ml. The model also omitted the
deeper mucous layer and the wall tissue, failing to capture

instantaneous equilibrium of acetone between the deeper
portion of the mucous layer and air. A simulation performed
to assess the impact of the mucous layer volume of an air
tract showed that an increase in mucous volume lowered
acetone concentrations in blood and increased concentra-
tions in exhaled air, indicating the importance of accurate
descriptions and volumes. Although the plasma PK profiles
were fitted, predictions and extrapolation to other substan-
ces, formulations, or populations could be challenging, owing
to the simplicity of the model and the lack of sufficient
description of the airway region. Gajewska et al. used the
same formulation to study the impact of daily nicotine intake
from cigarette smoke on heart rate (Gajewska et al. 2014).
The model predicted nicotine blood concentrations for ciga-
rettes containing low, typical, and high levels of nicotine. The
model could also predict exposures as smoke reached deeper
lung regions (i.e. alveoli), where more than 90% of nicotine is
absorbed. The model assumed that there was constant inhal-
ation of nicotine of an absolute dose of 0.05mg/L and an
average smoking time of 3 to 4min.

These models did not account for the rapid changes in
pulmonary blood concentrations that may arise during the
first few seconds after initiation or cessation of an inhalation
exposure, for the bidirectional cyclic nature of actual alveolar
air flow in the lungs, or for clearance. As the time frames of
interest are sufficiently large, the dynamic interactions
between alveolar air and pulmonary blood were captured.

PBPK model with anatomical lung representation

Major advancements were made by Bogdanffy et al., who
constructed a PBPK 5-compartment model of the rat nasal
cavity and a 4-compartment model of the human nasal cavity
(Bogdanffy et al. 1999) to describe vinyl acetate exposures.
The nasal uptake-focused model not only represented the
species-specific differences in anatomy but also incorporated
air-phase resistance to mass transfer from the lumen to the
air–mucus interface. This inclusion led to absorption of the
chemical from the airway lumen to mucus, epithelial layer,
submucosa, and blood. Sarangapani et.al constructed a multi-
compartmental RT model (Figure 6(C)) by dividing the RT into
3 regions (nasal cavity, conduction airways, and pulmonary
airway representing the alveolar gas exchange region) to
describe exposures of inhaled vapors (Sarangapani, Clewell,
et al. 2002). The nasal cavity and conducting airways had a 3-
layer substructure, similar to that of the Bogdanffy et al.

Figure 6. Structure of RT implementations in PBPK models. The RT was modeled using (A) 1, (B) 3, and (C) 4 compartments.
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model (Bogdanffy et al. 1999). Inhaled air ventilated the
lumen of these airway compartments. A chemical in the
lumen was available for uptake into the epithelial lining tis-
sues or passage to the subsequent airway compartment. The
submucosal tissue layer was perfused by blood and cleared
the absorbed volatiles from the airway compartments.

A similar PBPK model, but with 4 lung regions, was
developed by Sarangapani et al. with special emphasis on
characterizing the transitional bronchiolar compartment for
inhaled gases (Sarangapani, Teeguarden, et al. 2002). This
model assumed that the air flow rate in the upper and
conducting airways was equal to the respiratory minute
volume and that the flow rate in the transitional and pul-
monary airways was equal to the alveolar ventilation. A
fraction of inhaled chemical was absorbed in the nasal cav-
ity, conducting airways, and transitional airways. The dom-
inant process that delivered the substance to epithelial
tissues in the nose was airflow. By developing a more
complete description of the regions of the lungs, it now
has become possible to assess the role of airway equilibra-
tion in controlling dose-response curves for metabolism in
tissues all along the airways of the RT.

These models were suitable for volatile substances, with
an assumption that drug concentrations in the air are homo-
geneous and that passive inhalation occurs for long dura-
tions, but they did not hold true for short-duration,
voluntarily inhaled aerosolized substances, as the inhalation
rates and drug concentrations vary.

PBPK models with extensive anatomical lung
representation

Several mechanistic pulmonary PBPK models were developed
primarily to guide the development of inhaled medicines.
Boger et al. predicted the fate of a poorly soluble inhaled
drug, fluticasone propionate, in rats (Boger et al. 2016). A
combined framework of drug- and formulation-specific prop-
erties and system-specific inputs were investigated using a

computational PBPK model to predict lung selectivity (ratio
of local to systemic target occupancy). The deposition of
inhaled particles was assumed to occur only in the nose and
lung, as the exposure was a nose-only inhalation. The lung
compartment was divided into 3 sub-compartments where
the deposition of particles may occur (nose [representing
only nasal cavity], central [tracheobronchial] region, and per-
ipheral [alveolar] region). The deposited dose was subjected
to MCC, resulting in a plasma PK profile that is based on par-
allel absorption from the lung, nose, and GI tract. The time
course of glucocorticoid receptor occupancy in the lungs was
measured in vivo following inhalation and IV administration
of the drug, and the model predicted the drug’s PK and
receptor occupancy.

Recently, Merck developed a mechanistic model to pre-
dict pulmonary PK during respiration (Cabal, Mehta, et al.
2016; Caniga et al. 2016). The model included deposition
in various lung generations, substance dissolution, MCC,
and a PD module to a traditional PBPK model. PK of
inhaled dry powders of Mometasone furoate, Budesonide,
Salbutamol, and Formoterol obtained from pre-clinical spe-
cies and humans were validated using the developed
model. The particle deposition of these dry powders was
obtained by performing a series of in vitro experiments
(Caniga et al. 2016). The model did not account for MCC
and the spatial aspects of the deposition but instead used
a fixed value of the drug distribution in airways and
alveoli. Predicting the systemic exposures of multiple puffs
may be challenging, as the deposition and clearance may
vary. Cabal et al. also developed a similar model by cou-
pling flow and deposition equations to understand depos-
ition, MCC, dissolution, absorption, transport, distribution,
partition, and action of the chemical (Cabal et al. 2016).
This lung model consisted of 24 airway branches imple-
mented in a series of parallel semi-rigid cylindrical tubes
and then connected to a series of bifurcation trees.
Although the model details are not fully published, it
seems to be comprehensive for predicting tissue exposures.

Figure 7. Schematic diagram for the inhalation models in commercially available software. (A) GastroPlusTM, (B) PulmoSimTM, (C) SimCyp SimulatorTM. Adapted
from Borghardt et al. (2015).

CRITICAL REVIEWS IN TOXICOLOGY 735



Commercial software packages with anatomical lung
representation

GastroPlusTM (GastroPlusTM Nasal-Pulmonary Compartmental
Absorption and Transit Model, SimulationsPlus Inc., Lancaster,
CA, USA) is currently the only commercially available mech-
anistic computer program that combines a physiological
PBPK model with mechanistic models accounting for
pulmonary deposition, dissolution, and absorptive and non-
absorptive clearance (Figure 7(A)). The program considers 3
distinct pulmonary regions (large and small conducting air-
ways, the alveolar interstitium [AI]) and 1 extrathoracic (ET)
compartment, essentially based on the Weibel lung model
(Weibel 1963b). The regions are further subdivided into
an airway liquid compartment and an epithelial/lung tissue
compartment, allowing the user to input parameters. The
deposition of inhaled drug is estimated based on an inbuilt
whole-lung ICRP deposition model (IRCP 1994). The model
allows input of user-defined deposition rates for the 4 com-
partments only. Following particle deposition, the software
uses Noyes-Whitney principles to mechanistically model dis-
solution based on actual particle and mucus characteristics.
The particles in the ET compartment are cleared to the GI
tract, and their absorption is then calculated by an advanced
compartmental absorption and transit model. Aspects such
as region-specific MCC, metabolism, and mucus binding are
already included in the software. The model lacks inclusion
of dose fractions that could be deposited in the GI tract dur-
ing nose-only inhalation of aerosols in pre-clinical species. A
description of lung geometry and deposition for pre-clinical
species needs to be included to perform any translation
across species.

Commercial software packages with extensive
anatomical lung representation and no PBPK model
description

Several generic software packages, such as PulmoSimTM, have
been developed to model PK of inhaled substances. In
PulmoSimTM, the inhaled fraction is separated into 2 frac-
tions, one entering the lung and the other entering the GI
tract (Figure 7(B)) (Collingwood et al. 2012). Particles entering
the lung are either absorbed to the lung tissue post-
dissolution in mucus or cleared by the MCC into the GI tract.
The model consists of 15 differential equations describing
dissolution, absorption, tissue binding, systemic distribution,
and clearances. The absorption of the drug by pulmonary tis-
sue is influenced by the physiochemical properties of the
substance. For example, a substance or formulation with
lower dissolution rates tends to be cleared rather than being
absorbed by the tissue. Similarly, the unbound fraction of the
substance and its affinity to lung tissue will have an effect on
pulmonary retention and transit times. Unfortunately,
there are no publications describing pulmonary and systemic
exposures using PulmoSimTM software. Collingwood et al.
have mentioned the correlation of estimated pulmonary con-
centrations to regional concentrations to be challenging,
leading to an under-prediction of pulmonary concentrations
(Collingwood et al. 2012).

Other non-mechanistic inhalation PK model software pack-
ages incorporating a model of deposition, dissolution, non-
absorptive clearance, and absorptive clearance include
SimCyp SimulatorTM (Certara), PK-SIMTM (Computational
Systems Biology: Bayer AG), and Mimetikos PreludiumTM

(Emmace consulting). SimCyp SimulatorTM uses a first-order
absorption non-mechanistic inhalation model to describe
absorption across the lung for any substrate and/or inhibi-
tors. This model can be used with the full PBPK model as
well as the 1-compartment distribution model (Figure 7(C)).
Stass et al. used PK-SIMTM to deconvolute PK data obtained
in healthy volunteers after inhalation of ciprofloxacin, a
locally acting antibiotic, to obtain the relative contribution of
oral-, tracheobronchial- (BB and bb), and AI-deposited drug
to the total systemic exposure (Stass et al. 2013). The authors
did not mechanistically model local absorptive and non-
absorptive clearance processes. They assumed the AI dose to
behave as an IV dose and the conducting airway dose to
behave as a delayed oral dose and then used PK-SIMTM to fit
the systemic PK profiles based on these assumptions. Similar
to SimCyp SimulatorTM, the PK-SIMTM PBPK model also
requires an input of deposited dose, whereas the Mimetikos
PreludiumTM software package estimates the regional depos-
ition of inhaled aerosols in the human RT and includes a PK
module. The regional deposition of mono- or polydisperse
aerosols in the airways of adults and children ranging from
0.01–50mm particle size can be calculated. Mechanistic
description of pulmonary processes, such as dissolution, barrier
permeation, and MCC, are included, but a 2-compartmental
model is used for estimating distribution and clearances.

Future of inhalation PBPK models

How to best combine CFD and PBPK models

From the previous sections, it is clear that PBPK modeling of
prolonged inhalation of gases and single-puff non-evolving
aerosols has already been quite successful. In our schematic
categorization, depicted in Figure 5, we have distinguished
between 3 main approaches that use 1) simple dose estima-
tions, 2) whole-lung modeling approaches, or 3) CFD model-
ing versus increasing levels of complexity (number of
compartments), delivered information, and computational
costs. The simple dose estimation approach was touted as a
way forward for PBPK modeling of inhaled substances such
as gases (Sarangapani, Teeguarden, et al. 2002). In this case,
models represented the RT in 1 to 3 compartments and while
reasonable predictions were obtained, the influence of for-
mulation alterations on performance on a purely virtual basis
has proven elusive. More recently, several groups have
started developing inhalation PBPK models by coupling CFD
and PBPK (Backman et al. 2018; Boger and Wigstrom 2018).
Although these are more informative, the coupled models
are computationally intensive, and their application needs
extensive validation efforts due to complexity. The approach
using whole-lung modeling by identifying and tuning the
key influencing components using CFD, followed by their
implementation in a simplified manner in the PBPK model to
capture the relevant responses, is probably the most effective
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and recommended way aiming at practicality and accuracy.
This approach can bridge the gap to predict dose exposures
based on physicochemical properties and practical applica-
tion of PBPK in today’s risk assessment paradigms.

Validation of lung deposition

Lung deposition data can be obtained by either experimental
or computational approaches (in this case in particular for
the upper RT), or in specific situations, by a combination of
both. Existing computational approaches have been often
developed and validated against animal data. Several in vivo
experimental methods, such as single-photon emission com-
puted tomography, positron emission tomography, and
c-scintigraphy, require a radioactively labeled substance to
determine particle deposition in the lung (Frohlich et al.
2016). These methodologies often require highly technically
skilled personnel and specific tracers, and may need altera-
tions of substance or formulation to prevent clearance
(Frohlich et al. 2016). Experimental approaches are limited in
accuracy and resolution due to the limitations of experimen-
tal methods, difficulties in the administration of inhalable
products (potential contamination caused by radio-labeled
substances), and ethical reasons (limited information concern-
ing humans). Three-dimensional imaging techniques allow
various types of information to be extracted (Tay et al. 2018),
including the penetration index, which represents the extent
of particles reaching the alveoli (Clark 2012), but data are
mostly indicative of the total lung deposition and low-
resolution. Currently, obtaining such data for humans is chal-
lenging, and advances in technology over the next few years
may enable collection of such information. Hence, the focus
is placed on either measuring concentrations upstream or
downstream, such as in plasma, sputum, or bronchoalveolar
lavage fluid, to later deconvolute using a computational
model to predict deposited fractions (Smith et al. 1986;
Clewe et al. 2015; Kolli et al. 2019). The growing computa-
tional capabilities have allowed development and application
of numerical models with increasing levels of complexity that
are overcoming the aforementioned experimental limitations,
as described in the section concerning dosimetry.

Predicting variability across the population

Systemic bioavailability of certain substances is greater upon
delivering via inhalation compared to the oral route, as it
avoids first-pass metabolism but often exhibits a high degree
of between- and within-subject variability. In addition to the
variability due to differential expression of enzymes across
the population and disease conditions, inhalation topography
leads to a varied amount of inhaled dose. For example, a
pulsed delivery of nitric oxide improved uptake efficiency
compared to constant concentration delivery, and different
pulse timing led to intra-inter-subject variability in dosing
(Martin et al. 2014). Similarly, cigarette smokers switching
from high- to low-yield nicotine cigarettes are known to opti-
mize smoking patterns to extract different levels of nicotine
(Benowitz et al. 2009). Further, absorption of the substance is

affected by physiological factors and the physiochemical
properties of the substance. For example, nicotine in base
form is highly permeable and rapidly absorbed, whereas qua-
ternary amines, such a tiotropium, ipratropium, and glycopyr-
ronium, are retained in the lung tissue either due to
significantly slower passive cellular permeability or
OCT1-mediated transport (Hendrickx et al. 2013). Moreover,
an increased understanding of MCC and the influence of
mucus rheology on dissolution of formulations in mucus
needs to be further studied (Lai et al. 2009). A mechanistic
model capturing the intrinsic and extrinsic factors affecting
inhalation delivery including levels of variability and covari-
ates could improve the prediction of variability across the
population. Efforts are being focused towards improving our
understanding of the factors that affect dosimetry in diseased
conditions such as COPD (Ganguly et al. 2019).

Evaluating criteria for inhalation PBPK modeling success

Prior to evaluating PBPK success, it is important to establish
the evaluation criteria for success of inhalation PBPK models.
Although the primary goal would be to fully predict the
plasma and tissue concentration-time profiles for inhaled
substances, the model structure is determined by the objec-
tives for which a PBPK model is being developed. If data fol-
lowing IV and oral administration are available and the
model parameters are estimated, it should be possible to
deconvolute the amount of inhaled compound absorbed
from the GI tract and the RT (Kolli et al. 2019). The model
predictive performance for a substance can be evaluated by
assessing the model’s ability to predict clinical outcomes
with a consistent set of parameters, and in the case of further
refinement, validation using independent data set will enable
assessment of model performance. Because of biological var-
iations or experimental errors, PBPK model estimated param-
eters will always have some variance; hence, performing
sensitivity, uncertainty and variability analysis improves the
confidence in PBPK models.

Concluding remarks

Toxicological assessment of inhaled aerosols is challenging
due to a high degree of uncertainty in determining delivered
doses of substances. Aerosols are continuously evolving dur-
ing transport and are influenced by various factors, such as
physical properties (e.g. particle size distribution), chemical
composition, inhalation topography, and lung morphology.
There is a need to develop a reliable inhalation PBPK model
integrating the physicochemical properties of aerosol deliv-
ery, in vitro data, and relevant physiology to predict dose
responses. Such models should be in a position to predict
dose responses based on changes in the physicochemical
properties of substances present in the aerosol mixture (i.e.
gas and liquid/solid phases), which in turn are dependent on
the inhalation characteristics of the aerosol mixture.
For development of such models, substances like nicotine
can be used. Nicotine can be present in all phases simultan-
eously, significantly affecting the PK and thus enabling
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the development of a framework that can be applied to
other substances.

A new inhalation PBPK modeling method for dose expos-
ure predictions may need to be developed taking the afore-
mentioned factors into account, as current inhalation PBPK
modeling methods are aimed at occupational/environmental
dose exposure predictions for either prolonged exposures (of
solid particles, vapors, or gases) or short exposures (solid
powders). These models are simplified and suffer from the
lack of mechanistic details of the physicochemical and
physiological aspects involved in self-administration of
inhaled aerosols. The recommendations are to further invest
in the development of the whole-lung modeling approach,
taking advantage of detailed CFD simulations and novel
experimental methods for validation of data acquisition. The
recommendation also comes from the practical gain of infor-
mation versus accuracy resolution. From this perspective, the
level of detail obtained on the dosimetry side should match
required and existing biological modeling capabilities (e.g.
airway generation number versus number of PK compart-
ments for the lungs).

Over the years, very little information has been obtained
on lung morphology and inhalation topography. Recent
advancements in imaging technologies could help to recon-
struct lung morphology for the wide variety within the popu-
lation. Pharmaceutical companies might generate large
amount of data, archive it upon program termination and
not publicly available. Such information complied into a large
database could aid validation of PBPK models for identifying
dosimetry paradigms and toxicological outcomes.

To advance the understanding of toxicological assessment
of inhaled substances, PMI Research and Development has
worked on various fronts, including development of
advanced in vitro models, in vivo characterization, and quanti-
tative modeling approaches. The development of advanced
in vitro platforms, such as InHALES (Steiner et al. 2018), facili-
tates the determination of regional deposition based on dif-
ferent inhalation patterns, and the lung/liver-on-a-chip
platform (Bovard et al. 2018) captures the transport and
metabolism of a deposited aerosol to predict exposure
responses for any given substance. Further, to translate
in vivo experimental outcomes across species, it is key to
obtain reliable airway morphology measurements, capturing
the differences, and to validate the deposited dose using a
quantitative methodology. To this extent, measurements for
tracheobronchial airway geometry from 4 different strains of
mice were measured (Hoeng et al. 2019). Several mathemat-
ical approaches have been developed to understand the
delivered dose of an evolving aerosol in an in vitro system
and in vivo cast models for toxicological assessments
(Frederix et al. 2018; Lucci et al. 2018). Recently, a more real-
istic segmented upper RT cast model was constructed and
housed to control temperature during air flow (Asgari et al.
2019). The thermal equilibrium of the air flow in the system
was evaluated using experimental and computational
approaches to enable a more reliable prediction of deposited
dose for an evolving aerosol. The development of these dos-
imetry models paved a path for development and validation
of semi-mechanistic inhalation PBPK models by implementing

the key features required to relate exposure, delivered dose,
and internal dose. Among those, there is a PBPK model
developed to understand the regional absorption of inhaled
aerosol based on the PK profile (Kolli et al. 2019). The
upcoming versions of inhalation PBPK models for evolving
aerosol could include the evolution of aerosol in a simplified
representation of the RT, capturing the key geometries and
physiological processes.

The development and validation of such models require
coordinated efforts from academia and industry to address
the associated challenges. Further, pooling information and
challenges could lower method development costs while
increasing productivity. Due to the various levels of complex-
ities and multidisciplinary nature, it would be beneficial if a
continued dialogue between leading experts and regulators
across various fields could take place to ensure that relevant
experiments are performed and critical parameters are
accounted for in development of novel methods and models.
Such a highly collaborative environment should ensure
quality and reproducibility of models along with details
describing their applicability and limitations. An aerosol inhal-
ation PBPK model estimating internal dose would be benefi-
cial for toxicological assessment for a wide variety of
inhaled substances.
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