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ARTICLE INFO ABSTRACT

Inhalation exposure to some types of fibers (e.g., asbestos) is well known to be associated with respiratory
diseases and conditions such as pleural plaques, fibrosis, asbestosis, lung cancer, and mesothelioma. In recent
years, attention has expanded to other types of elongate mineral particles (EMPs) that may share similar geo-
metry with asbestos fibers but which may differ in mineralogy. Inhalability, dimensions and orientation, and

Keywords:

Dosimetry modeling

High aspect ratio

Elongate mineral particles (EMPs)

FAisll)::Stos density are major determinants of the aerodynamic behavior for fibers and other EMPs; and the resultant in-
Nanotubes ternal dose is recognized as being the critical link between exposure and pathogenesis. Insufficient data are
Inhalation available to fully understand the role of specific physicochemical properties on the potential toxicity across
Respiratory various types of fiber materials. While additional information is required to assess the potential health hazards of

EMPs, dosimetry models are currently available to estimate the initially deposited internal dose, which is an
essential step in linking airborne exposures to potential health risks. Based on dosimetry model simulations, the
inhalability and internal dose of EMPs were found to be greater than that of spherical particles having the same
mass or volume. However, the complexity of the dependence of internal dose on EMPs dimensions prevented a
straightforward formulation of the deposition-dimension (length or diameter) relationship. Because health
outcome is generally related to internal dose, consideration of the factors that influence internal dose is im-
portant in assessing the potential health hazards of airborne EMPs.

Risk assessment

1. Introduction crushing or fracturing of non-fibrous minerals (e.g., cleavage frag-

ments) (NIOSH, 2011). EMPs are high aspect ratio particles, which are

In this article, we provide an overview of a mechanistic model based
on the multi-path particle dosimetry (MPPD) structure (ARA Inc.,
2015). MPPD is a freely available dosimetry model for inhaled poorly-
soluble particles and fibers which has been developed through a
number of research collaborations, including with the U.S. EPA and
NIOSH. MPPD has been used in various assessment applications to
predict the dose of inhaled particles, including elongate mineral parti-
cles (EMPs), to the respiratory tract (e.g., Jarabek et al., 2005; NIOSH,
2013). The term “mineral fiber” has been frequently used by non-mi-
neralogists to encompass thoracic-size (i.e., capable of entering the
thoracic region) EMPs occurring either in an asbestiform habit (e.g.,
asbestos fibers) or in a non-asbestiform habit (e.g., as needle-like
[acicular] or prismatic crystals), as well as EMPs that result from the

defined as having length:width ratio of at least 3:1. Other high aspect
ratio particle shapes include tubes, belts, and whiskers; particle size can
be nanoscale (<100 nm) or microscale (> 100nm) in diameter; and
chemical composition can be carbonaceous or mineral. Dosimetry
models are not currently available for other elongate shapes (e.g.,
rectangular cuboid); however, circular cross-section serves as an
average of various shapes for dose estimation of other high aspect ratio
particles.

Inhalation of fibers such as asbestos and some other mineral fibers
have been recognized as a health hazard (Stephenson et al., 1999;
Hughes and Weill, 1986; IARC, 1989; Lippmann, 2014; Manning et al.,
2002; O'Reilly et al., 2007; Roach et al., 2002; Bibby et al., 2016; Feder
et al., 2017) associated with several exposure-related lung diseases and

Abbreviations: B, fiber length to aspect ratio; BPM, breaths per minute; CFD, computational fluid dynamics; CNT, carbon nanotube; d; equivalent impaction diameter; d,,, volume
equivalent diameter; d, minor diameter; EMP, elongate mineral particle; FRC, functional residual capacity; IF, inhaled fraction; RT, lower respiratory tract; MMAD, mass median
aerodynamic diameter; MOA, mode of action; MPPD, multi-path particle dosimetry; PU, pulmonary; TB, tracheobronchial; URT, upper respiratory tract
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conditions such as pleural plaques, asbestosis, bronchogenic and pul-
monary carcinomas, and mesothelioma (IARC, 1977; IARC, 2002; IARC,
2012; NRC, 1984; Wagner et al., 1985; Suzuki and Kohyama, 1984).
Features of asbestos fibers that determine inhalability and fate of air-
borne fibers include dimensions, density, and shape; these features and
chemical composition, surface properties, and durability influence the
fiber biopersistence and potential adverse health outcomes (Barrett
et al., 1989; Harrington et al., 1975; Morgan et al., 1977). In addition,
the shape and dimension of inhaled asbestos fibers, including straight-
rod amphibole (amosite, crocidolite, tremolite, actinolite and antho-
phyllite) and curly serpentine (chrysotile) asbestos, have been sug-
gested as key components in initiating disease (Jaurand, 1989; Smith
et al., 1972; Stanton and Wrench, 1973; Stanton et al., 1977; Stayner
et al., 2008; Donaldson et al., 2013). As evidence and understanding
evolved about the relationship between the dimensions of asbestos fi-
bers and their ability to cause nonmalignant respiratory disease and
cancer, interest increased in the potential hazard of inhalation exposure
to other EMPs.

The dimensions and density of fibers, including elongate mineral
particles (EMPs) and other high-aspect ratio particles, affect the in-
haled, deposited, and retained doses of these airborne materials
(Asgharian and Anjilvel, 1998; NIOSH, 2011). Dosimetry models that
describe these particle properties and biophysical kinetic processes
provide the critical link between the airborne exposure and the internal
dose at the target tissue sites for estimating the risk of adverse health
effects. Exposure characteristics data that are needed as dosimetry
model inputs (i.e., airborne concentration, and the number, surface
area, or mass median diameter of an aerosol and its accompanying size
distribution) are readily measured. While animal and cellular studies of
fibers and other EMPs have shown adverse health effects and have
provided insights on biological disease mechanisms (Yegles et al., 1995;
Adamson 1997; Siegrist et al., 2014), there are uncertainties in trans-
lating the doses across various experimental systems in order to predict
disease risk in humans (Jarabek et al., 2005; Kuempel et al., 2015). For
example, in addition to exposure concentration and duration, retro-
spective dose reconstruction of epidemiological studies depend on the
adequacy of both the exposure characterization, including size fraction
or distribution and the type of sampling (e.g., either personal or area),
and aspects of analytical characterization (e.g., counting rules em-
ployed to determine the sizing and limitations of imaging technologies).

To aid this translation, dosimetry models have been constructed to
estimate internal dose given the exposure conditions and the properties
of the airborne particles. For example, as illustrated in this paper, the
inhalability and deposition fractions of spherical particles and EMPs in
the respiratory tract regions depend on the particle shape, size, and
other properties. Dosimetry models are simply mathematical descrip-
tions of mechanisms and processes involved in inhalation, deposition,
and retention of inhaled substances as a function of key parameters
such as lung geometry and structure, lung volumes, breathing rates and
parameters, and the physicochemical characteristics of the inhaled
substances (e.g., EMPs). Uncertainty in estimating health risk and de-
riving exposure limits is reduced by using validated dosimetry models
to estimate human-equivalent doses.

Dosimetry modeling can provide a translation framework for in-
terspecies extrapolation, setting exposure limits to naturally occurring
EMPs or to new man-made EMPs that may be produced, or for in vitro
to in vivo (IVIVE) extrapolation of mechanistic assays. Application of
dosimetry models thus aids translation of results and refines char-
acterization of health risk by aligning and predicting the inhaled, de-
posited, or retained doses from a variety of exposure conditions.

In addition to inherent particle properties, the toxicity of EMPs
depends on deposition in the respiratory tract due to aerodynamic be-
havior, and on retention due to shape and chemical properties.
Determinants of aerodynamic behavior and biological responses to
EMPs in the respiratory tract that are relevant for defining various in-
ternal dose metrics include the following: physicochemical properties,
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such as physical dimensions (length and width) and distribution, den-
sity, shape, and hygroscopicity which dictate inhalability and deposi-
tion; chemical composition, including factors such as solubility and
surface ions which dictate clearance, retention and tissue response; and
the exposure concentration in air. The density and geometry of an
aerosol influences its aerodynamic behavior and resultant inhalable
fraction (IF), deposition, and clearance in the respiratory tract (Yu
et al., 1990a, 1990b, 1991; Sturm and Hofmann, 2009). For spherical
particles, only one dimension (and its distribution) is needed to define
its aerodynamic behavior, namely, radius or diameter of the particle.
However, for straight-rod or needle-like shaped particles, there will be
at least the two dimensions of length and diameter or multiple di-
mensions if the shape is more complex. Similarly, the joint size dis-
tribution has to be described for each dimension of elongated particles
as compared with only one distribution of diameter or radius for
spherical particles. Thus, mathematical description of EMPs is far more
complicated than that of spherical particles, which calls for a separate
treatment to account for the influence of dimensions on internal and
retained doses and the subsequent health effects.

Consensus is evolving on the influence of dimensions or shape of
inhaled EMPs and other high-aspect ratio particles on their resultant
toxicity and health consequence. The diameter and length of EMPs in-
fluence deposition, clearance, and surface activity. While length has
been suggested as the critical parameter dominating its behavior and
health impact once entering the respiratory tract (e.g., Roggli, 2015),
other dose metrics such as surface area and number of particles are
being explored as potentially more mechanistically relevant. Criteria
have been suggested for the toxicity of asbestos as a function of the fiber
dimensions (Stanton et al., 1981; Pott, 1987; Lippmann, 1990; Berman
et al.,, 1995; Quinn et al., 2000; reviewed in Stayner et al., 2008).
However, these simplified criteria may not adequately account for the
influence of the aerodynamic mechanisms discussed above in de-
termining first inhaled and deposited dose, and then the retained dose,
which depend on density and all dimensions of the EMPs or other high-
aspect ratio particles. Other physicochemical properties such as solu-
bility and surface reactivity can affect the clearance and retention of
particles in the respiratory tract. When different types of particles are
compared, inhaled dose are more appropriately expressed as particle
volume, particle surface area, or number of particles rather than mass,
depending on the mode of action for the toxic effect being evaluated
(Oberdorster et al., 1994; Jarabek et al., 2005; Kuempel et al., 2015).
Hence, relying on a single dimension as a predictor of the toxicity of
EMPs would be inconsistent with the emerging understanding of the
toxicokinetic and toxicodynamic mechanisms of inhaled particles. A
dosimetry model enables the evaluation of different metrics of dose
(e.g., particle mass, volume, surface area in specific respiratory tract
regions) for interspecies dose-response extrapolation.

The MPPD model also helps to identify key parameters that control
deposition and thus potential health impact. The three independent
events of inhalability, deposition, and clearance — which control the
internal dose and potential health impact — are briefly discussed below
to shed light on the relationship between the dimensions of EMPs and
potential for toxicity associated with the internal dose. Finally, we
compare the deposition fractions of spherical and EMPs in the human
respiratory tract based on simulated exposure scenarios using re-
presentative dimensions of airborne EMPs.

2. Inhalation dosimetry concepts

The respiratory tract is comprised of three major anatomical regions
distinguished by their function and composition: the LRT includes the
tracheobronchial (TB) and pulmonary (PU) regions, while the upper
respiratory tract (URT) refers to the head airways (nasal and oral cav-
ities). This section provides a brief overview of the factors influencing
inhaled particle interaction with the anatomical and physiological
features within those regions.
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2.1. Overview of particle inhalation and fate

Three key events occur during an inhalation exposure, which de-
pend on the density and dimensions of EMPs, and relate the estimated
dose to health outcomes. First, during inhalation of EMPs, the inertia of
inhaled EMPs may prevent transport of all airborne EMPs into the oral
and nasal cavities. The inertial effects are different for spherical parti-
cles and EMPs and thus, so is their inhalability or inhaled fraction.
Second, the transport and deposition of EMPs in the airways of the
respiratory tract are directly related to their geometry (dimensions) and
aerodynamic behavior (i.e., the particle geometry interacting with the
airflow which is dictated by ventilation rate and anatomy). Volumetric
flow is different in each major area of the respiratory tract with bulk
flow dominating in the upper respiratory tract (URT) and the tracheo-
bronchial (TB), and is also influenced by breathing mode (i.e., nasal or
oral breathing). Impaction and interception dominate in these regions.
Other external forces due to gravity, electrostatic charges, and diffusion
also dictate the transport and deposition in the airways. These forces
are different for EMPs and spherical particles and so will be their de-
position pattern and amount deposited on airway surfaces. In addition,
the net hydrodynamic viscous resistance force between the EMPs and
air influences the position and orientation of EMPs in the airflow and
thus transport and deposition. Consequently, the deposited dose of
particles and EMPs are different even when particle mass and airborne
concentration are the same. Finally, clearance of the deposited sphe-
rical particles and EMPs are different particularly in the lower re-
spiratory tract (LRT). The retained dose in both the TB and PU regions
is influenced by the shape and dimensions of deposited insoluble par-
ticles. For example, the increased dimensions (length and diameters) of
EMPs may influence their dissolution rate or their ability to translocate
into the interstitial space, and may also alter the capability of alveolar
macrophages to engulf and remove EMPs from the lungs. These three
independent events (inhalation, deposition and clearance) act collec-
tively to formulate the fate of inhaled particles and EMPs and thus their
potential health impact upon inhalation. Thus, more inclusive sizing
criteria as a function of key parameters of EMPs characteristics are
necessary to distinguish toxic versus non-toxic doses of EMPs and other
high-aspect ratio particles (Vincent, 2005; Dement et al., 2015).

2.2. Inhalability

Inhalability of particles is defined as the fraction of EMP being in-
haled, which depends on their ability to reach and enter the URT
(Fig. 1). Inhalation creates a directed mass flow of airborne particles in
the vicinity of facial region toward the nasal or oral openings. Particle
momentum increases and reaches inhaled air velocity as they approach
the URT. When approaching the URT, large particles with high inertia
may not be able to follow the flow streamlines as they turn to enter the
nasal airways. These particles are deposited on the neighboring surfaces
such as the face and will escape entry to the respiratory tract. The
fraction that overcomes the inertia and enter the URT is the inhaled
fraction of particle. Correction for particle inhalability is required for
accurate sampling and assessment of internal dose of airborne particles.

The majority of studies on particle inhalability under different en-
vironmental conditions (corresponding to high, low, and no wind
speed) are conducted under controlled laboratory conditions and often
with manikins in wind tunnels (Armbruster and Breuer, 1982; Hinds
and Tatyan, 1998; Kennedy and Hinds, 2002; Ogden and Birkett, 1977;
Vincent and Mark, 1982; Aitken et al., 1999; Breyess and Swift, 1990;
Hsu and Swift, 1999). Modeling studies using computational fluid dy-
namics (CFD) have been performed to develop predictive models for
particle inhalability (Anthony and Flynn, 2006). While there is an ex-
tensive database on the inhalability of (spherical) particles, there are no
experimental or modeling studies on non-spherical particles and EMPs.
Such studies are needed to refine extant particle and fiber models given
the potential enhanced toxic effect of EMPs due to their shape. Distinct
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Fig. 1. Traveling path of a particle toward the head airways to enter or escape
inhalability into the upper respiratory tract.

differences in geometry are expected to produce a significant difference
in inhalability profile between particles and EMPs.

A hybrid approach is adopted to develop a model to predict the
inhalability of EMPs. The database on particle inhalability as noted
above was used to develop semi-empirical relationships between in-
halability and parameters on which it depended. The majority of ex-
isting studies related inhalability to particle diameter. However, in-
halability is better described in terms of particle inertia represented by
the non-dimensional parameter Stokes number (the ratio of kinetic
energy of particles to the work done on particles to bring them to a
complete halt), which is the dominant parameter dictating entrance
into the URT. To extend to EMPs, particle Stokes number was replaced
by that for EMPs in the inhalability component of MPPD for spherical
particles. Consequently, particle diameter was replaced with an
equivalent impaction diameter (Yu et al., 1986) to obtain a semi-em-
pirical relationship for inhalability as a function of its inertia. Equiva-
lent diameter for each deposition mechanism (e.g., impaction) is the
diameter of an equivalent sphere which results in the same amount of
deposition as EMPs. The model was subsequently used to predict the
inhaled fraction for different size EMPs and different breathing modes
(nasal or oral) of inhalation.

Fig. 2 gives the inhaled fraction EMPs in humans and rats as a
function of calculated equivalent impaction diameter (d,;) using the
MPPD model, v. 3.04 (ARA, Inc, 2015). Calculation of a d,; relies on the
premise that an equivalent sphere diameter is used to predict inhaled
and deposited fractions of EMPs. At an equivalent impaction diameter,
both spherical particles and EMPs would have the same inertia, which is
represented by the Stokes number. Yu et al. (1986) derived expressions
for impaction diameter by equating the Stokes number of particles and
EMPs.

12
=( p) gL
PoC

where dy is the EMP minor diameter, § is the EMP aspect ratio, ¢ is the
orientation effect, and p and po are the EMP density and unit density,
respectively. Predicted inhalation fractions (IFs) were in good agree-
ment with reported measurements of impaction diameter (Burke and
Esmen, 1978; Khan, 1982).

Predictions were based on ventilation rates associated with a light
activity pattern, which was 20 m®/d in humans and 0.62m?/d in rats
and simulating calm wind conditions. The inhaled fractions in humans
were calculated for oral and nasal breathing modes. Inhaled fraction

dy
dy m
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Fig. 2. Inhaled fraction in humans (20 ms/day) and rats (0.62 ms/day) versus a
calculated fiber impaction equivalent diameter (d.;). Oral or nasal breathing
mode is simulated for humans whereas rats are obligate nasal breathers.

decreased with increasing EMP size. All EMPs were inhalable in humans
for d,; under 10 um. Inhalability decreased for larger-diameter EMPs
and more significantly for nasal breathing than for oral breathing. EMPs
of length longer than 20 pm did not enter the nasal passages and were
not inhaled, in contrast to oral breathing, where EMPs as long as 1 pm
were still inhalable (inhaled fraction around 10%). Rats are obligate
nasal breathers and thus the results in Fig. 1 represent nasal breathing
for that species. Inhalability in rats was much lower than for humans
because of smaller nasal geometry and significantly lower ventilation
rates. EMPs as small as 0.1 um in minor diameter were partially in-
halable (about 98%). Inhalability drops much faster with increased
particle size in rats than in humans. About 90% of EMPs are inhalable at
de; of 1 um but only about 10% at 10 um d,;. Lower number or mass of
EMPs entering the respiratory tract of rats compared to that of humans,
emphasizes the need for equivalent and not equal exposure scenarios to
inflict similar biological outcomes. The difference in inhalability in-
creases significantly for coarse aerosols. Thus, differences in inhal-
ability in humans and rats must be taken into account in extrapolation
of dose and response data from rodent inhalation studies to humans.
Rat-to-human data extrapolation will be irrelevant regardless of ex-
posure concentration when inhalability in rats drops to zero.

Inhaled fraction of a theoretical EMP aerosol was calculated and
plotted against the minor diameter to examine the effect of shape and
dimensions on inhalability. EMPs had volume-equivalent spherical
diameters (d.,) of 10 um and 100 pm with different physical dimen-
sions, which varied from a long and thin to short and thick until
reaching spherical geometry (Fig. 3A). Using calm wind conditions, a
typical tidal volume of 625 cm?®, a breathing frequency of 12 breaths
per minute (BPM), and a functional residual capacity (FRC) of 3300 cm®
via nasal breathing for the simulations, the predicted inhaled fraction of
100 um d,, EMPs was considerably lower than that of the 10 um d,,
EMPs (Fig. 3B). Inhalability also decreased as the shape of EMPs
changed, i.e., as they became shorter and thicker. Particle geometry
was spherical when the diameter of EMPs was the same as the
equivalent volume diameter (i.e., 10 um and 100 pm). One notable
conclusion from this result is that EMPs are more inhalable than
spherical particles of the same volume or mass and hence more avail-
able in the respiratory tract for deposition. Thus, based on geometry
alone, longer EMPs have a higher inhalability than shorter EMPs.
However, only a fraction of all inhaled particles deposit in the re-
spiratory tract, and it is the deposited dose of inhaled particles that is
generally considered to be more closely associated with potential health
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Fig. 3. A. Particle geometry for equivalent volume diameter (d.,) of elongate
mineral particles (EMPs). B. Predicted inhaled fraction (IF) for nasal breathing
simulation of de, of 0.1, 10 and 100 um in the human oral cavity as a function of
the EMPs minor diameters. Particle shapes associated with these minor dia-
meters are illustrated.

outcomes.

2.3. Particle transport and deposition

Transport and deposition of inhaled EMPs depend on their geometry
(wall trapping) and aerodynamic properties. Several major deposition
mechanisms influence the removal of airborne EMPs from the inhaled
air, each corresponding to an external force and differ in relative con-
tribution to deposition depending on the respiratory tract region as
shown in Fig. 4. The main deposition mechanisms for inhaled particles
and fibers include the following: interception, inertial impaction,
gravitational settling, Brownian diffusion, and electrostatic charge.
These mechanisms act collectively to cause a net deposition of particles
throughout the respiratory tract in accordance with the regional sig-
nificance of each deposition mechanism.

Interception is a significant mechanism for high-aspect ratio parti-
cles such as EMPs. Inertial impaction is the mechanism that causes
partial entry of airborne particles into the head airways on inhalation.
Due to their elongated geometry, EMPs also intercept the respiratory
tract surfaces and deposit as they enter the LRT, at the main bronchial
bifurcation, or on airway walls. When particles approach an airway
bifurcation, the airflow splits and switches direction to exit through
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Fig. 4. The fate of inhaled particles through different regions of the respiratory
tract based on mechanisms of transport and deposition.

daughter branches. Heavy particles will deviate from the flow stream-
lines (depending on the inertia) and may collide with the walls of the
carina according to their inertia. The particle's mass influences its in-
ertia (and since mass equals density times volume, the particle density
and dimensions also play a role) — the higher the inertia, the higher the
probability of deposition near the bifurcation region. Inertial impaction
is significant for heavy particles when flow velocity is high (typically at
the proximal region of the LRT). Gravitational settling is the result of
deposition due to the force of gravity and is directly related to the mass
of each individual EMPs. It is significant for particles with micrometer
and larger diameters when the airflow rate in the lung has subsided in
the distal portion of the LRT and there is an adequate time for particles
to deposit by the force of gravity. Finally, EMPs may deposit via
Brownian diffusion. Brownian diffusion is the random force on particles
from collision with the surrounding air molecules. The collisions result
in a net particle movement from regions of particle concentration (near
the center of airways) to low concentration (at the walls). This de-
position mechanism is significant for particles with sub-micrometer and
smaller diameters in the deep lung where the airflow velocity is greatly
diminished (i.e., at low Reynolds number defined as the ratio of inertial
to viscous forces at less than unity). Particles that carry charge may
deposit primarily by specific electrical forces called image forces and
secondarily by space charges.

2.4. Particle retention

The retained dose of inhaled EMPs depends on the degree of bio-
logical clearance (mucociliary, alveolar macrophage-mediated) and
physical dissolution in lung cells/fluids, which are influenced by their
shape and dimensions. In the absence of mechanistic information (such
as mucociliary velocity and macrophage movement), observations on
particle movement from lung surfaces through tissues into the inter-
stitium and lymph nodes were used to calculate compartment specific
rate constants (ICRP, 1994) or develop empirical relationship for rate
constants as a function of the mass (Yu et al., 1990a) and dimensions of
the retained particles (Yu et al., 1990b). Modeling of the retained mass
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of EMPs should also account for their dimensions and longitudinal or
traversal splitting, as derived previously for chrysotile asbestos based
on available data of the mean length and diameter at consecutive post-
exposure time intervals (Yu et al., 1991). Lack of mechanistic in-
formation limits the analysis of respiratory tract burden as a function of
the dimensions of EMPs.

3. Dosimetry model components

The dosimetry model components and input parameters that allow
prediction of the internal dose include the particle dimensions and
density, the airway geometry and volumes, and the ventilation rate and
breathing mode (e.g., either nasal, oral or oro-nasal). Transport mod-
eling starts with identifying the characteristics of the inhaled aerosol,
which include particle size dimensions (length and width), distribution,
density, and exposure concentration. The size distribution is typically
lognormal but can take on different distributions depending on gen-
eration or sampling method. Measurement information on the bivariate
size distribution (length and diameter) of EMPs is necessary to accu-
rately describe the aerodynamic behavior (Cheng, 1986). The bivariate
size distribution data also provides the information needed to apply a
simple method to convert the number concentration to surface area and
mass concentration (Cheng, 1986).

A fraction of a given particle or fiber aerosol is unable to enter into
the respiratory tract due to the high inertia of individual particles or
fibers. As discussed in the Inhalability section, semi-empirical models
under different environmental conditions are used to predict fractions
that do and do not enter the URT. Flow in the URT is very high and
mostly turbulent. Thus, the inhaled fraction of particles that are able to
enter the URT deposit by inertial impaction for heavy particles and
Brownian diffusion for light particles. Mathematical models are avail-
able for filtering efficiency of inhaled fraction in the URT region by
different deposition mechanisms, which are used to predict the fraction
of inhaled particles that deposit in this region and the fraction that
enters the LRT (i.e., the thoracic fraction). Flow in the LRT decreases
with distal depth into the lung due to flow splitting among different
airways in each generation. However, it is still quite high in the tra-
cheobronchial (TB) region. Particles in the TB region may also deposit
by inertial impaction and Brownian diffusion for heavy and light par-
ticles. The lung volume increases exponentially in the PU region due to
the presence of alveoli. Thus, the flow decreases rapidly (and the
Reynolds number drops below one). Deposition in the PU region of
particles within the thoracic fraction occurs by Brownian diffusion for
light particles and gravitational settling for heavy particles. A pause
follows inhalation, in which additional deposition by gravitational
settling and Brownian diffusion occurs. Exhalation is the reverse of
inhalation and follows a similar breathing pattern to that of inhalation.
Particle deposition can also occur on exhalation.

The mathematical formulation for a mechanistic model such as the
MPPD model of the transport and deposition of particles or fibers de-
scribes the above processes based on conservation of mass and mo-
mentum (Asgharian et al., 2001). The mathematical model includes the
following four major components:

The first component is modeling the inhaled fraction and deposition
in the URT based on either experimentally-based, derived semi-em-
pirical relationships (e.g., Yu et al., 1980) or on CFD model predictions
developed with reconstructed geometries of the URT from scan imagery
(e.g., Schroeter et al., 2013).

The second component is a realistic description of the LRT geo-
metry. The LRT geometry is structurally complex with thousands of
conducting and millions of alveolated airways. The complexity makes
comprehensive measurements of all airways impractical. Hence, single-
and multiple-path lung geometries have been created from scan images
of large airway and morphometry of small airways. The geometries
include the major anatomical structure and features of the LRT for
humans (Koblinger and Hofmann, 1985) and several laboratory animals
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(e.g., Asgharian et al., 2014; Miller et al., 2014; Koblinger and
Hofmann, 1988). The lung geometries are used for the model structure
in which inhaled air distribution (lung ventilation) and particle and
EMPs transport and deposition are calculated.

The third component of the transport model is a description of
ventilation as it is responsible for the movement of particles in the re-
spiratory tract. In principle, the transport (Navier-Stokes) equations
have to be solved numerically by different computational schemes in all
airways of the respiratory tract to obtain the flow distribution among
different airways of the LRT. However, the task is formidable and in-
feasible because in-depth and thorough information on airway structure
and dimensions are missing as mentioned above. In addition, there is no
information on pleural pressure distribution, which is created by the
weight of the LRT. The lack of information on geometry and outlet
boundary conditions (pleural pressure information) currently reduces
the enthusiasm for developing CFD models of the LRT, although ima-
ging and computational techniques are rapidly advancing (Minard
et al, 2012; Kuprat et al., 2013). Alternatively, the Navier-Stokes
equations are linearized (at typical breathing rates) to allow in-
dependence of different sources of pressure drop in lung airways. Thus,
the total pressure drop is determined by lung compliance, airway re-
sistance, and flow inertance at high breathing rates. Flow inertance is
due to the flow inertia (convection) that causes a pressure drop. Com-
bined modeling and data measurements are used to develop models for
pressure drop and lung airflow (ventilation) under varying breathing
conditions to replace the flow momentum (Naiver-Stokes) equations.

Finally, a mathematical model such as the MPPD is based on species
mass balance (component 4), which uses information from the first
three components to predict deposition of particles throughout the
entire respiratory tract. The model is mechanistic and based on first
principles, which sets it apart from other semi-empirical models such as
ICRP (1994) or NCRP (1997). The deposition of particles in any airway
of the LRT by different mechanisms is the difference between inhaled
and exhaled mass of particles plus the difference between initial and
final mass of particles in the airway. Deposition is calculated in each
generation of airways for the LRT and combined to find regional (URT,
TB, and PU) and total (sum of regional) depositions.

4. Extension of MPPD to nonspherical particles

The behavior of EMPs aerosols and other high- aspect ratio parti-
culate aerosols cannot be described by a single dimension such as
physical diameter or aerodynamic diameter, as for spherical particles.
The aerodynamic diameter of non-spherical particles (Timbrell, 1965)
is defined as the diameter of a unit-density (1 g/cm®) sphere that has
the same settling velocity as that of a non-spherical particle. Given that
the settling velocity is directly related to deposition by gravitational
settling, this diameter can only be used for non-spherical particles if
gravity is the only external force on particles in the respiratory tract.
However, there are other forces (e.g., inertial impaction, interception,
Brownian diffusion, and electrostatic charge) that could cause EMPs
deposition in the respiratory tract as described earlier in this article.
Hence, additional equivalent diameters are clearly needed. To be pre-
cise, there has to be one equivalent diameter for each deposition me-
chanism. The MPPD model v. 3.04 was recently extended to include
non-spherical particles by replacing the particle diameter with the
corresponding equivalent diameters (Kulkarni et al., 2011; Ku and
Kulkarni, 2015) for each deposition mechanism in the corresponding
deposition efficiency formula, as described earlier (Asgharian and
Anjilvel, 1998; Asgharian and Yu, 1988, 1989).

4.1. Example of EMPs
In the following example, MPPD v. 3.04 was used to predict the

deposition of EMPs in LRT airways as a function of dimensions and to
compare with predictions for spherical particles. Regional deposition of
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Fig. 5. Deposition fractions of inhaled elongate mineral particles (EMPs) in
different regions of the human respiratory tract. Model simulations used a tidal
volume of 625 cm?, breathing frequency of 12 BPM, and an FRC of 3300 cm? via
nasal breathing in no wind conditions. Inhalability of EMPs was not considered.
Abbreviations: URT: upper respiratory tract; TB: tracheobronchial; PU: pul-
monary; B: fiber aspect ratio (length/width); d¢: minor diameter.

a theoretical EMPs aerosol predicted to deposit in the LRT of humans is
shown in Fig. 5 for a sitting activity level, including a typical tidal
volume of 625 cm?, breathing frequency of 12 breaths per minute
(BPM), and functional residual capacity (FRC) of 3300 cm® via nasal
breathing. Inhalability of EMPs was excluded to examine unbiased
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deposition mechanisms in the LRT. Model predictions were made for
deposition fraction plotted against EMPs diameter (df) and for EMPs
length to diameter ratios (aspect ratio, ) of 10 and 50 in the URT
(Fig. 5A), TB (Fig. 5B) and PU (Fig. 5C) regions. Deposition in the URT
was by Brownian diffusion for light EMPs and inertial impaction for
heavy EMPs, respectively. As seen, the deposition pattern was bell
shaped. Deposition in the TB regions was also by inertial impaction and
Brownian diffusion. However, filtering of EMPs by the URT affected the
shape of the deposition curve in the TB region. Deposition in the PU was
due to Brownian diffusion and sedimentation. However, the expected
bell shape trend was further disrupted by the filtering of EMPs in the
URT and TB regions. Particle filtering and cumulative effects of dif-
ferent deposition mechanism did not allow drawing a simple relation-
ship between EMPs dimensions (e.g., diameter and aspect ratio) and
deposition fraction in the different regions of the respiratory tract. The
filtering effects were evident by the peak deposition around EMPs
minor diameter of 1 um in the TB region from URT (Fig. 5B) and peaks
in the PU region around 0.01 pm and 1 pum due to EMPs deposition in
the URT and TB regions. In addition, lower deposition of heavier of
ultrafine EMPs were due to the filtering effects.

Comparison of EMPs deposition with that of spherical particles to
evaluate the influence of EMPs dimensions on deposition in the re-
spiratory tract were made in Fig. 6A. Deposition fractions were calcu-
lated assuming no deposition in the URT (Fig. 6B), which was a hy-
pothetical scenario, and with deposition in the URT (Fig. 6C) to study
the influence of URT filtering on subsequent LRT deposition. Three
cases were studied: spherical particles of 1 pm diameter and two dif-
ferent EMPs, each of equivalent mass but with different aspect ratios of
10 and 50. Particle minor diameters were: 1 um (spherical), 0.33 um
(fiber with B = 10), and 0.2 um (fiber with 3 = 50). Predicted deposi-
tion fractions in the TB and PU regions are given in Fig. 6B and C for the
same breathing frequency (12 BPM) and tidal volume (625 cm®) as in
Fig. 5. Deposition in the LRT increased when URT deposition was ex-
cluded, and may occur with an oral breathing mode. With URT filtering,
there was a smaller fraction of longer and thinner EMPs in the TB and
PU regions compared to that for shorter and thicker EMPs. Deposition
in the TB region was higher than that in the PU region for EPMs. In
addition, deposition in the TB region increased with increasing EMP
length, whereas PU deposition showed the reverse trend, partly due to
the filtering by the TB region. There was not a clear pattern for TB
deposition with EMP dimensions. Spherical particles deposited more in
the LRT. Findings from Figs. 5 and 6 emphasizes the need for com-
prehensive dosimetry analyses using models over consideration of sin-
gular dimensions or aspect ratio alone to study the fate of inhaled fibers
and EMP.

The findings from this example of EMPs deposition in the human
respiratory tract in MPPD (v. 3.04) are compared to those in another
model of a different type of elongated particles, carbon nanotubes
(CNTs) (Sturm, 2015). In that model, single-walled CNTs were assumed
to have a diameter of 5 nm and aspect ratios of 10, 100, or 1000. Multi-
walled CNTs were assumed to have a diameter of 50 nm and the same
aspect ratios as for SWCNT. Agglomeration of CNTs was not modeled.
Particle density was assumed to be < 2.2 (density of graphite) since
CNTs are not solid cylinders but form rolled sheets of carbon. Similar
respiratory parameters for sitting (nasal breathing) conditions were
used in Sturm (2015) and here, that is: tidal volume of 750 ml (vs.
625 ml here); 4.2 s/breaths (or 14.3 BPM) (vs. 12 BPM here); and FRC
of 3300 ml in both studies. Predicted pulmonary (acinar) deposition of
CNTs in sitting adults were ~10-25% in Sturm (2015), Figs. 4d and 6d)
and ~8-10% for EMPs in this study (Fig. 6¢ of this article). Deposition
of spherical particles (volume-equivalent diameter to the carbon na-
notubes) in the pulmonary region was ~5-20% (Sturm, 2015, Fig. 6d),
compared to ~10% for spherical particles with equivalent volume to
EMPs (Fig. 6¢ of this article). Tracheobronchial deposition of spherical
particles was ~2-7% in Sturm (2015), Fig. 6¢c and ~7% for EMPs
(Fig. 6¢ in this article). Tracheobronchial deposition of CNTs was
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Fig. 6. Comparison of regional deposition fraction of spherical (equivalent
volume diameter) particles and inhaled elongate mineral particles (EMPs) in
the tracheobronchial (TB) and pulmonary (PU) regions of the human re-
spiratory tract. A. Particle geometry for equivalent volume diameter (de,) of
elongate mineral particles (EMPs); B. Predicted deposition fraction for simu-
lation with no URT deposition; C. Predicted deposition fraction for simulation
with nasal breathing. Spherical particles have diameter resulting in equivalent
volume (de,) to fibers with the aspect ratio (length/width) (B) as indicated.
Particle minor diameters are: 1 um (spherical), 0.33 pm (fiber with = 10), and
0.2 um (fiber with B = 50). Simulation conditions were the same as in Fig. 5.

~4-20% in Sturm (2015), Fig. 6¢ and ~5% for EMPs (Fig. 6¢ here).
Despite the differences in the dimensions of elongated particles and the
different dosimetry models used in these two analyses (Sturm, 2015 and
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here), the estimated deposition fractions are similar. In this article, TB
deposition fractions of EMPs were higher and PU deposition fractions
were lower than those of volume-equivalent spherical particles (Fig. 6B
and C). In contrast, Sturm (2015) reported increased TB and PU de-
position fractions of the CNTs compared to volume-equivalent spheres
at nasal breathing (Fig. 6C in Sturm, 2015). The purpose of this com-
parison was to provide a general evaluation of these EMPs modeling
results compared to another model under similar conditions. Contra-
dictory differences in LRT predictions are likely due to differences in
filtering efficiencies of the nasal passages. Thus, the dimensions of in-
haled particles including EMPs are shown to influence the estimates of
the total and regional deposited doses in the human respiratory tract.

5. Conclusions

Dosimetry models account for critical determinants of deposition
and clearance to predict the internal dose of inhaled particles including
EMPs. These models are especially useful when substance-specific data
are lacking and experimentation is infeasible. By providing mathema-
tical descriptions of physical and physiological mechanisms that govern
transport and deposition in airways of the respiratory tract, dosimetry
models are able to predict the internal dose as a function of lung and
breathing parameters and EMPs physical characteristics. Model pre-
dictions showed that due to the elongated geometry of EMPs, inhal-
ability into the URT and deposition on lung airway surfaces is higher
than for spherical particles. Dosimetry models provide a valuable tool
for risk assessors, government agencies, stakeholders, and the scientific
community in evaluating the potential health impact of inhaled parti-
cles and providing guidance on exposure limits.
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