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Abstract

Dosimetry models for the estimation of particle deposition in the human respiratory tract (RT) in conjunction with clearance
transport models are vital components to relate human exposure with internal dose in a quantitative manner. The current work
highlights knowledge and modelling approaches on particle deposition and translocation in the human body in an effort to
determine health risks in respect to different particle physicochemical properties and human physiology parameters. These
include breathing conditions, variability of the geometry of the RT, chemical composition and size of deposits. Different
dosimetry modelling approaches have been studied including empirical formulations, one-dimensional flow modelling and
computational fluid dynamic methods (CFD). The importance of a realistic modelling of hygroscopicity has been also inves-
tigated. A better understanding of the relationship between health effects and inhaled particle dose may be elaborated using
dosimetry and clearance modelling tools. A future required approach is to combine dosimetry models with physiologically
based pharmacokinetic models (PBPK) to simulate the transport and cumulative dose of particle-bound chemical species in

different organs and tissues of the human body.
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Introduction

Airborne particulate matter (PM) comprises of particles with
different physicochemical characteristics and morphology,
and their dynamics are related to their size. Emissions of
mainly anthropogenic particles in urban areas have been
associated with human health effects (Pope et al., 2009;
World Health Organization (WHO), 2021; Hinds, 1999;
Gruzieva et al., 2022). The PM variable chemical compo-
sition is also in direct relation with the source origin and
inherent characteristics of the ambient air. Epidemiologi-
cal and toxicological studies have studied the effects that
PM concentrations have on human health (Pope et al., 2009;
Dominici et al., 2005; Gruzieva et al., 2022; Robinson et al.,
2022; Bakand and Hayes, 2016; World Health Organiza-
tion (WHO), 2021; Oberdorster et al., 1994). Specifically,
exposure to PM was implicated to respiratory problems
(Farokhi et al., 2018) and systemic inflammation, cancer
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and atherosclerosis among other health effects (Deng et al.,
2018; Schwartz, 2004; Perez-Crespo et al., 2022). The
European Environmental Agency (EEA) (European Envi-
ronmental Agency (EEA), 2020) recently reported almost
0.3 million premature deaths in EU-27 during 2019 due to
PM exposure.

The quantification of human health risk as a result from
exposure to PM requires the study of a sequence of processes,
from concentration characteristics to internal dose of ambi-
ent particles (USEPA, 2018; Lazaridis, 2011). The scientific
challenge is to relate measurements of particle size, number
and mass concentrations; human exposure; inhaled and inter-
nal dose; synergistic processes; and, finally, potential adverse
health effects. In this health assessment, it is crucial to under-
stand the deposition characteristics of particles in the human
respiratory tract (RT) in relation to their size and chemical
composition, toxicant-target interactions and tissue response
(USEPA, 2018, 2019; Housiadas and Lazaridis, 2010). In this
research framework, the understanding of particle deposition
patterns in the RT and combined effects of different chemi-
cal compounds bound to particles may provide scientific evi-
dence in the quantification of potential risk for health effects
through inhalation exposure (USEPA, 2019; Darquenne,
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2012, Hofmann, 2011; Lazaridis et al., 2001; Stapleton et al.
2000; Chalvatzaki et al., 2022a).

The physicochemical characteristics of the deposited par-
ticles (size distribution, density and shape factor) define the
deposition site in the RT. Additional factors which affect the
deposition profile are physiological (inhalation rate, tidal
volume, volumetric flow rate of inspired air of breathing,
breathing pattern) and human anatomical parameters (ICRP
1994; Aleksandropoulou and Lazaridis 2013; Brown 2015).

In the respiratory tract modelling, it is necessary to incor-
porate realistic particle clearance mechanisms modelling for
particles from the nasal passage, tracheobronchial and alveo-
lar regions. Materials accumulated in the tracheobronchial
airways are mainly transported on the surface of the mucus
layer towards the larynx, where it is swallowed and moved
into the gastrointestinal tract (GIT) (ICRP, 1994; Gradon
et al., 1996; Housiadas and Lazaridis, 2010; Farkas, 2020).
Deposited particles are also subject to slow clearance such as
their uptake by airway macrophages, epithelial transcytosis,
as well as their temporary storage in the periciliary liquid
layer and subsequent uptake from the mucus layer. Further-
more, the mechanisms of translocation and disintegration are
mainly responsible for the clearance of particles deposited
in small nonciliated airways and alveoli. The elimination
pathways include sweat, urine, biliary and feces excretion.

Variability in the particle deposition profile and clearance
in the human respiratory tract arising from differences in the
subject age, sex and health status adds another difficulty in
the assessment of human exposure to particles (ICRP, 1994;
USEPA, 2018). Research to reduce uncertainty related to the
estimation of particle dose to humans will deliver crucial
data to health researchers studying the adverse health effects
of particles. In this framework, the Exposome concept stud-
ies both environmental exposures and health characteristics
to determine human health (Gruzieva et al., 2022; Galveias
et al., 2022; Trumble and Finch, 2019).

An important research endeavor is to combine dosimetry
models with physiologically based pharmacokinetic models
(PBPK) to study the transport of chemical species bound
in the particle phase in different organs and tissues of the
human body (Jeong, et al., 2022; Kolli et al., 2019). The
calculation of target tissue dose through respiratory dosim-
etry and PBPK modelling, metabolism and translocation of
particle dose in body fluids may provide valuable informa-
tion for assessing the exposure—dose relationships including
dosimetry and PBPK approaches (Georgopoulos et al., 2014;
Chalvatzaki et al., 2022a; Chalvatzaki and Lazaridis, 2015).
Ongoing developments in toxicodynamic modelling include
also the inhalation pharmacokinetic models for assessing
absorption/bioavailability, such as the AstraZeneca “Lung-
Sim” model (Tehler et al., 2018), the Pfizer “PulmoSim”
model (Borghardt et al., 2015), the Mimetikos Preludium
(Eriksson et al., 2020) dosimetry model and other in silico
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models for xenobiotic metabolism (Kirchmair et al., 2015;
Enlo-Scott et al., 2021; Christou et al., 2020).

In the current paper, we aim to give an overview of
modelling approaches of particle deposition and clearance
including PBPK models in the human body. Mainly “rou-
tinely operational” models are studied and a short presenta-
tion of an emerging important literature on CFD modelling
approaches was given.

Human respiratory tract

The anatomical structure of the human respiratory system
is presented in Fig. 1. Three main anatomic regions can
be observed which are common to all mammalian species
with the exception of the respiratory bronchioles region
(USEPA, 2018). The human respiratory tract comprised
from three main regions, the extrathoracic or upper res-
piratory tract (ET), the tracheobronchial region (TB) and
the alveolar—interstitial region (Al) (ICRP, 1994; USEPA,
2018). The main deposition mechanisms are impaction,
sedimentation and diffusion. Other deposition mechanisms
include interception, turbulent mixing and electrostatic pre-
cipitation (Hinds, 1999; Finlay, 2001). In the ET region,
the main mechanism is the impaction; in the TB region, a
combination of sedimentation and impaction, whereas dif-
fusion dominates in the Al region (ICRP, 1994; Chalvatzaki
et al., 2022b).

The term extrathoracic (ET) region refers to the upper
airways and incorporates the extrathoracic airways ET,
(anterior nose) and ET, (posterior nasal passages, larynx,
pharynx and mouth). The purpose of this region is to humid-
ify and warm the inhaled air. The regions bronchial (BB) and
the bronchiolar (bb) refer to the tracheo-bronchial region
and include airways which conduct air from the upper RT
to the gas exchange region. The alveolar-interstitial region
(AI) is where gas exchange takes place with the blood and
it comprises the respiratory bronchioles, the alveolar ducts,
the alveoli and the interstitial connective tissue (Housiadas
and Lazaridis, 2010).

Particle inhalability in the respiratory tract

Inhalability (I) refers to the intake efficiency of ambient par-
ticles to enter the mouth and nose of a human subject. This
efficiency depends on both air flow close to the subject and
the particle size. Different analytical equations have been
proposed in the scientific literature for the definition of the
inhalability in respect to wind velocity and particle size
(ICRP, 1994; Hinds, 1999; Housiadas and Lazaridis, 2010).

Reliable simulations for the determination of particle
deposition patterns in the human RT need the use of a
morphometric model for the respiratory system. ICRP
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(1994) introduced a simple anatomical lung model for
the human airways using the symmetric model of Weibel
(Weibel A model; Weibel, 1963) (ICRP, 1994, Lazaridis,
2011). The model accounts for 24 airway generations, with
23 symmetrical levels of bifurcations, having trachea as
the generation zero and alveoli generation 23. The model
considers the different generations as a sequence of filters
with specific efficiency to determine the deposition frac-
tion. The dimensions of the airways are variable depending
on factors such as age, gender, race and weight. Empirical
functions were used to determine the deposition profile in
each region of the RT.

The Weibel model is a simplification of the real-world
anatomy of the RT and does not account for population vari-
ability as well as for time-dependent generation characteris-
tics and asymmetric bifurcations (Finlay, 2001). Therefore,
even though the main characteristics and structure of the
human respiratory system are known, there are no available
detailed models with specific geometry of the different parts.
Measurements of casts of normal lungs have been used to
determine the dimensions of the different airways (e.g. Wei-
bel, 1963; Weibel, 1991). A simplification of the real struc-
ture of the RT was introduced with modelling the airways
as cylindrical structures with a defined length and diameter.

An inter-subject variability of extrathoracic morpho-
metry, the tracheobronchial airways and alveolar dimen-
sions have to be studied in the evaluation of the population
variability using recent data on imagining technology (Tay
et al., 2021) and from in vivo studies (Hussain et al., 2011).

Breathing patterns for healthy subjects have also to be exam-
ined as another source of inter subject variability.

Dosimetry tools have to be implemented in conjunction with
geometry reconstruction of the human respiratory system aris-
ing from computed tomography/magnetic resonance imaging
(CT/MRI) scans. This will allow for a better characterization
of the human dose at different parts of the respiratory tract and
targeted organ dose for specific chemical species. Modelled
toxicokinetic profiles such as plasma and organ time-dependent
concentrations require also to be used to determine associations
between dose and toxicodynamic responses.

Deposition and clearance mechanisms
Particle deposition of particles in the RT

Particle deposition depends on their size and physicochemi-
cal properties as well as on the human subject’s physiology.
The total deposition is calculated as a sum of independent
deposition efficiencies of the different deposition mecha-
nisms (Hinds. 1999; Finlay. 2001; Housiadas and Lazaridis,
2010). The particle size and chemical composition are the
major determinants for the deposition profile in RT with
the larger particles to deposit at the head airways (USEPA,
2018). Particles smaller than 10 pm in size are able to follow
the air flow and deposit to the alveolar region with particles
smaller than 2.5 nm to be associated stronger with health
effects (Schwartz and Neas, 2000). An important aspect
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of particles is related to their chemical composition since
specific components are more toxic such as metals (World
Health Organization (WHO), 2021).

The dose of particles in each part of the RT is calculated
using the following expression:

H = nOCAB(Cl Z nﬁne,i + (1 - Cl) Z ncoarse,i) (1)

1

where H is the dose-rate (pg/h), n, is the inhalability ratio,
¢, is the aerosol concentration in air, B is the ventilation rate,
a is the fine mode mass fraction, ng, ; is the retention in
region i of lungs for fine particles and n, . ; is the retention
in region i of lungs for coarse particles (ICRP, 1994).

Different deposition mechanisms are important in the
RT with the inertial impaction to be dominant in the upper
RT, where particles mainly larger than 0.5 pm fail to fol-
low the flow lines at locations that air changes abruptly
direction (International Commission on Radiological Pro-
tection (ICRP), 2002). In addition, gravitational settling is
important for deposition in small airways and the alveolar
region (Lazaridis, 2011). Brownian motion also is a domi-
nant mechanism at the bronchioli and the alveolar region
due to low values of the air velocity and long residence
time. Besides, Brownian diffusion for particles smaller than
0.01 pm dominates at the head airways due to high flow
in the region (International Commission on Radiological
Protection (ICRP), 2002; Housiadas and Lazaridis, 2010).
Electrostatic attraction is also a deposition mechanism with
importance mainly in the alveolar region for ultrafine par-
ticles (USEPA. 2018; Housiadas and Lazaridis, 2010). For
fiber particles, the deposition mechanism of interception is
also important (ICRP, 1994).

Model simulations using the ICRP model to determine
size-dependent particle deposition at different parts of the
RT for various subjects is presented in Fig. 2. At the upper
RT, there is higher deposition of particles at sizes lower than
0.2 pm for men due to higher inhalation rates compared to
women but for larger particles, there is no noticeable differ-
ence. The deposition fraction for a child is higher for parti-
cles above 0.2 pm at the upper airways compared to adults
but for smaller particles the deposition fraction resembles
that of an adult. Specific differences in the deposition char-
acteristics occur between male and female subjects as shown
in Fig. 2f with a total deposition larger for male individuals
for the fine particle fraction and almost equal between male
and female for the coarse fraction (Lazaridis, 2011).

Furthermore, for a child even though the deposition frac-
tion for the alveolar region is small compared to an adult,
the surface density of deposits is large (USEPA. 2018). An
interesting situation occurs for people with health problems
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such as elderly and adults with chronic obstructive pulmo-
nary disease (COPD) who have higher deposition fraction
in the RT compared to healthy individuals (USEPA, 2018).

Particle clearance in the human respiratory tract

The human respiratory tract incorporates different particle
clearance mechanisms and particle removal from the nasal
passage, bronchial tree and the alveolar region. (ICRP,
1994; Housiadas and Lazaridis, 2010; USEPA, 2018;
Chalvatzaki and Lazaridis, 2015; Ermund et al., 2021;
Phalen et al., 2021). The Human Respiratory Tract Model
(HRTM) is a widely adopted model for the calculation
of particle clearance (ICRP, 1994; Lazaridis, 2011). The
physicochemical properties of the particles (e.g. solubility,
particle size, chemical composition), their mass/number
dose and the region of the deposition and physiological
parameters (metabolic rate, health condition, age, gender)
determine the clearance rate of each mechanism (Housia-
das and Lazaridis, 2010).

The movement of metals from the blood into the tissues
can be described as a blood-flow-limited model by a PBPK
model (Reddy et al., 2005; Chou et al., 2009; Sharma et al.,
2005; Schroeter et al., 2011; O’Flaherty et al., 2001; Chal-
vatzaki and Lazaridis, 2015). An overview of a respiratory
tract clearance model which is based on ICRP (2012) pub-
lication is given in Fig. 3.

There are a number of factors which affect the transport
of particles in the RT such as their physicochemical char-
acteristics, physiological and respiration conditions and
health status of the individual subject (Smith et al., 2008;
USEPA, 2018; Housiadas and Lazaridis, 2010). The clear-
ance mechanisms include mainly particle transport to the
gastrointestinal tract via the pharynx and to lymph nodes
via lymphatic channels and abrorption into blood (ICRP,
1994 USEPA, 2018; Lazaridis, 2011). These mechanisms
have different rates. For example, in the alveolar region, the
clearance can be fast (rate close to 0.02 day_l), medium (rate
close to 0.001 day_l) or slow (rate close to 0.0001 day_l)
in relation to the actual clearance mechanism (ICRP, 1994,
Schlesinger, 1988).

The retention of particles in each region is given by the
continuity equation

RO _ 4 or 2
e {(OR;(1) (2)

where A,(t) is the instantaneous clearance rate of the
deposit in compartment i and R,(t) the retained mass
after time ¢. The transport is the summation of two rates,
the mechanical movement and absorption into blood
A =m(t) +5,0).
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Fig.2 Mass particle percentage which deposits in the a ET1 and b ET2 thoracic regions, e alveolar region, and f total deposition of particles in
the RT for different subjects in respect to the aerodynamic particle diameter (Adapted from Lazaridis, 2011).

According to the ICRP (2015), the respiratory tract
clearance model consists of 13 compartments. The
retained dose of particles in each compartment j and
the dose to the oesophagus, lymph nodes and blood was

estimated by Eqs. 3—4 for rapidly and slowly dissolving

particles:

dt £

=1

2 [y X 10 = (my +5,) X L] +1, % Hyt)

3

@ Springer



1994

Air Quality, Atmosphere & Health (2023) 16:1989-2002

Anterior nasal ! 0.6
Extrathoracic ET; |—— Environment
§ 15 # |
Posterior nasal, ! 1100
pharynx, larynx . LNer ETeeq ET, —— Oesophagus
| 0.001 ;
S —— N — Y "
10
Bronchial
BBiseq BB’
0.001
0.2 ?
Bronchiolar LNty @ bbeeg bb’
0.001
0.002 T
Alveolar- ] INT € —— ALV
interstitial 0.00003 0.001
Thoracic
dR,, (1) dR, (1)
# = _(’”.ILV,I,\'T + My ey + S) X R.qu’(’) ' # = _(m[,v'r,l,_\',,: + S) X R],VT (’)
dR,,.(1) dRy, (1)
# = =My, g +5) X R, (1) ) ‘IT = _(’"bb,_,q.l_\',:; +5) X Rbb_-..-q(’)
dR,,.(1) dRy, (1)
% = _("’m'ﬂ; +8) X Ry (1) , RZ,—" =—(Mmgy 5, +5)% RBB_,..Q(’)
dRL\'.,_ ) dRET| (1)
T =i Rl»-\'.-,:(t) ' T = _(IHET,.ET: k ,"ETl.mru'mrmeul) X 1zF7'1 (’)
dR (1) dR,., (1)
i;; = _(,nEfs.Owoplmgm + S) x RET; (,) [::i;q = _(,’IET:E@'["\(LT * S) * Rl.\T (,)
dR,, (t
T
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from compartment j to k, R; (t) is the mass of particles in compart-
ment j of the respiratory tract after time ¢ and s is the rate of absorp-
tion into blood (adapted from Chalvatzaki and Lazaridis (2015))
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“
where my; is the mechanical movement rate of particles from
compartment k to j, m is the mechanical movement rate of
particles from compartment j to k, f, is the fraction of particles
dissolved rapidly, s, is the rapid dissolution rate, s, is the slow
dissolution rate, H; is the deposited dose in the compartment j,
[; and I are the retained doses of particles dissolving relatively
rapidly in the compartment j and k respectively and 7} and T},
are the retained doses of particles dissolving slowly in the com-
partment j and & respectively. The absorption of particles in the
blood was assumed to be moderate. The default values for f,,
s, and s, during moderate absorption were based on the ICRP.
Therefore, £, s, and s, were set equal to 0.2 day_l, 3 days_1 and
0.005 day ™! respectively.

An example of clearance of deposited PM, particles
from the human respiratory tract estimated from concentra-
tions at a suburban background location (Chania, Greece) is
presented in Fig. 4 (Chalvatzaki et al., 2022a). The major-
ity of the deposited particles in the human respiratory tract
was transferred to the oesophagus (51 %), a finding that is
associated with the high deposited dose in the ET region due
to the high contribution of coarse particles to PM;,. In the
ET region, particles are transferred mainly to the GI tract
(oesophagus) via mucociliary clearance while the deposited

particles in the TB and Al regions remain in the respiratory
tract and absorbed to the blood.

Physiologically based pharmacokinetic models

The use of specific dose—response functions for determining
the health effects of humans from exposure to particles require
a realistic determination of delivered doses of substances.
Therefore, there is a need to develop reliable PBPK models
for a mixture of particles. The PBPK models simulate the time
course of absorption, distribution, metabolism and excretion of
chemicals that enter the body. The general concept of PBPK
modelling is to mathematically describe relevant physiological,
physicochemical and biochemical processes that determine the
pharmacokinetic behaviour of a compound. The use of specific
dose-response functions for determining the health effects of
humans from exposure to particles require a realistic determina-
tion of delivered doses of substances.

In PBPK modelling, there are several compartments
which correspond to organs or tissues and mathematical
formulations which represent physiological processes have
been applied to describe the interconnections through blood
flow (Jeong et al., 2022; Chou et al., 2009; Sharma et al.,
2005; Reddy et al., 2005). Additional chemical compounds
have also to be integrated in the existing kinetic models
including carbonaceous particles (Nemmar et al., 2002).

Fig.4 a Dose (deposited and 10* , | | , .
retained) in the human res- a)
piratory tract, oesophagus and
blood, and b dose in the lymph 5
nodes (dapted from Chalvatzaki o 10 r =
et al., 2022a). e %’
u
(%2
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The kinetic equations describing the accumulation and
clearance of metals (As, Pb, Mn) in each tissue group i
can be described (Chalvatzaki and Lazaridis, 2015) as:

% =Q; X (C,; — C,;) — Metabolism; ; — Elimination;
®)
where A, ; is the dose of chemical j in tissue group 7 (pg),
Q; is the blood flow rate to tissue group i (L h™h), C,;is the
arterial concentration (pg L™') of chemical j and C,;is the

venous concentration of chemical j (ug L™1).

Computational dosimetry methods

In the scientific literature, the focus is on the calculation of
particle deposition efficiencies using compartmental model-
ling approaches (USEPA, 2018; Housiadas and Lazaridis,
2010; Yeh and Schum, 1980; Zhang and Kleinstreuer, 2001;
Zhang et al., 2002a,b). In respect to the use of one-dimen-
sional numerical methodologies for the determination of
the particle deposition in the RT, there was the development
of trumpet models (Housiadas and Lazaridis, 2010). In this
approach, the human lung is modelled as a chamber shaped
like a trumpet with variable cross-sectional area (Nixon and
Egan, 1987; Darquenne and Paiva, 1994; Darquenne et al.,
2022). Other models include a stochastic approach to account
for the lung asymmetry (Koblinger and Hofmann, 1990) and a
Markov chain approach to describe the particle movement in
the respiratory tract (Sonnenberg et al., 2020; Lin et al., 2021).

Dosimetry models were also used to estimate the depo-
sition of pharmaceutical aerosols in the human respiratory
tract by dry powder inhalers (DPIs) (Chalvatzaki et al., 2020;
Mellat et al. 2017). Reliable estimation of the pharmaceutical
aerosol deposition in the human respiratory tract is vital for
a better effective treatment for lung diseases (Rangaraj et al.,
2019; Farkas et al. 2019; Kolanjiyil et al. 2017; Chalvatzaki
et al., 2020; Mellat et al., 2017).

Computational fluid dynamics (CFD) models have been also
applied to simulate the airflow patterns and detailed deposition
hot spots in the human RT (Martonen et al., 2005; Koullapis
et al., 2021). Recent approaches are aiming to simulate the
whole lung combing different modelling approaches such as
CFD models for the upper airways with 1D or OD approaches
at the distal lung (Kuprat et al., 2021; Koullapis et al., 2020;
Koullapis et al., 2021). These models may be effective tools for
a realistic simulation of the particle deposition at specific sites.

Classification of models

The determination of particle deposition in the RT can be
accomplished using a variety of in silico methods. One
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can divide the in silico approaches in two main model-
ling categories, the empirical and mechanistic ones. In
the empirical approaches, the equations which govern the
deposition in the RT are based on numerical simulations
and experimental data. However, the algebraic expressions
used for the determination of deposition fraction do not
directly consider fluid flow characteristics, particle pro-
cesses and differences in physiological geometrical mor-
phologies. The most well-known standard model recom-
mended by the International Commission on Radiological
Protection is the ICRP66 model (ICRP, 1994). The model
is based on empirical expressions which were derived from
a specific database of particle deposition experiments and
a morphometric anatomical structure. A model which is
based on the ICRP66 methodology is the LUDEP program
which simulates the deposition of radionuclides particles
in the human respiratory tract using a user friendly soft-
ware interface. Even though the ICRP66 is based on a
specific dataset of experimental data, it is a reliable and
easy to use dosimetry model. In addition, the Bioaerosol
Adaptation of the International Committee on Radiologi-
cal Protection’s (ICRP) Lung deposition model (BAIL)
(Guha et al., 2014) and alternative approaches (Sturm
and Hofmann, 2009) have been used for the prediction of
microorganism deposition in the respiratory tract. BAIL
assumes a Gaussian distribution of particle sizes, a use of
a shape-factor of elongated particles and an alternative
approach to determine breathing parameters.

A model which is based on the ICRP approach (1994;
2016) is the ExXDoM?2 (Chalvatzaki and Lazaridis 2015)
which uses modified values for the deposition in the
upper respiratory tract and the clearance mechanisms
and dose to the blood, oesophagus and lymph nodes.
The ExDoM?2 model has the feature to simulate particle
size distribution data at specific time intervals (Chalvat-
zaki et al., 2022a, b). Furthermore, the determination
of a chemical resolved particle deposition profile in the
human respiratory tract using the ExXDoM?2 model was
the focus of the work of Aleksandropoulou and Lazaridis
(2013). The study used data derived from indoor/outdoor
studies in Oslo, Norway (Lazaridis et al., 2008) and con-
cluded that the dose was enhanced for the carbonaceous
fine fraction of particles in the alveolar region of the
lung whereas the dose of crustal material dominated in
the extrathoracic region.

Another widely used model is the multiple-path particle
dosimetry (MPPD V 3.04) model which was developed by
Applied Research Associates (https://www.ara.com/mppd/)
with the contribution of several agencies for calculation of
deposition of airborne particles (Miller et al., 2016).

Mechanistic models on the other hand consider explic-
itly the particle processes and the actual anatomical
details of the individual subjects (Finlay. 2001; Nixon and
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Table 1 Classification of RT deposition models (adapted from Housiadas and Lazaridis (2010))

Model classification Advantages

Limitations

Semi-empirical compartmental (ICRP
model)

e Simple
e Validated
e Operational

Whole-RT 1D mechanistic e Good physical basis

e Complete distribution of deposi-

tion

e Empirical

e Based on stationary filtration theory

e Applies only to symmetric, 2-stage breathing in humans
o Inert aerosols (no aerosol dynamics)

e Cannot simulate microphysical details

e Difficult to account for lung radial non-homogeneities

o Cannot detect hot spots

e Not very demanding computation-

ally

e Parametric with respect to physiol-

ogy and morphology

CFD-based mechanistic e Strong physical basis

e Detailed description of deposition

(hot spots)

e Complicated

e Require large computing resources

o Apply to single elements of the RT

o Difficult to use for operational purposes

Egan, 1987; Housiadas and Lazaridis, 2010; Lazaridis
et al., 2001; Mitsakou et al., 2005). Even though there is
an extensive literature in respect to mechanistic models,
mainly the whole-RT 1D (one-dimensional) models and
the CFD-based models are discussed.

The whole-RT 1D mechanistic models solve the con-
vective aerosol transport along the flow pathway in one
dimension in the RT. CFD models simulate deposition
patterns at specific bifurcations in the RT using a detailed
velocity field inside the RT and a precise description of
the human lung geometry (Lambert et al., 2011; Koulla-
pis et al., 2016; Hofemeier and Sznitman, 2015). Table 1
describes the different model categories accordingly and
presents their characteristics.

Empirical compartmental modelling: the ICRP
model

A number of empirical models have been presented in the
literature (Chan and Lippmann, 1980; Yu and Diu, 1982;
Chang et al., 1991; Aleksandropoulou and Lazaridis, 2013;
ICRP, 1994).

A simplified set of equations for average exercise level fitted
to the ICRP model can be used for determining the deposition
fraction at different particle diameters (d,,, pm) (Hinds, 1999).
These expressions for the deposition fraction (DF) at different
parts of RT are shown in Egs. 6-9 for, respectively, the head
airways (regions ET1 + ET2), the tracheobronchial region (BB
+ bb), the alveolar region (Al) and total deposition.

DFy, = IF ! + ! (6)
I +exp (6.84+ 1.183Ind)) 1+ exp (0.924— 1.885Ind,)
7
DFyy = <0'00352> |exp (-0234(1nd, +3.40)%) + 639 exp (~0.819(Ind, — 1.61)° )] M
P
DF,, = <O'0155> [exp (~0.416(Ind, +2.84)°) +19.11 exp (-0482(Ind, — 1.362)° )| ®
P
©))
DF = 1F( 0.0587 + 0911 + 0943
1+exp (477 +1.485Ind,) 1+ exp (0.508 —2.58Ind,)
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In the above expressions, IF is the inhalable fraction
(inhalability) and is given by Eq. 8 below. The ICRP
model gives the expression below for the inhalable frac-
tion in relation to the particle aerodynamic diameter d,
(expressed in pm) and wind speed U (in m s7h

1F=1—0.5<1— I

577275
m) + 107U exp (0055da)
: a

(10)

Whole-RT 1D mechanistic modelling—comparison
with experimental results

Deterministic and stochastic modelling approaches have
been implemented in whole-RT 1D mechanistic models
using Eulerian and Lagrangian modelling approaches to
study the flow patterns in the lung (Housiadas and Laza-
ridis, 2010). In the stochastic models, Monte Carlo tech-
niques were implemented to simulate lung asymmetry and
path variations since variability is an important feature in
humans (Asgharian et al., 2001).

In addition, Lagrangian and Eulerian models have been
implemented. In the Lagrangian framework, a moving frame
of reference was adopted (Anjilvel and Asgharian, 1995;
Finlay and Stapleton, 1995; Darquenne and Paiva, 1994;
Koblinger and Hofmann, 1990). A detailed description of
the Lagrangian modelling framework was given by Housia-
das and Lazaridis (2010).

The Eulerian models use fixed frame of reference and
are capable to determine deposition fluxes and concentra-
tions (Mitsakou et al. 2005; Lazaridis et al., 2001; Nixon and
Egan, 1987; Darquenne and Paiva, 1994). As an example,
Fig. 5 shows RT-1D model predictions of deposition in the

Tracheobronchial Deposition

model calculations(minimum predictions)
model calculations (maximum predictions)
Lippmann (1977

Emmett et al. (1982)

Stahlhoffen et al.; V=1500 cm"3

40 -

Percentage deposited (mass)

. it
0.1 1 10 100
Dae (micrometers)

()

tracheobronchial and the alveolar regions respectively versus
data from different studies (Lazaridis et al., 2001).

CFD-based mechanistic modelling

The use of CFD modelling is coming more pronounced the
last years using 3-D simulations describing site specific
deposition patterns, such as in the nasopharyngeal region,
in an alveolated duct and variable geometries of the human
respiratory tract including anatomies of subjects with res-
piratory diseases (Longest et al., 2016; Lambert et al., 2011;
Koullapis et al., 2016) delivering at the same time reliable
results. The methodology is computationally very intensive
and therefore the simulations are mainly limited to the first
10 airway generations (Koullapis et al., 2018) or they cover
the terminal alveolar region (Hofemeier and Sznitman,
2015). Therefore, the simulations cannot cover the whole
respiratory tract but focus on specific processes such as the
effect of local structural features on the velocity field and
particle deposition at specific locations of the RT. A detailed
discussion on airflow characteristics inside the respiratory
tract is given by Housiadas and Lazaridis (2010).

Recent advances combine simulations in a small num-
ber of upper generation airways with the alveolar region
which was simulated by using spherical alveoli to the distal
bifurcation airways, therefore developing a whole lung CFD
models (Kolanjiyil and Kleinstreuer, 2013; Longest et al.,
2016; Koullapis et al., 2020).

Aerosol processes—hygroscopicity

Aerosol processes such as the hygroscopic growth inside
the RT have to be examined in the mechanistic models.
The potential of hygroscopic particles to grow in the humid

Alveolar Deposition
100 S — et trry

model calculations (minimum predictions) 18th Generation
model calculations (maximum predictions) 18th Generation
ippmann (1977

Emmett et al. (1982)

Stahlhofen et al.; V=1500 cm"3

Percentage deposited (mass)

Dae (micrometers)

(b)

Fig.5 Predicted a tracheobronchial deposition and b alveolar deposition in comparison with experimental data (Adapted from Lazaridis et al.,

2001)
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respiratory system has been studied in the scientific litera-
ture since this affects directly their size (Londahl et al. 2009;
Winkler-Heil et al. 2014; Chalvatzaki and Lazaridis, 2018;
Vu et al. 2015). The relative humidity inside the lungs has
been estimated to be 99.5% (Londahl et al. 2009; Youn et al.
2016). Chemical composition and particle size are the two
parameters that influence the hygroscopic growth (Petters
and Kreidenweis, 2007). In addition, aerosol mixing and
aerosol properties such as size, density, shape significantly
influence their deposition profile in the human respiratory
(Ching and Kajino, 2018). In particular, aggregates emitted
from diesel combustion have higher deposition fractions in
comparison to spherical particles with the same mobility
diameter (Vu et al., 2018).

The hygroscopic growth can be modelled using the
k-Kohler theory for taking into account the chemical com-
position (e.g. NaCl) of particles. The hygroscopic growth
factor (Gy) is determined using the equation (Petters and
Kreidenweis 2007):

d
G/(RH) = d_a arn
P

where, d, is the diameter of particles (um) at a % RH and
d, is the dry diameter (um).

The hygroscopic growth factor (G;) may be calculated
using the following equation (Petters and Kreidenweis 2007;
Carrico et al., 2008):

K+a,

G/(RH) = {|1+ (12)

l1—a,

where « is the hygroscopicity parameter k and a,, is the
water activity.

The water activity was calculated with the following
equation (Chalvatzaki and Lazaridis, 2018; Vu et al. 2015):

o _kH
» = 100x C, 3)

where RH is the relative humidity and C, is the Kelvin
curvature correction factor.

The growth factor and the diameter of particles at 99.5%
RH (Vu et al. 2015) were calculated using Egs. (6) and (7)
respectively:

99.5 100X Cy(a%) — a
a 100X C,(99.5%) — 99.5
(14)

G,(99.5%) = (/1 + (G;(a%) - 1) x

da

where d, is the diameter of particles at a% RH (before
inhalation).

The model results showed that the hygroscopicity plays
a more significant role in the tracheobronchial (TB) and
alveolar-interstitial (Al) regions of the respiratory tract.
In particular, the hygroscopicity increases the deposition
of particles for d,, > 0.3 pm with the maximum effect to
be observed for the size range 0.3 pm < d,, < 2.5 pm. In
addition, the hygroscopicity leads to a significant decrease
in deposition for the size range 0.02 pm < d,, < 0.25 pm

(Chalvatzaki and Lazaridis, 2018; Vu et al. 2015).

Conclusions

Dosimetry models have been widely used for the calculation
of particle deposition due to environmental human exposure
and found also applications in medical industry for deter-
mining the dose of pharmaceutical particles at specific target
sites in the human respiratory tract.

The use of state-of-the-art dosimetry models for deter-
mining the particle deposition patterns would elucidate
lung burdens and a more accurate prediction of health
effects arising from human exposure. In this context,
the use of real-world data derived from different indoor
microenvironments and outdoors in conjunction with
mechanistic tools for particle dosimetry will fill a knowl-
edge gap to estimate actual internal doses from exposure
of ambient particles in variable microenvironments and
outdoors. This will be also a first step towards a develop-
ment of dose—response relationships for specific particle
species.

There are currently available dosimetry models of varying
complexity ranging from empirical to detailed CFD models.
Besides, the clearance mechanisms of deposited particles in
the RT have been extensively studied and clearance rates have
been derived. Especially for specific chemical components in
particles such as metals there are available kinetic equations
describing their accumulation and clearance at different tissue
groups in the body.

It is evident the need of the combined use of dosimetry and
PBPK models for determining the internal dose of specific
chemical species and for examining the clearance mechanisms
of particles and toxicological synergistic effects of chemical
mixtures. Therefore, realistic modelling of combined dosim-
etry and clearance work is expected to transform the way that
we understand drivers of potential health effects from exposure
to particles. In this direction, it is needed to integrate aerosol
dynamic processes such as hygroscopic growth in the calcula-
tions of particle deposition.
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