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• Depositions of ultrafine particles sensi-
tively change due to hygroscopic
growth.

• Hygroscopicity of sub-micrometer par-
ticles was experimentally determined.

• Lung deposition of ultrafine particles for
healthy and COPD subjects were
modelled.

• Ultrafine depositions in healthy subjects
decreased in contrast to larger particles.

• For COPD patients, the hygroscopicity
affected thedepositions very differently.
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Total, regional and local deposition fractions of urban-type aerosol particles with diameters of 50, 75, 110 and
145 nm were modelled and studied in their dry state and after their hygroscopic growth using a Stochastic Lung
Model and a Computational Fluid and Particle Dynamicsmethod. Healthy subjects and patients with severe chronic
obstructive pulmonary disease (COPD) were considered. The hygroscopic growth factors (HGFs) adopted were de-
termined experimentally and represent a real urban-type environment. Thehygroscopic growthof particles resulted
in decrease of the deposition fractions in all major parts of the healthy respiratory system and the extent of the de-
posited fractions was rising monotonically with particle size. In the extrathoracic (ET) region, the relative decrease
was between 7% and 13%. In the lungs the deposition decreased by 11–16%. The decrease of deposition fraction due
to hygroscopic growth was more accentuated in the conductive airways (up to 25%) and less pronounced towards
the terminal airways. The spatial distribution of the deposited particles remained highly inhomogeneouswith some
areas containing thousands times more particles than the average number of particles per unit surface area. For
COPD patients, the hygroscopic growth produced similar deposition alterations in the ET region than for healthy
subjects. In the conductive airways, however, the particle growth caused a substantial relative decrease in the depo-
sition fractions. In contrast, the relative depositions of hygroscopic particles increased in the acinar region.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Poor air quality associated with high concentrations of particulate
matter (PM) is one of the greatest health concerns for humans world-
wide (Lelieveld et al., 2015; Cohen et al., 2017). Acute and chronic ad-
verse health effects of aerosol particles have been documented in both
toxicological and epidemiological studies in terms of increased morbid-
ity and mortality (e.g. Valavanidis et al., 2008; Heal et al., 2012; Apte
et al., 2015; Riediker et al., 2019 and references therein). Due to the
chemical and physical complexity in composition, size and shape of par-
ticles and additional possible synergismwith other pollutants, multiple
factors are involved in the pathogenesis of diseases resulting from expo-
sure to PM. Therefore, it cannot be expected that a single or a few aero-
sol dose metrics for risk assessment fully or even broadly express the
induced biological responses. From the group of the relevant factors,
the size of particles is an outstanding property since it is related directly
to the particle deposition in the respiratory system and indirectly to the
chemical composition and many other aerosol properties (Salma et al.,
2002).

Particle size is primarily determined by source processes. It can fur-
ther change in the air inmanyways in space and time. Particle diameter
growth or shrinkage by exchangingwater vapour with the surrounding
air as relative humidity (RH) changes is one of themost important pos-
sibilities. This can also happen inside the human respiratory system as a
special compartment since the ordinary ambient RHs in most locations
in the world are below the RH in the lung. Water vapour most sensi-
tively influences the size of ultrafine (UF) particles (with an equivalent
diameter <100 nm). Their role in exposure studies has been increas-
ingly recognised (Löndahl et al., 2014; Jakobsson et al., 2018; Riediker
et al., 2019) due to their excess health risk relative to coarse or fine par-
ticles of similar chemical composition (Oberdörster et al., 2005;
Kreyling et al., 2002, 2006; Morawska et al., 2008; HEI Review Panel,
2013). This was associated with their relatively large number concen-
trations (daily medians up to 105 cm−3), high abundances (70–90% of
all particles), large total surface area and very small size of these parti-
cles (Carvalho et al., 2011; Braakhuis et al., 2014). Such conditions
occur in large cities (Harrison and Jones, 2005).

Airway deposition of the inhaled UF particles depends sensitively on
their diameter (thus also on RH) since their deposition is primarily
governed by Brownian diffusion. As diffusivity is size-specific, it is ex-
pected that the size change due to hygroscopic growth in the airways af-
fects the amount and spatial distribution of the deposited particles.

The hygroscopicity of particles is quantified by hygroscopic growth
factor (HGF). This is the ratio of the particle diametermeasured at an el-
evated RH to the dry particle diameter (at RH < 10%; Swietlicki et al.,
2008). The HGFs depend upon RH and chemical and physical properties
of particles. Ambient particles have been classified into the groups of
1) nearly-hydrophobic particles (HGF = 1.0–1.11 for 100 nm particles
at RH = 90%), 2) less-hygroscopic particles (HGF = 1.11–1.33),
3) more-hygroscopic particles (HGF = 1.33–1.85) and 4) seasalt parti-
cles (HGF > 1.85; Liu et al., 2011; Vu et al., 2021). Some specific aerosol
types, e.g. various smoke particles mainly fromwood and vegetable oils
with andwithout flame in general can have even higher HGFs (Dua and
Hopke, 1996).

To investigate and reveal the influence of hygroscopic properties on
the particle deposition in the human respiratory system, realistic urban
HGFs under subsaturated conditions close to those in the respiratory
system are required from the aerosol point of view. The differences in
the deposition of dry and wet particles can be calculated. All this re-
quires special experimental data and advanced mathematical model-
ling, which have been covered only in limited number of studies
(Löndahl et al., 2007). Vu et al. (2015) have analysed regional airway
deposition of hygroscopic submicrometer particles originating from dif-
ferent sources (atmospheric nucleation, traffic, biomass burning) and
places (seaside, urban and countryside environment). They have
found that the deposition efficiency of particles with dry diameters

<200 nm in healthy adults was lower than for non-hygroscopic parti-
cles of the same dry size. The analysiswas later extended to indoor aero-
sol particles with dry diameters of 50, 100 and 200 nm originating from
different activities (Vu et al., 2017). The authors also determined the hy-
groscopic growth factors and quantified the amounts of particles depos-
ited in different anatomical airway regions.

Experimental data or modelled results for vulnerable groups such as
individualswith respiratory diseases are evenmore limited and are usu-
ally constrained to non-hygroscopic UF particles (Aaltonen et al., 2018;
Jakobsson et al., 2018 and references therein). Rajaraman et al. (2020)
studied airway deposition of (hygroscopic) NaCl particles in severe
asthmatics, but only supermicrometer (1–8 μm) particles were consid-
ered. This work revealed that the increase of the deposition fractions
due to hygroscopic growth was higher in asthmatics than in their
healthy counterparts. Systematic studies on the effect of hygroscopic
growth of UF particles in healthy and diseased airways have been still
missing. Similarly, the effect of hygroscopicity on the degree of the
local deposition inhomogeneity within the airways is another unex-
plored research field.

The pre-requisites for conducting such research for the urban Buda-
pest are met as the specific experimental data are accessible (Enroth
et al., 2018) and a considerable long-term experience and expertise
with various human particle deposition models are also available
(Salma et al., 2015; Farkas et al., 2019, 2020). The general aim of this re-
search is to study the effects of hygroscopic diameter growth of UF
urban aerosol particles on their regional and local depositions within
the airways of both healthy and diseased subjects. Chronic obstructive
pulmonary disease (COPD) was considered for this purpose. Our spe-
cific objectives are 1) to determine and interpret the relative changes
in regional deposition fraction of particles with dry diameters of 50,
75, 110 and 145 nm due to hygroscopic growth in the human respira-
tory system, 2) to derive the local deposition pattern in a bifurcation
unit in order to quantify the site-specific particle deposition and 3) to
compare the results and conclusions obtained for healthy subjects and
patients suffering from COPD. The combination of realistic urban-type
aerosol, experimentally determined hygroscopicity growth factors, di-
ameter growth specifically for UF size fraction (for which this effect is
substantial), and healthy and COPD-compromised human respiratory
systems represents an important novelty. Furthermore, we derived
most results for separate airway generations and even locally, within a
bifurcation unit. We also adopted two complementary approaches,
namely the analytical deposition modelling and Computational Fluid
and Particle Dynamics (CFPD) modelling and interpreted some of their
outcomes jointly.

2. Methods

The behaviour of inhaled hygroscopic particles in the human respi-
ratory system was studied by two different models. The deposition of
particles in the whole respiratory tract and in its major anatomical re-
gions was quantified by a Stochastic Lung Model, while the local fea-
tures of the deposition were investigated by a CFPD method.
Hygroscopic properties were derived experimentally for real urban
aerosol by a Volatility-Hygroscopicity Tandem Differential Mobility An-
alyzer (VH-TDMA) measurement system.

2.1. Experimental part

The experimental work was performed at the Budapest platform for
Aerosol Research and Training (BpART) Laboratory (N 47° 28′ 30″, E 19°
3′ 45″, 115mabovemean sea level; Salma et al., 2016). The location rep-
resents an average atmospheric environment for central Budapest.

The VH-TDMA system was deployed from 9 December 2014 to 9
February 2015 (Enroth et al., 2018). Its sampling inlet was set up at a
height of 12 m above the street level. The humidifier track quantified
the changes in electrical mobility diameter from the dry state
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(RH< 10%) of particles to their humidified state. The latter was realised
at amean RH and standard deviation (SD) of (90.0± 0.4)%. This is com-
monly regarded as the standard humidification level. Atmospheric
quasi-monodisperse particles with median dry diameters of 50, 75,
110 and 145 nm having GSDs of <1.25 were selected for the measure-
ments. The instrument was operated according to international recom-
mendations (Gysel et al., 2009; Massling et al., 2011).

The distributions of the HGF exhibited bimodal feature. The mean
HGF and SD of the mode with the smaller HGF values was 1.07 ±
0.02, and it contained (69 ± 17), (53 ± 16), (47 ± 13) and (41 ±
11)% of all particles for the diameters of 50, 75, 110 and 145 nm, respec-
tively. The corresponding mean growth factor and its SD for the mode
with the larger HGF values was 1.35 ± 0.03. The contributions of this
mode to the particle numbers were (31 ± 17), (47 ± 16), (53 ± 13)
and (59 ± 11)%, respectively for the same set of particle diameters.
The mode with the smaller HGF values represents nearly-hydrophobic
(NH) particles (e.g. with high abundance of soot), whereas the other
mode is associated with less-hygroscopic (LH) particles (containing
e.g. organic compounds; Salma et al., 2020, 2021).

2.2. Deposition calculations

2.2.1. Stochastic lung model
Themodel of thewhole respiratory tract applied in the present study

was originally developed by Koblinger and Hofmann (Koblinger and
Hofmann, 1990; Hofmann and Koblinger, 1990). Many extensions and
improvements were adopted to it since then (e.g. Balásházy et al.,
2007, 2009; Winkler-Heil et al., 2014; Sturm, 2016). Its advantages
and status among the other particle deposition models were discussed
by Asgharian et al. (2009) and Hofmann (2011). In the model, the
human airways are divided into extrathoracic (ET), tracheobronchial
and acinar parts. Particles can deposit in this geometry by inertial im-
paction, sedimentation (gravitational settling) and Brownian diffusion
mechanisms. The inhaled particles are tracked through the airways
until they are deposited or exhaled. The deposition in the ET airways
is computed using empirical formulas (Hofmann and Koblinger,
1992). In the tracheobronchial airways, thepath of particles is simulated
in an asymmetric bifurcating tubular structure. Airway lengths, diame-
ters, branching angles and gravity angles are selected by Monte Carlo
method from the distributions of these morphometric parameters de-
scribed by Raabe et al. (1976). The geometry of the acinar airways is re-
constructed on the basis of the description byHaefeli-Bleuer andWeibel
(1988). The model provides the fractions of the inhaled particles which
are deposited in the threemajor parts of the respiratory systemand also
in each airway generation.

The deposition by Brownian diffusion becomes the dominantmech-
anism for particle sizes below approximately 100 nm. This process is
represented by mobility diameters. Impaction and sedimentation –
which are related to aerodynamic diameter of particles – become the
controlling mechanisms above 1 μm (Salma et al., 2015). The effects of
diffusion and impaction become very similar to each other at
400–500 nm, depending on the physical activity of the subjects. This
all means that the size distributions expressed in the mobility diameter
representation capture the real deposition behaviour of the particles
correctly in the diameter interval considered here.

Quiet nasal breathing of healthy male adults was considered for the
study. This resembles sitting physical activity. The higher reference
physical activities are not very relevant for diseased subjects (see Sect.
2.2.2), and this would also make the comparison of the healthy and dis-
eased lungs questionable. The following breathing parameters were
adopted: functional residual capacity (FRC) of 3300 cm3, tidal volume
(VT) of 750 cm3 and breathing cycle time (t) of 5 s. The inhalation and
exhalation times were set to be identical (ICRP (International
Commission on Radiological Protection), 1994). The computations
were carried out considering both particles with dry and dynamically
changing wet diameters. The efficiency of particle deposition was

expressed in terms of deposition fractions defined as the ratio of the
number of particles deposited in an airway segment to the number of
inhaled particles. The change due to the hygroscopic growth was quan-
tified as the difference between the wet and dry deposition fractions
over the dry deposition fraction.

2.2.2. COPD model
The Stochastic Lung Model with modified airway geometry module

was applied to simulate the particle transport and depositionwithin the
diseased airways. Severe COPD symptoms were considered with seri-
ously affected lung structure and breathing capacity. Regarding the air-
way geometry, it was assumed that the airway ducts are constricted,
whereas the alveolar airspaces are enlarged. Unfortunately, these
changes could not be measured by computer tomography because its
spatial resolution was not sufficient for investigating the small airways.
Instead, the contraction parameters used in the calculations were esti-
mated from complex spirometric data and pulmonary function tests of
diseased subjects (Horváth et al., 2009; Füri et al., 2017). In the bron-
chial airways, the probability of the contraction was considered to be
100%, and its minimum and maximum extents were 0% and 40%, re-
spectively for all (1−21) airway generations. In the acinar region, the
contraction probability was considered to be 100%, while its minimum
and maximum were 30% and 100%, respectively (over the 12 acinar
generations). The actual extent of the contraction was randomly se-
lected from these ranges for each bifurcation unit during the airway de-
position distribution simulations. The data adopted are in accordance
with the general pathological description of the disease. For the emphy-
sema, the probability of contraction of the duct was set to 100% and the
extent of the contraction of the ducts varied from 30% up to 100%. The
probability of the alveolus enlargement was set to 90% and its extent
was expressed by a factor from 200% to 5000%. These conditions corre-
spond to the concomitant presence of bronchitis and bullous type em-
physema. We have to add that, due to the stochastic nature of the
lung model, the deposition distributions are the mean values of the de-
position probabilities for 10,000 particle pathways, which is expressed
by the mean tubular diameter. In addition, the number of the bronchial
and acinar generations can also vary among the runs. This means that
the airway generations from 12 to 21 can belong to bronchial or acinar
regions, which is handled in the model. To indicate the difference be-
tween the diameters for a healthy subjects and a severe COPD patients,
the mean airway diameters obtained are specified in Table 1.

The deposition in the diseased lung is influenced not only by the
change in the airway geometry, but the lung compliance also contrib-
utes (Choi et al., 2019). The modified compliance was taken into ac-
count indirectly and uniformly through COPD-specific breathing
parameters (lung volumes and capacities, and breathing profile) in the
following manner. 1) The reduced elasticity of lung parenchyma leads
to modified compliance, namely to the shifting of the relationship be-
tween the lung volume and distending pressure in a way that a given
lung volume in COPD patients produces smaller recoil pressure than in
the healthy lung (Fergusson, 2006). Combined with expiratory flow
limitations, this leads to hyperinflated lung (Papandrinopoulou et al.,
2012) with increased residual volume, which implies increased FRC.
We modelled the tidal breathing in a manner that the starting volume
was set to the FRC. Its valuewas increased to 4500 cm3 in COPD patients
(from 3300 cm3 in healthy subjects, Sect. 2.2.1). Mathematically, this
was achieved by rescaling the initial lung to have larger volume at the
end of the expiration. 2) To accommodate the increased respiratory de-
mands, the minute ventilation (flow rate) increases in COPD patients,
which leads to higher breathing frequency. We also took this effect
into account by reducing the breathing cycle time of t=5 s (for healthy
lung, Sect. 2.2.1) to 2 s. 3) The inhalation time to exhalation time ratio
also decreases due to the disease. This was also taken into account by
decreasing the ratio from 1 (healthy subject) to 0.5 (COPD patient).
4) There is evidence that theminute volume in COPD patients increases
mostly due to the decrease of the breathing time. This limitation is
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consistent mainly at higher physical activities. There are, however, also
data which indicate slightly lower tidal volumes at rest as well
(O’Donnell et al., 2001). Therefore, we lowered the VT slightly from
750 to 600 cm3. The set of the corresponding parameters was deter-
mined from our previous spirometric measurements on diseased sub-
jects. The input data utilised represent a sensible approximation to
reality and reflect the changes in airway compliance due to COPD.

Beyond the modified airway geometry, the COPD specific breathing
parameters (particularly themodified flow rate) substantially influence
the airflows and the subsequent particle deposition. This was adopted
by modifying the air and particle velocities and residence times in the
deposition formulas in addition to the altered airway caliber. These de-
tails were dealt with in our previous modell-oriented publications
(Horváth et al., 2009; Füri et al., 2017).

The remaining limitation regards the possibly asymmetric character
of the damage due to the COPD. This can eventually lead to local inho-
mogeneities in the compliance and to modified ventilation. In this
sense, the results obtained by the present COPD model are still subject
to larger uncertainty and further improvements are feasible.

2.2.3. Computational fluid and particle dynamics model
Previous studies demonstrated that the local deposition of particles

is highly nonuniformwith local depositionmaxima at the peak (carina)
of individual airway bifurcations (e.g. Farkas and Balásházy, 2008). We
studied the possible effects of the hygroscopic growth on the inhomoge-
neous deposition pattern by a CFPDmethod. An airway bifurcation from
the right upper lobe corresponding to the airway generations of 4–5 (if
trachea is labelled as 1) was selected to represent the bronchi in the
large bronchial airways. Symmetric branching and air flows were only
considered (Fig. 4a). The three-dimensional digital airwaywas spatially
discretized by the construction of a computational mesh. The mesh
contained tetrahedral core cells and prismatic boundary layers. A
mesh independence test was performed by comparing the air velocity
profiles at different locations for meshes with different cell sizes
resulting in an appropriate mesh size of 4.8 × 106 numerical cells.
Steady inspiratory airflow was modelled by k-ω SST turbulence model
with low-Reynolds number correction, where k is the turbulent kinetic
energy andω is the specific turbulent dissipation rate. Parabolic velocity
profile corresponding to 30 L min−1 tracheal volumetric flow rate
(3.75 L min−1 at entrance of the target bifurcation) was assumed at
the parent branch inlet, and pressure outlets with zero-gauge pressure

were prescribed as boundary conditions. The deep lung compliance is
one of themain drivers of the air flow at the regional level. Our previous
comparative investigations showed, however, that the non-identical
pressure values at the outlets of daughter tubes do not seem to influ-
ence substantially the effect of the hygroscopic growth and the trends
in the deposition inhomogeneity for a single airway bifurcation. This
conclusion appears to be related to the combination of the deposition
mechanisms, which change slowly with air flow characteristics in the
considered range. Individual particleswere tracked in the computed air-
flow field treated as a continuum (Euler–Lagrange approach). One way
coupling between the discrete and continuous phases was assumed,
namely that the particles were influenced by the airstreams, whereas
the air flow was independent of the movement of the particles.

The transport equations of mass, momentum, turbulent kinetic en-
ergy and turbulent specific dissipation rate were solved numerically
by the solver of the commercially available ANSYS FLUENT software. A
finite volume method was applied to numerically solve the mathemat-
ical equations describing the air flow. The particle force balance equa-
tion was written and solved for every individual particle. If a particle
trajectory intersected the airway wall then the particle was considered
to be deposited and the related coordinates were recorder.

The deposition in the studied single airway bifurcation was quanti-
fied in terms of the deposition efficiency. This is the ratio of the number
of particles deposited in the bifurcation to the number of particles that
enter the bifurcation. The degree of inhomogeneity of the particle depo-
sition within the bifurcation was quantified by the enhancement factor.
This is the ratio of the deposition density on a small surface to the depo-
sition density for the whole bifurcation area. The deposition density is
the ratio of the number of particles deposited on a surface element to
the area of that surface element. The enhancement factors were calcu-
lated by scanning along the whole surface with a pre-specified surface
element (patch) and counting the number of deposited particles on
that patch. The enhancement factors depend on the surface area of the
patch. A patch size of 3 mm2 was selected, which corresponds to an
area of an epithelial cell cluster containing approximately 10,000 bio-
logical cells (Devalia et al., 1990).

2.3. Hygroscopic growth

The distribution of RH along the human airways was documented in
pioneering studies. At the tracheal inlet, the air humidity was described
by Perwitzschky (1928). Ingelstedt (1956) reported the RHvalues at the
level of larynx. Later, Keck et al. (2000) published the RH values in the
upper airways as a function of the distance from the nostril. These
data are summarized in Fig. 1, which also shows the evolution of the
RH in the naso-pharyngeal-laryngeal-tracheal route. The locations of
the pharynx, laryngeal cavity and tracheal inlet are also indicated on
the basis of the anatomical data of Bates et al. (2015). A RH of 60% was
assumed for the ambient air, which is typical for the study site
(Mikkonen et al., 2020) and acceptable formany other continental envi-
ronments in middle latitudes. Fig. 1 also shows that the particle sizes as
measured at a RH=90% can be utilised in the computations only for the
upper airways, where the mean RH is around 92%.

This is, however, a plausible approximation if the time needed for
particles to grow from the ambient conditions to their size at a RH =
90% is comparable to their residence time in the upper airways. Such
calculations performed by the Stochastic LungModel revealed that dur-
ing quiet nasal breathing, particles spend approximately 1.2 s in the
upper airways from their inhalation until their entrance into the tra-
chea. At the same time, Ferron (1977) demonstrated that particles
smaller than 200 nm reach their final size in ca. 0.1 s at the relevant
RHs in the lung, except for those which contain surfactants or start as
crystalline or amorphous glassy particles. The particles dealt with in
the present research can be reasonably assumed to respond fast or in-
stantaneously to the moisture content and reach their equilibrium size
in the upper airways during inhalation. The particle diameters

Table 1
Mean diameter of the airway (in cm) tubes in healthy and COPD-compromised human re-
spiratory system of an adult male performing sitting physical activity.

Airway generation Healthy subject COPD patients

1 1.75 1.53
2 1.35 1.18
3 1.08 0.94
4 0.92 0.80
5 0.77 0.67
6 0.67 0.58
7 0.56 0.49
8 0.49 0.43
9 0.40 0.34
10 0.32 0.28
11 0.24 0.21
12 0.189 0.164
13 0.149 0.127
14 0.119 0.097
15 0.096 0.073
16 0.078 0.055
17 0.066 0.041
18 0.058 0.031
19 0.051 0.024
20 0.046 0.020
21 0.041 0.016
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measured at a RH = 90% represent their actual size at the entrance to
the lung.

In the lung, the RH becomes between 98% and 99.9% (Perwitzschky,
1928). In line with previous investigations (e.g. Vu et al., 2015), a RH=
99.5% was applied for the lung for both inhalation and exhalation. The
same valuewas adopted in the upper airways at exhalation. The particle
diameters at RH were estimated by using the Rissler approximation
(Rissler et al., 2006; Kristensson et al., 2013):

HGF 99:5%ð Þ ¼

1þ HGF3 a%ð Þ−1
� �

� 99:5%
a%

� 100� exp Dp �HGF 99:5%ð Þ� �
−99:5%

100� exp Dp �HGF a%ð Þ� �
−a%

 !1
3

;

ð1Þ

where HGF(99.5%) is the hygroscopic growth factor at a RH of 99.5%,
HGF(a%) denotes the hygroscopic growth factor at an arbitrary a% RH
and Dp is the dry particle diameter. The formula is a simplified
equation of a more general expression derived from the classical
Köhler theory. In this study, the parameter a% was equal to 90%. As
Eq. (1) contains the needed HGF(99.5%) implicitly, a numerical root
finder algorithm was applied to determine its value.

3. Results and discussion

3.1. External mixture of particles

Ambient aerosol particles in cities including Budapest often form ex-
ternal mixtures with distinct hygroscopic properties (Enroth et al.,
2018; Salma et al., 2021). The HGFs for nearly-hydrophobic and less-
hygroscopic particles determined experimentally at a RH = 90% were
adopted directly in modelling the upper airways, whereas they were
scaled to RH= 99.5% to represent the lung. The results are summarized
in Table 2. In the lung, the particle diameters increased by approxi-
mately 15% for NH particles and by ca. 60% for LH particles. In addition
to this growth, the two types of particles were considered in the calcu-
lations also by selecting the inhaled particles in accordance with the
number fractions of these two externally mixed modes (see Sect. 2.1).
These abundances represent realistic urban conditions.

3.2. Regional deposition in healthy subjects

The deposition fractions of non-hygroscopic polydisperse UF urban
particles in the tracheobronchial region of the respiratory system ob-
tained by similar modelling than in the present work were nearly con-
stant (9–14%) for different physical activities, while the deposition
fractions in the acinar region increasedmonotonically with physical ac-
tivity from approximately 14% for sleeping to 35% for heavy exercise
(Salma et al., 2015). Consequently, the deposited fractions in the lung
increased with the level of the physical activity from 25% (sleeping) to
49% (heavy exercise). At the same time, the deposition fraction of parti-
cles in the ET region decreased monotonically from approximately 30%
to 8% with physical activity. The present results calculated for selected
monodisperse dry diameters inhaled during quiet breathing were in
line with the above values.

More importantly, as shown in Fig. 2, the deposition fractions sys-
tematically decreased in all major regions of the respiratory system
due to the hygroscopic growth. (Note that the figure displays the de-
crease, so positive values actually represent deposition decrease.) This
can be explained by the main deposition mechanism. The deposition
by thermal diffusion prevails over the impaction and sedimentation in
the studied diameter range. The effect of the diffusion became exten-
sively smallerwith particle size, while the impaction and sedimentation
increased only slightly. In the ET region, the relative decrease of the de-
position fractionwas between 7% and13%. As the particles reached their
maximum diameter in the lung, the relative decrease (of 11–16%) was
the highest in this region. In addition, its extent rose monotonically
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Fig. 1. The dependency of the relative humidity in the upper airways of the human respiratory system on the distance from nostril towards the lung. The linewas obtained by fitting with
an exponential increase function and serves to guide the eye.

Table 2
Hygroscopic growth factors for nearly-hydrophobic particles and less-hygroscopic parti-
cles derived experimentally for different dry particle diameters (Dd in nm) at a RH of
90% (representing the upper airways) and recalculated for RH = 99.5% (representing
the lung).

Dd/RH 50 75 110 145

Nearly-hydrophobic particles
90% 1.07 1.07 1.09 1.09
99.5% 1.14 1.14 1.18 1.18
Less-hygroscopic particles
90% 1.31 1.35 1.37 1.37
99.5% 1.55 1.61 1.65 1.65
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with particle size. Thiswasmainly caused by the larger HGFs and higher
abundances of LH particles with respect to NH particles for larger sizes
(Table 2 and Sect. 2.1).

The relative decrease of the deposition fraction due to the hygro-
scopic growth as a function of airway generation number is shown in
Fig. 3. It can be seen that the decrease occurred in all airway generations,
but it was not completely homogeneous along them. There was a ten-
dency for lower relative decrease with increasing airway generation
number. This was perhaps more evident at the larger generation num-
bers although it was disturbed by inter-airway fluctuations. The highest
relative decrease (up to ca. 25%) was found in the large bronchial air-
ways.

The pattern seen in Fig. 3 resulted from different deposition mecha-
nisms for different particle sizes in the various parts of the airways. The
hygroscopic growth caused an increase of the deposition by impaction

and sedimentation, but also a deposition decrease by Brownian
diffusion. As the diffusion is the dominating deposition mechanism in
the studied size range, the overall effect yielded in a decrease. In addi-
tion, the dominance of the diffusion was lower in the smaller airways
(generations 15–20), which lead to lower deposition decrease. The
inter-generational fluctuations in the relative decrease are likely a
result of the change of airway structure to a higher extent and of
the changes of the airway dimensions to a smaller extent. The grad-
ual transition from bronchial ducts to alveolated airways (at genera-
tion numbers of 15–17) caused the highest fluctuations, while a
relative stabilization tendency could be observed in the fully
alveolated airways. It is worth noting that the higher dry diameters
were generally associated with higher extents of relative deposition
decrease, whereas local fluctuations considerably perturbed the
monotonical behaviour.
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Fig. 2. Relative decrease of regional deposition fractions due to hygroscopic growth of urban aerosol particles with different dry diameters in the extrathoracic region, lung and the whole
human respiratory system.
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3.3. Local deposition in healthy subjects

The computed deposition pattern of hygroscopic monodisperse par-
ticles with a diameter of 110 nm in the selected central airway bifurca-
tion is demonstrated in Fig. 4a. It confirms that the local deposition
remained highly site specific with the highest deposition density in
the vicinity of the bifurcation peak. There were areas which contained
thousands times more particles than the average number of particles
per unit surface area. The maximum values of the enhancement factors
together with the deposition efficiency without and with considering
the hygroscopic growth are shown in Fig. 4b. Themean value of the rel-
ative deposition efficiency decrease was approximately 15% (calculated
by averaging the differences from Fig. 4b), which agreeswith the results
obtained by the Stochastic Lung Model for the lung (Fig. 2). The differ-
ence between the dry and hygroscopic particles in the deposition effi-
ciency increased monotonically with particle size, which is also in line
with the previous results and the ideas on urban-type aerosol. At the
same time, no obvious tendency could be identified in the enhancement

factors for the studied size range. The observedminor differences can be
attributed to the stochastic nature of deposition by diffusion and the nu-
merical error of the computational method (which was also marked in
Fig. 4b).

3.4. Regional deposition in COPD patients

Our computations for COPD patients indicated that the deposition
fractions of particles with a dry diameter of 50, 75, 110 and 145 nm de-
creased by 9.2%, 12.1%, 13.1% and 13.7% due to the hygroscopic growth
in the ET region with respect to the dry particles. This implies that the
tendencies observed for healthy subjects remained valid for them as
well.

In the COPD-compromised lung, the effect of the hygroscopic
growth on the depositions sensitively depended on the actual anatom-
ical region (Fig. 5). Similarly to the healthy subjects, the hygroscopic
growth of particles caused a decrease in the deposition fractions in the
tracheobronchial region. The decrease was substantial (15–20%),
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without considering the hygroscopic growth (b).
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which seemed somewhat lower than for the healthy airways. This can
be explained by the special breathing patterns and airway geometry of
the diseased population. In COPD patients, the bronchial and bronchio-
lar ducts are constricted (in our model by 25% in general) and the
breathing flow rate in the bronchi is higher. The deposition is still diffu-
sion driven, but diffusion becomes less pronounced. As a consequence,
the decrease of the deposition fractions due to hygroscopic growth
was lower in the conductive region of COPD patients than in the similar
airway region of their healthy counterparts. Fig. 5 also demonstrates
that the decrease of the deposition in the bronchi was generally higher
for larger particles. This was driven mainly by the larger HGFs of larger
particles (Table2).

In contrast to the results for healthy airways, the deposition of hy-
groscopic particles in the acinar region of the COPD patients appeared
to be higher from airway generation 16 than for the dry particles.
(Again, negative values actually represent deposition increase since it
is the decrease that is shown.) This special deposition pattern was a re-
sult of altered acinar airway geometry. In COPD patients, the acinar
ducts can be severely constricted (by 30–100% in our model) or even
blocked. In these highly narrowed airways, the deposition by sedimen-
tation does play a key role. Since the deposition by sedimentation in-
creases by particle size, hygroscopic growth caused a moderate
increase in the deposition fraction in the deep acinar airways. The ex-
tent of the increase depends on the severity of the disease. Furthermore,
the comparison of the shapes of Figs. 3 and 5 clearly demonstrates that
the airway disease can substantiallymodify the tendencies observed for
healthy subjects.

4. Conclusions

Characterization of the airway deposition of inhaled urban-type
aerosol in the human respiratory system is an important step in
assessing their health effects. Some of these particles can extract water
from the air at the high RH in the respiratory tract. We showed here
that the hygroscopic particle diameter growth inside the airways mod-
ified the deposition patterns, especially those of UF aerosol. The parti-
cles were deposited with lower efficiency in the airways of healthy
subjects after their hygroscopic growth. This is in contrast to the hygro-
scopic supermicrometer particles, for which the deposition fractions or-
dinarily increase after their growth. The actual extent of the decrease for
the UF particles depended on the airway generation number, so it dif-
fered in various regions of the respiratory system. The relative decrease
of particle number deposition fractions was 7–16% in the ET region,
more substantial in the conductive airways (up to 25%) and less pro-
nounced towards the terminal airways. At the local level, however, the
hygroscopic growth did not influence the highly inhomogeneous nature
of the deposition within a central bifurcation unit with some areas con-
taining thousands timesmore particles than the average number of par-
ticles per unit surface area. In COPD patients, the hygroscopic growth
affected the particle deposition differently. We observed a substantial
relative decrease in the conductive airways, whereas the relative depo-
sition increased in the acinar region.

On the one hand, the presence of the airway disease should be
taken into account when assessing health consequences of inhaled
ambient or workplace aerosols when elaborating protective
measures for some sensitive population groups. On the other hand,
the results also indicate some potentials for precision medical
therapy or imaging diagnostics tailored to individuals by refining
the dedicated drug delivery via hygroscopic adjustment of
engineered nanoparticles.

Due to their size distribution, special chemical composition and
mixing state, the hygroscopicity of urban-type particles was shown to
be substantially and systematically smaller than for regional and remote
locations (Salma et al., 2021). This also suggests that the differences ob-
served in the present study could be even larger for non-urban loca-
tions.
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