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h i g h l i g h t s
� Deposition fractions of inhaled particles in the human respiratory tract are ca. 56%.
� Deposition rates in the lung (up to 109 particles min-1) are larger than in the extra-thoracic region.
� Deposition rate in the acinar region increases by physical activity.
� The extra-thoracic region receives the largest surface density deposition rates (up to 106 particle cm-2 min-1).
� In the lung, the first few airway generations obtain the highest surface loading (up to 105 particle cm-2 min-1).
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a b s t r a c t

Realistic median particle number size distributions were derived by a differential mobility particle sizer
in a diameter range of 6e1000 nm for near-city background, city centre, street canyon and road tunnel
environments in Budapest. Deposition of inhaled particles within airway generations of an adult woman
was determined by a stochastic lung deposition model for sleeping, sitting, light and heavy exercise
breathing conditions. Deposition fractions in the respiratory tract were considerable and constant for all
physical activities with a mean of 56%. Mean deposition fraction in the extra-thoracic region averaged for
the urban environments was decreasing monotonically from 26% for sleeping to 9.4% for heavy exercise.
The mean deposition fractions in the tracheobronchial region were constant for the physical activities
and urban environments with an overall mean of 12.5%, while the mean deposition fraction in the acinar
region averaged for the urban locations increased monotonically with physical activity from 14.7% for
sleeping to 34% for heavy exercise. The largest contribution of the acinar deposition to the lung depo-
sition was 75%. The deposition rates in the lung were larger than in the extra-thoracic region, and the
deposition rate in the lung was increasingly realised in the AC region by physical activity. It was the
extra-thoracic region that received the largest surface density deposition rates; its loading was higher by
3 orders of magnitude than for the lung. Deposition fractions in the airway generations exhibited a
distinct peak in the acinar region. The maximum of the curves was shifted to peripheral airway gener-
ations with physical activity. The shapes of the surface density deposition rate curves were completely
different from those for the deposition rates, indicating that the first few airway generations received the
highest surface loading in the lung.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Ultrafine (UF) atmospheric aerosol particles (with an equivalent
diameter <100 nm) are usually present in large number concen-
trations (daily medians up to 104e105 cm�3) and abundances
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(70%e90% of all aerosol particles) in cities (Kulmala et al., 2004;
Aalto et al., 2005; Putaud et al., 2010; Bors�os et al., 2012). They
are emitted directly from high-temperature sources or they are
formed in the air by atmospheric nucleation. Nanotechnology and
its products such as engineered nanoparticles can play an impor-
tant role in workplace or indoor environments. Inhalation of UF
particles can represent an excess health risk relative to coarse or
fine particles of the same or similar chemical composition
(Oberd€orster et al., 2005; Kreyling et al., 2006; HEI Review Panel,
2013). The specific effects are mainly associated with the large
number of insoluble particles deposited in the respiratory system,
their large total surface area and their very small size (Yang et al.,
2008; Carvalho et al., 2011; Braakhuis et al., 2014). There is
increasing scientific evidence that removal of particles deposited in
the lung is also size-specific. The smallest UF particles, i.e., the
nanoparticles (with an equivalent diameter <10 nm) deposited in
the deep airways are less efficiently phagocytised by alveolar
macrophages and epithelial cells than larger particles (Geiser et al.,
2005; Oberd€orster et al., 2005). In the bronchial region, the fraction
of particles cleared up by the mucociliary escalator is also
decreasing as their size decreases (Kreyling et al., 2006). Due to the
increased retention times, the deposited insoluble ultrafine parti-
cles can accumulate in and damage the lung (e.g., by inducing in-
flammatory injury or oxidative stress) or may cross the cellular
membrane barrier of the respiratory epithelium (Geiser et al., 2005)
entering into the blood circulation or the lung-associated lymph
nodes. This may result in the systematic translocation of deposited
insoluble nanoparticles to other organs (Yang et al., 2008). The
clearance from these secondary organs is very low in general
(Kreyling et al., 2002; Geiser et al., 2008), and therefore, accumu-
lation can occur also in these organs. Implications of the possible
lung overload by and accumulation of UF particles in healthy
humans are inconclusive (Oberd€orster et al., 2005; Braakhuis et al.,
2014). The related uncertainties can be decreased by risk assess-
ment studies on UF aerosol. For these reasons, more information on
both the human exposure to UF particles (including their deposi-
tion and clearance) and on the toxicity hazard of the deposited
particles is required (Nel et al., 2006).

Several research studies were devoted to physical and chemical
characterisation of UF aerosol in cities (e.g., Wehner and
Wiedensohler, 2003; Aalto et al., 2005; Harrison and Jones, 2005;
Jeong et al., 2006; Qian et al., 2007; Rodríguez et al., 2007; Avino
et al., 2011; Reche et al., 2011; Salma et al., 2011a, 2014; Dall’Osto
et al., 2013). It was concluded that 1) temporal variation of the
particle number concentration can be up to 2 orders of magnitude
in central urban sites; 2) daily average particle number concen-
tration in near-city background and high-traffic urban locations can
vary by a factor of up to 40; and 3) median particle diameters
decrease with the anthropogenic impact (more exactly with fresh
vehicle emissions). Despite the coincidence of the high particle
number concentrations and high population in large cities, there is
limited information available on the long-term inhalation exposure
of the public to atmospheric urban aerosol with respect to particle
numbers.

In the present study, deposition of realistic polydisperse atmo-
spheric aerosol particles expressed by particle number concentra-
tions in the respiratory system of an adult woman performing
reference levels of physical activity in four different types of urban
environment within a city is investigated by using a whole respi-
ratory system particle deposition model. The main objectives are to
report the relevant aerosol properties for modelling, to discuss the
capabilities of an advanced stochastic lung deposition model for
urban nanoparticles, to determine representative particle deposi-
tion metrics, to explain the derived properties, and to interpret the
exposure results.
2. Methods

2.1. Measuring system

Atmospheric aerosol particles were measured by a flow-
switching type differential mobility particle sizer (DMPS) (Salma
et al., 2011a). The system operates in an electrical mobility diam-
eter range from 6 to 1000 nm in 30 size channels at two sets of
flows. In the first flowmode, 20 size channels are measured (from 6
to 200 nm), while in the second flow mode, 10 size channels are
acquired (from 200 to 1000 nm). The diameters obtained refer to
the dry state of particles with a typical relative humidity
(RH) < 20%. The measurements were performed with a time res-
olution of approximately 10 min. The measuring system and
method fulfil the recommendations of the international technical
standards (Wiedensohler et al., 2012).

2.2. Measurement sites and time intervals

The measurements were performed in Budapest (Hungary) in
four different urban environments, i.e., in near-city background,
city centre, street canyon and traffic (road tunnel) microenviron-
ments (Salma et al., 2014). The measurements in the near-city
background were performed on the western border of the city
within a wooded area (latitude 47� 300 1.400 N, longitude 18� 570

46.300 E, altitude 478 m above sea level, a.s.l.) continuously from 18
January 2012 to 17 January 2013. The location is expected to
represent the air masses entering the city since the prevailing wind
direction is NW. The measurements in the city centre were
accomplished in District L�agym�anyos (latitude 47� 280 29.800 N,
longitude 19� 030 44.600 E, altitude 114 m a.s.l.) continuously from 3
November 2008 to 2 November 2009 (Salma et al., 2011a). The
location usually receives well-mixed air masses directly from the
city centre. Themeasurements in the street canyonwere performed
in R�ak�oczi Street (latitude 47� 290 39.400 N, longitude 19�030 36.300 E,
altitude 111 m a.s.l) continuously from 28 March to 31 May 2011.
The street is situated in the city centre, and belongs to regular long
street canyons. The measurements in the traffic microenvironment
were carried out in the Castle District Tunnel (latitude 47� 290 54.500

N, longitude 19� 020 24.600 E, altitude 106 m a.s.l. at its eastern gate)
continuously from 12 to 26 July 2010 (Salma et al., 2011b). The
tunnel is situated in the city centre, has a single, straight borewith a
length of 350 m, and comprises two-lane road traffic. These envi-
ronments represent ordinary conditions for European cities.

2.3. Treatment of experimental data

Median particle number concentrations for each size channel
were obtained from the measured 10-min normalised particle
number concentration data (DN/Dlogd, where N is the particle
number concentration and d is the particle equivalent diameter) for
the whole measuring time intervals, and these were utilised for
deriving median particle number size distributions. The DMPS
measures electrical mobility diameter (dmob) of particles. Diffusion
(Brownian motion), inertial impaction and sedimentation (gravi-
tational settling) are the basic deposition mechanisms of inhaled
aerosol particles in the human respiratory tract. Diffusion becomes
the dominant deposition mechanism for particle sizes below
approximately 100 nm, and it is related mainly to mobility diam-
eter. Therefore, the size distributions were first expressed in this
measured diameter. At the same time, inertial impaction and
sedimentation become the controlling deposition mechanisms
above 1 mm, and they are associated with aerodynamic diameter
(da) of particles. For this reason, the size distributions were also
expressed in aerodynamic diameter representation. Diameters dmob
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were converted to da using the following approach (DeCarlo et al.,
2004; Khlystov et al., 2004; Ondr�a�cek et al., 2009):

da ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rp

r0

1
c

Cc dveð Þ
Cc dað Þ

s
dve ; (1)

where dve is the volume equivalent diameter, rp and r0 are the
particle density and unit density (r0 ¼ 1 g cm�3), c is the dynamic
shape factor of the particle, and Cc(d) is the slip correction factor for
the particle with a diameter of d. It was assumed that the particles
have a spherical shape, which implies that c ¼ 1 by definition, and
that dve ¼ dmob. It was observed earlier that the effective density of
agglomerated UF (diesel exhaust or soot) particles has a decreasing
tendency due to the increased abundance of organic non-volatile
components and adsorbed volatile organic species from about
1.78 g cm�3 (bulk material density) above 220 nm to 1.27 g cm�3 at
50 nm, and to 0.65 g cm�3 (similar to carbon black) at 10 nmwith a
levelling off at smaller diameters (Park et al., 2004; Giechaskiel
et al., 2009; Rissler et al., 2013). Deviations in the effective den-
sity can happen depending on the actual source types of the pri-
mary particles, extent of their agglomeration, and burning
conditions. Nevertheless, the listed assumptions are all reasonable
and acceptable for the atmospheric UF particles and secondary
atmospheric urban particles under ordinary ambient environ-
mental conditions in the diameter range considered. To obtain the
size distributions in terms of aerodynamic diameters, the normal-
ised concentration data were also converted from Dlogdmob to
Dlogda. Number median mobility diameters (NMMDs), number
median aerodynamic diameters (NMADs) and geometric standard
deviations (GSDs) were determined by the logeprobability plot
method.
Fig. 1. Median particle number size distributions of atmospheric aerosol particles
expressed in electrical mobility diameter (a), and in aerodynamic diameter (b) for the
near-city background, city centre, street canyon and road tunnel urban environments.
Three curves in each figure were scaled up to the maximal value by factors displayed in
brackets to visualize better their shape.
2.4. Lung deposition model

Deposition of aerosol particles in the human respiratory system
was calculated by an advanced version of the stochastic lung
deposition model IDEAL (Koblinger and Hofmann, 1990; Hofmann
and Koblinger, 1992). Its status among the other particle deposi-
tion models was discussed by Asgharian et al. (2009) and Hofmann
(2011). For modelling purposes, the respiratory tract is divided into
an extra-thoracic (ET, or oro-nasopharyngeal) region, tracheo-
bronchial (TB) tree and acinar (AC) region. The deposition of sub-
micrometer particles in the ET region is modelled by semi-
empirical equations derived by Hofmann and Koblinger (1992).
The TB tree and AC region are modelled by a sequence of cylindrical
tubes asymmetrically branching into two daughter airways. These
regions are considered to be made up by a system of bifurcation
units, which are composed of half of the parent tube and half of the
daughter tubes. In the AC region, in addition to the bifurcations,
hemispherical alveoli appear on the walls of the tubes. Proceeding
further into the AC region, more and more alveoli cover the walls of
the tubes. The respiratory tract is eventually terminated by an
alveolar sac, which is completely covered by alveoli. In the sto-
chastic lung model, the path of an inhaled particle through the
series of bifurcations is selected randomly byMonte Carlomethods,
and the particle follows the same path during expiration.

In the present study, particle deposition was calculated for a
Caucasian-type healthy adult female performing reference levels of
physical activity. Themorphological airway parameter values of the
model were selected from the statistical distributions derived from
the data of Raabe et al. (1976) in the case of the TB region, and from
the Haefeli-Bleuer and Weibel model (1988) in the case of the
acinar region, constrained by statistical relationships between
some of the parameters. The physiological parameters utilisedwere
chosen according to Hofmann and Koblinger (1990) and the rec-
ommendations of the ICRP (1994). Tidal volumes characteristic of
sleeping, sitting, light exercise and heavy exercise breathing con-
ditions (i.e., 444, 464, 992 and 1364 cm3, respectively) were
adopted, and the breathing cycle times utilised were 5.0, 4.3, 2.9
and 1.8 s, respectively. It was further assumed for heavy exercise
that the fraction of the total ventilatory airflow passing through the
nose is 50%, and that the rest is inhaled through the mouth (ICRP,
1994). Deposition fractions (ratios of the number of deposited
particles to the total number of inhaled particles) in each airway
generation were determined by simulating the route and fate of
100,000 inhaled particles in each computations. Deposition rates
(number of deposited particles in a unit time) in each airway
generation were calculated from deposition fraction, atmospheric
particle number concentration, breathing volume and breathing
frequency. Mean surface areas of each airway generation were also
computed (Salma et al., 2002b; Bal�ash�azy et al., 2007), and were
utilised for obtaining deposition rates per unit surface area during
unit time, i.e., surface density deposition rates. Finally, it was esti-
mated that the individual deposition data are subject to relative
uncertainty smaller than 25% of the computed values.

3. Results and discussion

3.1. Particle size distributions

The median particle number size distributions expressed in the
dmob representation are shown separately for the four urban
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environments in Fig. 1a, while the distributions converted into the
da representation are displayed in Fig. 1b. Obtaining representative,
i.e., average size distributions involves inherent disadvantages due
to the significant broadening of the Aitken and accumulation
modes, which are generally present in the particle number size
distributions. This yielded that the two modes merged into a single
wide peak in the average size distributions. The total particle
number concentration for the near-city background, city centre,
street canyon and road tunnel obtained by summing the channel
contents were 2.9 � 103, 8.1 � 103, 14.4 � 103 and 103 � 103 cm�3,
respectively for both representations. In the order of the urban
environments listed, the NMMDs were 70, 42, 35 and 42 nm,
respectively, and the GSDs were between 2.6 and 2.9. The shoulder
of the curves at about 200 nm is an artefact, which was caused by
switching the flow and high voltage parameters simultaneously in
the DMPS system. Its extent usually remains below 10%. The
NMMDs imply decreasing tendency with fresh vehicle emissions.
The road tunnel is an exception since the particle size distributions
there were influenced by a ventilation facility which introduces
aged aerosol from the city centre (urban background) into the
tunnel, and this contains larger particles than freshly emitted
aerosol (Salma et al., 2011b). The NMADs of the distributions were
somewhat larger, i.e., 79, 51, 42 and 47 nm, respectively.

According to our simulation results, deposition fractions of
particles due to the diffusion mechanism becomes similar to those
due to the impaction mechanism at 400e500 nm, depending on
the physical activity. This suggests that the size distributions
expressed in dmob representation characterise the real deposition
Fig. 2. Deposition fractions of aerosol particles in the extra-thoracic, tracheobronchial and ac
activity calculated by using electrical mobility diameters and corresponding aerodynamic d
behaviour of the particles well for most of the diameter interval
considered, and that the size distributions related to the da only
play a role in a much smaller size interval on the right side of the
peaks. Comparative calculations were completed by using the dmob

and corresponding da in order to examine the sensitivity of the
deposition results to switching between these two diameter rep-
resentations. Deposition fractions in the characteristic regions and
whole respiratory tract of an adult woman as a function of the size
channel number of the DMPS system are presented in Fig. 2.
Median electrical mobility diameters for the 30 size channels
varied from 6.55 to 1092 nm, while the corresponding median
aerodynamic diameters for the same size channels changed from
3.71 to 1492 nm. (All individual values are displayed in Fig. 1.)
Fig. 2 demonstrates that in the diameter interval in which the
impaction plays a more important role than the diffusion (size
channels approximately from 23 to 30), the differences between
the two deposition curves were rather small in the TB and AC
regions. Using the dmob representation somewhat underestimates
deposition in the ET region, and as a consequence, in the whole
respiratory tract with respect to the da representation for these
particular particle sizes where the impaction dominates the
deposition. The differences, however, remained within the un-
certainty of the modelled data and inter-subject variability,
although they cause a systematic shift. More importantly, the
median size distributions ordinary represent small values in this
diameter interval. Considering all this, the subsequent computa-
tions were conducted by using the particle size distributions in
the dmob representation.
inar regions, and in the whole respiratory system of an adult woman performing sitting
iameters.
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3.2. Regional deposition fractions

Deposition fractions of atmospheric aerosol particles in the
characteristic regions and total respiratory tract of an adult woman
performing reference levels of physical activity in the urban envi-
ronments are summarized in Table 1. The deposition fractions
typically varied by (4�5)% with urban environments at a fixed
physical activity, while they commonly changed by (14e19)% with
physical activity at a fixed location. It was found that the deposition
in the total respiratory tract was considerable and quite constant;
its individual values ranged from 46% to 64% with an overall mean
and standard deviation of (56 ± 6)%. The mean deposition fractions
in the ET region averaged separately for each urban site, together
with its standard deviation for sleeping, sitting, light exercise and
heavy exercise breathing conditions were (26 ± 3)%, (25 ± 3)%,
(18 ± 2)% and (9.4 ± 1.3)%, respectively. The decrease of extra-
thoracic deposition with breathing intensity can be explained by
the shorter residence times of the particles in the ET region at
higher physical activities, and by the assumed 50% contribution of
mouth breathing for heavy exercise breathing conditions, which
has lower deposition efficiencies. This tendency proofs that the
deposition was indeed mainly diffusion driven and not impaction
controlled. The corresponding mean deposition fractions in the
lung with standard deviations for sleeping, sitting, light exercise
and heavy exercise breathing conditions were (28 ± 1)%, (28 ± 1)%,
(41 ± 3)% and (45 ± 5)%, respectively. Themean deposition fractions
in the TB region averaged separately for each urban site were
constant for all physical activities with an overall mean and stan-
dard deviation of (12.5 ± 0.7)%, while the corresponding mean
deposition fraction and standard deviation for the AC region
increased monotonically with physical activity from (14.7 ± 0.6)%
for sleeping, to (15.5 ± 0.7)% for sitting activity, to (29 ± 2)% for light
exercise and to (34 ± 3)% for heavy exercise. Because of these two
dependences, the mean deposition in the AC region averaged
separately for each urban site for sleeping, sitting activity, light
Table 1
Deposition fractions of atmospheric aerosol particles in the extra-thoracic, bronchial
and acinar regions, in the lung, and in the total respiratory tract of an adult woman
for sleeping, sitting, light exercise and heavy exercise breathing conditions in the
near-city background, city centre, street canyon and road tunnel urban
environments.

Urban site/
respiratory region

Sleeping Sitting activity Light exercise Heavy exercise

[%] [%] [%] [%]

Background/
Extra-thoracic 22 21 14.9 7.5
Bronchial 10.7 10.4 10.0 8.6
Acinar 14.5 15.0 27 30
Lung 25 25 37 38
Total 47 46 52 46

City centre/
Extra-thoracic 28 26 19.1 10.0
Bronchial 13.4 13.2 13.3 12.0
Acinar 14.3 15.1 29 34
Lung 28 28 42 46
Total 55 55 61 56

Street canyon/
Extra-thoracic 30 28 21 10.5
Bronchial 14.5 14.2 14.3 13.2
Acinar 14.4 15.3 29 35
Lung 29 30 44 49
Total 58 58 64 59

Road tunnel/
Extra-thoracic 27 26 18.8 9.5
Bronchial 13.6 13.2 13.2 11.7
Acinar 15.7 16.4 31 36
Lung 29 30 44 48
Total 56 56 62 57
exercise and heavy exercise contributed to the deposition fraction
in the lung with increasing tendency, i.e., by 53%, 55%, 70% and 75%,
respectively with standard deviations of approximately 3%.

The deposition fractions for particle numbers (which is mainly
determined by nano- and ultrafine particles) in the ET region
(7.5%e30%) obtained in the present study are smaller than depo-
sition fractions for particulatemass (which is mainly determined by
micrometer-sized particles) derived previously (Salma et al., 2002a,
2002b), which was typically between 43% and 78% at the same
urban environments and under similar modelling conditions, while
in the TB region (for particle numbers, 8.6%e15%) and AC region
(for particle numbers, 14%e36%), they are larger than for aerosol
mass, which were approximately between 2.0% and 5.7%, and be-
tween 3.3% and 7.2%, respectively. Furthermore, there are also
important differences in the tendencies. In contrast to particle
numbers of nano- and ultrafine particles, the deposition in the ET
region for particulate mass (mainly determined by micrometer-
sized particles) increased with rising physical activity, which can
be explained by the large (>z50%) relative contribution of the
coarsemode in themass size distributions. Deposition of the coarse
particles (influenced significantly by impaction mechanism) is
enhanced by larger respiratory flows (physical activity).

3.3. Regional deposition rates

It is worth mentioning that the total number of particles inhaled
in a minute time interval by an adult woman varied from 15 � 106

particles corresponding to sleeping breathingmode in the near-city
background to 4.7 � 109 particles while performing heavy exercise
in the tunnel. The deposition rates of atmospheric aerosol particles
in the characteristic regions and total respiratory tract of an adult
woman in the urban environments for the various reference levels
of physical activity are shown in Table 2. The values increased
monotonically with both the atmospheric concentrations at the
urban sites and physical activity. It was found that the total number
Table 2
Deposition rates of atmospheric aerosol particles expressed in number of particles
deposited per minute in the extra-thoracic, bronchial and acinar regions, in the lung,
and in the total respiratory tract of an adult woman in the near-city background, city
centre, street canyon and road tunnel urban environments for sleeping, sitting, light
exercise and heavy exercise breathing conditions.

Physical activity/
respiratory region

Background City centre Street canyon Road tunnel

[106 min�1] [106 min�1] [106 min�1] [106 min�1]

Sleeping/
Extra-thoracic 3.3 11.8 23 148
Bronchial 1.64 5.8 11.1 75
Acinar 2.2 6.2 11.0 86
Lung 3.9 12.0 22 161
Total 7.2 24 45 309

Sitting activity/
Extra-thoracic 3.9 13.8 27 173
Bronchial 1.94 6.9 13.4 88
Acinar 2.8 8.0 14.4 110
Lung 4.7 14.9 28 198
Total 8.6 29 54 371

Light exercise/
Extra-thoracic 8.9 32 62 402
Bronchial 6.0 22 43 280
Acinar 16.1 48 87 654
Lung 22 71 131 934
Total 31 103 192 1336

Heavy exercise/
Extra-thoracic 9.8 37 69 444
Bronchial 11.2 44 87 547
Acinar 2.2 6.2 11.0 86
Lung 50 169 319 2226
Total 60 206 388 2670
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of particles deposited in the respiratory tract per minute time in-
terval changed dynamically, i.e., from 7.2 � 106 min�1 for sleeping
in the near-city background to 2.7� 109 min�1 for heavy exercise in
the tunnel. All regional deposition rates increased monotonically
and substantially (about 130 times for the ET region, 330 times for
the TB region, and 750 times for the AC region) in the order of the
urban environments: near-city background, city centre, street
canyon and road tunnel. This was primarily caused by different
atmospheric concentrations at the four urban sites. Ratios of the
deposition rate for an urban site to that for the near-city back-
ground (to the cleanest location), however, showed a uniform de-
pendency. Mean ratios averaged for physical activities and then for
the characteristic respiratory regions, with their standard de-
viations for the city centre, street canyon and road tunnel were
3.4 ± 0.3, 6.5 ± 0.6 and 44 ± 3, respectively. The ratios were larger
by a mean and standard deviation of 1.3 ± 0.3 than the corre-
sponding ratios of particle number concentrations for the urban
sites. This suggests indirectly that the increments in the deposition
rate were mainly caused by the actual atmospheric concentrations,
and that the differences in the particle size distributions at the
urban sites contributed to the excess increase by approximately
30%. The exact contribution can, however, depend on the actual
environment (size distribution).

Ratios of the deposition rate for a physical activity to that for
sleeping averaged for all urban sites were uniform for any charac-
teristic respiratory region, and indicated that it is the deposition in
the AC region that was most affected by the physical activity. The
mean lung-to-ET deposition rate ratios averaged separately for
each site with their standard deviation for sleeping, sitting activity,
light exercise and heavy exercise were 1.06 ± 0.09, 1.13 ± 0.08,
2.3 ± 0.2 and 4.8 ± 0.3, respectively. This means that deposition
rates in the ET region were smaller than in the lung, and that the
deposition rates in the ET region had a decreasing effect on particle
removal with physical activity. At the same time, the mean AC-to-
TB deposition rate ratios for sleeping, sitting activity, light and
heavy exercise averaged for the urban environments were 1.14,1.23,
2.3 and 3.0 with a relative uncertainty below 13%. This means that
Table 3
Surface density deposition rates of atmospheric aerosol particles expressed in
number of particles deposited per cm2 of epithelial area and per minute in the extra-
thoracic, bronchial and acinar regions, and in the whole lung of an adult woman in
the near-city background, city centre, street canyon and road tunnel urban envi-
ronments for sleeping, sitting, light exercise and heavy exercise breathing
conditions.

Physical activity/
respiratory region

Background City centre Street canyon Road tunnel

[cm�2 min�1] [cm�2 min�1] [cm�2 min�1] [cm�2 min�1]

Sleeping/
Extra-thoracic 7,280 26,220 50,300 328,500
Bronchial 610 2,153 4,137 28
Acinar 1.51 4.2 7.5 58
Lung 2.6 8.1 15.2 108

Sitting activity/
Extra-thoracic 8,520 30,610 58,710 383,300
Bronchial 722 2,580 4,963 32,886
Acinar 1.90 5.4 9.7 74
Lung 3.2 10.1 18.7 134

Light exercise/
Extra-thoracic 19,730 71,370 136,740 890,000
Bronchial 2,233 8,329 16,000 104,134
Acinar 11 33 59 443
Lung 15.0 48 88 632

Heavy exercise/
Extra-thoracic 21,690 81,350 145,000 930,900
Bronchial 4,175 16,414 32,227 203,288
Acinar 26 85 158 1,139
Lung 34 114 216 1,510
the deposition rate in the lung was increasingly realised in the AC
region by physical activity. A considerable fraction of the deposited
particles can be soluble in the epithelial fluid, which decreases the
toxicological hazard, while the insoluble rest of the deposited
particles may be phagocytised by alveolar macrophages. In this
respect, it is important to mention that the maximum number of
macrophages available in the alveolar pool is 2.5�107 (St€ober et al.,
1994), which suggests that the efficiency of the main clearance
mechanism in the AC region is limited by the huge number of
deposited particles - even if a macrophage can phagocytise more
particles.

3.4. Regional surface density deposition rates

The surface density deposition rates of particles in the charac-
teristic regions of the respiratory tract of an adult woman in the
four urban environments and for the reference levels of physical
activity are presented in Table 3. The values increased mono-
tonically with both urban environments (atmospheric concentra-
tions) and physical activity. The ET region (expectedly the nose)
received larger surface density deposition rates by approximately 3
orders of magnitude than the lung. (The mean factor averaged for
the urban sites varied from 6.6 � 102 for heavy exercise to 3.1 �103

for sleeping with relative uncertainties below 7%.) This can be
explained by the increased mean free path of the UF particles, and
by the special morphology of the nose (narrower and longer
airway). If the deposited insoluble nanoparticles cross the cellular
membrane in the nose then the question can be raised whether
they - especially the hydrophobic particles (Krol et al., 2013), which
can make a large portion of the insoluble particles - may partially
escape the bloodebrain barrier and represent a specific risk for the
central nervous system, or alternatively, whether they can find
promising applications in clinical neuroscience.

At the same time, the surface density deposition rates for the TB
region were also substantially larger than for the AC region. The
mean TB-to-AC ratio (averaged for the four urban environments)
and corresponding standard deviation for sleeping, sitting activity,
light exercise and heavy exercise were 489 ± 64, 453 ± 56, 241 ± 29
and 184 ± 20, respectively. The reason for the decreasing tendency
is that more nano- and ultrafine particles reach the AC region by
increasing the physical activity. Table 3 also confirms that after
deposition of the particles, the agglomeration can be neglected in
any characteristic region of the respiratory tract since the proba-
bility of two nanoparticles landing on each other is very small.

3.5. Differential deposition fractions

The deposition fractions of atmospheric aerosol particles in the
airway generations of an adult woman performing reference levels
of physical activity in the urban environments are displayed in
Fig. 3. The curves exhibited a single distinct peak, which was
realised in the AC region. The maximum of the curves for sleeping,
sitting activity, light exercise and heavy exercise occurred at
increasing airway generation number, i.e., in generations 17, 17, 19
and 20e21, respectively for all urban environments. The range of
the affected airway generations became somewhat larger with
physical activity, which means that the aerosol particles penetrated
deeper into the lung with increasing physical activity. The differ-
ential deposition in the TB region had similar shape and extent for
all urban sites.

The shape of the deposition fraction curves for particle numbers
showed some obvious differences when compared to the deposi-
tion fraction curves of particulate mass, which is mainly deter-
mined by micrometer-sized particles (Salma et al., 2002b). In the
latter case, the deposition fractions in the TB region contributed to a



Fig. 3. Deposition fractions of atmospheric aerosol particles in the airway generations of an adult woman in the near-city background, city centre, street canyon and road tunnel
urban environments for sleeping, sitting activity, light exercise and heavy exercise.

I. Salma et al. / Atmospheric Environment 104 (2015) 39e49 45
considerable extent to total deposition, and its share increased
substantially with physical activity. This even yielded a new (sec-
ond) deposition peak in the region of airway generations 12e13.
The tendency was completely missing for the particle numbers;
deposition fractions in the TB region were modest and constant (if
not decreasing) for all physical activities.

3.6. Differential depositions rates

The deposition rates of atmospheric aerosol particles in the
airway generations of an adult woman performing reference levels
of physical activity in the urban environments are displayed in
Fig. 4. These curves also showed a major single peak, and they lined
up monotonically in the order of 1) increasing physical activity due
to the increased ventilation rates; and 2) urban sites which was
primarily caused by different associated atmospheric concentra-
tions. The curves for sleeping and sitting activity were again similar
both in shape and magnitude for each urban site, but their
maximum changed by an approximate factor of 40 from the near-
city background to the road tunnel. The maximum deposition
rates for various physical activities appeared in higher airway
generations, similar to the differential deposition fraction curves. In
the most loaded airway generation (number 20), 266 � 106 parti-
cles were deposited per minute in the road tunnel. The slightly
increased deposition rate in the first airway generation can be
explained with the longer length of the trachea relative to the other
bifurcation units.
3.7. Differential surface density deposition rates

The surface density deposition rates of atmospheric aerosol
particles in the airway generations of an adult woman in the urban
environments for the reference levels of physical activity are dis-
played in Fig. 5. The shapes of these curves are completely different
from the trends observed above. It was the second and third
airway generations that received the highest surface loading of
particles. This maximum can be explained by fact that the
epithelial surface available for deposition is smallest in airway
generations 2e4. This tendency is consistent with that for the
particulate mass presented earlier (Salma et al., 2002b). In
contrast, however, the relative importance of the surface deposi-
tion rate of particle number in the airway generation 1 (trachea)
does not increase with physical activity, even if mouth breathing
takes place. The reason for this phenomenon is that the present
process concerns the deposition of nano- and ultrafine particles,
which is diffusion controlled, and, therefore, the deposition de-
creases with physical activity.

The maximum of the curves and the values for the first few
airway generations increased uniformly and monotonically with
physical activity, by factors of 4.0 for sitting, 7.8 for light exercise
and 50 for heavy exercise breathing conditions relative to that for
sleeping. The large surface density loading in generations 2 and 4
may be related to the aggravation of upper respiratory illnesses and
to lung tumours, which arise primarily in segmental and sub-
segmental bronchi (ICRP, 1994; Bal�ash�azy et al., 2003).



Fig. 4. Deposition ratesof atmospheric aerosol particles in theairwaygenerationsof anadultwoman in thenear-citybackground (witha particlenumber concentrationof2.9�103 cm�3),
city centre (8.1 �103 cm�3), street canyon (14.4 � 103 cm�3) and road tunnel (103 � 103 cm�3) urban environments for sleeping, sitting activity, light exercise and heavy exercise.

Fig. 5. Surfacedensitydeposition ratesofatmospheric aerosol particles in the lungofanadultwoman in thenear-citybackground (withaparticlenumber concentrationof2.9�103 cm�3),
city centre (8.1 �103 cm�3), street canyon (14.4 � 103 cm�3) and road tunnel (103 � 103 cm�3) urban environments for sleeping, sitting activity, light exercise and heavy exercise.
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3.8. Normalised differential deposition rates

In order to separate the average effect of the size distribution
from the average effect of the particle number concentration, the
differential deposition rates and differential surface density depo-
sition rates were normalised to the associated atmospheric particle
number concentrations. The airway generation-specific normalised
deposition rates (Fig. 6a) and surface density deposition rates
(Fig. 6b) in an adult woman performing sitting activity in the urban
environments are displayed as illustrative examples. Both types of
the curves in Fig. 6 have a distinct peak as expected. The peaks are
in the airway generations 17e18 for the deposition rate, and, in the
airway generations 2�4 (in the large central airways) for surface
density deposition rate. This essential difference has very impor-
tant health consequences. The local burden (burden in the
dimension of a cell environment) has a significant peak in the large
central airways even if uniform deposition within the surface of a
central airway bifurcations is supposed. In reality, the deposition is
far inhomogeneous, which further increases the local cellular
burden in the carina of these bifurcations (Bal�ash�azy and Hofmann,
2000, 2009). Thus, ultrafine aerosol particles can cause lung cancer
(and preneoplastic and neoplastic lesions) preferentially in the
carina of airway generations 2e4 in case of radon progeny
exposures.

The maxima of the normalised deposition rate curves (Fig. 6a)
were shifted monotonically in accordance with the tendency in the
median particle diameters for the size distributions (see Fig. 1a). At
Fig. 6. Normalised deposition rates (a) and normalised surface density deposition
rates (b) of atmospheric aerosol particles in the airway generations of an adult woman
for sitting activity in the near-city background (with a particle number concentration
of 2.9 � 103 cm�3), city centre (8.1 � 103 cm�3), street canyon (14.4 � 103 cm�3) and
road tunnel (103 � 103 cm�3) urban environments. The curves were normalised to the
associated particle number concentrations.
the same time, there was no obvious or monotonic shift in the
peaks of the differential surface density deposition rate curves
(Fig. 6b). Instead, it can be seen that the smaller the median particle
diameter of the corresponding size distribution, the larger the
relative surface density deposition rate. The explanation is related
to the differences in the particle size distributions, and to the larger
mean free path of smaller particles. Furthermore, the differences in
the curves in Fig. 6b for the different urban environments seemed
to be larger than those in Fig. 6a, which implies that the surface
density deposition rates appeared to be more sensitive to the
changes in the size distributions than the deposition rates. This
emphasizes again that variations in both the atmospheric concen-
trations and particle size distributions (median diameters) should
be jointly taken into consideration when assessing potential
exposure and toxic effects of inhaled UF particles.

4. Conclusions

In the present study, the attention was focused on the exposure
of a healthy adult female. The respiratory tract of an adult male
approaches that for a female. Our preliminary computations indi-
cated that in the case of a male, the ET deposition fractions of the
polydisperse urban nano- and UF particles are smaller by (10e15)%
than for a female depending mainly on the physical activity. At the
same time, the deposition fractions in the TB region are larger by
approximately 10%, and they are larger by ca. 50% in the AC region
than for a female. As a consequence, the deposition fraction in the
total respiratory tract of a male is larger by approximately 35% than
of a female. The main reason for the differences is the higher
ventilation velocity in the lung of a male. The deposition rate in the
total respiratory tract increases by about 50% for a male in com-
parison to a female. The lung of a child differs significantly from
that for adults in terms of airway dimensions and breathing rates
(M�enache et al., 2008). Due to the combination of smaller airway
sizes, smaller tidal volumes, but higher breathing frequencies, the
total deposition fraction in children, particularly in infants, is
generally higher than that in adults (Asgharian et al., 2004). Thus
children may be of a greater health risk from exposure to urban
aerosol because of the increased deposition as well as higher
sensitivity to air pollutants (WHO, 2005). This emphasizes the need
for the research devoted to this direction.

Aerosol particles in this work were characterised by their dry
equivalent diameter. There is little information available yet on the
interaction of urban type UF particles with water vapour at various
RHs. It is thought that part of them (e.g., soot particles) is hydro-
phobic, which are expected to show little change in their size
during inhalation. Another part of them can grow rapidly at RHs
present in the airways, which can be larger than in the ambient air
(Varghese and Gangamma, 2009). In case of hygroscopic growth
factors of 2, which is a typical value for atmospheric aerosol, the
shift to larger particle diameters would reduce the deposition
fractions and related densities predicted in this paper by a factor of
approximately 1.6 (Winkler et al., 2014). Hygroscopic growth
properties should be determined for ambient urban UF particles in
order to obtain more detailed results and conclusions.

In the current model, uniform deposition of particles within
bifurcation units was assumed. It was, however, demonstrated
previously (Bal�ash�azy et al., 2003) that accumulation of mono-
disperse particles by up to 2e3 orders of magnitude can occur in
the carina of bifurcation units (in hot-spots) relative to the airway
walls for particles that are deposited mainly by inertial impaction
mechanism. Further studies with realistic polydisperse urban
aerosol are desired to improve our knowledge on detailed local
distributions of nanoparticles within a bifurcation unit or oro-
nasopharyngeal region caused by diffusion controlled deposition
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mechanism.
The present research also showed that realistic ambient atmo-

spheric aerosol - that ordinary persists in the air in cities - contains
particles with a diameter between 20 and 200 nm in the largest
abundance. Thus, the exposure to the ambient nanoparticles
(d < 10 nm) is usually limited, since their colloidal system is ther-
modynamically not stable, and most of them are removed from the
air by atmospheric processes (e.g., agglomeration of primary par-
ticles, coagulation, scavenging, ageing processes) during a reason-
able time interval (<several hours) under ordinary ambient
conditions. The exposure to engineered nanoparticles in the in-
doors or closed spaces, in particular close to their sources, and to
specific aerosol particles that have electrical surface charge or
repelling coatings can be different.

Finally, important differences in the respiratory locations,
magnitudes of and some tendencies in particle deposition can
occur when different aerosol metrics are considered. Different size
distributions have different average diameters, which generate
different deposition patters in the respiratory tract since the
deposition efficiencies are size dependent. As there is no general
consensus on which aerosol property or chemical component, if
any at all, may be responsible for adverse health effects of particles
(e.g., Giechaskiel et al., 2009), the next modelling evaluations
should involve particle surface area or accessible deposited surface
area size distributions as well.
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