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ABSTRACT

We systematically evaluated the relationship between exposure to aerosols—specifically, ultrafine airborne particles—
and the effective dose in the lungs of humans and animals. By multiplying particle concentration size distributions with lung
deposition curves generated by the Multiple-Path Particle Dosimetry (MPPD) model, the lung deposition concentrations,
which can be directly linked to the effective dose via inhalation rate and exposure time, were estimated.

The calculations were performed on a number of representative particle size distributions extracted from measurement
data in the literature. In addition to determining the lung deposited particle concentration, we investigated its possible
relationship with the diameter of the main mode for the size distribution. We also examined the potential use of animal
surrogates for human beings in inhalation exposure studies.

The average concentration of the deep-lung deposited fraction (the sum of the alveolar and trachea-bronchial deposited
concentrations divided by the ambient concentration) depended on the size distribution of the inhaled aerosol and the specific
metric (particle number, surface area or mass), being slightly higher when the particle number instead of the surface area or
mass was measured. It was also affected by the diameter of the aerosol size distribution’s main mode: the smaller the
diameter, the larger the lung deposited particle fraction. Our study aims at a better understanding of the correlations between
the particle parameters measured in exposure studies and dose metrics in the lung, thereby facilitating an accurate risk

assessment of ultrafine ambient particles.
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INTRODUCTION

Due to the recently strongly recognized issue of air pollution
by aerosol particles and particularly by anthropogenic
ultrafine particles (UFPs) that contribute significantly to the
ambient aerosol in the air, there is an increasing need to
evaluate the exposure and to assess the potential adverse
health effects that could be induced by UFPs in the ambient
air.

Air pollution in general has always been of concern in the
past and in recent years (Calthrop and Maddison, 1996;
Pearce, 1996; Schraufnagel et al., 2019; Vallero, 2019) and
therefore extensively studied. Various studies focused on
different aspects, e.g., on PM;o (Donaldson and MacNee,
2001; Khan et al., 2010; Gianini et al., 2012; Gao et al., 2019;
Li et al., 2019; Piras et al., 2019) or UFP emissions (Lee et
al.,2007; Khan et al.,2010; Chen et al., 2016; Liet al., 2019).

Nowadays the research focus lies particularly on the
investigation of anthropogenic aerosol particles with diameters
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smaller than 500 nm, to which ultrafine aerosols contribute
significantly, and the potentially induced adverse health
effects. Health risks caused by UFPs in the air have been
studied (Yeh et al., 1976; Donaldson and MacNee, 2001; Lee
et al., 2007; Hankin, 2014; Kumar et al., 2014; Landsiedel et
al., 2014; Chen et al., 2016; Guo et al., 2018; Khan et al.,
2018; Schraufnagel et al., 2019). In addition to these studies,
linking aerosol exposure to the particle dose in the lung
could be beneficial to assess the adverse health effects
induced by UFPs.

One prominent example for anthropogenic UFPs is soot
particles generated in combustion processes. Due to a high
number of combustion emissions, such as the emissions
from vehicles and airplanes running on fossil fuel, the
emissions of the combustion of coal, firewood, liquefied
petroleum gas (LPG) etc. (Mathis et al., 2004; Keskinen and
Ronkko, 2010; Wang et al., 2011; Tiwari et al., 2014), there
is a high number of anthropogenic UFPs in the air (e.g.,
measured by the Swiss National Air Pollution Monitoring
Network).

In 2010, the world health organization (WHO) classified
the soot particles as carcinogenic (WHO, 2010). Since these
combustion processes take place mainly in residential and
industrial areas, a high number of people might be exposed
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to soot particles. However, people are not only exposed to
ultrafine combustion derived soot particles but also other
environmental UFPs during daily life.

Employees working in offices might be exposed to UFPs
just by inhaling indoor office air. In this case, emissions
from laser printers contribute a major fraction to the total
concentration of UFPs (Scungio ef al., 2017). In some
circumstances indoor particle concentration might even be
higher than that of the ambient air (Bertrand ef al., 2017,
Oh et al., 2019). Also the more frequently established 3D
printers emit UFPs and contribute to the total UFPs in office
air (Stephens et al., 2013).

UFP concentration in ambient air needs to be connected
with the deposited particle dose in the lung. Schmid and
Cassee (2017) argued that exposure was a poor surrogate for
the delivered dose of inhaled nano- or micron-sized
particles. However, there is also the contradictory opinion.
Manigrasso et al. (2018) explained that exposure to UFPs
can be expressed via lung deposited dose. In the present
study, the total particle concentration in the ambient air was
taken as a reference point to evaluate the actual deposited
concentration in the lung, which is directly linked to the
delivered dose via the exposure time and the inhalation
flowrate.

Particle exposure and lung deposition can be expressed
based on different metrics. Besides evaluating lung deposition
based on particle number or mass, especially deposition
based on surface area, needs to be scrutinized, because the
interaction of particles and the lung tissue happens via their
surface (Avino ef al., 2016; Manigrasso et al., 2018; Hammer
et al., 2019). Based on this principle, Schmid and Stoeger
(2016) stated that surface area was the biologically most
effective dose metric for acute particle toxicity in the lung.
Moreover, Schmid and Cassee (2017) argued that dose
played a critical role in particle toxicity. However, dose in
human or even animal lungs is difficult to measure, but it can
be estimated by combining measured particle concentrations
and lung deposition curves.

In the present study, we explored how the exposure to
aerosols in the ambient air was related to the effective
particle dose, and the deposited particle fraction in the lungs
of human beings and several selected animals and thus could
be linked to adverse or toxicological effects. For this, we
compared UFP exposure in ambient air with the lung
deposition calculated using the Multiple-Path Particle
Dosimetry Model (MPPD). The toxic effects induced by
environmental aerosols through the exposure pathway of
inhalation, depend not only on the intrinsic toxicity of the
particles (chemical composition, size, surface area, shape
etc.), but also on the effective dose reaching the deep-lying
lung regions such as the trachea-bronchus (TB) or the alveoli
(AL) (Hammer et al., 2019; Ivanov, 2013). It was shown that
particles reaching these compartments might block the
airways or even penetrate into the blood (Dekali et al., 2014;
Derk et al., 2015; Zhou et al., 2018). Consequently, we
focused particularly on deposition in the deep-lying regions
of the respiratory system.

Combining the relevant factors such as inhalation
flowrate, exposure time and ambient concentration with the
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lung deposition curve of the MPPD model (ARA Inc., 2016;
Miller et al., 2016) one can estimate the lung deposited dose.
Due to different inhalation characteristics of humans and
animals, the effective lung dose and the final induced toxicity
depend on the deposition target species. For example, pigs
have a similar inhalation flowrate (7168 mL min ') compared
to human beings (7500 mL min ') whereas rabbits or rats
have smaller inhalation flow rates (1189 mL min™! or
204 mL min™"). We studied aerosol deposition also for rats,
rabbits and pigs to show that the deposited aerosol fraction
actually also depends on the species and that some of these
species are affected more (higher deposited aerosol fraction
for humans and rats, although they have different inhalation
flowrates) and others are affected less (lower deposited
aerosol fraction for pigs and rabbits).

To quantify exposure to ambient UFPs originating from
different sources, we investigated diverse aerosol size
distributions in the ambient air and occupational settings.
The considered cases of aerosols in the environment included
the aforementioned emissions from 3D and laser printers,
soot particles generated in combustion processes (combustion
of diesel, kerosene, firewood, liquefied petroleum gas or
dung cake), and ambient particle size distributions.

Albeit the considered size distributions possessed
different characteristics such as different diameters of the
main modes or broader or narrower modes, they showed also
similarities. Their main modes were located in the size range
of 5-500 nm. Particle size distributions in this size range
overlap with a range where high deposition in the alveolar
and trachea-bronchial lung regions occurs (10-250 nm).
This overlap plays an important role for the total aerosol
deposition concentration and consequently also for the final
lung deposited particle dose (Hammer et al., 2019). We
investigated the lung deposited concentration of aerosol size
distribution and tried to find whether and how it is affected
by the considered metric (number, surface area or mass).

Particularly with regard to the exposure assessment for
UFPs, our study is of high benefit for the society. An entire
toxicity and risk assessment of anthropogenically generated
UFPs in the environment would require combining the
obtained relationship between the lung deposition and the
ambient particle concentration with the particle type (intrinsic
toxicity). A first evaluation about the risk of these particle
can however be derived by assessing their lung deposition
concentration.

MATERIALS AND METHODS

We calculated the lung deposited particle concentrations
for various selected animals and human beings by multiplying
measured particle size distributions from literature data with
the lung deposition curves, calculated using the Multiple-
Path Particle Dosimetry model (ARA Inc., 2016; Miller et
al., 2016) and integrating within the particle size range of
10-500 nm.

In order to investigate how the considered metric (number,
surface or mass) affected the lung deposited fraction, we
converted the measured particle number distributions from
the literature into surface area or mass distributions by
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multiplying with the surface area or with the volume of a
spherical particle and size dependent effective densities.

Utilized Number Size Distributions
The utilized size distributions were extracted from

literature data measured by the Swiss National Air Pollution
Monitoring Network and other researchers (Mathis ef al.,
2004; Keskinen and Ronkko, 2010; Stephens et al., 2013;
Tiwari et al., 2014; Scungio et al., 2017). We considered
emissions from 3D and laser printers and emissions from
combustion processes (diesel, kerosene, liquefied petroleum
gas, firewood or dung cake) and ambient airborne particles.
All number size distributions were measured based on the
electrical mobility diameter either by (different kinds of)
Scanning Mobility Particle Sizers (SMPSs; combustion
derived particles, ambient aerosols and 3D printer emissions)
or a Fast Mobility Particle Sizer (FMPS) in case of the
emissions from laser printers. For comparability reasons and
with regard to the assessment of their respective deposition,
the number size distributions were normalized by the total

number concentration.
Keskinen and Ronkkd (2010) and Mathis et al. (2004)

reported that the nucleation mode in the diesel size distribution
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was found to be dependent on the relative humidity (RH) of
the diluting air. For their experiments, the humidity of primary
dilution (PRH) was less than 5%. For the study with the coal,
dung cake, firewood, kerosene and LPG size distributions, the
authors (Tiwari ef al., 2014) mentioned that the RH ranged
between 50% and 75% for all the measurements. The
utilized size distributions of the monitoring station of the
Swiss National Air Pollution Monitoring Network (NABEL) in
Ziirich for summer and winter 2017 were averages over one
month in each case. The investigated time range contained
dry periods and rain events, and therefore varying RH values.
An average over one month compensated daily variable events,
such as the effects of RH. For the laser printer emissions, the
RH was continuously controlled. The monitored RH values
were 50 £ 10% (Scungio et al., 2017). Therefore, most of
the aerosol data used in this study were measured with RH
range of 40—-75% and the effect on measurements by FMPS
and SMPS was not expected to be strong. Fig. 1 depicts the
considered number size distributions of ambient air, soot
particles and printer emissions.
As shown in Fig. 1, the main modes of the utilized size
distributions are in the size range of 5-500 nm. Some
distributions (e.g., the ambient particles measured by the

= == = Ambient air Ziirich winter
Ambient air Ziirich summer

Diesel

m— Coal
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Fig. 1. Normalized size distributions extracted from the literature: Ultrafine particles in ambient air for winter and summer
2017 in Ziirich from the Swiss NABEL, soot particles from the combustion of diesel, coal, liquefied petroleum gas (LPG),
firewood, dung cake and kerosene and particle emissions from 3D and laser printers (“Laser printer worst case” refers to the
laser printer emitting particles with the smallest diameters among several laser printers; “Laser printer median” is their
median size distribution) from Mathis et al. (2004), Keskinen and Ronkko (2010), Stephens et al. (2013), Tiwari et al. (2014)

and Scungio ef al. (2017).

500
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Swiss NABEL for summer 2017 in Ziirich) show rather
broad modes. Some contain one major mode (e.g., laser
printer emissions) whereas others are multimodal (e.g., the
ambient particles measured by the Swiss National Air Pollution
Monitoring Network at the NABEL station for winter 2017
in Ziirich). In addition, a broad variety of diameters of main
modes of the size distribution was covered with these
different size distributions. Laser printers for example emitted
rather small particles whereas others such as combustion of
firewood or dung cake emitted rather big particles. To derive
the so-called “main mode” we fitted the single modes in the
size distributions using lognormal functions in the Origin
software. For multimodal size distributions, the diameter of
the main mode was calculated as weighted average of the
modes in the size distribution considering the area of each
mode. The areas of each mode were used to calculate their
relative percentage. The percentages were multiplied with
the mode diameter and summed up. The result gave the
diameter of the main mode.

Conversion of the Electrical Mobility Diameter into the
Aerodynamic Diameter

The multiplication of measured size distributions with the
lung deposition curves was only possible if both functions
utilized the same particle diameter. All the extracted number
size distributions from literature data were measured based
on the electrical mobility diameter (d,,) whereas the lung
deposition curves calculated by the MPPD model used the
aerodynamic diameter (d,). Especially, if the effective
particle density strongly depended on the particle diameter
or if the particles had high density, there would be a
significant difference between these two diameters. Thus,
we converted the measured electrical mobility diameter into
the aerodynamic diameter for all size distributions.

Particularly for soot aerosols, the effective particle density
was strongly dependent on the particle diameter. Hence, we
explain the conversion exemplarily for soot particles.
Similarly, the diameters of the ambient aerosols and printer
emission size distributions were converted by applying
Formula (1) from Hammer et al. (2019):

500 -
dpy

400 {  =——d,
300 -

200 A

100 -

Particle diameter (d,, or d,) (nm)

0 T T
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g, = [2rCld) [ 2uCeldn) ad”
PoxCe(d,) pCc(d,) \ p,

where the particle density of carbon (main component of soot)
pp = 2146 kg m3; density po = 1000 kg m™>; and a shape
factor y =1 for the first approximation, the Cunningham slip
corrections Cc(dy), Cc(de), Cc(ds) of the mobility diameter
dn, the volume equivalent sphere diameter d. and the
aerodynamic diameter d,, the mass mobility exponent of the
particle Dy and a pre-factor a, which also accounts for the
unit of kg m=. For soot aerosols a Dyof 2.5 and a pre-factor
of 0.2 were assumed as in Durdina et al. (2014) and Hammer
et al. (2019). We calculated the Cc(d,) and Cc(d,) for the
investigated size range below 500 nm. Their values were
nearly equal. For this study, we assumed equal values.

The discrepancy between d, and d, became obvious
especially in case of large soot acrosols as shown in Fig. 2.
For diameters smaller than 86 nm, the difference between
the two diameters lay within the range of several nanometers
and d, was slightly larger than d,,. Once the particle mobility
diameter exceeded 86 nm, d, was smaller than d,.

Conversion of Number Distributions into Surface Area
and Mass Distributions

In order to get the corresponding surface area
distributions, the measured particle number size distributions
were multiplied by the surface area of a sphere. The
assumption of spherical particles was consistent with the
assumption applied in the underlying measurement technique,
the SMPS to obtain the particle number size distributions. In
addition, the number size distributions were converted into
mass distributions by multiplying with the volume of a
sphere and size dependent effective particle densities. For
ambient aerosols and printer emissions, the effective aerosol
densities showed nearly constant values independent of the
diameter. For ambient aerosols a particle density of 1.2 g cm 3
was presumed by the Swiss National Air Pollution Monitoring
Network. For the emissions from 3D printers the particle
density was 2 g cm > (Stephens et al., 2013) and for laser

0 100 200

T T 1

300 400 500

Electrical mobility diameterd,, (nm)

Fig. 2. Discrepancy of the aerodynamic diameter (d,;) and the electrical mobility (d,,) for soot aerosols.
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printer emissions a value of 2 g cm > was measured by Scungio
etal. (2017).

However, the effective density was strongly dependent on
the particle diameter for soot aerosols as shown in Formula (2)
from Durdina et al. (2014). By comparing size dependent
effective density curves, we identified that this equation was
applicable for different kinds of combustion derived soot
particles.

P (kgm™)=0.2d,>*" 2)

Definition of Lung Deposited Concentration and
Effective Lung Deposited Particle Dose

The effective lung deposited dose depended on several
factors such as the lung deposited particle concentration, the
exposure time and the inhalation flowrate of the considered
target (human being or animals). It is shown in Formula (3).

effective lung deposited dose = lung deposited particle
concentration (d,) X exposure time X inhalation flowrate

©)

Exposure time and inhalation flowrate act principally as
scaling factors. A comparison among different targets (human
being or animals) needs to be done via the lung deposited
particle concentration or the lung deposited aerosol fraction.
We calculated the lung deposited particle concentration
specifically for the deep-lying lung regions (AL, TB and AL
+ TB) and based on different metrics (number, surface area
and mass). It depends on the particle size as shown in
Formula (4).

lung deposited particle concentration (d,) = aerosol
concentration of a particle size distribution at a specific
size (da) * MPPD deposition efficiency in the AL, TB or
AL + TB at a specific size (da) 4

where the aerosol concentration is either in # cm ™, m? cm™
orgcm’,

The integration of the size dependent lung deposited
particle concentration over the considered size range and
dividing the result by the total aerosol corresponds to the
dimensionless lung deposited particle fraction (shown in
Formula (5)).

lung deposited particle fraction =

Jlung deposited concentration (d,,) 5)

Jaerosol concentration in the ambient air (d,, )

Calculation of the Lung Deposition Using the MPPD
Model

We employed the MPPD model (ARA Inc., 2016; Miller
et al.,2016) for the assessment of the lung deposited particle
concentrations. Generally, the considered lung morphology
in the MPPD model was dividable into three parts: head
airways, trachea-bronchus and the pulmonary region, which

1087

corresponds to the alveoli. We calculated the deposited particle
concentrations in the deep lung (alveoli and trachea-bronchus).
Here, we devoted a focused discussion on the deposition
mechanisms of the MPPD model. Based on Yeh and Schum
(1980), the total deposition efficiency, Py, was the sum of
the deposition by diffusion Pp, the deposition by impaction
P; and the deposition by sedimentation Ps (Formula (6)).
Deposition by diffusion is the dominant deposition mechanism
for small particles (< 300 nm). Impaction and sedimentation
are significant for bigger particles. Therefore, big particles
deposit mainly by impaction and sedimentation in the head
airways and in the trachea-bronchus. Small particles deposit
by diffusion mainly in alveolar and also the trachea-bronchial
lung parts and just to a small degree in the head airways.

PZ:PD‘FPS‘FP[ (6)

The different sub-terms of the deposition Py depended on
the considered target (human being or animals) and on their
activity. For more information see also Yeh and Schum
(1980), ARA Inc. (2016), Miller ef al. (2016) and Hammer
et al. (2019). With the help of the following equations from
Yeh and Schum (1980) the dependencies on the airway
radius R, the length of the airway segment L or the airflow

velocity Y could be explained in more detail. Assuming
laminar flow, the probability for deposition by diffusion Pp
was defined by the factor x, which depended on the
aforementioned factors and the diffusion coefficient of
particles D:

LD
=R M

for which Pp was:

P, =1-0.819¢7%% —0.0976¢ ™ —0.325¢ " ®
~0.0509¢™"4* —0.0509¢ 731"

The deposition by sedimentation was defined by the
probability for sedimentation Ps, the density of a particle p,
and the inclination angle relative to gravity @ (& = 0° for a
horizontal tube).

—4gC.(d,) p,r,’ Leos@
97RO

Py =1-exp ©)

The deposition probability for impaction P; depended on
the branching angle (in radians) 6 and the Stokes number
Stk:

C.(d r’o
S,,FM (10)
9uR

where r, was the radius of the particle and u was the
viscosity of the fluid:
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2 1
P, =1-=cos™ (0 Stk)+—si (6- Stk 11
) —cos ( )+ﬂsm(cos ( )) (11)
for 6-Stk < 1

Pr=1for §-Stk> 1 (12)
We calculated the deposition of UFPs in the lungs of human
beings and several animals including pig, rat and rabbit and
investigated whether there was a best animal surrogate
concerning inhalation exposure studies by investigating the
similarities of the lung deposited particle fractions.

Fig. 3 shows the particle deposition efficiencies with
increasing particle diameters. From 10 nm all TB deposition
curves decrease with increasing particle diameter. Only the
TB deposition curve slightly increases above 120 nm. The
human TB deposition curve shows by far the highest
deposition values at small particle diameters. It starts with
the highest value of 47% at a particle diameter of 10 nm
followed by rat with 28%, rabbit with 21% and pig with
13%, which shows the lowest deposition.

In case of particle deposition in the alveoli, the shape of
the deposition curve is slightly different. All deposition
curves show a peak point where the highest deposition
occurs. The AL deposition curves of rats and humans peak
at about 35 nm with values 0of 31.3% and 29.4%. In addition,
their shapes are similar. The AL deposition curves of rabbit
(37.1%) and pig (20.5%) peak at smaller diameters, about
23 nm for pig and about 18 nm for rabbit. With regard to
total deposition in the deep lung, we combined the deposition

50%

40% ~

30%

20%

Particle deposition efficiency (%)

10%

0%

e===MPPD Human AL ==—MPPD Pig AL
N = ==MPPD Human TB ===MPPD Pig TB
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in the AL and TB regions to AL + TB.
RESULTS AND DISCUSSION

With the focus on UFP deposition in the deep lung regions,
we scrutinized the deposited particle concentration in the
alveolar and trachea-bronchial regions. We investigated if
there was a correlation of the total alveolar, trachea-bronchial
or AL + TB deposition and the particle concentrations in the
ambient air. The main results are summarized in Fig. 4,
Fig. 5 and Table 1.

Fig. 4 shows the calculated lung deposited concentrations
in the AL + TB, AL and TB for all considered aerosol size
distributions based on different metrics—number (Fig. 4(a)),
surface area (Fig. 4(b)) and mass (Fig. 4(c))) for human
beings, pigs, rats and rabbits versus the measured ambient
particle concentrations. The shown values represent the total
deposited concentrations after integration. The calculated
total deposition concentration correlates with the measured
particle concentration in the ambient air: the higher the
concentration of ultrafine particles in the ambient air, the
higher also the deposited lung deposited concentration. In
case of mass as the considered metric the increasing trend is
influenced by the density of the particles.

The average slopes of the correlations in Fig. 4 were
compiled in Table 1. The values corresponded to the average
deposited particle fraction. It is difficult to distinguish the
single points in Fig. 4, but we were mainly interested in the
slopes of these correlations.

== MPPD Rabbit AL
===MPPD Rabbit TB

MPPD Rat AL
MPPD Rat TB

Inhalation flowrate:

Human 7500 {ml/min)
Pig 7168 (ml/min)
Rat 204 (ml/min)
Rabbit 1189 (ml/min)

R

- -
T - — -

-
-
- -
-
it |

10

100

Aerodynamic particle diameter (nm)

Fig. 3. Size dependent particle deposition efficiencies in the alveolar (AL) and trachea-bronchial (TB) regions of human and

animal lungs (modified from Hammer ef al., 2019).
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Fig. 4. Lung deposited particle concentrations in the alveoli (AL) and trachea-bronchus (TB) and AL + TB for various
aerosols, calculated based on different concentration metrics (number, surface area and mass) for human beings, pigs, rats
and rabbits versus the measured ambient particle concentrations (number, surface area and mass). (a) shows the lung
deposited particle concentrations based on number; (b) and (c) show the lung deposited particle concentrations based on
surface area and mass.
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Fig. 5. Dependency of the lung deposited aerosol fractions in AL + TB on the diameter of the main mode for various targets:

(a) human, (b) rat, (c) pig, (d) rabbit.

Table 1. Deposited particle fractions in alveoli (AL), trachea-bronchus (TB) and AL+TB for various aerosols based on
different concentration metrics (number, surface area and mass). The applied inhalation flowrates were 7500 mL min™' for
humans, 7186 mL min™! for pigs, 204 mL min™' for rats and 1189 mL min™! for rabbits.

Number Surface area Mass
TB AL AL+ TB TB AL AL+ TB TB AL AL+ TB
Human 19% 21% 40% 12% 16% 28% 11% 15% 26%
Pig 6% 13% 19% 5% 10% 15% 5% 9% 14%
Rat 11% 23% 34% 7% 18% 25% 6% 16% 22%
Rabbit 6% 20% 26% 3% 13% 16% 3% 12% 15%

As shown in Table 1, the deposited fraction was affected by
the different targets (human, pig, rat, rabbit) and the
concentration metrics (number, surface area, mass). Aerosol
deposition in the deep lung was higher in terms of number
as compared to surface area and mass. In the human case,
this corresponded to 40% (number) compared to 28% (surface
area) and 26% (mass). Since lung deposition efficiency curves
of rats and human beings were relatively close, also their
lung deposited particle fractions were similar. The same held
true when number, surface area or mass was the considered
metric. 34% of the ambient particles were deposited in the
lungs of rats based on number as the considered metric and
25% or 22% in case of surface area or mass. The deposition
fractions in the lungs of pigs and rabbits were 26% and 19%
based on number, 16% and 15% based on surface area and
15% and 14% based on mass. Due to this similarity rat
among the considered animals was the best surrogate for
inhalation exposure studies. Independent of the considered
target (human being or animals), deposition fractions based

on surface area and mass were to some extent smaller than
deposition fractions based on number. Comparing deposition
in the alveoli and the trachea-bronchus, the alveolar deposited
particle fraction was in any case higher than or at least equal
to the trachea-bronchial deposited particle fraction.

A further interesting point was the investigation if the lung
deposited particle fraction depended on the diameter of the
main mode of the considered ambient particle size distributions.
According to Fig. 5, the deposited particle fraction decreased
with increasing diameter of the main mode of a size
distribution. This trend is strongly pronounced for the human
case, less for rats and rabbits and marginal for pigs, indicated
by the slopes of the fitting lines in Fig. 5. Up to 58% of the
particles from laser printers (worst case) with a very narrow
size distribution and a diameter of the main mode of 11.8 nm
were deposited in the deep lung; for soot particles generated
in the combustion of dung cake with a diameter of the main
mode of 268 nm, the deposited fraction was down to 24%.

The comparison of the average slopes of the deposited
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particle fraction versus the diameter of the main mode,
plotted in Fig. 5, showed that there were differences between
human beings and the considered animals. This implies that
the targeted species needs to be considered in, e.g., a toxicity
assessment. In the human case, the fitting lines showed steep
slopes indicating a stronger dependency of the lung deposited
aerosol fraction on the diameter of the main mode compared
to rats, pigs or rabbits. In case of pigs, the fitting lines were
almost flat indicating that aerosol deposition in the lungs of
pigs was not strongly influenced by the diameter of the main
mode of the ambient aerosol.

The main goal of this study was to investigate the
relationship between the airborne UFP concentration in
ambient air and the lung deposited particle concentration.
We found such a relationship by estimating the lung deposited
fractions of various ambient aerosol size distributions using
the lung deposition curves of the MPPD model for human
beings and animals. However, the lung deposited fractions
depended also on the main mode of the considered size
distributions: the smaller the main mode of the considered
size distribution, the higher the lung deposited particle fraction.
As aforementioned, the lung deposited particle fraction is
directly linked to the effective dose via factors such as the
inhalation flowrate and the exposure time. However, these
factors basically function as scaling factors. Considering
equal exposure time and the different inhalation flowrates of
7500 mL min~' for human beings, 204 mL min' for rats,
7168 mL min! for pigs and 1189 mL min ™! for rabbits, the
effective doses for humans and pigs would be much higher
compared to those of rabbits and particularly rats. Thus,
humans and pigs would be affected to a higher degree by
inhaling the same size distribution. We focus our investigation
primarily on the lung deposited particle fraction, which can
be compared more effectively.

Considering all lung deposition results of all particle size
distributions in this study (Table 1), we can conclude that
particle deposition in the alveoli is in any case higher than
or at least equal to that in the trachea-bronchus and that the
considered metric (number, surface area or mass) and target
(human being or animals) affect the deposited particle
fraction.

We compared the lung deposited particle fractions of
human beings and several animals in order to find a potential
animal surrogate for human beings in exposure studies.
Based on our calculations, particle deposition in the lungs of
rats was similar to that in the lungs of human. Thus, rats
could be such a surrogate.

In the present study, we focused on the deposition of
aerosols with different size distributions in the deep lung. In
the future, it might also be interesting to investigate the
effect of humidity (in the ambient air or in the lung) on the
aerosol deposition in the lung. Moreover, the aerosol deposition
could be linked with the intrinsic aerosol particle toxicity,
which would allow determining the effective toxicity of UFPs.

CONCLUSION

We assessed the exposure to UFPs in the ambient air and
in different occupational settings using lung deposition
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values calculated by the MPPD model. We also investigated
the deposited particle concentration’s relationship with the
particle size distribution as well as individual regions of the
respiratory system (the trachea-bronchus and alveoli) for
human beings and animals by employing the particle
number, surface area and mass as metrics.

The average lung deposited particle concentration (the
sum of the alveolar and trachea-bronchial deposited
concentrations divided by the ambient concentration) was
positively correlated with the total concentration of the
ambient aerosol and weakly dependent on the considered
metric: the higher the ambient UFP concentration, the larger
the deposition in the alveoli and trachea-bronchus.

In all cases, the average alveolar and trachea-bronchial
deposited fractions were larger when measured by particle
number than by surface area or mass. Compared to the other
studied species, human beings exhibited larger fractions of
deposited UFPs in the alveoli and trachea-bronchus.
Furthermore, these fractions were affected by the diameters
of the size distributions’ main modes: Smaller diameters
resulted in larger fractions. Based on our comparison of the
effects on human beings versus other species, rats may be a
suitable surrogate for humans in exposure studies. Our study
aims at a better understanding of the relationship between
the particle parameters measured in exposure studies and
dose metrics in the lung, thereby facilitating an accurate risk
assessment of ultrafine ambient particles.
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