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Measurement of the human respiratory tract deposited surface area of

particles with an electrical low pressure impactor

Particle deposition in the human respiratory tract is considered to have negative effects on
human health. The lung deposited surface area (LDSA) is an important metric developed
to assess the negative health effects of particles deposited in the alveolar region of the
human respiratory tract. The measurement of the LDSA is frequently based on the
detection of the electrical current carried by diffusion charged particles. Various
conversion factors can be used to convert the electric current into LDSA concentration
with relatively good accuracy up to the size about 300-600 nm. In this study, we
introduce stage-specific LDSA conversion factors for electrical low pressure impactor
(ELPI+) data, which enable accurate and real time LDSA concentration and LDSA size
distribution measurements in the particle size range from 6 nm to 10 um. This wide size
range covers most of the alveolar deposition of particles, which has not been possible
previously by electrical methods. Also, the conversion factors for tracheobronchial and
head airways particle surface area deposition were determined, and the stage-specific
conversion factors were compared with the single-factor data conversion method.
Furthermore, the stage-specific calibration was tested against real-world particle size
distributions by simulations and against laboratory-generated aerosols. Particles larger
than 300 nm were observed to significantly affect the total LDSA concentration. Stage-
specific conversion factors are especially required while measuring aerosols containing
larger particles or when considering the surface area deposition in the tracheobronchial
region and head airways. The method and the conversion factors introduced in this study
can be used to monitor LDSA concentrations reliably in various environments containing

particles in different size ranges.
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Introduction

Particulate matter is known for causing negative health effects. Air pollution and
especially fine particulate matter (PM2.5) have been strongly linked with premature
deaths (i.e. Dockery et al. 1993). Today, particulate matter is still a major health
problem world-wide. It has been estimated that PM2.5 causes world-wide about 3.3

million premature deaths per year (Lelieveld et al. 2015). Also, the coarse



particulate matter (PM10) has been found to affect the daily mortality rate (Meister
et al. 2012). Particulate matter also contributes to the incidence of various
cardiopulmonary and other diseases (Burnett et al. 2014).

The mechanisms of how particles affect human health are still unclear
even though evidence for the harmful health effects of particulate matter is strong.
In various toxicological studies, it has been found that the particle surface area may
have a stronger correlation with the negative health effects of fine particles than the
number or mass concentration (Brown et al. 2001; Oberdorster et al. 2005). A
relevant metric to estimate the particle surface area concentration deposited in the
alveolar region of human lungs is called the lung deposited surface area (LDSA).
Especially for ultrafine particles, the LDSA is potentially the most relevant metric
for the exposure since the toxicity of ultrafine particles may be higher than the
toxicity of larger particles with the same composition (Johnston et al. 2000;
Karlsson et al. 2009). One factor explaining this relation could be the production of
harmful reactive oxygen species on particle surface, which is dependent on the
reactive surface area (Hamilton et al. 2008).

The human respiratory tract can be divided into three major
compartments. One of them is the above mentioned alveolar region, where the
interaction between lungs and pulmonary circulation takes place. The other two
main compartments are tracheobronchial region and head airways. Particle
exposure in the human lungs, which consist of alveolar and tracheobronchial
region, is linked to various diseases including lung cancer, acute lower respiratory
tract infections and chronic obstructive pulmonary disease (Burnett et al. 2014).
According to a recent study by Maher et al. (2016), fine particles pose a risk of
damaging the human brains by entering directly through the olfactory nerve. This
emphasizes the relevance of the head airways region in the deposition of fine
particles, which may not have been considered to be relevant with respect to the
negative health effects of the particulate matter, at least if compared to alveolar

deposition of particles.

Majority of particles below the size of 10 um enter the human
respiratory tract and the region of deposition depends significantly on the particle



size (ICRP 1994). Larger coarse particles deposit mostly by their inertial effects,
whereas nanoparticles deposit mainly by Brownian diffusion. Deposition based on
the inertial effects is characterized with the aerodynamic diameter, whereas
deposition by the diffusion is characterized by the mobility equivalent diameter
(Hofmann 2011). To estimate particles’ region of deposition accurately, both
diameter concepts must be taken into account, which may cause problems in the
LDSA measurements or in the calibration of instruments, because the instruments
usually measure either electrical mobility or aerodynamic size, but not both.
Diffusion charger based instruments are often used to measure the LDSA
concentration because of the strong correlation between the LDSA concentration
and the particle charge after unipolar diffusion charging in a certain particle size
range. There are multiple diffusion-charger-based real-time instruments that
measure LDSA, such as a nanoparticle surface area monitor (NSAM) (Fissan et al.
2007), miniDiSC (Fierz et al. 2011), Partector (Fierz et al. 2014) and Pegasor PPS-
M (Rostedt et al. 2014; Jarvinen et al. 2015). These instruments measure the total
current of diffusion charged particles and convert it to the LDSA concentration
using more or less a single conversion factor. This method is reasonably accurate
up to the size about 300-600 nm, which enables for instance the measurement of
combustion-generated particles in ambient environments (e.g. Kuula et al. 2019).
However, it is reasonable to expect that, without any size dependency in
measurements, the diffusion charger based measurement may underestimate the
LDSA concentration if the studied aerosol contains particles larger than the

aforementioned upper limit.

The outdoor LDSA concentrations that people are exposed to have been
found to be at the highest close to traffic (Kuuluvainen et al. 2016), which is
considered to be a significant risk to cause premature deaths by lung cancer
(Raaschou-Nielsen et al. 2013). Particles from traffic emissions are mostly smaller
than 200 nm (Pirjola et al. 2017). Thus, the aforementioned single conversion factor
method for measuring the LDSA concentration is usually enough for a reasonably
accurate LDSA measurement. However, high concentrations of particles up to 1
pm also exist in certain conditions in urban environments (Monkkénen et al. 2005;
Pirjola et al. 2017). Especially in the northern countries during the winter and
spring the fraction of particles larger than 1 um may increase significantly because



of the use of traction sand and studded tires (Johansson et al. 2007). This indicates
that more accurate real-time measurement for LDSA with a wider measurement
range is needed to have a better understanding of its sources and health effects in
urban environment. Another major source of LDSA is residential wood
combustion, where particle sizes are usually larger than in traffic (Pirjola et al.
2017), which contributes to higher surface area exposure with the same number of
particles.

An electric low pressure impactor (ELPI) (Keskinen et al. 1992;
Marjamaki et al. 2000) and its renewed version (ELPI+) (J&rvinen et al. 2014) have
been used to measure the LDSA concentration and size distribution by using the
same single conversion factor method as the other common LDSA devices
(Kuuluvainen et al. 2016; Kuuluvainen et al. 2018). This calibration however has
the same inaccuracy with the suitable size range and in the size distribution
measurement as discussed above. Thus, the method is insufficient for the LDSA
size distribution measurements if the studied aerosol contains substantial amounts

of particles larger than the aforementioned 300-600 nm.

In this study, the ELPI+ data analysis was developed to measure the
LDSA concentration and size distribution by calculating stage-specific LDSA
conversion factors for each of its fourteen impactor stages. The target is to achieve
more accurate measurement of the LDSA size distribution and concentration in the
measurement range from 6 nm to 10 um. In addition, the conversion factors are
calculated for the tracheobronchial and the head airways surface area deposition to
achieve a comprehensive measurement of the total human respiratory tract surface
area deposition. The analysis is compared to the single calibration factor method
used e.g. for various LDSA sensors and e.g. by Kuuluvainen et al. (2016) for LDSA
size distribution measurements (referred here as a single-factor method). In this
paper, the particle surface area deposition in the alveolar region deposition is
referred as LDSA and the other regions as tracheobronchial and head airways

deposition.



ELPI+ Instrument

The electrical low pressure impactors, including the prototype (Keskinen et al.,
1992) and the commercial versions (ELPI; Marjamaki et al., 2000, and ELPI+;
Jarvinen et al., 2014), all share a common operating principle. The ELPI takes the
aerosol sample first into a unipolar diffusion charger. In the charger, unipolar
corona discharge ionizes air and the unipolar charger ions are attached on the
particles. The excess ions are removed from the flow by an electric field in an ion
trap. The charged particles are then classified in a cascade impactor according to
their aerodynamic size. Impactor stages are electrically insulated from each other
and connected to electrometers. This enables the measurement of the particles by
detecting the electric current, which is produced by the collected charged particles,
from the separate stages. The electric current I that the collected charged particles
produce after the charger is described with an equation

I = NPneQ, (1)

where N is the particle number concentration, e the elementary charge, Q the flow
rate through the instrument and Pn the charger efficiency function. The charger
efficiency composes of particle penetration term P and average number of electric
charges per particle after the charger n. The charger efficiency depends on particle
mobility equivalent diameter, thus the particle effective density needs to be
determined during the measurement. The charger efficiency has been previously
determined in the ELPI+ calibration (Jarvinen et al. 2014). The detection of the
electric current in different impactor stages enables the measurement of particle
number concentration in stages’ size range, thus enabling the measurement of

particle size distributions.



Measurement of the respiratory tract surface area deposition of particles by
using ELPI+

Particle deposition in the human respiratory tract

The main mechanisms of particle deposition in the human respiratory tract are
inertial impaction, sedimentation, interception and Brownian diffusion (Hoffman,
2011). As mentioned in the introduction, the deposition method and the region of
deposition in the human respiratory tract depends on the particle size. The inertial
impaction and sedimentation are the dominant deposition method for coarse
particles larger than 1.0 um, whereas the thermodynamic Brownian diffusion is
dominant with particles smaller than 0.1 um. A model for particle deposition in the
human respiratory tract is presented in a report by International Commission on
Radiological Protection (ICRP, 1994).

In the ICRP model, particle deposition in the different respiratory tract
regions is determined semi-empirically by using parametrical values for inertial and
Brownian deposition. In the model, the parametrical values for respiratory tract
deposition depend e.g. on gender, age and breathing rate. Simplified equations for
the respiratory tract deposition based on the ICRP model are represented for
alveolar, tracheobronchial and head airways deposition in Hinds (1999). In these
equations the deposition efficiency is calculated from the ICRP model by averaging
male and female data with different physical activities i.e. breathing rates. These
simplified equations are commonly used in the calculation of the respiratory tract
deposition, since they give good information about the average particle exposure.
These equations are used in this study as well.

In the Hinds’ equations, particle deposition efficiency as a function of
particle diameter is estimated for spherical particles with the unit density of 1
g/cm?®. Deposition curves for these equations are represented in Figure 1. The
change of main deposition mechanism from the inertial effects to the Brownian
diffusion can be seen as a drop in the deposition efficiencies near the size of 0.5
pm. Reason to this is that both inertial and Brownian depositions are relatively

small in this size. The approximate efficiencies of inertial and Brownian



depositions are shown separately In Figure 2a.
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Figure 1. Particle deposition in the human respiratory tract as a function of particle size
according to ICRP (1994) and Hinds (1999).

Change in particle density can change the inertial deposition efficiency,
whereas it does not affect the Brownian deposition efficiency. The effect of the
particle density in the deposition efficiencies as a function of particle mobility
equivalent diameter is shown in Figure 2b. The change in particle density can be
seen in the peak diameter of inertial deposition, which shifts to left or right
depending on if density is higher or lower than the unit density, respectively. This
effect needs to be taken into account in the deposition calculations. In Hinds
(1999), it is suggested that, with particles larger than 0.5 pum, aerodynamic size
should be used in the equation and, with particles smaller than 0.5 um, mobility
equivalent diameter should be used. This calculation causes deposition efficiency
curves to be discontinuous in the size of 0.5 pm, due to the fact that the
aerodynamic and mobility equivalent diameters are not equal. This discontinuity is
shown in Figure 2b. It is also needed to determine, which diameter concept is used
to determine the cut-off in the size of 0.5 um. In reality, both inertial and Brownian
deposition are acting simultaneously, which is significant in the size range from 0.1
pm to 1.0 um. In the ICRP model, the total deposition efficiency is calculated by

the equation



DF = \/DFiZnertial + DF]23rownian’ (2)

where DFinertial IS the inertial deposition efficiency and DFgrownian the Brownian
deposition efficiency. To take this into account with the simplified equations, two
separate deposition functions for the inertial and the Brownian depositions needs to
be determined. With this method, it is possible to estimate the change in the inertial
deposition, which allows more accurate estimation for the particle deposition with
different densities. In Hinds (1999) the alveolar deposition fraction as a function of

particle size with the unit density is determined with the following equation

0.0155

DF,, = ( - )[exp(—o.416(|n d, +2.84)?) + 1911 exp(—0.482(In d,, —

1.362)2)], ©)

where d, is the diameter (um) of spherical particles with the unit density (1 g/cm?).
The equation is determined in two parts, which is also seen in the deposition curve
in Figure 2a, which consists of two different peaks. The peak near the size of 20 nm
can be approximated to represent the Brownian deposition, whereas the peak near
1.5 um represents the inertial deposition.

By separating the function into two parts, deposition efficiencies for the

Brownian and the inertial depositions can be written as

0.0155
Adm

DFal,Brownian = ( ) [exp(—0.416(ln dm + 284)2)]1 (4)

0.0155
da

DFatinertial = (o) [19.11exp(-0.482(Ind, — 1.362)))],  (5)

where dnm is the particle mobility equivalent diameter and da the aerodynamic
diameter. Now, when the particle effective density is not the unit density, the
change in the inertial deposition based on Equation 5, can be calculated as

ADFal,inertial = DFal,inertial(da) - DFal,inertial(dm)- (6)



As mentioned above, the inertial deposition and the Brownian deposition occurs
simultaneously, thus the change in the inertial deposition is not equal to the change
in the total alveolar deposition. Now, Equation 2 is applied to estimate the effect of
Equation 6 to the total deposition efficiency.

DFal = DFall = = ( ADFZ + DFZ - DFal,Brownian)- (7)

al,inertial al,Brownian

where the sign of the latter term depends on the sign of ADFaiinertiar. In all, this
calculation method presented in Equations 3-7, is an approximation of the effect of
the particle density in the human respiratory tract deposition, but as can be seen
from Figure 2b, it gives more realistic result for the deposition curve than the
discontinuous cut method in the size 0.5 pum, which Hinds (1999) suggests. Overall,
the Hinds’ equations are generalized and the actual deposition efficiencies of
particles are individual and also depended on the person’s physical activity. Thus,
the deposition efficiencies in this study are based on the average case, which might
differ slightly from the real exposure. However, the use of the average deposition
efficiency gives useful information about the general particle exposure in different

environments, which is important especially in monitoring measurements.
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Figure 2. a) Particles’ inertial, Brownian and the total deposition efficiency functions

for alveolar region with the unit density of particles. b) Alveolar deposition efficiency



with different particle effective densities based on Equations 3-7. The efficiencies are
also compared to the cut method, which was calculated by using aerodynamic particle
size as the cut diameter in the size of 0.5 pum.

The same calculation method can also be applied for the
tracheobronchial and the head airways deposition. The deposition efficiencies of
these regions are shown in the Supplementary and the total deposition of particles
in each region can be calculated by using Equation 7.

Conversion factors for ELPI+

In this study the conversion factors for ELPI+ are calculated for the alveolar,
tracheobronchial and head airways surface area deposition. The conversion factors
are calculated for the electric current data from the impactor stages, which is related
to the aerosol concentration and size according to Equation 1. The calculation of
the conversion factors is based on the general calibration of ELPI+ made by
(Jarvinen et al., 2014). The deposited surface area Adep IS determined simply by
combining the particle number concentration N, particle surface area A and the
total deposition efficiency in the region DFregion, Which is estimated with Equation
1.

Adep = NADFregion- (8)

The ELPI+ response coefficient B is defined by dividing the deposited surface area
concentration (Equation 8) with the electric current carried by the particles
(Equation 1)

— Adep _ ADFregion
ﬁ ~ 1 7 pPneg (9)

The particle effective density is required to be estimated in the ELPI+
measurement. This is because the ELPI+ classifies the particles according to their
aerodynamic size and the charger efficiency depends on the particle mobility
equivalent size. In the measurement of the respiratory tract deposition of particles,

the effective density also affects the deposition efficiency of particles as mentioned



before. However, it needs to be noted that even though the particle effective density
is estimated, the particle physical shape still affects the measurement accuracy, as
the actual physical surface area of particles cannot be measured. The particles in
this calculation are assumed to be spherical.

The LDSA response coefficients for ELPI+ with different effective
densities of particles are shown in Figure 3. As can be seen, the response
coefficient consists of two peaks and it increases rapidly with all shown densities
near size 300 nm. This indicates that the single-factor method is not accurate for a
LDSA measurement if the aerosol contains a significant particle concentration in
sizes larger than 300 nm. The main reason for the increase is the fact that particle
surface area is correlated with the square of the particle size, whereas the diffusion
charged current correlates with the particle size nearly linearly. Particle effective
density can also have significant impact to the response coefficient. With particles
smaller than 300 nm, the effect of density can be seen mostly in the peak diameter,
which shifts to right or left depending on density. This is because the cascade
impactor classifies particles based on aerodynamic size, but in the human
respiratory tract, the deposition of particles in this size range is dominated by the
Brownian diffusion. Also, the particle charge after the charger depends on the
mobility equivalent diameter (Equation 1). With larger particles, the effect can be
seen in the height of the peak. This is because spherical particles with higher
density have smaller physical size, thus they have smaller current than particles
with lower density if their aerodynamic size is equal. Thus the response coefficient
decreases as the density increases. ELPI+ charger efficiency function is a
piecewise-defined function, which explains why the response coefficients shown in
Figure 3 are not differentiable with certain particle sizes. The response coefficient
for the tracheobronchial and the head airways deposition are shown in
Supplementary.
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Figure 3. ELPI+ LDSA response coefficient B with different effective densities of
particles.

To determine the conversion factor for each ELPI+ stage, cut-offs of the
stages are needed to be analyzed. By approximating the stages’ cut-offs to be ideal,
the conversion factors can be determined by calculating the response coefficient
factor B for the geometric mean of the stages’ cut-off diameter. ELPI+ stage cut-
offs are individual for each device, which means that the conversion factors are also
slightly different for each device. However, the ELPI+ measurements with different
instruments have shown to be well comparable with each other (Salo et al. 2019).
The stages’ geometric mean diameters for ELPI+, which is used in this study, are
based on calibration made by Jarvinen et al. 2014 and are shown in Table 1.
Understandably, the ideal cut-off approximation causes small errors in the
conversion factors, which is however acceptable due to the conceptual limitations
of cascade impactor measurement as the resolution of impactor’s size classification
is limited. The conversion factors for the ELPI+ used in this study are calculated for
spherical particles with the unit density and are shown in Table 1. According to
Jarvinen et al. 2014, the stages’ cut-points have 2 % uncertainties with 95 %
confidence intervals, thus the possible error in the stages’ mean diameters is also 2
%. This uncertainty is shown in Table 1. As can be seen, the possible error is
minimal even though it slightly increases with stages from 8 to 14. However, it
needs to be noted that long-term measurements might affect the stages’ collection
efficiencies (Garra et al. 2016).



As mentioned, the estimation of particle effective density can be a

source of inaccuracy in the measurement, and the density should be taken into

account in the conversion factors. Conversion factors with different particle

effective densities are shown in Supplementary to help selecting the correct

conversion factors in different environments. If the particle density profile can be

analyzed as a function of particle size, it is also possible to calculate the conversion

factors for each stage separately with different density values. In Supplementary the

conversion factor are also calculated with 10 % differences to the stages’

geometrical mean diameters to help in the determination of conversion factors with

different ELPI+ instruments.

Table 1. ELPI+ conversion factors to convert the electrical current data to particles’

surface area concentrations deposited to alveolar (LDSA), tracheobronchial and

head airways regions of human respiratory system. The factors have been

calculated by using the unit density for spherical particles. The geometric mean

diameter (dpmean) Of each ELPI+ impactor stage has been calculated based on

instrument’s calibration in Jarvinen et al. (2014). Error bins are calculated from 2 %

uncertainty of stages’ cut-off diameters.

Stage Alveolar Tracheobronchial Head airways

(dPmean) (LmM?/(cm?3fA)) (UmM?/(cm?3fA)) (LmM?/(cm?3fA))

1(9.71 nm) 0.0198 (0.0193- 0.0120 (0.0119- 0.0097 (0.0097-
0.0203) 0.0121) 0.0097)

2(21.8 nm) 0.0421 (0.0416- 0.0137 (0.0137- 0.0080 (0.0079-
0.0426) 0.0137) 0.0080)

3(40.6 nm) 0.0518 (0.0517- 0.0123 (0.0122- 0.0066 (0.0066-
0.0519) 0.124) 0.0067)

4 (71.4 nm) 0.0478 (0.0474- 0.0096 (0.0094- 0.0059 (0.0059-
0.0481) 0.0097) 0.0059)

5(121 nm) 0.0368 (0.0364- 0.0066 (0.0065- 0.0067 (0.0066-
0.0373) 0.0067) 0.0068)

6 (198 nm) 0.0307 (0.0307- 0.0043 (0.0042- 0.0125 (0.0121-
0.0307) 0.0043) 0.0130)

7 (311 nm) 0.0410 (0.0400- 0.0034 (0.0033- 0.0321 (0.0306-
0.0420) 0.0034) 0.0336)



8 (478 nm) 0.0765 (0.0741- 0.0063 (0.0060- 0.0893 (0.0851-
0.0789) 0.0067) 0.0937)

9 (752 nm) 0.1486 (0.1447- 0.0224 (0.0212- 0.2613 (0.2495-
0.1525) 0.0237) 0.2734)

10(1.24pm)  0.2440 (0.2411- 0.0708 (0.0683- 0.7157 (0.6919-
0.2468) 0.0733) 0.7395)

11(2.00pm)  0.2898 (0.2890-  0.1370 (0.01342- 1.4371 (1.4013-
0.2905) 0.1396) 1.4727)

12/(2.99um)  0.2824 (0.2809- 0.1787 (0.1775- 2.2202 (2.1790-
0.2838) 0.1798) 2.2606)

13 (4.41um)  0.2405 (0.2395- 0.1815 (0.1810- 3.0533 (2.9857-
0.2414) 0.1819) 3.1204)

14(7.27um)  0.1927 (0.1953- 0.1572 (0.1550- 4.9353 (4.8544-
0.1900) 0.1594) 5.0147)

The conversion factor for the single-factor method was also determined to estimate
its accuracy. As can be seen in Figure 3, this is problematic, because one
conversion factor cannot be generalized for the whole deposition range. Due to this,
it is needed to choose, which size range is the most relevant in the measurement. In
this study, the single conversion factor was determined for all deposition regions by
calculating the response coefficient by using the particle size of 100 nm, which is
commonly used in LDSA sensors (Fissan et al., 2007; Fierz et al., 2014). With the
alveolar region, this is reasonable, because the response coefficient is fairly stable
in the size range from 20 nm to 300 nm and, as mentioned, this size range is
dominant in e.g. urban traffic environments (Kuuluvainen et al 2016). However,
with the tracheobronchial and the head airways deposition, the response coefficient
varies relatively notably more and the performance of the single-factor depends
significantly on the dominant particle size. When the dominant particle size
(reference particle size) was chosen to be 100 nm, the calculated single-factor
coefficients for alveolar, tracheobronchial and head airways deposition were 0.041,
0.008 and 0.006 um?/(cm3fA) for ELPI+, respectively.



Experimental

Simulations

The stage-specific calibration of ELPI+ impactor was tested against various
theoretical particle size distributions by simulating. First, the theoretical particle
surface area deposition was calculated from number size distributions by using the
deposition curves (Figure 1), which was then compared to ELPI+ simulation
results. Simulated ELPI+ currents are based on the collection efficiency functions
presented by (Jarvinen et al. 2014). In the simulations, the particles were set to be
spherical with the unit density (1 g/cm®). Similar simulation was conducted for the

single-factor method, and the results were compared to the theoretical values.

The simulations were carried out in two parts. First, narrow one-mode
log-normal number size distributions with varying geometric mean diameters were
simulated. Geometric standard deviation was set as 1.10 to achieve detailed
dependence to the particle size. Additionally, simulations were also carried out with
more realistic empirical distributions, which were based on experimental data
obtained in urban environments reported by Mdnkkénen et al. (2005) and Pirjola et
al. (2017). Also, one distribution with coarse mode was included based on
experimental data reported by Wu et al., (2009). These distributions are presented
in Figure 4. The distribution A represents typical in traffic environments, where
fresh nanoparticle emissions of traffic contribute to high concentration of particles
smaller than 20 nm. The distribution C is more typical near combustion sources,
such as residential wood combustion or biomass burning, and also in general during
evenings and nights, when the aerosol can be more aged. The distribution B aims to
describe a mixture of fresh and aged aerosol, which is also very typical in urban
environments. The coarse mode in distribution D was measured in dust storm
conditions in an urban environment, which can be comparable to the conditions

during common street dust episodes.
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Figure 4: Empirical distributions used in the simulations. Distribution A represents
typical in traffic environments (Pirjola et al., 2017), referred here fresh. Distribution C
is typical near combustion sources, and also during evenings (Mdnkkonen et al., 2005),
referred here aged. Distribution B is a mixture of fresh and aged aerosol, which is also
very typical in urban environments. The coarse mode in distribution D is measured in
dust storm conditions (Wu et al., 2009), which can be compared to common street dust

episodes.

Laboratory measurements

The calibration was also tested against real aerosol in laboratory measurements to
support the simulation results. The laboratory measurements were carried out in
two parts: with particles below 1 pm and then above 1 um. For the smaller
particles, an evaporation condensation generator (Liu and Lee, 1975) and a tubular
furnace were utilized to generate liquid dioctyl sebacate particles (DOS, Alfa Aesar
95 %) and solid silicon dioxide (SiO2) particles, respectively. The SiO2 particles
were produced by thermally decomposing tetraethyl orthosilicate (TEOS, Alfa
Aesar 98%) in 1200 C. The generated particle size was controlled by adjusting the
gas flow through the TEOS bubbler. Both DOS and SiO2 aerosols were diluted

after the generation to achieve enough flow for the instrumentation.



The larger, over 1 um, particles were generated with a rotating brush
generator (Palas RBG 1000), which dispersed silicon carbide (SiC) test dust
(Particle Technology Ltd., 0.5 to 10 um). The produced aerosol was then directed
into a residence time chamber to stabilize the particle concentration, along with a
dilution flow, which was increased until the concentration was at a measurable

level.

In addition to changing the produced particle materials, the used
reference instrumentation changed between these two measurement ranges. For the
smaller particles (< 1 um), scanning mobility particle sizer (SMPS, TSI 3938) and
condensation particle counter (CPC, TSI 3776) were used to determine the mobility
number size distribution and the total number concentration. The reference for the
bigger particles (> 1 um) was aerodynamic particle sizer (APS, TSI 3321). In the
measurements, the produced aerosol was monitored to be stable and each sample

was measured for several minutes.

Results and discussion

Simulations

Results from the one-mode simulations for different deposition regions
are shown in Figure 5. In the Figure, the total deposited surface area concentration
calculated with both the stage-specific and the single-factor method are compared
to the theoretical concentration. Results are shown for alveolar, tracheobronchial
and head airways deposition, and also for total human respiratory system.
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Figure 5: One-mode simulation results for a) alveolar (LDSA), b) tracheobronchial, ¢)

head airways region and d) total respiratory tract deposition. The deposited surface area

concentration with both stage-specific and single-factor method is compared to the

theoretical concentration.

In the case of the alveolar region and the total respiratory tract

deposition, the single-factor calibration correlates reasonably well in the size range

from 20 nm to 300 nm. With all deposition regions, the accuracy of the single-

factor method drops drastically if particles are larger than 300 nm. Also, in the

measurement of the tracheobronchial and the head airways deposition particle

surface area it is clearly incompetent. Instead, the stage-specific method correlates

strongly with the theoretical deposition with all the deposition regions. The method

is accurate in the whole simulated size range and the difference between the

simulated and the theoretical result is less than 10 % with the majority of the

simulated distributions. The result implies that the stage-specific method is accurate

in the measurement of respiratory tract surface area deposition up to the size of 10



pm. With the stage-specific calibration, the minor differences between the
theoretical values and the simulated values may come from the size classification,
since the size resolution of cascade impactor measurement is limited, as mentioned

in section 3.2.

Results regarding the empirical particle size distributions and their
respiratory tract deposition are shown in Figure 6. The Figure shows the ratios of
simulated and theoretical depositions, for particle size distributions A-D presented
in Figure 4. Both the stage-specific and the single-factor method are reasonably
accurate with the alveolar deposition with the distributions A and B, where the
particles are mostly smaller than 300 nm. The accuracy of single-factor method can
be explained with Figure 5 as the calibration errors can balance each other with
wider distributions. As the mean particle size of the distributions increases, the
accuracy of the single-factor method drops, whereas the stage-specific method
gives accurate results. With the coarse mode distribution D, the error is significant.
In Figure 7 the simulated LDSA size distributions are shown for distributions B and
D. From the figure, it can be seen that the single-factor method is not capable to
measure the coarse LDSA mode of distribution D, which explains the results in
Figure 6. Also with the distribution B, some errors in the LDSA size distribution
can be seen, as the mean diameter of the size distribution is overestimated.
However, the results show that the single-factor method is good in the measurement
of the total LDSA concentration, when the aerosol to be measured represents fresh
exhaust or traffic site aerosol. The limitations of the single-factor method are
clearer with the tracheobronchial and head airways depositions, where the results
vary considerably with different distributions. Instead, the stage-specific method

works well with these depositions also.
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factor LDSA size distributions from the empirical distribution D (aged & coarse).

As mentioned in section 3.2, the particle effective density affects the
LDSA measurement results. The sensitivity of results in respect of the
determination of density was also analyzed with the empirical distributions. The
sensitivity was analyzed by simulating the distributions A, B, C and D with certain
particle densities varying from 0.3 g/cm? to 10.0 g/cm?. Then the theoretical result
was compared to results obtained by simulating the same particle size distribution
with stage-specific method by using the unit density of particles. With the
distributions A, B, C and D, the upper density limit corresponding to an error of 12
% compared to the theoretical result were roughly 9.9 g/cmq, 4.8 g/cm?, 1.4 g/cm®



and 1.6 g/cm?, respectively. With the distributions B, C and D, there was not lower
density limit in the simulation range, but with the distribution A, the lower limit
was roughly 0.8 g/cmd. The result indicates that the accuracy of the stage-specific
method is still reasonable even though the density is not carefully determined but
known to be relatively close to the unit density. The effect to the LDSA size
distribution can be analyzed by considering Figure 3. With particles smaller than
300 nm, the effect of change in particle density can be seen in the mean diameter of
the LDSA size distribution. With particles larger than 300 nm, the effect can be
seen in the measured total LDSA concentration. This can be seen in the simulations
as well, as the distributions A and B are less sensitive to the effect of particle
density in the total concentration than the distributions C and D because of the
smaller fraction of particles larger than 300 nm. Again, with the single-factor
method, the error in LDSA increases with the increase of share of particles larger
than 300 nm. With the tracheobronchial and head airways deposition, the stage-
specific method is more vulnerable to errors in the density estimation. The

simulation results are shown in Supplementary.

Laboratory measurements

In the laboratory measurements, LDSA concentration measured with the
stage-specific and with the single-factor calibration were compared to the reference
measurement made with SMPS and APS. The reference LDSA was calculated from
the measured number size distribution by using Equations 4-7. The calibration was
tested against three different aerosols with mean particle size below 1 pm and
against one aerosol with mean particle size 1 um. The count mean diameter of the
distributions, based on the reference measurement, were 55 nm, 115 nm, 200 nm
(mobility equivalent diameter) and 2.0 um (aerodynamic diameter) and the
geometric standard deviation varied from 1.37 to 1.50. With the smaller particles,
the particle effective density was determined by comparing the measured peak
diameters of ELPI+ and SMPS. The measurement results of the LDSA

concentration are shown in Figure 8.
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When analyzing the LDSA concentration of the SiO2 and DOS aerosols,
both the stage-specific and the single-factor method applied for the ELPI+ data
correlated relatively well with the reference measurement. However, the calibration
errors of the single-factor method, shown in Figure 5a, can still be seen even
though the errors are slightly balanced with each other with the wider size
distributions. The single-factor method underestimates the LDSA in the size range
from 20 nm to 100 nm, which explains the drop in the accuracy with the measured
SiO2 aerosol. Again, with DOS B aerosol, the fraction of particles with the
aerodynamic diameter larger than 300 nm is high, which contributes to the
underestimation of LDSA measured with the single-factor method. The measured

aerosol was stable, which reduced the error in the measurements.

In the case of the LDSA concentration of SiO2 and DOS aerosols, the
average difference between the single-factor method and the SMPS reference was
10.7 %. For the stage-specific method this difference was 3.7 %, which indicates
that the stage-specific method is notably more accurate in the measurement of the
LDSA concentration than the single-factor method, even in the suitable particle size

range of the single-factor measurement. When considering the coarse particle



measurement carried out with SiC particles, the single-factor method is clearly
incompetent, whereas the stage-specific method gives again relatively good result.
The slight drop in the accuracy of the stage-specific method with SiC particles can
be explained with the drop in the response coefficient accuracy in the size range

from 2 umto 6 um, shown in Figure 5a.

In Figure 9, the LDSA size distributions determined with both, the
stage-specific and the single-factor method, are shown for the SiO2 and SiC -
measurements. The underestimation of the single-factor method in the size range
from 20 nm to 100 nm can be seen in the Figure 9, as the peak of the distribution is
clearly underestimated, which explains the measurement error shown in Figure 8.
With the SiC measurement the single-factor method clearly underestimates the
whole LDSA size distribution. The results agree with the simulation results and
they show that although the single-factor method gives a good estimation of the
LDSA concentration with certain particle sizes, it is not as reliable method as the
stage-specific ELPI+ calibration.

The measurement results of the tracheobronchial and the head airways
depositions supports the simulation results as well and are shown in
Supplementary. With the head airways region, it was noticed, that small errors in
the ELPI+ diffusion correction can affect the results considerably, because with
particles larger than 100 nm the response coefficient increases rapidly and the small
errors in the stages’ current can be significant in the measurement of surface area
deposition. The same error can be seen in the measurement of the alveolar and the
tracheobronchial surface area deposition, but it did not affect the results notably in
this study. However, with larger particles, long-term measurements can affect the
stages collection efficiencies, causing the upper stages collect more particles than
they should (Garra et al. 2016). This can cause errors with alveolar and

tracheobronchial regions as well.
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Figure 9. a) Stage-specific and b) single-factor LDSA size distributions of SiO2 (55 nm)
—measurement, with SMPS as reference instrument. c) Stage-specific and d) single-
factor LDSA size distributions of SiC (2.0 um) measurement, with APS as reference

instrument.

Conclusions

In all, the stage-specific calibration of ELPI+ showed good results
against both simulations and laboratory measurements in the measurement of the
deposited surface area of particles in the human respiratory tract. This was observed
with large particle size range. With the alveolar region, the single-factor method,
which is commonly used in various LDSA devices and also used e.g. by
Kuuluvainen et al. (2016), gives reasonable results approximately up to the size of
300 nm, but with larger particles it can underestimate the LDSA concentration



significantly. Below the particle size of 300 nm, the stage-specific and the single-
factor method are close to each other in the measurement of the LDSA
concentration, but in the measurement of the LDSA size distribution, the stage-
specific calibration is more reliable. With the tracheobronchial and the head
airways surface area deposition, the stage-specific calibration performed well,
whereas the single-factor method is clearly not suitable for these regions. Due to
the higher conversion factors in the ELPI+ impactor stages from 9 to 14, it is
important to calculate instrument’s measurement losses and diffusion correction
correctly, especially when measuring the head airways surface area deposition. It
was found that errors in the stages’ measured current can affect the results notably,
if the stage’s conversion factor differs considerably from the adjacent stages.

The conversion factors from electrical current data measured with
ELPI+ to human respiratory tract deposited surface area concentrations, presented
in this study, are based on the ELPI+ stages’ collection efficiencies. This means
that, in principle, the conversion factors need to be calculated separately for each
ELPI+ instrument. However, the calculated conversion factors for the ELPI+ used
in this study with different particle effective densities and 10 % differences in the
stages’ mean diameters are shown in Supplementary. Those can be used to evaluate
the need for additional calibrations of individual instruments. The particle effective
density affects the results and if the particle effective density profile is known as a
function of particle size, it is possible to use more than one value of effective
density in the calculation of conversion factors. The resolution of the stage-specific
method could also be improved by applying inversion algorithms (Lemmetty et al.,
2005; Saari et al., 2018) with the ELPI+ data.

The calculation in this study is based on the average model of the human
respiratory tract deposition. In future studies, the calculation could be developed to
include stage-specific conversion factors for different physical activities, gender
and ages. This could be useful in monitoring measurements in different
environments where certain groups of people or physical activities are more
represented, and it could help in the analyzation of possible health effects of
particles.
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