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1. SUMMARY

The current study focuses on the estimation of the personal dose of PMig and PMyo-bound metals for students (10
year old children; inhalation through the nose) in five primary schools (SA, SB, SC, SD and SE) in Lisbon (Portugal)
using a dosimetry model (ExDoM2). Three different microenvironments (home/indoor, school/indoor and
school/outdoor) were implemented into the model using an exposure scenario of one week (Monday-Sunday). It
should be noted that simulations were conducted considering one average value for staying at home (obtained from
measured data in homes) in order to examine the impact of different schools to the personal dose received by a
student. Model results showed that the higher weekly deposited dose in the respiratory tract was received by a
student in school SD for PMyo and for Cr, Mn and Ni (2004 ug for PMyg, 0.16 pg for Cr, 0.65 pg for Mn and 0.06 ug for
Ni). On the other hand, Pb preserved higher weekly deposited dose in the respiratory tract for a student in school SC
(0.58 pg). Regarding accumulation of metals, it was found that at the end of the exposure period Pb accumulated in

bones and blood, Cr accumulated in the Gl-tract and lung region while Mn accumulated in lungs and other tissues.

2. Material and Methods

2.1. Study area

The study area incorporates schools and homes in the city of Lisbon (Portugal). The current study focuses on PMjg
concentration field measurements performed in 5 schools and 34 homes (Figure 1). Measurements of particle-bound
metals were also performed in 4 schools and 23 homes. The PMy, field measurements were performed with a Leckel
MVS6 sampler. The field measurements for the size distribution data of PMi,; were performed with a Sioutas
impactor and with a Leckel MVS6 sampler (PMas.10). It should be noted that the Sioutas impactor consist of five
stages. For aerodynamic diameter greater than 2.5 um the Leckel MVS6 sampler (PMjs.10) was used. The field
measurements were performed during an occupied period. In the current study, the size distribution of school SC
was used for the simulation of all schools, while, for homes the size distribution of home HX6 was used. School SC

and home HX6 were chosen because the measured concentrations of the size distribution of the PMio-bound metals



(Cr, Mn, Ni and Pb) were above the detection of limit. Figure 1 shows the location of the schools and homes in the

metropolitan area of Lisbon.
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Figure 1: Locations of the schools and homes (Google Maps).

Table 1 presents the daily activity profile that was considered in the current study. The type of environment was
derived from a questionnaire which was given in the participating schools and is different during weekdays and

weekends, however, the same activity level (sleep, sitting, light exercise) was used.



Table 1: Daily activity profile during weekdays and weekends.

Time Activity Environment*
Weekdays Weekends
00:00 —08:00 Sleep Home (indoor) Home (indoor)
08:00 - 09:00 Light exercise Home (indoor) Home (indoor)
09:00—-13:00 Sitting School (indoor) Home (indoor)
13:00 - 14:00 Light exercise School (outdoor) Home (indoor)
14:00 — 18:00 Sitting School (indoor) Home (indoor)
18:00 — 22:00 Light exercise Home (indoor) Home (indoor)
22:00 - 00:00 Sleep Home (indoor) Home (indoor)

*The type of environment was based on questionnaire results.

2.2. PM1o concentrations and size distribution data

Due to differences during sampling at each school, field measurement for schools SA, SB and SC started on
Thursday in contrast with the other two schools (SD, SE) where sampling started on Monday. Furthermore,
sampling at school SC includes two Thursdays and no Friday, therefore, in subsequent analysis Thursday
data correspond to an average value obtained from the two Thursdays and Friday data correspond to an

average value obtained from the measured data of Monday-Thursday.

Data obtained in schools

Figure 2 presents the indoor/outdoor PMio concentration measured at each school. It is observed that
higher indoor concentrations among the measured schools were obtained in schools SD and SC with daily
PMip reaching 161.3 pg/m3in SD and 119.2 ug/m?3 in SC, whereas, indoor PM1o concentration in the rest of
the three schools was not higher than 62.4 ug/m3. Indoor PM1o concentrations between 30 pg/m?3 to 146
pug/m3 in primary schools in Lisbon are reported in Almeida et al. (2011). Furthermore, Figure 2
demonstrates that in most cases indoor concentration was higher than outdoor concentration which

implies the presence of indoor sources.
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Figure 2: PM3o concentration measured a) indoors and b) outdoors for each school.

Indoor concentrations of the bound metals (Cr, Mn, Ni, As and Pb) in 4 schools (no data were available for school SE)
are shown in Figure 3. Accordingly, substantially higher concentrations of Cr, Mn and Pb compared to Ni and As were
measured in SA and SC. For school SB, Cr and Mn dominated over the other metal components whilst at school SD
Cr, Mn and Pb (Monday, Tuesday) were found with the higher concentrations. A comparison of these results with
the concentrations measured outdoors for each school (Figure 4) suggests important differences between the
indoor/outdoor concentrations of each metal. Therefore, indoor concentration of Cr was usually higher than the
outdoor concentration thus it is believed that indoor elevated concentration caused by indoor sources. Similar
observation corresponds to Mn and in some cases for Pb. Tran et al. (2012) found that the indoor PMjg
concentrations of Cr was higher from outdoor concentration in three schools in the North-Pasde-Calais region
(France) during an occupied period. Moreover, the authors found that the indoor concentration of As during an
occupied period was 0.69 ng/m?3 for a school located in the city center of Arras (France), which is close to the values
(0.82 ng/m?3) measured in the current study. Figure 4 shows also that the outdoor concentration of As had similar
level with indoor concentration. Likewise, the outdoor concentration of Pb was the same with the indoor
concentration (only for school SB).Tran et al. (2012) found that the outdoor concentration of Mn is equal to 54.2
ng/m?3 for school situated in an industrial zone at Dunkirk (France). This value was higher in comparison with the

outdoor concentration of Mn measured at schools in the current study (SA, SB, SC and SD).
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Figure 3: Indoor concentration of PMio-bound metals at four schools a) SA, b) SB, c) SC and d) SD.
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Figure 4: Outdoor concentration of PMjs-bound metals at four schools a) SA, b) SB, c) SC and d) SD.

Data obtained in homes

Implementation into the model was performed considering an average value obtained from measured data in the
different houses (02/09/2017-25/07/2018 for PMy, and 02/09/2017-19/04/2018 for PMio-bound metals). Thus,
Figure 5a presents the estimated average indoor PMjo concentration in homes and Figure 5b presents the
corresponding concentrations for bound metals. Figure 5a suggests that indoor PM1, concentration ranged from 17.3
- 26.9 pg/m3. Bérubé et al. (2004) asserted that indoor concentration of PM3o was equal to 28.80 pg/m?3, 23.56 ug/m3
and 23.93 pug/m3 in the urban homes, sub-uruban homes and rural homes (UK), respectively. Regarding PMio-bound

metals (Cr, Mn, Ni, As and Pb), higher indoor concentrations were obtained for Pb and Mn (Figure 5b).
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Figure 5: a) Average daily indoor PMo at homes and b) average indoor concentration of PMo -bound metals at
homes.
The mass fraction of the particle size distribution and particle-bound metals are shown in Figures 6 and 7 for homes
and schools respectively. Representative distributions were used therefore the size distribution of home HX6 is
plotted along with school SC. The size distribution of As was lower than the limit of detection therefore it is not
shown in the distribution curves. Figure 6 shows that the mass fraction of fine particles was higher than coarse
particles at home HX6 (indoor). In particular, the mass fraction of fine particles was equal to 0.78, 0.71, 0.73, 1 and
0.82 for PM, Cr, Mn, Ni and Pb, respectively. Moreover, Figure 7a shows that the mass fraction of coarse particles
(PM3.5.10) was higher than fine particles (PM,.s) at school SC (indoor). Specifically, the mass fraction of coarse particles
at school SC (indoor) was equal to 0.55, 0.73, 1.00, 1.00 and 1.00 for PM, Cr, Mn, Ni and Pb, respectively. Almeida et
al. (2011) found that the mass fraction (average value) of coarse particles for PM was equal to 0.88 in primary
schools (indoor) in Lisbon. Regarding the outdoor size distribution (Figure 7b), it is observed that the mass fraction of
coarse particles was equal to 0.43, 0.64, 1.00, 1.00 and 1.00 for PM, Cr, Mn, Ni and Pb, respectively. Almeida et al.
(2011) found that the mass fraction (average value) of coarse particles for PM ranged from 0.63 to 0.79 in primary

schools (outdoor) at Lisbon.
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Figure 6: Mass fraction of the particle size distribution and particle-bound metals in homes (indoors).
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Figure 7: Mass fraction of the particle size distribution and particle-bound metals for schools a) indoors and b)

outdoors. (Mn, Ni and Pb had the same mass fraction distribution and are plotted with the same color).

2.3. Exposure Dose Model 2 (ExDoM2)

A dosimetry model (ExDoM2, Chalvatzaki and Lazaridis, 2015) was used to estimate the dose caused from the
exposure of 10 years old children (inhalation through the nose) to PMy concentration and the corresponding bound
metals. The respiratory tract model of the ExDoM2 (Chalvatzaki and Lazaridis, 2015) is a revised version of ExDoM
(Aleksandropoulou and Lazaridis, 2013) and is based on ICRP (1994, 2015). The respiratory tract model of the

ExDoM2 consists of the respiratory tract deposition model and the respiratory tract clearance model. Moreover,



ExDoM2 has the capability to calculate the Mass Median Aerodynamic Diameter (MMAD) and the geometric
standard deviation (, or i ) for both coarse and fine particles. However, in the present work the diameters of
stages were considered monodisperse (og =1) using the geometric midpoint (square root of lower cut-off size x

upper cut-off size) of each stage.

The deposition fraction was calculated by (ICRP, 1994):

00 &% p & (1)

where £ is the deposition efficiency of the ilter, %o is the fraction of tidal air that reaches the ‘Gilter and £ is the
prefiltration efficiency. Total number of filters was 9 which correspond to 2 filters for anterior nose (ET1 region), 2
filters for the posterior nasal passages, pharynx and larynx (ET2 region), 2 filters for the bronchial (BB region), 2

filters for bronchiolar (bb region) and one filter for alveolar-interstitial (Al region).

The deposition fraction in the ET region was obtained from the sum of the deposition fraction in ET1 and ET2 regions
and then re-partitioned 65% to ET1 region and 35% to ET2 region (Chalvatzaki and Lazaridis, 2015; ICRP, 2015). For
this reason the deposition fraction in ET1 and ET2 regions is different between ICRP (1994) and ICRP (2015) and
hence between ExDoM and ExDoM2. Specifically, greater deposition fraction and hence deposited dose is obtained
in ET1 region using ExXDoM2 while ExDoM2 provides lower deposition fraction and hence deposited dose in ET2

region compared to ExDoM.
The prefiltration efficiency is given as (ICRP, 1994):

E p ¢ (2)
where € is the inhalability and is estimated from (Aleksandropoulou and Lazaridis, 2013; ICRP, 1994; Ménache et al.

(1995)):
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where 0 is the wind speed (m/s) and Q is the aerodynamic diameter (um). Equation (3a) is used when 0 pa 7t
i whereas Equation (3b) is used when 6 p & %i. Wind speed data were obtained from IPMA (Portuguese Institute

for Sea and Atmosphere).

The PBPK module of ExDoM2 estimates the internal dose of metals (As, Pb, Mn, Cd, Cr) in the human body (e.g.
kidney, liver) and is based on several studies (Chou et al. 2009; Kjellstrom and Nordberg 1978; Liao et al., 2008 and
2009; O’Flaherty et al. 2001; Sharma et al. 2005; Schroeter et al. 2011). Specifically, the PBPK model for As is based
on Chou et al., (2009), however, the studies of Liao et al. (2008, 2009) were used to add more organs. It should be

noted that ExXDoM2 does not take into account the interaction between metals.

The dose of As, Pb and Mn in each organ or tissue group Of the human body (e.g. liver) is given by (Chalvatzaki and

Lazaridis, 2015; Chou et al., 2009; Liao et al., 2008; Sharma et al., 2005):

Dy .

0 p 0 Q0 OO ERR T AQE "QEFD O QE & (4)

C
Os
¢

where 8 j is the dose of chemical & in tissue group "Gpg), U is the blood flow rate to tissue group "AL/h), 6 f is
the arterial concentration (ug/ L) of chemical & and 0 ;; is the venous concentration of chemical & (ug/L). The
metabolism parameter (0 Q0 & @ £10) terd for Pb and Mn while the inorganic As is biotransformed into other

forms (Chou et al., 2009; Chen et al., 2010; Liao et al., 2008).

The blood flow during no physical activity (sleep/sitting/rest) for children was based on Edginton et al. (2006) whilst
the mass of organs was based on ICRP (2003). Due to differences between the blood flow and the mass of (some)

organs between a 10 year old male and female, the exposed subject was chosen to be a 10 year old male child.

The blood flow during light exercise for a 10 year old male child was estimated as:

1k R 1 (5)

On the other hand, the blood flow of ExDoM2 during no physical activity for adult males was based on ICRP (2003),

whereas, during light activity the values of ICRP were modified based on Lenz (2010) and Plowman and Smith (2011).

11



A detailed description of the methodology for the modification of the values of ICRP for the calculation of blood flow

during light exercise can be found in Chalvatzaki et al. (2018).

The dose of Cr (1) in each organ or tissue group “®f the human body (e.g. liver) is given as (Chalvatzaki and Lazaridis,
2015; O’Flaherty et al., 2001):

00 000 0 O00YYS O6QaQE 0o Q¢ ¢ (6)
Cr

where 0 is the dose of Cr (lll) in tissue group ‘Qug), U Otk the clearance of Cr (lll) from plasma into tissue (L/ h),

0 U "Yi¥the clearance of Cr (Ill) from tissue into plasma (L/ h), 6 is the concentration of Cr (lll) in plasma

(ng/L) and O is the concentration of Cr (lll) in tissue group "Qug/L).
Application in operational platform

Application of the ExXDoM2 in the operational platform will include only the respiratory tract deposition model with
inhalation considered through the nose and for three activity levels. Similarly, the model will run each diameter as
monodisperse (0g =1) using the geometric midpoint (square root of lower cut-off size x upper cut-off size) of each

stage.

3. Results and Discussion

The cumulative deposited dose of PMyg in the respiratory tract and the five regions of the respiratory tract are
presented in the Figure 8. The cumulative deposited dose was estimated for students in each of the five primary
schools (SA, SB, SC, SD and SE) with exposure scenario of one week (Monday-Sunday). Since, the exposure scenario
considers the same indoor concentration when being at home, the differences obtained in the results arise from the

different concentrations measured at each school.

Higher weekly deposited dose was received by a student in school SD while the lower weekly deposited dose was
received by a student in school SE, followed quite closely by a student in school SA. Therefore, a student in school SD
received 2,004 pg in the respiratory tract, 1,486 ug in the ET (ET1+ET2) region and 518 pg in lungs (BB+bb+Al) during
the one week. The corresponding values for a student in school SE was 1,156 pg, 826 pg and 330 ug respectively. In
addition, the results suggest that the higher deposited dose was obtained for the ET region compared to the lungs, a

finding that is associated with particle size. Zwozdziak et al. (2017) found that coarse particles are primarily

12



deposited in the ET region. Brown (2015) proposed that the minimal deposition in the respiratory tract (total) was

observed for particles in the range 0.1-1.0 um with a large amount of these particles exhaled.
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Figure 8: Cumulative deposited dose of PMyg in the (a) respiratory tract (ET1+ET2+BB+bb+Al), (b) ET1 region, (c) ET2

region, (d) BB region, (e) bb region and (f) Al region for each school.

Furthermore, the contribution of the type of environment for a student in school SD at the weekly deposited dose in
the respiratory tract was found equal to 34.8 %, 59.6 % and 5.6 % for home (indoor), school (indoor) and school
(outdoor), whilst, for a student in school SE it was 60.4 %, 31.0 % and 8.6 % for home (indoor), school (indoor) and

school (outdoor) respectively.

The retention of PMy in the respiratory tract (sum of all compartments of the respiratory tract) and the mass
transferred to the Oesophagus, Lymph nodes and Blood (absorption into the blood) at the end of one week are
shown in Figure 9. No absorption into the blood takes place in the ET1 region (ICRP, 1994; ICRP, 2015) whilst the

absorption of PMyg in blood was assumed to be moderate.
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Figure 9: Retention of PMy in the respiratory tract (RT) and mass transferred to the Oesophagus (OE), Lymph nodes

(LN) and absorbed into the blood (BL) for each school.

Accordingly, higher dose for all schools obtained to the oesophagus (764 ug, 817 ug, 1164 ug, 1260 ug and 692 ug
for students in schools SA, SB, SC, SD and SE respectively). This finding is associated with the higher deposited dose
in the ET region with particles transferred to the oesophagus by mucocilary action (ICRP, 2015). Specifically, the
deposited particles into the ET region are transferred more quickly to the oesophagus in comparison with the other

regions of the respiratory tract which require more time to reach the ET2 region (ICRP, 2015).

Figure 10 presents the cumulative deposited dose of PMio-bound metals (Cr, Mn, Ni and Pb) in the respiratory tract
(ET1+ET2+BB+bb+Al). The metal oxide densities (e.g., chromium (lll) oxide) that were used in the calculations were
derived from the Centers of Disease Control and Prevention (CDC; https://www.cdc.gov). In addition, the size

distribution of As was lower than the limit of detection therefore no results for this metal are shown.

14
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Figure 10: Cumulative deposited dose in the respiratory tract for PMjp -bound metals (a) Cr, (b) Mn, (c) Ni and (d) Pb

in each school (no data for school SE).

Higher cumulative deposited dose at the end of the one week for Cr, Mn and Ni was received by a student in school
SD with the corresponding values being 0.16 pg, 0.65 pg and 0.06 pg respectively. On the contrary, for Pb it was
found that the he higher cumulative dose was received by a student in school SC with 0.58 pg. On the other hand, all
plots in Figure 10 imply that the lower dose for all four metals was obtained for school SB. The differences in the
deposited dose for each metal are indicative of the concentrations measured in each environment and school, with
these results highlight the importance of examining the impact of both particulate matter concentrations along with

the concentrations of the hazardous metal components.

Figure 11 shows the internal dose of metals for each school. Higher dose of chromium for all schools was obtained in
the Gl-tract (2.7 x102 pg (SB) to 5.4x102 ug (SD)) and in lungs (1.1 x102 pg (SB) to 2.0x10? pg (SD)). Chromium is
transferred to the Gl-tract via mucociliary clearance (O’Flaherty et al. 2001) whilst particles deposited to the ET

region are transferred to the oesophagus faster in comparison with the particles deposited to the other regions of

15



the respiratory tract (ICRP 1994, ICRP, 2015). Regarding Mn higher dose at the end of the exposure period for all
schools was obtained in other tissues (from 1.4 x10! pg (SB) to 4.9x10! ug (SD)) and in the lungs (3.3 x102 pg (SB) to
5.9x1072 pg (SD)). WHO (1999) reports that inhalation exposure to manganese particles affects lungs and the nervous
system. ATSDR (2012) also reports that inhalation of manganese particles cause inflammatory response in the lung
region. Lastly, model simulations indicate that the major accumulation of Pb for all schools occurs in the bones (7.3
%1072 pg (SB) to 2.2x10?! ug (SC)) and blood (ranged from 2.2 x102 pg (SB) to 6.7x10% ug (SC)). According to other
studies, Pb accumulates in the bones while Pb in blood reflects recent exposure (IPCS, 1995; O'Flaherty, 1993;
Rabinowitz, 1991). In addition, WHO (2018) reports that the body stores Pb in the teeth and bones. Finally, WHO

(2018) asserts that high levels of exposure in Pb attacks the brain and the central nervous system.
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Figure 11: Internal dose (ug) of metals in the human body for each school for (a) Cr, (b) Mn and (c) Pb at the end of

one week exposure scenario.
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4. Conclusions

Investigation of the personal dose caused by air pollution in children is important due to their vulnerability. Exposure
to PMjo and their content in specific metals may cause significant health risks therefore many studies focus on
measurements of PMyg in school environments. However, few studies have estimated the personal dose caused by
the ambient indoor/outdoor concentrations. In the current study, the personal dose of PMip and the corresponding
bound metals (Cr, Mn, Ni and Pb) for 10 years old school students were obtained using ExDoM2. Model results
showed that the weekly deposited dose of PMj ranged from 1,156 pug (SE) to 2,004 pg (SD). This finding is associated
with the higher concentration of school SD. Regarding PMio-bound metals higher dose for the three out of the four
metals (Cr, Mn, Ni) was received by a student at the school SD. The results presented herein are an important step

for the study of human health effects to children and the contribution of the different environments (home/school).
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