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Abstract

Due to their detrimental effects on human healtle, $cientific interest in ultrafine
particles (UFP) has been increasing but availabiéormation is far from
comprehensive. Children, who represent one of thst mulnerable groups of society,
spend the majority of their time in schools and BenThus, the aim of this woik to
assess indoor levels of particle number conceatraffPNC) in ultrafine and fine range
at school and home environments and to comparmdo®r respective dose rates for
3-5 years old children. Indoor particle number emi@tions in range of 201000 nm
were consecutively measured during 56 days at te@scphools (S1 and S2) and three
homes (H1-H3) situated in Porto, Portugal; at bpthschools different indoor
microenvironments (classrooms, canteens) were ategluThe results showed that the
total mean indoor PNC (determined for all indoorcroenvironments) were
significantly higher jp < 0.05) at S1 than at S2. At homes the indoorl¢ege PNC
(with means ranging between 1.09%Hhd 1.24x16particles cm®) were 10-70%
lower than total indoor means of preschools (1.82:t 1.84x10 particles crm).
Nevertheless, estimated dose rates of particles atdtomes 1.3-2.1 times higher than
those of preschools, mainly due to longer periogns@t home. Furthermore, daily
activity patterns of 3-5 years old children sigrafntly influenced overall dose rates of

particles.

Keywords: (Ultra)fine particles, children, indoor air, schgaesidential environment,

exposure.
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INTRODUCTION

During the last two decades, there has been coabigeinterest in the health
effects of exposure to airborne particulate mgBeunekreef et al., 2009; Krewski et
al., 2003; Krewski & Rainham 2007; Samet & Krew2@07). As the knowledge about
the size dependency of particle toxicity has grékelly & Fussel, 2012), the ongoing
research has focused its attention on ultrafinegbes (UFP) (Morawska et al., 2013).

UFP represent a fraction of particulate matter (M) particles of aerodynamic
diameter smaller than Oidm (Morawska et al., 2013). Unlike coarse particlésP
contribute little to PM mass but they dominate nemboncentrations. Due to their
small size, high number concentrations, high serfaea, and ability to penetrate into
the interstitial spaces of the lungs (Bakand et24112; Pereira Gomes et al., 2012),
UFP can cause various adverse health effectsc@liand epidemiological studies have
linked exposure to ambient UFP with adverse respiyaoutcomes (impaired lung
function and pulmonary defense mechanisms, inflatbrpaesponses and worsening
of respiratory diseases), and possibly with caraoular health effects (Bakand et al.,
2012; Heal et al., 2012; Ibald-Mulli et al., 20@Bpugh the evidence is not consistent
(Ruckerl, et al., 2011). While more epidemiologistaldies on UFP fraction are needed,
exposure assessment issues for UFP (such as spatiability, indoor sources,
infiltration of UPF from various outdoor emissionusces, seasonal variability in
concentrations and composition) are being furtddressed (Azarmi et al., 2014; Bekd
et al., 2013; Rivas et al., 2015; Viana et al.,£2®015; Wang et al., 2013).

In view of the evidences of negative health impa¢idFP, research has focused
on investigation of main sources and processestaftethe levels and size distributions
of these particles in ambient air of urban areasm{ir et al., 2010; Morawska et al.,
2008; Solomon, 2012). UFP can be formed by condiemsaf semi-volatile organic
aerosols, photochemically induced nucleation, anmlioleation through gas-to particle

conversion (Morawska et al., 2008, 2013). Concernire indoor air, UFP originate

3



72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

from combustion processes which includes cookirmgmly boiling, stewing, frying,
baking, grilling), smoking and use of candles (Bekaél., 2013; Morawska et al., 2013
and as result from occupant—related activities sischise of consumer products, use of
painting and cleaning products (Bhangar et al.12Qbng et al., 2000).

Young children represent one of the most vulnerapi@up with regard to
potentially harmful effects induced by airbornetmanate exposure (Schiepp & Sly,
2012). As their physiological and immunological teyss are still developing, young
children receive a higher dose of airborne pasdictdative to lung size compared to
adults (Burtscher & Schiuepp, 2012; Laiman et a]l42 Mazaheri et al.,, 2014;
Morawska et al., 2013). Children spend a signifigarcentage of their time at schools
and at homes. Specifically in Portugal, young aeidspend at school approximately
30% of their time (8-9 h/day). Therefore, the knedde and understanding of indoor
air pollution in these specific environments is ortant in order to child health. As a
pollutant of both indoors and ambient air, UFP hthe potential to harm children's
health (Burtscher & Schiepp, 2012; Moreno et al42®Reche et al., 2014; Rivas et al.
2014; Schuepp & Sly, 2012; Viana et al. 2014), thet information concerning the
children exposure to UFR limited.

The aim of this work is to assess the indoor exposw particles in (ultra)fine
range (20-1000 nm) of 3-5 years old children, fivin urban areas. The specific
objectives of this work are: (i) to measure theelsvof indoor particle number
concentrations (PNC) in two preschools and thremd®o situated in urban low-
moderately trafficked zones of Oporto MetropolitAnea (Portugal); and (ii) to
compare the dose rates of the indoor (ultra)finetigges at schools and home

environments.

MATERIALSAND METHODS

Characterization of sampling sites
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Particle number concentrations in ultrafine (20-1®0) and fine (> 100-1000
nm) ranges were consecutively measured at two lppetsand three homes, all of them
situated in urban low-moderately trafficked zonésOporto Metropolitan Area in
Paranhos district (north of Portugal). The samplkction was conducted for 56 days.
Both preschools (S1 and S2) and homes (H1-H3) s#wated in an urban zone;
previously studies that evaluated ambient air pioifudemonstrated that emissions
from vehicular traffic are the main pollution soeirm these areas (Slezakova et al.,
2011, 2013).

In each preschools, PNC were simultaneously medsatedifferent indoor
microenvironments (classrooms, canteens, and,isteax, gymnasium or playroom);
all microenvironments were assessed using thei@grgampling methodology and
during the same amount of time. At homes samplihqutira)fine particles was
conducted in living rooms that were used also agidirooms; all meals/snacks were
served there.

All indoor places were naturally ventilated througipen windows. The
characteristic of the studied preschools and hothestraffic density data, as well as

the duration of the sampling at each place are sanzed in Table 1.

Sample collection

Particle number concentrations in size range 0.02ri were measured by
condensation particle counters — TSI P-Trak™ (UBE58 TSI Inc., MN, USA). The
instrument operates on the principle of condendif§% grade isopropyl alcohol
(Sigma-Aldrich, Steinheim, Germany) onto ultrafppearticles in order to increase their
dimensions to a detectable size. At preschools, ®BI€ measured daily between 8:30
a.m. to 5:30 p.m. which corresponded to the pettiad children were at preschools,
whereas at homes PNC of (ultrafine) particles weeasured continuously during 24

h. Intake flow of 0.7 L.mint was used and logging interval was 60 s accorditmly
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previous studies (Diapouli et al., 2007; Norbaclkakt 2011; Zhang & Zhu, 2012).
Instruments were mounted onto supports so thavasrsampled from a height of 0.8
to 1.1 m (in order to simulate children breathimge). In each indoor environment,
particles counters were placed as far as possinte Windows or doors, and from other
probable sources of particles (heating equipmdatkboards, printers, etc.) in order
to minimize direct influence of any source. All vagments to maintain child safety
were fulfilled.

At both preschools a researcher was present dsamgple collection in order to
keep a record of room occupancy, ventilation systédoor and window positions),
and potential source activities; information comaeg child activities and schedules at
preschools were also registered by a researchenoies all information including
child activities were recorded by the parents/cindgponsible. In addition, teachers,
staff and parents were daily inquired regardingatt@irrence of additional sources and
activities. Furthermore, detailed questionnairesewesed daily for better description
of the studied indoor environments (both preschdudsnes). The first questionnaire
was dedicated to registering potential sourcesadigies where the occupants marked
time when these sources/activities were used /wad in order to cross-reference
them with concentration levels. The second quesdoe focused to the
occupancy/activities of room where sampling equipinevas placed. The last
questionnaire focused on schedule of children'sviies and their physical activity
during the sampling. All necessary permissions wasgined from administrative

boarders of each preschool and directly from parent

Doserate analysis
Particle dose rates for children were calculatedguEquation 1 (Castro et al.,
2011; Slezakova et al., 2014):

Dose rate (D) = (BRa/BW) xCwa x OF X N (1)
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where D is the age-specific dose rate (particle memkg!day?); BRwa is the age-
specific weighted average breathing rate (L MjrBW is age-specific body weight
(kg); Gwa Is the age-specific weighted average concentratfgrarticles (number of
particles Y); OF is the occupancy factor (i.e. percentagesitents likely to be in the
microenvironment at a given interval; it was coesatl 1, as children kept their
schedules and associated locations tightly); argithe total time per day spent by age-
specific children in the respective indoor envir@amh(min day'). Particle dose rates
were estimated for 3—4 and 5 years old childrer ddily activity patterns of children
were analyzed throughout each day. Locations inclwhhe different activities
happened during the day were identified. Totalydeekidence time of children spent
in each micro-environment (home, preschool) andtypes of performed activities
were registered. Each activity was characterize@rims of intensity level in order to
assess the corresponding BR. An example of childnegtable and activity patterns is
shown in Table 2. As the information concerning B@tuguese population is not
available, the age—specific factors (BW, BR) weetrieved from USEPA data
(USEPA, 2011) considering the mixed populationifbutle and females). BW of 18.6
kg for 3-5 years old children was used. The valoe8R were selected as the
followings: 4.3 L min? for rest or sleep; 4.5 L mihfor sedentary or passive activities;
11.0 L min! for light intense activity, and 37.0 L minfor highly intense activities
(running, etc.). BRa was estimated then as weighted average, i.e. camsidthe
intensity of each performed activities and the am@fi time. The dose rates were then
estimated using the average indoor concentratibnsaoch microenvironment (and

considering the real amount of time that childrgerg in each place).

Statistical analysis
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For the data treatment, the Student’s t-test wpBegpto determine the statistical
significance <0.05, two tailed) of the differences between teetmined means. All

statistical analyses were performed using IBM® S® S&tistics software.

RESULTS

Particle number concentrations

Total means of particle number concentrations dred statistical parameters
(minimum and maximum values, 25and 7% percentile) at the two preschools and
three homes are shown in Figure 1. These parasneteultra)fine particles were
determined using all measured data of all existebor environments. Concerning
two preschools, mean of indoor PNC was signifiga(itl4 times) higherp(< 0.05) at
S1 (1.84x16particles cr) than at S2 (mean of 1.32X1@articles crrv).

At all three homes, obtained means of indoor ()itra particles (Table 1) were
rather similar; the results showed that the tatdbor means of PNC at three homes
were not statistically differenp(< 0.05). Overall, the highest mean and the ranfjes

PNC were observed at H1 with mean concentratiotirhds higher than at H2 and H3.

Doserates

The activities that children conducted during ttseinool time were alike at both
preschools. However, the dose rates of indoor gl@stiwere estimated for 2 age
categories, namely 3—4 years old and 5 years dldreh because their daily schedules
slightly differed. Children spent the majority dfeir preschool time in classrooms
(approximately 70—-75% for 3—4 years old, and 57%& 7@ 5 years old). The younger
children rested (i.e. slept which was an activisggaciated with the lowest breathing
rates) after lunch for 2—2.5 hours whereas oldeéiden performed indoors more
frequently physical activities (such as runningayrhg, exercising, use of climbers,

swings and slides). In addition, the 5 years oliddobn spent less time (0.75-1.75 h)
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indoors. Overall, the daily activity patterns ofldren at three homes were remarkably
similar. On average, children spent 13 h at homaepbwhich 3 h took place in a living
room (sedentary or light activities; studying, ganm@aying, drawing, or eating).
Morning and evening routines (breakfast, bath, eted) took approximately for 1 h
whereas child sleep accounted for about 9 h.

Dose rates associated with inhalation exposureltmajfine particles (20—1000
nm) number concentrations at two preschools areethomes were estimated for two
different age categories of children. The resufts shown in Table 3. Concerning
preschools, the results clearly show that: (i)doth age categories the highest dose
rates of PNC were found at S1; and ii) for bothost$ the highest values of PNC total
dose rates were observed for 5 years old childfrarthermore, the results in Table 3
clearly show that for 3—4 years and 5 years oltioém dose rates at homes were 1.3—

2.1 times higher than at schools.

DISCUSSION

As children represent one of the most vulnerableugs in society, more
information concerning the air pollutants to whitttey are adversely exposed in
schools and home environments is needed. Overadl|d of (ultra)fine particles at the
two Portuguese preschools were in similar rangebldse reported for indoor air of
schools in Greece (2.4x4particles crm®, Diapouli et al., 2008), Italy (1.95-2.04X10
particles cm®; Buonanno et al., 2012, 2013a), Spain (1.56x&0ticles cm®, Reche
et al.. 2014; Rivas et al.; 2014), South Kore®2%10d particles cm®, Kim et al.,
2011;) or Australia (1.21-1.69x4particles cm®, Rumchev et al., 2007). In addition,
large ongoing epidemiological study of UFP in sdeobas been conducted in
Melbourne (Australia). The authors reported emissiates of UFP as well as
deposition of UFP in lungs so direct comparisorhviévels in air was not possible.

Other studies from Europe, namely from Denmarkn@zery, and Sweden, (Clausen et
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al., 2012; Fromme et al., 2007; Norback et al.,130&ported much lower levels of
ultrafine particles (0.7x$06.5x1§ particles cr) than in present work. Different
levels of urbanization and development of areaosumding schools, meteorological
conditions or seasonal influences could account dJome of these differences
(Morawska et al., 2009). It is also necessary totphat the majority of the existent
studies on UFP in educational settings focusedssassments in classrooms (Clausen
et al., 2012; Fromme et al., 2007; Guo et al., 204@len et al., 2011; Norb&ck et al.,
2011; Weichenthal et al., 2008). Only one studyaffh & Zhu, 2012) reported the
information on ultrafine particles also in othehsol microenvironments (gymnasium,
canteen, libraries), being otherwise inexistent.this work, classrooms were the
microenvironment associated with lower particle bem concentrations at both
preschools (mean of 9.31>318nd 1.13x16particle cm® at S1 and S2, respectively),
which is reassuring, considering that they are glaees where children spend the
majority of their school time. The major identifiedurces of (ultra)fine particles, based
on the daily registered information, were: classradeaning, children activities during
classes (such as sculpturing, and etc.) and comhusburces; levels of (ultra)fine
particles in ambient air ranged from 2.4 2 1®4.3 x 16 (Slezakova et al., 2014). On
the contrary, at both preschools PNC in canteereanof 5.17x19and 3.28x16
particle cm® at S1 and S2, respectively) were the highest oflésough, children
spend in canteens rather short periods of timea(itB19% of their school time at S1
and S2, respectively) the exposures in this typ@ddor microenvironment might be
relevant for overall child school exposure. Fumthere, exposure to high levels of
ultrafine particles numbers, even if during a ledifperiod of time, may pose some risks
to child health (Burtscher & Schuiepp, 2012). Ine@gnent with these findings, Mullen
et al. (2011) previously reported that cooking ¢semere the most significant indoor
sources (during normal occupancy) at six schootlifornia (USA). The importance

of cooking and eating activities have been alsoatetrated in more recent studies
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evaluating particle deposition in the alveolar tnadheobronchial region (Buonanno et
al., 2011, 2012; 2013b; Mazaheri et al., 2013).

At three homes the mean concentrations of particlesber ranged between
1.09x10¢ and 1.24x10 particles cm®. These levels of PNC were similar to mean
concentrations reported in literature for homesGermany (0.9x10particles cm®
Fittschen et al., 2013), Greece (1.3-1.4xg#rticles cm™ Diapouli et al., 2011),
Canada (0.8—-1.03x4iparticles cm® Kearney et al., 2011; Wheeler et al., 2011), and
Australia (1.24x1fparticles crm® Morawska et al., 2003). However, recently Beko et
al. (2013) conducted a large study that assess&tl il’56 residences in Denmark.
These authors reported UFP approximately threesthigher than in Portuguese homes
(mean of 2.91x1Dparticle cm®; Beko et al., 2013). Different study design (samgpl
period, duration, number of homes) and/or diffengautticle size ranges of measured
ultrafine fraction could also contribute to thesiéetlences (Morawska et al., 2013).

Overall, the highest mean of PNC as well maximagle (i.e. 2.1x19 particle
cn) were observed at H1. Based on the analysis ofrimdtion available from the
questionnaires, the indoor sources of UFP at Hudexl: cooking (boiling and frying),
use of toaster and oven, use of cleaning produatsiuming and ironing. Certainly the
frequency and durations of these indoor activitigght have influenced the respective
levels. However, it is also necessary to remarkdbatrary to the other two homes, at
H1 the room where the sampling was conducted wasttli connected with a kitchen.
In addition, occupants of this home maintained dd@tween kitchen and living room
almost constantly opened. Thus, PNC from cookingsgions easily penetrated to the
sampling area (Bordado et al., 2012; Buonanno.egf@lL3b), and accounted for the
high concentrations at this home. The variatiotiroe and location (room type) can
account for the obtained differences of (ultra)fozeticles (Beko, et al., 2013).

Overall, the levels of PNC at three homes were708- lower than at

preschools. However, activities (and the levelshair physical intensity) that are

11



286

287

288

289

290

2901

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

typically performed in an educational institutioary greatly from those of home.
Therefore, the dose rates resulting from a staese two environments might differ
considerably.

The highest doses of PNC at preschools were fooamchildren of S1 (Table 3).
Although levels of PNC in classrooms were the hsglat S2, doses of UFP resulting
from school exposure were higher (up to 50%) faldeln at S1, probably due to the
higher levels of PNC in the canteen of the respegtreschool. These findings thus
demonstrate that all potential microenvironmentsutdhbe considered when assessing
children exposure to PNC in preschools and schools.

The estimated dose rates of indoor PNC at bothadsheere compared between
both age groups of children. The results in Taldd@wv that at S2 the dose rates were
higher for 5 years old children. As mentioned poewsly, older children performed
more frequently physical activities which were asated with the highest breathing
rates and consequently led to higher inhalatioresla$ particles. On the contrary 3—4
years old children spent more time in classroomsre/kevels of PNC were the lowest.
Furthermore, after the lunch 3—4 years old childsiept in the classrooms which was
an activity associated with the lowest breathirtggaAt S1, the estimated dose rates
were not statistically differenp(< 0.05) between 3—4 years old and 5 years oldmn|
which was probably due to the different activityttpens; older children spent indoors
less 1.75 h and contributions resulting from th&loar exposure was not considered
in this work. Therefore, in future work when assag<hildren a period spent during
school daytime outdoors should be considered gt be relevant to child overall
school exposure.

When evaluating the three homes (Table 3), thedsigbose rates of particles
were observed for children at H1 due to the higleasdls of UFP at this home. When
in use, particles samplers make minor noise. Thegefn order to maintain soundless

rest of children it was not possible to conduct sae@aments directly in children
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bedrooms. The obtained dose rates of PNC at H1kt#3represent an approximation
of child home exposure and need to be interpredeefdly.

Finally, dose rates of particles in (ultra)finegarat homes were higher than those
of preschools. Although number concentrations )fitne particles at the three homes
were lower than total levels at both preschoolgyfé 1), children spent at homes
approximately 13 h (opposed to 9 h at preschodlsg¢ longer exposure time could
account for the obtained values. These results shosv that daily activity patterns
significantly influenced overall doses to PNC irb3rears old children.

The dose rates of in (ultra)fine particles estirdatethis work were due to indoor
exposure at preschools and homes only. Howevddrehispend on a daily basis some
of their time in other microenvironments (transptidn modes, extracurricular
activities, and etc.) where they are exposed to i additional sources. Therefore,
characterization of the respective exposures to UBP children in these
microenvironments is of upmost importance. Furtleanfuture studies focusing on
the health effects of airborne pollutants shouldagls account for children exposures
in different microenvironments (homes, schoolspgportation modes, and etc.) in

order to obtain a correct representation of chit/srall exposure.
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515 Figure Captions

516 FIGURE 1. Levels of (ultra)fine particles at two school4(S2) and three homes (H1-
517  H3): minimum and maximum values, averagé”,2id 7% percentile. Particle number
518 concentrations were determined considering the wumedslevels in all indoor

519 microenvironments existent in each school and home.

520
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TABLE 1. Characterization of the studied environmentsggiieols and homes) and obtained concentrationdtcd)fine particles.

Site Description L ocation Traffic Studied indoor Sampled  Partidenumber concentration (particles crm’)
density data® microenvironments period Mean Standard deviation
S1  Two—floors building Situated on Mean: Classrooms (3) 13days Classrooms 9.31X10 8.23x106
173 students 3-5 years oldnoderately 16 Canteen (1) Canteen 5.17x40 3.41x14d
trafficked street vehicles/min  Playroom (1) Playroom 1.70x10 1.25x10
Total 1.82x %0 2.16x10
S2  Three—floors building Situated on  Mean: Classrooms (3) 13days Classrooms 1.13£10 5.24x10
30 student 3-5 years old intersection of 13 Canteen (1) Canteen 3.28x40 3.21x10
moderate and  vehicles/min  Gymnasium (1) Gymnasium 9.72x£0 2.36x106
low trafficked Total 1.32x10 1.25x10
street
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H1

Multi—unit apartment Situated on Mean: Living room
building intersection of 3
Situated on % floor two low vehicles/min

4 occupants (2 children oftrafficked street

3 and 5 years old)

H2  Multi-unit apartment Situated nearby Not available Living room
building highly
Situated on % floor trafficked road
4 occupants (1 child of 5
years old)
H3  Two—floors house Situated in Mean: Living room

suburban zone 4
with moderate vehicles/min

traffic

10 days

9 days

11 days

1.24 x10

1.11 x 10

1.09 x 10

1.28 x10

1.15 x 10

1.11 x 10
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4 occupants (1 child of 5

years old)

@ Data was obtained by manual counts during 10 rh@aoh hour (between 5 a.m. to 12p.m.) on two carge days (avoiding Mondays and
Fridays). The location distance between the cogriwint and main entrance/building outside wall Wasd 8 m at S1 and S2, respectively and 3—4

m at H1 and HS3.
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TABLE 2. Timetable and child activity patterns during a wasek an example for 3—4years old children at schadla home.

Time Environment Observed activities Activity intensity
School
8:30-9:00 Arrival to school Indoor Playing (calreaged, TV) Sedentary
9:03-10:29 Classes/education Indoor Seated orkyr(tg Sedentary
10:30-11:15 Recess Playground Running, jumpingigsvi High intensity
11:17-11:40 Classes/education Indoor Sedentarytiad (painting, walking) Sedentary
11:45-13:00 Lunch Indoor Seated (eating, drinkiatiking) Light
13:05-15:00 Rest Indoor Sleeping Sleep
15:04-16:00 Classes/education Indoor Seated, thed o Sedentary
16:00-17:30 Leaving school Indoor Organized aggisi{singing dancing), High intensity
running
Home
18:00-19:20 Living room Home works, school prepam studying Sedentary
19:25-20:00 Living room Seated (eating, drinkitadking) Sedentary

26



20:05—-:22:00

22:00-6:50

7:00-8:00

Living room
Bedroom

Various

Playing games, paintiwglking
Sleeping

Morning routine, breakfast

Light
Sleep

Light
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TABLE 3. Age—specific dose rates (particlestkdpy ™) to UFP for 3—4 years and 5 years old childrefwvatpreschools (S1 and S2) and three

homes (H1-H3).

S1 S2 H1 H2 H3
Dose rate 3—4 years 5 years old 3—4 years 5 years old 3afsye 3-5 years 3-5 years
1.99x18 2.02x106 1.49x168 1.92x168 3.06x16 2.74x106 2.69x10

(particles kgt day™)
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