Atmospheric Environment 102 (2015) 156—166

journal homepage: www.elsevier.com/locate/atmosenv

=

Contents lists available at ScienceDirect
ATMOSPHERIC
ENVIRONMENT

Atmospheric Environment

Exposure and dose assessment to particle components among an
elderly population

@ CrossMark

M. Almeida-Silva #" ", S.M. Almeida ?, P.N. Pegas ¢, T. Nunes ¢, C.A. Alves ¢,

H.T. Wolterbeek ”

@ Centro de Ciencias e Tecnologias Nucleares, Instituto Superior Técnico, Universidade de Lisboa, EN 10, km 139.7, 2695-066 Bobadela LRS, Portugal
® Faculty of Applied Sciences, Department of Radiation, Radionuclides and Reactors, Section RIH, Technical University of Delft, Delft, The Netherlands
€ CESAM, Universidade de Aveiro, 3810-193 Aveiro, Portugal

HIGHLIGHTS

o Elderly spend 95% of their time indoors.

¢ Indoor air quality was closely linked to personal exposure.
e The exposure and the inhaled dose of the studied elders differed significantly.
e The contribution of each indoor micro-environment depended on the particle constituents and respective sources.
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ABSTRACT

People spend the majority of their time indoors and the composition and toxicity of indoor particles is
very complex and present significant differences comparing with outdoor aerosols. Consequently,
ambient particles cannot represent a real exposure. The aim of this work was to determine the daily
exposure and the daily inhaled dose to particle components of elders living in Elderly Care Centers. A
questionnaire was applied to 193 institutionalized elders in order to achieve their daily time pattern and
to define the micro-environments where PM;g and its components (carbonaceous components and trace
elements) were assessed. Daily exposure was calculated by integrating the elder's time spend in each
micro-environment and the concentration of the pollutants for the period of interest. This parameter,
together with the inhalation rate and the standard body weight, were used to calculate the daily inhaled
dose. PMyg daily exposure and daily inhaled dose ranged between 11 — 16 pg m~> and 20 x 103 —
28 x 103 g kg, respectively. This work not only allowed a fully quantification of the magnitude of the
elders exposure, but also showed that the assessment of the integrated exposure to PM components is
determinant to accomplish the dose inhaled by elders living in ECCs.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

epidemiological studies have established associations between
exposure to Particulate Matter (PM) and adverse human health

The concerning about exposure to particulate air pollution and
their possible human health effects is not a current problem. In
1875 arose the first legal document containing a section called
“nuisances” where it was required the decrease of smoke pollution
in urban areas (Public Health Act, 1875). Meanwhile, several
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effects (Almeida et al., 2014a; Almeida-Silva et al., 2013; Pope et al.,
2011, 2002). More recently, some researchers have investigated
which properties of ambient aerosol are responsible for health ef-
fects; whether certain particulate chemical components are more
harmful than others (Suh et al., 2011; Zanobetti et al., 2009); and
the particle size as an important determinant of the site and effi-
ciency of pulmonary deposition (Andersen et al., 2008).

However, epidemiological associations between PM and health
outcomes are based predominantly on ambient air measurements
where it is assumed that each person in a given region has the same
exposure level, which is often obtained from a few air quality
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monitors and reflects the entire community (Almeida et al., 2009a;
Freitas et al., 2009a,b; Sarmento et al., 2011). Nevertheless, poor
correlations have been found between ambient PM concentrations
and personal exposure to PM (Meng et al., 2005) because actual
exposure is strongly related to the individual time activity patterns,
followed by its distance from each particle source. Moreover, in-
door environments has gain an increasing importance since in
developed countries daily patterns had changed and people spend
more than 80—90% of their time indoors (Zhao et al., 2009; Klepeis
et al.,, 2001).

According to Morawska et al. (2013), up to 30% of the burden of
disease from PM exposure can be attributed to indoor-generated
particles, signifying that indoor environments are likely to be a
dominant factor affecting human health. This initiated a debate as
to whether ambient PM is a good surrogate for exposure to PM once
the composition and toxicity of indoor PM is very complex, with
similarities but also differences to outdoor aerosols. Therefore,
personal integrated exposure to PM components is of considerable
importance as it is the key determinant of the PM dose received by
an individual and thus directly influences the health impacts.

These facts are particularly relevant when we are talking about
institutionalized elderly people not only because they are consider
a susceptible group but also because they spend the majority of
their time indoors (Almeida-Silva et al,, 2014a; Saksena et al.,
2003). Besides the increasing number of studies reporting
pollutant concentrations in different micro-environments, the in-
tegrated exposure or integrated dose of the people was not suc-
cessfully estimated. Moreover, as far as we know the assessment of
the daily exposure to PM components (trace elements and carbo-
naceous components) and the estimation of the daily dose was
never done, even for children which are the most studied pop-
ulation's group.

Therefore, a monitoring programme was designed to evaluate
not only the Elderly Care Centers (ECCs) chemical and biological
contamination but also the elderly daily exposure and inhaled dose
to different air pollutants. The project followed the Risk Assessment
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Fig. 2. Localization of the elderly Care centers.

Paradigm that includes: 1) the evaluation of emission sources; 2)
the identification and quantification of hazards; 3) the exposure
assessment; 4) the quantification of the dose; and 5) the study of
effects on human health (Fig. 1). Sampling campaigns were un-
dertaken in 10 ECCs considering 384 old people living on these
sites. Several results generated within this project were already
reported and focused: 1) on the fungi contamination of ECCs
(Viegas et al.,, 2014), 2) on the daily elders exposure to carbon di-
oxide, carbon monoxide, PM in different sizes fractions, total vol-
atile organic compounds, ozone and formaldehyde (Almeida-Silva
et al., 2014a) and 3) on the nanoparticles deposition into elderly
lungs (Almeida-Silva et al., 2014b). The objective of the present
work was to characterize the PMg components measured in the
indoor air of ECCs, in order to assess the daily exposure and the
inhaled dose of institutionalized elders to air pollutants.

Human
Health Effects

—

Almeida-Silva et al., 2014b

Fig. 1. Risk assessment paradigm applied in this work.
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Table 1
Characterization of the studied population. The results are presented in absolute
values. (N/A means Not Applicable).

Women Men

N Age (min—max) N Age (min—max)
ECC1 26 84 (68—99) 11 81 (67-91)
ECC2 40 87 (74-99) 11 88 (76—96)
ECC3 39 88 (77—100) 0 N/A
ECC4 42 84 (70—-99) 24 82 (70-90)

Total 147 (22 bedridden) 46 (6 bedridden)

2. Material and methods

The current work was carried out in four Elderly Care Centers
located in Loures that belongs to the metropolitan area of Lisbon,
the capital city of Portugal (Fig. 2).

2.1. Characterization of population

The present work was developed in collaboration with 193 old
people living in the selected ECCs, which had a range of 37—66
occupants per institution. Table 1 shows the characterization of the
studied population. Women not only were presented in higher
number, but also were older than men and were the ones who were
bedridden in greater number.

2.2. Characterization of ECCs

Considering the particular characteristics of the surrounding
environment, ECCs were classified as urban or sub-urban. A tech-
nical questionnaire was applied in order to characterize the
buildings. This questionnaire included information about: ventila-
tion systems, types of indoor materials, ventilation and cleaning
practices, type of building construction, thermal isolation of the
building and characterization of the building envelope. Table 2
summarizes buildings' characteristics. ECC 1, 2 and 3 were
located in a sub-urban area whereas ECC 4 was in an urban area.
Only ECC 1 had heating, ventilation and air-conditioning (HVAC)
system, however its utilization was rare. The pavement of ECC 2 and
3 was covered by wood in both bedroom and living-room. The
material of ECC 1 and ECC 4 bedrooms pavement was vinyl and the
pavement material of living-rooms were made of epoxy and tile,
respectively. For all ECCs the windows were made of aluminium
with double glass. The cleaning maintenance frequency varied from
1 time a day and 1 time a week, being the living-rooms the indoor
micro-environment with the highest frequency of cleanliness. This
fact was due to the large number of elders that spend more than 8 h
per day in this micro-environment.

2.3. Time-budget survey
Time-budget surveys (TBS) are useful tools to estimate the

people exposure to air pollutants, due to the fact that they give us
the time spent by people in different locations.

Table 2

A close-ended questionnaire was designed, which included in-
formation about different activities developed during the day,
mealtimes, sleep times, micro-environments where elders spend
their time, etc. The questionnaire differentiated between time
allocation on weekdays and weekends. The questionnaires were
applied with the help of the ECCs supporters (e.g. socio-cultural
technicians) and due to this fact the response rate was 100% for
all studied sites.

Considering the time-budget data, an elderly daily pattern was
achieved in order to identify the most occupied micro-
environments. All the results were pondered to 24 h.

2.4. PMjp sampling

PM with an aerodynamic diameter lower than 10 um (PM7g) was
sampled in four ECCs during the occupied periods in two different
indoor micro-environments: bedrooms during the night and living-
rooms during the day. The bedrooms were chosen according to the
occupancy —two persons per bedroom. All the selected bedrooms
were occupied by two elders to keep the occupancy as a constant
and because this occupancy reflects the reality of the majority of
the bedrooms in the studied ECCs. As the physical characteristics of
all bedrooms in each ECC were equivalent it was decided to select
only one bedroom per ECC. ECC 3 and ECC 4 had one living-room
whereas ECC 1 and ECC 2 had two living-rooms with the same
characteristics, and therefore only one of living-room was selected.

The sampling campaign occurred between October and
November of 2012, avoiding extreme temperature and humidity.

In the indoor of each ECC, PM;g was collected with two TCR-
Tecora® samplers operating at a flow rate of 2.3 m> h™! (in accor-
dance with the EN 12341), equipped with a PMjg EN sampling
head). One sampler collected particles onto quartz filters and
another onto teflon filters, both with a diameter of 47 mm. The
sampling time ranged from 10 to 16 h, during the occupancy period
for each selected micro-environment: bedroom and living-room.
Outdoor measurements were performed in parallel with two
different samplers: 1) a Partisol™ Plus 2025 Sequential Ambient
Particulate Sampler, operating at a flow rate of 1.0 m®> h™! and
collecting particles onto teflon filters and 2) a Leckel Medium
Volume Sampler 6, operating at a flow rate of 3.5 m> h~! and col-
lecting particles onto quartz filters.

Carbonaceous components were determined in PM7g deposited
onto quartz filters whereas teflon filters were used to measure the
elemental composition of aerosols.

2.5. Determination of the PMjp mass concentration

The collected filters were weighted using a Mettler® Toledo
balance with 0.1 pg readability. The balance was placed in a
controlled clean room (class 10,000) at a temperature of 20+ 1 °C
and a relative humidity of 50 + 5%. Before being weighted filters
were equilibrated for 24 h in the same room. Filters were weighted
before and after sampling and the mass of particulate matter was

Characterization of the Elderly Care Centers. (BR and LR mean Bedroom and Living-room, respectively).

ECC Season of sampling  Zone Type of building N.oof Beds HVAC  Pavement Windows Cleaning frequency
BR LR BR LR BR LR
ECC1  Autumn Sub-urban  Villa (with 3 floors) 37 Yes Vinyl  Epoxy  Double glass aluminium 1xday 1xday
ECC2  Autumn Sub-urban  Villa (with 3 floors) 51 No Wood Double glass aluminium 1xweek 1xday
ECC3  Autumn Sub-urban  Villa (with 2 floors) 40 No Wood Double glass aluminium 1xday 1xday
ECC4  Autumn Urban Villa (with 3 floors) 69 No Vinyl  Tile Double glass aluminium 1xday 1xday
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obtained as the average of three measurements, when the observed
variations were less than 5 pg.

2.6. Analysis of carbonaceous components

The elemental and organic carbon (EC and OC) content in PMyg
was analysed in Aveiro University by a home-made thermal-optical
transmission system, after a passive exposure of the sampled filters
to vapours of hydrochloric acid (HCl — 6 M) for approximately 4 h to
remove carbonate interferences. After this period, samples were
kept overnight in a desiccator with hydroxide sodium (NaOH) to
neutralize any excess of acid in samples. This procedure was at first
developed by Carvalho et al. (2006) and recently adapted by Alves
et al. (2011). Controlled heating in anoxic and oxic conditions was
performed to separate, respectively, OC into two fractions of
increasing volatility and EC, which were then measured in the form
of CO, by an infrared non-dispersive analyser. The first fraction
corresponded to the volatilization at T < 200 °C of lower molecular
weight organics. The second fraction was related to the decompo-
sition and oxidation of higher molecular weight species at temper-
atures ranging from 200 to 600 °C. However, pyrolysed organic
carbon (PC), formed during the previous heating steps, was only
released in oxic conditions, when the sample was heated up to
850 °C, evolving simultaneously with EC. The interference between
PCand EC was controlled by continuous evaluation of the blackening
of the filter using a laser beam and a photodetector that measured
the light transmittance. The split between the PC and EC was
assigned when the initial (baseline) value of the filter transmittance
was reached. All carbon removed before the split was considered
organic, and that removed after the split was considered elemental.

Carbonates (CO3) in PM;g samples were analysed through the
release of CO,, and measured by the same non-dispersive infrared
analyser coupled to the thermo-optical system, when a punch of
each filter was acidified with orthophosphoric acid (20%) in a free
CO; gas stream (Alves et al., 2011).

Three blank quartz filters were treated at the same conditions as
samples. The concentrations were corrected according to blanks
results by subtracting those values.

2.7. Analysis of trace elements

Trace elements in filters were measured by ko-Instrumental
Neutron Activation Analysis (ko-INAA) in IST (Almeida et al., 2013a).
One half of the filter was rolled up, put into an aluminium foil and
irradiated at the Portuguese Research Reactor (nominal power:
1 MW) during 5 h. After the irradiation, filters were removed from
the aluminium foil and were inserted in polyethylene containers.
Samples were measured during 7—10 h after 2—5 days and 4 weeks
of decay, in a coaxial germanium detector, associated to an ORTEC®
Automatic Sample Changer. A comparator — Al-0.1% Au alloy disk
with a thickness of 125 um and a diameter of 0.5 cm — was co-
irradiated with the samples for the application of the ko-INAA
methodology (De Corte, 1987).

Three blank teflon filters were treated at the same conditions as
samples. The elemental concentrations were corrected according to
blank results by subtracting those values.

Quality control was pursued by the use of the NIST-SRM® 1633a —
Coal Fly Ash certified reference material (Dung et al., 2010; Almeida
et al.,, 2014b). Approximately 130 mg of reference material was co-
irradiated with each batch of samples and measured for 60 min af-
ter 2—5 days and 4 weeks of decay using the same detector. A good
agreement was obtained, with deviations from reference values
below 20%, with 95% of confidence level (Almeida-Silva et al., 2014c).

2.8. Statistics

Statistical analysis of all data was performed using the STATIS-
TICA® software. The Mann—Whitney U-test and Wilcoxon Matched
pairs were applied to detect statistically significant differences
between each indoor micro-environment (independent samples)
and between indoor and outdoor results (dependent samples),
respectively. The criterion for significance was set at p < 0.05.

3. Results and discussion
3.1. Hazard identification and quantification

3.1.1. PMjg concentration

Considering the fact that elders living in ECCs spend most of
their time in bedrooms and living-rooms, PM1p was evaluated for
these two indoor micro-environments. Fig. 3 summarizes the in-
door and respective outdoor PMyg concentrations measured in the
4 studied ECCs. The average PMjp concentration in bedroom and
living-room was 11 pg m—> and 19 pg m3, respectively. Living-
rooms presented significant higher PMjg concentrations when
compared with bedrooms (p = 0.006) because living-rooms had
more occupants. Several studies have already showed a relation
between high levels of occupancy and high PMy¢ concentrations
due to the effect of the re-suspension of dust (Canha et al., 2014b).
PMjp concentrations in bedroom were significantly lower
comparing with the correspondent outdoor (p = 0.005) whereas no
significantly differences were observed between living-rooms and
the outdoor (p = 0.590). These results are probably explained by the
fact that during the occupancy period bedrooms had the windows
closed while in living-rooms the doors and windows were open
promoting a bigger circulation of air from the outdoor. PMq indoor
concentrations did not exceed the reference value of 50 pg m—>
established by the Portuguese legislation for indoor air quality and
by the World Health Organization (2010).

A study developed in UK residences presented similar results
with PMjyy average concentrations measured in living-rooms
ranging between 13 pg m~> and 22 pg m~> (Nasir and Colbeck,
2013). However, comparing the current results with the majority
of studies developed in different public indoor micro-environments
it is possible to observe that PMjp concentration evaluated inside
these ECCs were lower. Indeed, in these indoor micro-
environments the movement of people is limited since most of
the institutionalized elders are semi-autonomous. Consequently,
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Fig. 3. PM;o concentration in ECCs' micro-environments.



160 M. Almeida-Silva et al. / Atmospheric Environment 102 (2015) 156—166

the possibility of re-suspension of dust is lower comparing with
other crowded indoor environments such as hospitals, schools and
offices (Slexakova et al., 2012; Canha et al., 2012b). For instance, a
study developed in a Portuguese hospital showed PM;q variations
between 13 pg m> and 59 pg m~> (Slexakova et al., 2012).
Zwozdziak et al. (2013) studied the indoor air quality in schools
from Poland and showed a range of PMg concentrations between
43 ug m~ and 69 pg m—>. Another study performed in Portuguese
schools presented much higher PM1g concentrations, which varied
between 30 pg m > and 146 pg m > (Almeida et al., 2011). In offices,
several works also presented higher PM;o concentrations than in
the current study, with a variation from 10 pg m~3 to 480 pg m—3
(Han et al., 2011; Valuntaité et al., 2008; Reynolds et al., 2001).

Besides the low concentrations measured in this study it is well-
known that PM¢ enhances adverse health effects and it is unclear
whether a threshold concentration exists for PM below which no
effects on health are likely. Moreover, in this study elderly popu-
lation is considered which not only is more susceptible to air pol-
lutants but also live and spend most of their time in these micro-
environments.

3.1.2. PMjp components

Table 3 summarizes the average and the standard deviation of
the PMyp components. On average, the sum of the indoor PMyg
components (OC, EC, CO3~ and trace elements) measured in this
work corresponded to 51% of the total PMy¢ mass measured by
gravimetry.

The major component measured in PMg was the carbonaceous
fraction (OC, EC and CO3 "), representing in average 47% of the total
indoor PM1p mass measured by gravimetry. Results showed that the
concentration of these compounds were significantly higher in-
doors (p < 0.05). On average, OC accounted for 28% of the mass of
PM;g indoors, whereas a lower mass fraction was found outdoors
(10%), which represented an I/O ratio of 2.7. The I/O ratio for EC and
€03~ presented lower values due to the influence of traffic and dust
re-suspension at roadside, respectively.

The lack of correlation between indoor and outdoor EC and,
principally OC, could be due to significant contributions of indoor
sources. Cleary, OC was enriched in indoor as compared to outdoor.
Among the indoor sources of organic compounds, sub-micrometer
fragments of paper, skin debris, clothing fibres, cleaning products
and waxes may be considered (Alves et al., 2014).

Table 3
Summary of PM;o concentration and PM;o components measured in bedrooms and
living-rooms, and the respective outdoors.

Bedroom Outdoor Living-room Outdoor

(bedroom) (living-room)
PMyo (g m~3) 109 + 44 235+ 117 185+6.3 20.7 £ 8.2
Carbonaceous components (ug m—3)
oC 30+1.2 22+09 43+ 15 1.7+ 08
EC 0.69 + 0.45 0.67 +0.42 1.45 + 0.66 1.21 + 0.97
co% 1.3+ 048 15+15 20+1.0 1.6+12
Elements (ng m—3)
As 0.28 + 0.36 088 + 1.5 0.33 +0.22 0.94 + 0.65
Ce 047 +0.37 035+ 0.1 0.37 +0.14 042 + 0.07
Co 0.06 + 0.05 0.19+0.15 0.11 + 0.06 0.21 + 0.07
Cr 92 +44 9.1+53 11.9+23 142 + 58
Fe 48 + 29 270 + 220 225 + 187 450 + 390
K 100 + 52 960 + 1460 160 + 78 800 + 960
Na 201 =171 920 + 460 435 + 121 1850 + 1630
Sb 049 + 0.34 1.9+13 14+1.2 22+19
Sc 0.004 + 0.003  0.03 +0.01 0.02 + 0.02 0.03 + 0.03
Sm 0.003 + 0.001 0.017 +0.01 0.01 + 0.01 0.05 + 0.05
Zn 26 + 14 27 +23 39+ 16 32+19

Organic to elemental carbon (OC/EC) ratios exceeding 2.0 have
been used to identify the presence of secondary organic aerosols
(SOA) (Chow et al., 1996) in urban areas where traffic emissions
have a significant contribution to the EC levels. In this study, the
average indoor OC/EC ratio was 5.4, which denotes a significant
increase in OC levels that could be not only to primary indoor
sources but as well to SOA production. The formation of SOA in
indoor environments was demonstrated and confirmed in test
chambers experiments, done by Aoki and Tanabe (2007). Sportion
of semi-volatile organic compounds could be as well as important
indoor source of organic matter. Thus, the combination of active
indoor sources, sorptive processes and SOA formation leaded to an
enrichment of the indoor particles in OC and to high OC/EC ratios
inside the ECCs (Alves et al.,, 2014). Besides the lowest concentra-
tions of OC and EC measured in bedrooms, the ratio OC/EC was
higher in bedrooms (7.7) than in living-rooms (3.3), not only due to
the higher contribution of skin debris, clothing fibres and cleaning
products in bedrooms, which have a smaller area, but also due to
less exchange with outdoor air with lower OC/EC ratios, increasing
the probability of SOA formation.

Fig. 4 shows an opposite behaviour for the trace elements
measured in PM1g. Only Zn and Cr in some ECCs presented I/O ratios
higher than 1, indicating the existence of indoor sources for these
elements, although these elements are normally associated with
traffic and industrial emissions (Zechmeister et al., 2005). Actually,
other studies, which have also observed significantly higher con-
centration of Zn and Cr indoors (Chithra and Nagendra, 2013),
suggested that Zn provides from several products which are applied
indoors to protect steel, walls, wood surfaces, doors and windows
(Avigo et al., 2008) and Cr can be derived from burning coal and
kerosene (Joshi et al., 2010). The elements that presented higher
concentration outdoors are essentially associated with outdoor
anthropogenic sources related to traffic and industry (As, K and Sb)
(Almeida et al., 2009a,b), dust re-suspension (Ce, Co, Fe, K, Sc and
Sm) (Almeida-Silva et al., 2011; Almeida et al., 2008), biomass
burning (K) (Canha et al., 2012c) and sea spray (Na) (Almeida et al.,
2013b). The higher or less decrease of I/O ratios observed among
the different elements can also find an explanation in the size
distribution associated with each element. Coarse particles fall
down faster than fine particles, decreasing the particles population
in the highest sizes. Elements with the lowest I/O ratios probably
are associated to the coarse aerosol fraction (2.5—10 um), whereas
an I/O ratio close to one can be mainly associated to fine particles
(dp < 2.5 um).

All the measured PMj9g components presented significantly
higher levels in living-rooms than in bedrooms, except Ce that did
not present significant differences between both micro-
environments. Living-rooms had more occupancy and indoor
concentrations of dust particles were strongly influenced by ac-
tivities and movement of occupants, which may allow the re-
suspension of previously deposited particles or their delayed
deposition or settling. Moreover, the infiltration of outdoor air
without any filtration was higher in living-rooms, increasing the
contribution of outdoor sources into this micro-environment
(Almeida-Silva et al., 2014a).

3.2. Exposure assessment

3.2.1. Elderly daily pattern

Several studies have already evaluated the daily time pattern of
people from different countries (Fisher and Robinson, 2011;
Eurostat, 2006, 2003). However, these studies either excluded the
old people or studied simultaneously all age groups, from young
children to elderly.
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Fig. 4. Ratio indoor/outdoor for PM;o and its components.

Due to the scarcity of works focussing on time occupancy of
elders living in ECCs, a questionnaire was applied to build a time-
budget survey for the studied population and the following con-
clusions were achieved (Fig. 5): 1) the majority of the elders spent
their time mainly in bedrooms and living-rooms; 2) a small per-
centage of old people went outside to stay in the ECC' garden or to
go to another indoor places as family houses, restaurants or coffees
and 3) 15% of the elders (22 women and 6 men) were bedridden
and, therefore, they were always inside their bedrooms. Due to the
lack of differences between weekdays and weekends, the results
are presented for typical 24 h.

In all ECC the same pattern was observed: from 8:00 to 20:00
the majority of the elders were in the living-rooms, moving to the
canteen at the meal times and to the bedrooms at 21:00. In the
specific case of ECC 4 there were elders who sometimes went to
sleep in relative's house. It was also possible to observe that in ECC
3 and ECC 4 elders spent more time in living-room, since they only
went to the canteen three times a day. In average, elders spent
15.2 h (63%) and 4.7 h (20%) in bedroom and living-room, respec-
tively (Table 4).

A study developed in Italy showed that elderly spent 70—83% of
their time inside buildings (Simone et al., 2003), while The National
Human Activity Pattern Survey (NHAPS) refers that the American
elders spent 87% of their time indoors (Klepeis et al., 2001). The
above mentioned works presented values lower than the ones
obtained in this work, which could be explained by the fact that the
present study only considers elders living in ECCs.

The authors created the micro-environment “others”, which
corresponds to other indoor micro-environments rather than the
living-room or bedroom. For the calculation of exposure and dose,
equivalent characteristics as the living-rooms were used for this
micro-environment.

3.2.2. Daily average exposure

Daily average exposure for each elder (E;) was assessed by
integrating the results obtained from the time-budget survey with
the pollutants concentrations measured in the different micro-
environments. Hence, the Equation (1) was applied:

>t Gyt
ot

Where Cj; is the concentration of the pollutant measured in the jth

micro-environment of the ith individual, t;; is the time spent by the

ith individual in the jth micro-environment. The total number of
micro-environments is m such that:

m
> tj=24h (2)
j=1
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Fig. 5. Elderly daily pattern pondered to 24 h.

Table 4
Time-Budget Survey data. Results are presented in hours.
Bedroom  Living-room  Canteen Outdoor  Others  Total
ECC1 12.5 52 4.6 0.8 1.0 24.0
ECC2 148 53 32 04 0.3 24.0
ECC3 183 3.6 1.3 0.0 0.8 24.0
ECC4 152 4.7 2.1 0.2 1.8 24.0

Table 5 and Fig. 6 present the absolute and the relative,
respectively, daily average exposure to air pollutants assessed in the
four selected ECCs, considering PMjg and its components.

Individual PMjp daily average exposure varied between
11 pg m—> in ECC 3 and 16 pg m~3 in ECC 4, which is located in an
urban area. Although, the highest PMjy concentrations were
registered inside living-rooms, the bedroom was the micro-
environment that most contributed to the PMyg exposure (with
an average of 52%), being the ECC 4 bedroom the micro-
environment that presented the highest level.

Higher daily exposure levels were registered in ECC 4 for the
elements As, Fe, K, Sb, Sc and Sm (0.59, 150, 190, 0.97, 0.015 and
0.012 ng m~3, respectively). These elements presented I/O ratios
lower than one indicating their association with outdoor sources.
This ECC is more affected by traffic, as it is located in an urban area,
is near to a highway and is also less than 1 km from the Lisbon
Airport. For the above mentioned elements, the contribution of the
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Table 5

Daily average exposure assessed for each ECCs for PMo, carbonaceous compounds and trace elements. PM;o and carbonaceous compounds are presented in pg m~—> and trace

elements are presented in ng m—>.

PM;o oC EC co3~ As Co Cr Fe K Na Sb Sc Sm Zn
ECC1 BR 7.8 2.6 0.44 0.91 0.068 0.023 3.6 20 52 1354 0.23 0.002 0.002 6.6
LR 2.8 0.6 0.17 0.26 0.053 0.011 3.0 14 16 124.2 0.07 0.001 0.001 7.7
Out 0.71 0.06 0.02 0.02 0.005 0.006 0.71 6 6 42.2 0.03 0.001 0.001 0.97
Others 2.5 0.56 0.16 0.23 0.038 0.010 2.7 12 14 110.8 0.06 0.001 0.001 6.9
Total 14 39 0.78 14 0.16 0.050 10 50 88 413 0.39 0.005 0.005 22
ECC 2 BR 4.9 1.7 0.42 0.98 0.055 0.00 2.7 16 44 123.6 0.23 0.001 0.000 7.1
LR 3.8 0.83 0.33 0.33 0.058 0.03 3.2 55 44 69.2 0.31 0.005 0.003 104
Out 0.26 0.03 0.01 0.02 0.002 0.001 0.11 3 19 11.6 0.02 0.000 0.000 0.32
Others 2.6 0.58 0.23 0.23 0.041 0.021 2.2 40 31 48.6 0.22 0.003 0.002 7.3
Total 12 3.1 1.0 1.6 0.16 0.052 8 110 121 253 0.78 0.009 0.005 25
ECC3 BR 6.8 2.6 0.49 0.87 0.089 0.060 5.1 30 47 814 0.25 0.004 0.002 26
LR 33 0.79 0.34 0.29 0.054 0.021 1.9 60 27 57.2 047 0.002 0.001 7.5
Out 0.0 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.000 0.000 0.0
Others 1.3 0.32 0.14 0.12 0.022 0.009 0.80 25 11 23.2 0.19 0.001 0.001 3.1
Total 11 3.7 0.97 13 0.17 0.090 78 115 85 162 0.90 0.007 0.004 37
ECC4 BR 7.9 1.1 0.44 049 0.39 0.038 10.1 50 97 107.9 0.51 0.003 0.002 25
LR 4.8 11 0.29 0.58 0.12 0.029 2.6 56.0 40 100.5 0.26 0.007 0.006 7.7
Out 0.22 0.021 0.009 0.019 0.014 0.002 0.10 3.7 20 225 0.02 0.000 0.000 0.4
Others 3.2 0.77 0.19 0.39 0.078 0.019 1.7 375 30 67.4 0.18 0.005 0.004 5.2
Total 16 3.03 0.94 1.5 0.59 0.088 15 150 190 298 0.97 0.015 0.012 38
E; 13 34 0.92 14 0.27 0.07 10 110 121 380 0.76 0.009 0.006 31
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Fig. 6. Contribution of micro-environments to elderly daily exposure (values in %).

different micro-environments to the daily average exposure was
highly dependent on the ECC.

For the components that presented higher contributions of in-
door sources — OC and CO5~ —similar daily exposure levels were
registered in all ECCs, irrespective of their localization (3.4 and
1.4 pg m~3, respectively). The contribution of the bedrooms for
those compounds was predominant (57% for both of them).

Cr and Zn, the elements with the highest ratio I/O, presented
daily average exposure of 10 and 30 ng m>, respectively. These
elements had a similar behaviour: higher contribution of bedrooms
from ECC 3 and ECC 4 and greater exposure levels from the living-
room of ECC 2.

In the bedroom of ECC 2 the concentration of Sm and Co was
always bellow the detection limit (1.6 x 10> and

76 x 1072 ng m~3, respectively), and for this reason the daily
exposure was null.

3.3. Dose assessment

3.3.1. Daily average inhaled dose

The daily average inhaled dose for each elder (Eq;) was assessed
by integrating the time spend in each micro-environment, the
concentration of the pollutants for the period of interest, the
inhalation rate (IR) and the body weight (BW) according Equation
(3):

N
Ei=—SWw — - 3)



M. Almeida-Silva et al. / Atmospheric Environment 102 (2015) 156—166 163

The IR's associated with the three different micro-environments
— bedroom, living-room and outdoor — were recommended by U.S.
EPA (2011) for people with more than 61 years old in three distinct
activities — sleep, sedentary and light intensity, respectively. These
values were selected to be used as the recommended inhalation
rates since they were based on three studies: U.S. EPA (2009),
Stifelman (2007) and Brochu et al. (2006). Table 6 presents the
inhalation values used in this study. The body weight used in this
study was 80 kg, also based on U.S. EPA (2011). Although several
studies showed that inhalation rate depends on body weights,
energy expenditure rate, oxygenation rates, pollutants concentra-
tion in each micro-environment, time activity pattern, etc.
(Lazaridis and Colbeck, 2010; Brochu et al., 2014), in this work it
was not possible to achieve the specific body weight of each elder’
voluntary. The daily average inhaled dose was calculated for PMyg,
carbonaceous components and trace elements for each individual.
Table 7 and Fig. 7 present the absolute and the relative daily average
inhaled dose for the studied air pollutants and for each ECCs.

PMy9 daily average inhaled dose varied between
20 x 1073 pg kg~ ! and 28 x 1073 pg kg~'. OC, EC and CO3~ pre-
sented average inhaled doses of 6.0 x 1073, 1.6 x 10~ and
2.5 x 103 pg kg, respectively. As it was observed in the exposure
levels, higher inhaled doses were registered in ECC 4 for the ele-
ments As, Fe, K, Sb, Sc and Sm (1.0 x 1073, 250 x 1073, 290 x 1073,
1.7 x 1073, 0.025 x 1072 and 0.020 x 103 ng kg, respectively).

The contribution of each micro-environment for the dose (Fig. 7)
presented a similar behaviour as the contribution for the exposure
and was highly depended on the pollutant and on the ECC.

As far as we know, this work generated the first data on particles
components inhaled dose for indoor residential and service
buildings. Therefore, it is not possible to compare the inhaled doses
measured in this study with results obtained for other indoor en-
vironments and populations.

This work showed that the assessment of the integrated expo-
sure to PM components was determinant to accomplish the dose
inhaled by elders living in ECCs. In order to compare the personal
particle dose with a threshold, an accurate dose evaluation
(approaching as much as possible the actual exposure) should to be
carried out. This is a crucial aspect, which can only be solved
through the assessment of a daily integrated exposure that is able
to measure particle concentrations received by people in every
micro-environment they visit during a typical day, and by esti-
mating the corresponding doses.

4. Limitations

The present work studied the institutionalized elderly exposure
and dose to particle components. A couple of limitations were
identified during the execution of this work:

Table 6
Inhalation rates used in this study. Based on U.S. EPA (2011).

Activity Age group Inhalation rate (m> min~!)
Sleep 61 to <71 5.2E-03
71 to <81 5.3E-03
>81 5.2E-03
Mean 5.2E-03
Sedentary passive 61 to <71 4.9E-03
71 to <81 5.0E-03
>81 4.9E-03
Mean 4.9E-03
Light intensity 61 to <71 1.2E-03
71 to <81 1.2E-03
>81 1.2E-03
Mean 1.2E-03

a) The first limitation was related to the lack of information about
the topic. Despite the importance of healthy air in Elderly Care
Centers, IAQ studies have been focused mainly on schools (e.g.
Canha et al., 20144, 2013, 2012a; Pegas et al., 2011a,b; Canha
et al., 2011, 2010; Pegas et al., 2010); homes (e.g. Osman et al.,
2007), offices (e.g. Bluyssen et al, 1996) and other indoor
micro-environments (e.g. Ramos et al., 2014; Viegas et al., 2014).
Some of these studies have shown evidence that indoor air
pollution increases the risk of respiratory and atopic diseases,
but information on health effects of such pollutants in the
elderly is scarce.

b) The second limitation was associated with the difficulty to get
the support from elderly people. Some elders no longer have
their best faculties, being very challenging to: 1) speak with
them; 2) understand their concerns; 3) explain to them why a
group of unfamiliar people were inside their bedrooms; or 4)
clarify that the sampling equipments were not dangerous. This
is the reason why the authors only studied 4 ECCs and instead of
the 10 ECCs that were selected in a previously study (Almeida-
Silva et al., 2014a).

c) Finally, the last limitation was associated with the impossibility
to perform measurements near their breathing zone, which is
the best approach to calculate the human exposure to air
pollutants. Nevertheless, the authors believe that non-
significant biases were involved in this procedure, since the
majority of institutionalized elders do not approached to in-
door emissions sources. Truly, they do not cook, do not clean
and rarely do something different than stay in the bedroom or
living-room.

5. Conclusions

In this work, activity pattern data were combined with micro-
environmental data on PM;jy concentration, using an indirect
approach, in order to evaluate the exposure and the inhaled dose of
PMjo components (carbonaceous components and trace elements)
experienced by elders living in ECCs.

Four ECCs and 193 elders were chosen to undertake the
experimental analysis. Time activity pattern data indicated that
elders spent the majority of their time in living-rooms and bed-
rooms and a few percentage spent some time outdoors. Therefore,
PM;o was collected in these three micro-environments and their
chemical composition was determined. In this work daily expo-
sure and inhaled dose values were reported by the first time for
institutionalized elders, highlighting the importance of the time
activity patterns and indoor air quality in different micro-
environments for the estimation of these parameters. PMjg daily
average exposure varied between 11 pg m~> and 16 pg m~> and
the daily inhaled dose varied between 20 x 10~ pg kg~' and
28 x 1073 pg kg~ 1. Given the high proportion of the day that el-
ders spend indoors, indoor air quality was closely linked to per-
sonal exposure. The contribution of each indoor micro-
environment for the inhaled dose depended a lot on the particle
components and on their respective sources.

Results showed that besides living in the same area, the expo-
sure and the inhaled dose of the studied elders differed signifi-
cantly. At this point, the authors would like to note that an accurate
measurement of integrated exposure is essential to provide an
adequate evaluation of the particles dose—response relation. The
results of this work show the importance of individual exposure
assessment, in order to provide information for the protection of
public health, especially for elders who represent one of the most
vulnerable groups in society. Integrated exposure studies should be
carried out as an essential tool to identify health risks, set and
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Table 7
Daily average inhaled dose assessed for each ECCs for PM;, carbonaceous compounds and trace elements. PM;q and carbonaceous compounds are presented in pg m~>. The
trace elements are present in ng m—>. PM;, carbonaceous compounds are presented in (x10~3) pg kg~ and the trace elements are presented in (x10~3) ng kg,

PM;o oC EC COo5~ As Co Cr Fe K Na Sb Sc Sm Zn
ECC1 BR 123 4.09 0.68 14 0.08 0.04 5.9 315 82.1 213 0.36 0.003 0.004 10
LR 4.19 0.93 0.26 0.38 0.01 0.02 4.5 19.9 239 184 0.10 0.002 0.002 11
Out 2.56 0.21 0.06 0.06 0.03 0.02 2.6 221 22.2 152 0.11 0.002 0.002 3.5
Others 3.74 0.83 0.23 0.34 0.01 0.01 3.9 17.8 213 164 0.09 0.002 0.001 10
Total 22.8 6.06 1.2 2.2 0.13 0.09 16.9 91 150 713 0.66 0.009 0.009 35
ECC2 BR 7.71 2.66 0.66 1.6 0.09 0.00 4.1 245 68.3 194 0.36 0.001 0.000 11
LR 5.55 1.23 0.49 0.49 0.09 0.04 4.7 81.2 64.7 102 0.46 0.007 0.004 15
Out 0.92 0.09 0.05 0.07 0.01 0.01 0.39 10.1 6.70 41.8 0.07 0.001 0.001 1.2
Others 3.89 0.86 0.35 0.35 0.06 0.03 33 56.9 45.4 719 0.32 0.005 0.003 11
Total 18.1 484 1.6 2.5 0.25 0.08 12,5 173 185 410 1.2 0.014 0.008 38
ECC3 BR 10.8 4.03 0.77 14 0.14 0.09 8.0 48.4 73.8 128 0.38 0.006 0.003 40
LR 4.90 1.18 0.51 0.44 0.08 0.03 29 88.5 40.5 84.7 0.69 0.003 0.002 11
Out 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.00 0.00 0.00 0.000 0.000 0.0
Others 1.99 0.48 0.21 0.18 0.03 0.01 1.2 35.9 16.4 344 0.28 0.001 0.001 45
Total 17.7 5.69 15 2.0 0.25 0.13 121 173 131 247 14 0.010 0.006 56
ECC4 BR 124 1.72 0.69 0.76 0.61 0.06 15.9 78.5 152 170 0.80 0.004 0.003 39
LR 7.11 1.69 0.44 0.86 0.17 0.04 3.8 829 60.8 149 0.39 0.011 0.010 11
Out 0.79 0.08 0.033 0.068 0.05 0.01 0.36 134 70.4 81.0 0.08 0.001 0.001 13
Others 4.77 1.13 0.29 0.57 0.11 0.03 25 55.6 40.7 99.7 0.26 0.007 0.010 7.6
Total 25.0 4.62 1.5 23 0.94 0.14 22.6 230 324 500 15 0.023 0.024 60
Egi 21 53 15 23 0.4 0.11 16.0 170 200 470 1.2 0.014 0.012 47
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Fig. 7. Contribution of micro-environments to elderly daily dose (values in %).
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