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Abstract: The Korea Simulation Exposure Model for fine particulate matter (PM2.5) (KoSEM-PM)
was developed to estimate population PM2.5 exposure in Korea. The data were acquired based on
59,945 min of the actual microenvironmental PM2.5 measurements and on the time–activity patterns
of 8072 residents of Seoul. The aims of the study were to estimate daily PM2.5 exposure of Seoul
population, and to determine the characteristics of a high exposure group. KoSEM-PM estimated
population exposures by applying the PM2.5 distribution to the matching time–activity patterns at
10-min intervals. The mean personal PM2.5 exposure level of the surveyed subjects in Seoul was
26.0 ± 2.7 µg/m3 (range: 21.0–40.2 µg/m3) in summer. Factors significantly associated with high
exposure included day of the week, age, industry sector, job type, and working hours. Individuals
surveyed on Saturdays were more likely to be in the high exposure group than those surveyed on
weekdays and Sundays. Younger, non-office-working individuals with longer working hours were
more likely to be in the high exposure group. KoSEM-PM could be a useful tool to estimate population
exposure levels to other region in Korea; to expand its use, microenvironmental measurements are
required for other region in Korea.

Keywords: personal exposure; fine particle; national representative level; time-activity pattern;
microenvironment; exposure assessment; high exposure group; Korean model

1. Introduction

Exposure to particulate matter (PM) is associated with respiratory health, cardiovascular health,
adverse birth outcomes, hospitalization, and mortality [1–5]. The International Agency for Research
on Cancer (IARC) classified PM from outdoor air pollution as a human carcinogen (IARC Group 1),
based on observational evidence of carcinogenicity in humans and experimental animals, in addition
to strong mechanistic evidence [6].

Personal exposure to fine particulate matter (PM2.5) can be determined by direct measurements.
Although such measurements can yield accurate data, there are time and resource limitations.
Most personal exposure monitoring studies have focused on specific groups of subjects, such as
medical patients [7,8], children [9–12], seniors [13,14], and workers [11,15,16]. Thus, these studies are
not generalizable to the general population. Personal exposure monitoring data are usually based
on a small number of subjects and cross-sectional measurements. Personal exposure levels for PM2.5
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and PM1.0 were measured simultaneously in 30 subjects in Sweden [17]. Elsewhere, personal PM2.5

exposure levels were measured in 17 volunteers over two periods in Edinburgh, Scotland [18]. Personal
PM2.5 exposures of 9–13 subjects were measured in eight districts of Guangzhou, China during the
winter [19]. The relationships between indoor and outdoor PM2.5 concentrations and personal PM2.5

exposures were determined in Windsor, Ontario, Canada [20].
Another method to determine personal exposure uses an indirect approach based on

microenvironmental concentrations and the time spent in different microenvironments. The Stochastic
Human Exposure Dose Simulation–Particulate Matter (SHEDS-PM) calculated the residential
PM concentration via a mass balance model using data on ambient outdoor PM concentrations
and physical factors (e.g., air exchange, penetration, and deposition), as well as the emissions
from indoor PM sources (e.g., smoking and cooking) [21]. The PM concentrations in eight
nonresidential microenvironments were calculated by regression analysis of available indoor and
outdoor measurement data. SHEDS-PM was applied to the population of Philadelphia using spatially
and temporally interpolated ambient PM2.5 data from the 1990 and 1992–1993 US Census, for each
census tract in Philadelphia [21]. The tracts showed substantial variability in daily total PM2.5 exposures
(median = 20 µg/m3; 90th percentile = 59 µg/m3) [21].

Hazardous Air Pollutant Exposure Model (HAPEM) was used to examine the relationship
between modeled personal exposure levels and outdoor concentrations of a large number of
particulate pollutants [22]. The outdoor concentrations were used to calculate the concentration
by microenvironment, with adjustment for penetration, proximity, and additive factors, while also
accounting for variation in emission sources among microenvironments. HAPEM used data from
an air quality dispersion model and an inhalation exposure model; the predicted chronic exposure
concentrations for outdoor air pollution were lower than the modeled values by approximately
60% for most particulate pollutants. Personal exposure tended to be higher near major emission
sources, and when individuals were exposed to pollutants during daily activities, as revealed by their
time-activity patterns.

The exposure model for individuals (EMI) was developed using the PM panel study data consisted
of 37 participants in North Carolina, USA [23]. The model predicted residential air exchange rate (AER),
infiltration factors, indoor concentrations, personal exposure factors, and personal exposures from
the outdoor concentrations, questionnaires, weather, and time-location information. The predictions
were compared to 591 daily measurements from 31 participants. Median absolute difference was 20%
(1.8 µg/m3) for personal exposures.

Three exposure models (microenvironmental model, central-site model, and time-space model)
for the personal exposure of children to PM2.5 were developed using the panel study consisted of
20 asthmatic children in California, USA [24]. The estimated exposures were 27.1 ± 31.5 µg/m3.
A time–space model based on the PM from fixed site monitoring station and factors representing time
activity patterns, season and distance from home showed the highest R2 of 0.41.

The Korea Simulation Exposure Model for PM2.5 (KoSEM-PM) estimates PM exposure by taking
account of microenvironmental concentrations and time–activity patterns. Unlike other models,
this study used the time-activity patterns of population from the national survey with stratified
subject selection, and the directly measured PM2.5 concentration in microenvironment was applied for
estimating daily PM2.5 exposures. The purpose of this study was to determine the factors associated
with the high PM2.5 exposures of the population in Seoul.
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2. Materials and Methods

2.1. Microenvironmental Concentration Measurements

The PM2.5 data used in this study were measured in Seoul. Seoul is the largest metropolis
and capital of South Korea. The city is located in the central western part of the Korean peninsula.
The area of Seoul is 605 km2. As of 2017, the population was 9.78 million. The microenvironmental
PM2.5 concentration was measured at 1-min intervals by a portable aerosol spectrometer (Model
1.109; Grimm, Ainring, Germany), worn with the inlet of the monitor positioned as close to the
breathing zone as possible. The performance evaluations of the instrument were conducted in previous
studies [25,26]. For all measurements, the datalogging interval of the spectrometer was set to 1 min.
The sampling flow rate was 1.2 L/min. A gravimetric correction factor was applied using the particle
weight obtained from 47-mm polytetrafluoroethylene filters during the monitoring runs. The mean
correction factor was 1.1 ± 0.1. A zero calibration of the spectrometer was conducted before each
measurement. The PM2.5 concentration data were downloaded using Windows software (Grimm 1.177
ver. 3.0).

A total of 45 person-days of exposure data were collected in summer 2013. The field technicians
simulated the time–activity patterns of selected residents of Seoul, who recorded their activity
schedules in a diary. The mean ambient PM10 concentration in Seoul during the study period was
34.8 ± 18.0 µg/m3, which was below the national air quality standard of 100 µg/m3.

2.2. Time–Activity Patterns

Time–activity pattern data for 8072 subjects in Seoul were obtained from the Time Use Survey
of Statistics Korea (KoSTAT), which was conducted in the summer of 2004. Details of the survey
were presented in a previous study [27]. Briefly, the study population was selected from among
850 areas across Korea according to a standardized classification, to ensure representativeness of the
general Korean population. From the total of 12,750 households, 12,651 residents (≥10 years of age)
were selected for participation in the survey. The activity diaries were completed by 8072 subjects
in Seoul. The number of subjects surveyed on weekdays, Saturday, and Sunday were 4849, 1608,
and 1618 subjects, respectively. Locations were recorded according to 10-min intervals and classified
as follows: Residential indoor, transportation, and “other”. The microenvironments except own
residential indoors and transportation were grouped into “other” in the Time Use Survey. The survey
captured demographic, socioeconomic, and familial data.

2.3. Kosem-PM

The KoSEM-PM was developed to estimate daily PM2.5 exposure levels of the general population
in Korea. For the first step of the model development, we used data of Seoul. In this study,
microenvironmental measurements obtained in Seoul at 1-min intervals over 59,945 min, and
time-activity patterns of Seoul residents obtained at 10-min intervals (as recorded in the Time
Use Survey; 8072 person-days) were used. Measured PM2.5 concentrations were grouped into
three microenvironment categories (residential indoors, transportation, and “other”) to match the
Time Use Survey. For 24 h, PM2.5 concentrations were arranged in 10-min increment in the three
microenvironments since the microenvironmental concentration would vary over time of the day.
Overall, 409 PM2.5 concentration data sets out of 432 sets (144 10-min data sets × 3 microenvironments)
were available for analysis.

2.3.1. Estimation of Personal Exposure Levels of the 8072 Residents of Seoul

Personal exposure levels of the 8072 residents of Seoul were estimated using the Equation (1).

Personal exposure =
144

∑
t=1

Ct(m)/144 (1)
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where Ct(m) is the “mean” PM2.5 concentration of the microenvironment m (residential indoors,
transportation, and “others”) in time t. t was based on 10 min interval of 24 h. Microenvironment m
was determined by time activity pattern of the individual on 10 min interval.

2.3.2. Simulation of Population Exposure to PM2.5

Equation (1) was used again for simulation of population exposure, however, Ct(m) here was
the “distribution” of PM2.5 concentration of the microenvironment m in time t on 10 min interval.
The distribution of the each PM2.5 data set for the three microenvironments were obtained every
10 min. Each PM2.5 concentration data set was subjected to distribution fitting for accurate estimation
of concentration distributions, with the best-fitted data being selected. Personal exposure was estimated
by applying the PM2.5 concentration distribution data to the matching microenvironments at 10-min
intervals. Ten thousand concentration values were randomly extracted from the distributions every
10 min and the exposure was calculated using these values. The exposure level at each 10-min interval
was simulated by Monte-Carlo simulation, in which we set the number of trials to 10,000.

2.4. Statistical Analysis

A statistical analysis of the data was performed using R software (R Development Core Team,
Vienna, Austria). To evaluate the trends in PM2.5 exposure levels by day of the week within the 8072
person-days data set, the data were further categorized into three groups: Weekdays, Saturdays, and
Sundays. The weekday PM2.5 level was the average from Monday to Friday. To estimate the time spent
indoors, analysis of variance (ANOVA) and Scheffé’s post-hoc test were used to compare differences
among weekdays, Saturdays, and Sundays. To determine factors associated with exposure, collinearity
was tested using the variation inflation factor and a stepwise approach.

The high exposure group comprised all individuals within the top 5% regarding level of PM2.5

exposure; their characteristics were compared to those of the rest of the population. Association
between this exposure groups and categorical (demographic) variables were analyzed using Fisher’s
exact test of independence and t-test for categorical and continuous variables, respectively. Variables
with a p-value of less than 0.1 were included as covariates in the final logistic regression model for
exposure groups. A p-value < 0.05 was taken to indicate statistical significance.

3. Results

3.1. Microenvironmental PM2.5 Concentrations

Data for microenvironmental PM2.5 concentrations measured over 59,945 min (about 41.6 days)
were included in the simulation. The mean microenvironmental PM2.5 concentrations were highest
in the “other” microenvironments category, followed by the transportation and residential indoors
categories. The mean PM2.5 concentration in the residential indoors category was 23.7 ± 24.1 µg/m3

(range: 1.6–888.8 µg/m3; n = 32,984). The mean PM2.5 concentration in the transportation category
was 24.2 ± 22.8 µg/m3 (range: 0.7–96.9 µg/m3; n = 5300). The mean PM2.5 concentration in the
“other” microenvironment category was 34.7 ± 62.3 µg/m3 (range: 1.0–1078.6 µg/m3; n = 21,660).
PM2.5 concentrations of 1 h interval for the three microenvironment categories are shown in Figure 1.
PM2.5 concentrations of 10 min interval for the three microenvironment categories are presented in
Figure S1.
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and (c) “other” microenvironment categories. Each bar represents the concentration in 1 h interval.
The figures with every 10 min interval are provided in supplement (Figure S1).
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3.2. Time–Activity Patterns of the 8072 Residents of Seoul

Time–activity patterns of the surveyed residents differed by day of the week, as shown in Figure 2.
On weekdays, the time spent in the residential indoors, transportation, and “other” microenvironments
was 13.95 ± 4.77 h, 2.03 ± 1.68 h, and 8.01 ± 4.28 h, respectively. Approximately 20% of the surveyed
residents stayed at home during the day time. On Saturdays, the respective values were 15.02 ± 5.09
h, 2.02 ± 1.72 h, and 6.96 ± 4.46 h, and approximately 30% of the surveyed residents remained at
home during the day time. On Sundays, the respective values were 17.01 ± 5.40 h, 1.76 ± 1.86 h,
and 5.23 ± 4.46 h, respectively, and more than 40% of the surveyed residents stayed at home all day.
The time spent in the residential indoors, transportation, and “other” microenvironments differed
significantly by day of the week (p < 0.001). Demographic characteristics, including gender, age,
marital status, education, industry sector, job type, and monthly income were similar among the day
of the week categories.
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Figure 2. Time–activity patterns of the surveyed residents of Seoul on (a) weekdays, (b) Saturdays, and
(c) Sundays.

3.3. Personal Exposure Levels of the 8072 Residents of Seoul

Individual PM2.5 exposure levels were calculated according to the average PM2.5 concentration
at each time interval. The mean personal PM2.5 exposure level of the surveyed residents was
26.0 ± 2.7 µg/m3 (range: 21.0–40.2 µg/m3; median = 25.0 µg/m3; 95th percentile = 31.1 µg/m3,
99th percentile = 33.8 µg/m3). The personal PM2.5 exposure levels of the 8072 residents of Seoul
are shown in Figure 3. The data showed a log-normal distribution, as confirmed by a Q-Q plot.
The geometric mean personal PM2.5 exposure level was 25.8 ± 1.1 µg/m3.
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Figure 3. Daily personal PM2.5 exposure levels (µg/m3) of 8072 residents of Seoul.

The personal PM2.5 exposure in high exposure group ranged from 31.1 µg/m3 to 40.2 µg/m3,
with an average of 32.6 ± 1.7 µg/m3. The personal PM2.5 exposure in low exposure group ranged from
21.0 µg/m3 to 31.1 µg/m3, with an average of 25.6 ± 2.3 µg/m3. Univariate analysis revealed that the
factors associated with high exposure were sex, education, industry sector, job type, working hours,
house size, and house ownership status (all p < 0.05; Table 1). The high exposure group contained more



Int. J. Environ. Res. Public Health 2018, 15, 2808 8 of 14

males, more individuals with a higher education qualification, more tertiary sector and non-office
workers, and more individuals with long working hours (all p < 0.001). The high exposure group had
smaller houses and were less likely to own their own house (both p < 0.05).

Table 1. Characteristics of the high and low fine particulate matter (PM2.5) exposure groups.

Variables Low Exposure Group
n = 7668

High Exposure Group
n = 404 p-Value

Day of the week—no. (%) 0.003 1

Weekdays 4630 (60.4) 219 (54.2)
Saturdays 1497 (19.5) 108 (26.7)
Sundays 1541 (20.1) 77 (19.1)

Sex—no. (%) <0.001 1

Male 3563 (46.5) 223 (57.7)
Female 4105 (53.5) 171 (42.3)

Age, years—median (range) 36 (10–93) 35 (11–87) 0.655

Marriage status—no. (%) 0.473
Married 4259 (55.5) 217 (53.7)
Unmarried 3409 (44.5) 187 (46.3)

Education—no. (%) <0.001 1

Middle school and below 2156 (28.1) 76 (18.8)
College and below 2778 (36.2) 166 (41.1)
University and above 2734 (35.7) 162 (40.1)

Industry—no. (%) <0.001 1

Primary and secondary industry 741 (18.0) 25 (8.1)
Tertiary industry 2227 (54.1) 205 (66.3)
Other 1151(27.9) 79 (25.6)

Job—no. (%) <0.001 1

Office worker 1933 (46.9) 91 (29.4)
Non-office worker 2186 (53.1) 218 (70.6)
Working hours, hour per week—median (range) 18 (0–120) 49 (0–105) <0.001 1

Monthly income—no. (%) 0.100
<$2000 6534 (85.2) 332 (82.2)
≥$2000 1134 (14.8) 72 (17.8)

House size, m2—median (range) 66.1 (9.9–337.2) 59.5 (16.5–198.3) 0.025 1

Own house—no. (%) 0.002 1

Yes 4025 (52.5) 179 (44.3)
No 3643 (47.5) 225 (55.7)

Own car—no. (%) 0.595
Yes 4900 (63.9) 46 (11.4)
No 2768 (36.1) 358 (88.6)

1 p < 0.05.

The results of the multivariate logistic regression model for exposure groups are shown in Table 2.
Five factors were significantly associated with high PM2.5 exposure levels: day of the week, age,
industry sector, job type, and working hours. Among these factors, industry sector, job type, and
working hours were the most significant. The individuals surveyed on Saturdays were more likely to
be in the high exposure group than those surveyed on weekdays. Individuals surveyed on Sundays
were less likely to be in the high exposure group, but not significant. Younger non-office-workers with
longer working hours were more likely to be in the high exposure group, as were tertiary industry
workers. Although not significant, sex, education level, monthly income, and house size were included
in the model. Females, individuals with a higher monthly income, and those living in larger houses
were less likely to be in the high exposure group. Compared to individuals with an educational level
below middle school, those with a university level qualification or above were more likely to be in
the high exposure group. Individuals with a monthly income below $2000, and those living in larger
houses, were more likely to be in the high exposure group.
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Table 2. Results of the multivariate logistic regression model of the high PM2.5 exposure group.

Variables Coefficient Standard Error p-Value 1 OR 3 (95% CI)

Day of the week 0.044 2

(Weekdays)
Saturdays 0.356 0.147 1.428 (1.701–1.903)
Sundays −0.017 0.162 0.983 (0.715–1.350)

Sex 0.240
(Male)
Female −0.156 0.133 0.856 (0.660–1.110)

Age −0.019 0.006 0.002 2 0.981 (0.969–0.993)

Education 0.173
(Middle school and below)
College and below −0.148 0.190 0.863 (0.595–1.251)
University and above 0.139 0.232 1.149 (0.729–1.810)

Industry <0.001 2

(Primary and secondary industry)
Tertiary industry 1.063 0.220 2.894 (1.880–4.454)
Other 0.843 0.239 2.324 (1.454–3.716)

Job <0.001 2

(Office worker)
Non-office worker 0.797 0.161 2.220 (1.618–3.044)

Working hours 0.028 0.003 <0.001 2 1.029 (1.022–1.036)
Monthly income 0.199

(<$2000)
≥$2000 −0.202 0.159 0.817 (0.599–1.115)

House size 0.001 0.003 0.765 1.001 (0.996–1.006)

Own house 0.425
(Yes)
No 0.108 0.136 1.114 (0.854–1.454)

1 p-Value by likelihood ratio test (LRT); 2 p < 0.05; 3 OR = odds ratio = Odds(high)/Odds(low); CI = confidence interval;
items in brackets: reference.

3.4. Simulated Population Exposure to PM2.5

Population exposure to PM2.5 was simulated according to the PM2.5 concentrations at each time
interval. After 10,000 simulations, the mean population exposure to PM2.5 of the 8072 surveyed
residents of Seoul was 25.5 ± 4.0 µg/m3 (range: 15.0–328.5 µg/m3; median = 24.5 µg/m3; 95th
percentile = 33.2 µg/m3, 99th percentile = 37.9 µg/m3). The simulated personal PM2.5 exposure levels
are shown in Figure 4.
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4. Discussion

4.1. Microenvironmental PM2.5 Concentrations

The hourly PM2.5 concentrations differed among microenvironments. The microenvironments
used in this model were classified into only three categories because the time-activity patterns of the
national Time Use Survey had the three microenvironments. The Time Use Survey was conducted
for economic activity. Although microenvironmental classification is limited, application of national
data for environmental study is significant. There was little variation in hourly PM2.5 concentrations
in the residential indoors microenvironment, wherein the PM2.5 concentration was high at lunch time
(12:00–12:59). In the “other” microenvironment category, the PM2.5 concentrations were high in the
evening and at night time (18:00–22:59). This was because this category included restaurants and
bars. The microenvironmental PM2.5 concentration in the residential indoors category was similar to
that in the transportation category. Some studies have reported a higher PM2.5 concentration in the
transportation versus residential indoor microenvironment category [28–30]; in our study, this was
probably because walking was included within the transportation category. The Time Use Survey since
2014 classified the microenvironments as follows: Own home, workplace/school, restaurant, other,
walk, private transportation, and public transportation. Future studies could apply this approach with
more diverse microenvironments.

4.2. Time-Activity Pattens of the Surveyed Residents

The residents of Seoul surveyed in this study spent 58.3% of their time in residential indoor
environments, which was a similar proportion to that of the whole Korean population on weekdays
(59.3%) [31]. The time spent in residential indoor environments by the citizens of Hong Kong
(58.0%) was similar to that of Koreans [32]. Compared to western countries, Koreans spend less
time in residential indoor environments [33–38]. A study conducted in the United States showed that
Americans spent 70.9% of their time in residential indoor environments [39].

The time–activity patterns of our Seoul population varied by day of the week. Both morning and
evening commuting patterns were observed on weekdays. On weekends, people spent more time in
residential indoor environments than on weekdays. The time spent in “other” microenvironments
was longest on weekdays, followed by Saturdays and Sundays; the opposite trend was seen for the
residential indoor microenvironment category.

4.3. Personal PM2.5 Levels of Surveyed Residents

The individual exposure levels of the 8072 residents of Seoul were calculated based on their
time–activity patterns and the PM2.5 concentration measured in each microenvironment at the time.
The mean personal PM2.5 exposure level of the 8072 residents was 26.0 ± 2.7 µg/m3. However,
this might have been an underestimation; microenvironmental concentrations were measured only
when ambient PM10 concentrations were below the air quality standard of 100 µg/m3 (24-h average).
Korean PM2.5 air quality standard was not available when the air quality was measured. In addition,
measurements were taken with the aim of avoiding smokers where possible, in both indoor and
outdoor environments. The main reason for calculating the personal exposure of the 8072 residents was
to determine the factors associated with their exposure levels. The mean ambient PM10 concentration
during the study period was 34.8 ± 18.0 µg/m3. Because the Korean government only began measuring
PM2.5 in 2015, PM2.5 data could not be obtained for the study period.

For small proportion of the surveyed residents (511/8072; 6.3%), daily PM2.5 exposure levels
were calculated by excluding the time spent in transit. It was because the microenvironmental PM2.5

concentrations in transit were not available for certain time, such as early morning (04:00–05:59) since
we followed the time-location scenarios made from the Time Use Survey. These residents were in
transit at least once at that time. If a person spent 20 min in transit between 04:00–05:59, their exposure
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level was calculated based on a period of 1420 min rather than 1440 min. The excluded data accounted
for 0.13% of the total time period and thus could be neglected.

We grouped individuals with the highest PM2.5 exposure levels and determined the factors
associated with their exposure. Day of the week, age, industry sector, job type, and working hours
were all significantly associated with high PM2.5 exposure levels. In the EXPOLIS-Helsinki study, the
most important sociodemographic factors associated with personal 48-h PM2.5 exposure levels were
occupational status and educational level [40]. Occupational status, educational attainment, and age
showed negative associations with exposure levels [41]. Environmental tobacco smoke (ETS) is the
factor most strongly associated with PM exposure. We did not collect ETS data because the Time Use
Survey was not designed to examine PM exposure levels, but rather how citizens use their time.

4.4. Simulated Population Exposure

This study developed a probabilistic simulation model to estimate the PM2.5 exposure levels
of surveyed residents of Seoul. When the population exposure levels were simulated 10,000 times,
the range of exposure level widened. It was found that 2.8% of the study population had personal
exposure levels that exceeded the Korean PM2.5 air quality standards (24-h average) of 35 µg/m3, even
though the outdoor PM levels were relatively low; this implies that high indoor PM2.5 concentrations
contributed significantly to the daily exposures.

Some studies have estimated daily PM2.5 exposures using central-site monitoring data. Simulated
annual average PM2.5 exposure levels ranged from 109 to 125 µg/m3 in New Delhi [42]. A case
study conducted in Philadelphia, PA reported that the median daily PM2.5 exposure was 20 µg/m3

by using the Stochastic Human Exposure and Dose Simulation (SHEDS-PM) model [21]. In the
EXPOLIS study, the cumulative average simulated 48-h population exposure levels in Athens, Prague,
Basel, and Helsinki were 43, 37, 25, and 13 µg/m3, respectively [40]. Unlike the current study, the
indoor microenvironmental concentrations used in these studies were calculated based on outdoor
PM2.5 concentrations using mathematical modeling. The current study used directly measured
microenvironmental concentrations to estimate population exposure levels.

4.5. Limitations

Application of actual microenvironmental measurement on personal exposure model was a key
component of KoSEM-PM. Although 59,945 data points of microenvironmental measurements were
applied in this model, they had limitation for generalization. Especially, this study included the
microenvironmental measurement only when outdoor concentrations were complied with Korean
ambient air quality standard of 100 µg/m3 for PM10. Since indoor concentration could be affected by
ambient concentration, interpretation of the findings should be limited to relatively low ambient
concentration condition. In addition, the data included only the weekday microenvironmental
concentrations because only personal PM2.5 exposures collected during the weekday was available.
This model could not be used to estimate actual population exposure in all situations. The model
should be expanded with more data on high concentration days and weekends.

5. Conclusions

Daily personal PM2.5 exposure levels were determined using national time–activity data and
directly measured PM2.5 concentrations in each microenvironment at the time. The PM2.5 exposure
levels varied by exposure factors. A probabilistic simulation model was developed and estimated the
exposure to PM2.5 of surveyed residents of Seoul, Korea. The KoSEM-PM might be a useful tool for
estimating population exposure levels to other regions in Korea. To expand the use of KoSEM-PM,
microenvironmental measurement data from other cities in Korea is required.

Supplementary Materials: The following is available online at http://www.mdpi.com/1660-4601/15/12/2808/
s1, Figure S1: Fine particulate matter (PM2.5) concentrations in: (a) the residential indoors, (b) transportation, and
(c) “other” microenvironment categories. Each bar represents the concentration in 10 min interval.

http://www.mdpi.com/1660-4601/15/12/2808/s1
http://www.mdpi.com/1660-4601/15/12/2808/s1


Int. J. Environ. Res. Public Health 2018, 15, 2808 12 of 14

Author Contributions: All the authors contributed to the final version of the manuscript as follows:
conceptualization, Y.H. and K.L.; methodology, Y.H. and K.L.; formal analysis, Y.H. and J.A.; investigation,
Y.H.; data curation, Y.H. and J.A.; writing—original draft preparation, Y.H.; writing—review and editing, Y.H., J.A.
and K.L.; visualization, Y.H. and J.A.; supervision, K.L.

Funding: This research was partially supported by the National Institute of Environmental Research (NIER) of
Korea and the Basic Science Research Program through the National Research Foundation of Korea (NRF) funded
by the Ministry of Education, Science and Technology (NRF-2017R1A2B4006468).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Woodruff, T.J.; Parker, J.D.; Darrow, L.A.; Slama, R.; Bell, M.L.; Choi, H.; Glinianaia, S.; Hoggatt, K.J.;
Karr, C.J.; Lobdell, D.T.; et al. Methodological issues in studies of air pollution and reproductive health.
Environ. Res. 2009, 109, 311–320. [CrossRef] [PubMed]

2. Koulova, A.; Frishman, W.H. Air pollution exposure as a risk factor for cardiovascular disease morbidity
and mortality. Cardiol. Rev. 2014, 22, 30–36. [CrossRef] [PubMed]

3. Minichilli, F.; Santoro, M.; Linzalone, N.; Maurello, M.T.; Sallese, D.; Bianchi, F. Epidemiological
population-based cohort study on mortality and hospitalization in the area near the waste incinerator
plant of San Zeno, Arezzo (Tuscany Region, Central Italy). Epidemiol. Prev. 2016, 40, 33–43. [CrossRef]
[PubMed]

4. Vaduganathan, M.; De Palma, G.; Manerba, A.; Goldoni, M.; Triggiani, M.; Apostoli, P.; Cas, L.D.; Nodari, S.
Risk of cardiovascular, hospitalizations from exposure to coarse particulate matter (PM10) below the
European Union safety threshold. Am. J. Cardiol. 2016, 117, 1231–1235. [CrossRef] [PubMed]

5. Shaughnessy, W.J.; Venigalla, M.M.; Trump, D. Health effects of ambient levels of respirable particulate
matter (PM) on healthy, young-adult population. Atmos. Environ. 2015, 123, 102–111. [CrossRef]

6. Loomis, D.; Grosse, Y.; Lauby-Secretan, B.; El Ghissassi, F.; Bouvard, V.; Benbrahim-Tallaa, L.; Guha, N.;
Baan, R.; Mattock, H.; Straif, K.; et al. The carcinogenicity of outdoor air pollution. Lancet Oncol. 2013,
14, 1262–1263. [CrossRef]

7. Wheeler, A.J.; Dobbin, N.A.; Heroux, M.E.; Fisher, M.; Sun, L.; Khoury, C.F.; Hauser, R.; Walker, M.; Ramsay, T.;
Bienvenu, J.F.; et al. Urinary and breast milk biomarkers to assess exposure to naphthalene in pregnant
women: An investigation of personal and indoor air sources. Environ. Health 2014, 13, 30. [CrossRef]

8. Lee, M.S.; Eum, K.D.; Rodrigues, E.G.; Magari, S.R.; Fang, S.C.; Modest, G.A.; Christiani, D.C. Effects of
personal exposure to ambient fine particulate matter on acute change in nocturnal heart rate variability in
subjects without overt heart disease. Am. J. Cardiol. 2016, 117, 151–156. [CrossRef]

9. Habil, M.; Massey, D.D.; Taneja, A. Exposure from particle and ionic contamination to children in schools of
India. Atmos Pollut Res 2015, 6, 719–725. [CrossRef]

10. Almeida, S.M.; Canha, N.; Silva, A.; Freitas, M.D.; Pegas, P.; Alves, C.; Evtyugina, M.; Pio, C.A. Children
exposure to atmospheric particles in indoor of Lisbon primary schools. Atmos. Environ. 2011, 45, 7594–7599.
[CrossRef]

11. Du, X.; Kong, Q.; Ge, W.; Zhang, S.; Fu, L. Characterization of personal exposure concentration of fine
particles for adults and children exposed to high ambient concentrations in Beijing, China. J. Environ. Sci.
2010, 22, 1757–1764. [CrossRef]

12. Zhang, L.; Guo, C.; Jia, X.; Xu, H.; Pan, M.; Xu, D.; Shen, X.; Zhang, J.; Tan, J.; Qian, H.; et al. Personal
exposure measurements of school-children to fine particulate matter (PM2.5) in winter of 2013, Shanghai,
China. PLoS ONE 2018, 13, e0193586. [CrossRef] [PubMed]

13. Janssen, N.A.H.; de Hartog, J.J.; Hoek, G.; Brunekreef, B.; Lanki, T.; Timonen, K.L.; Pekkanen, J. Personal
exposure to fine particulate matter in elderly subjects: Relation between personal, indoor, and outdoor
concentrations. J. Air Waste Manage. Assoc. 2011, 50, 1133–1143. [CrossRef]

14. Suh, H.H.; Zanobetti, A. Exposure error masks the relationship between traffic-related air pollution and
heart rate variability. J. Occup. Environ. Med. 2010, 52, 685–692. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.envres.2008.12.012
http://www.ncbi.nlm.nih.gov/pubmed/19215915
http://dx.doi.org/10.1097/CRD.0000000000000000
http://www.ncbi.nlm.nih.gov/pubmed/24304808
http://dx.doi.org/10.19191/EP16.1.P033.012
http://www.ncbi.nlm.nih.gov/pubmed/26951700
http://dx.doi.org/10.1016/j.amjcard.2016.01.041
http://www.ncbi.nlm.nih.gov/pubmed/26976793
http://dx.doi.org/10.1016/j.atmosenv.2015.10.039
http://dx.doi.org/10.1016/S1470-2045(13)70487-X
http://dx.doi.org/10.1186/1476-069X-13-30
http://dx.doi.org/10.1016/j.amjcard.2015.10.015
http://dx.doi.org/10.5094/APR.2015.080
http://dx.doi.org/10.1016/j.atmosenv.2010.11.052
http://dx.doi.org/10.1016/S1001-0742(09)60316-8
http://dx.doi.org/10.1371/journal.pone.0193586
http://www.ncbi.nlm.nih.gov/pubmed/29608594
http://dx.doi.org/10.1080/10473289.2000.10464159
http://dx.doi.org/10.1097/JOM.0b013e3181e8071f
http://www.ncbi.nlm.nih.gov/pubmed/20595912


Int. J. Environ. Res. Public Health 2018, 15, 2808 13 of 14

15. Garcia, J.; Bennett, D.H.; Tancredi, D.; Schenker, M.B.; Mitchell, D.; Reynolds, S.J.; Mitloehner, F.M.
Occupational exposure to particulate matter and endotoxin for California dairy workers. Int. J. Hyg.
Environ. Health 2013, 216, 56–62. [CrossRef] [PubMed]

16. McCreddin, A.; Gill, L.; Broderick, B.; McNabola, A. Personal exposure to air pollution in office workers in
ireland: Measurement, analysis and implications. Toxics 2013, 1, 60–76. [CrossRef]

17. Molnar, P.; Johannesson, S.; Boman, J.; Barregard, L.; Sallsten, G. Personal exposures and indoor, residential
outdoor, and urban background levels of fine particle trace elements in the general population. J. Environ.
Monit. 2006, 8, 543–551. [CrossRef]

18. Steinle, S.; Reis, S.; Sabel, C.E.; Semple, S.; Twigg, M.M.; Braban, C.F.; Leeson, S.R.; Heal, M.R.; Harrison, D.;
Lin, C.; et al. Personal exposure monitoring of PM2.5 in indoor and outdoor microenvironments.
Sci. Total Environ. 2015, 508, 383–394. [CrossRef]

19. Jahn, H.J.; Kraemer, A.; Chen, X.-C.; Chan, C.-Y.; Engling, G.; Ward, T.J. Ambient and personal PM2.5

exposure assessment in the Chinese megacity of Guangzhou. Atmos. Environ. 2013, 74, 402–411. [CrossRef]
20. Wheeler, A.J.; Xu, X.; Kulka, R.; You, H.; Wallace, L.; Mallach, G.; Ryswyk, K.V.; MacNeill, M.; Kearney, J.;

Rasmussen, P.E.; et al. Windsor, Ontario exposure assessment study: Design and methods validation of
personal, indoor, and outdoor air pollution monitoring. J. Air Waste Manage. Assoc. 2011, 61, 324–338.
[CrossRef] [PubMed]

21. Burke, J.M.; Zufall, M.J.; Özkaynak, H. A population exposure model for particulate matter: Case study
results for PM2.5 in Philadelphia, PA. J. Expo. Anal. Environ. Epidemiol. 2001, 11, 470–489. [CrossRef]
[PubMed]

22. Özkaynak, H.; Palma, T.; Touma, J.S.; Thurman, J. Modeling population exposures to outdoor sources of
hazardous air pollutants. J. Expo. Sci. Environ. Epidemiol. 2008, 18, 45–58. [CrossRef] [PubMed]

23. Breen, M.S.; Long, T.C.; Schultz, B.D.; Williams, R.W.; Richmond-Bryant, J.; Breen, M.; Langstaff, J.E.;
Devlin, R.B.; Schneider, A.; Burke, J.M.; et al. Air pollution exposure model for individuals (EMI) in health
studies: Evaluation for ambient PM2.5 in Central North Carolina. Environ. Sci. Technol. 2015, 49, 14184–14194.
[CrossRef] [PubMed]

24. Wu, C.-F.; Delfino, R.J.; Floro, J.N.; Quintana, P.J.E.; Samimi, B.S.; Kleinman, M.T.; Allen, R.W.;
Sally Liu, L.J. Exposure assessment and modeling of particulate matter for asthmatic children using personal
nephelometers. Atmos. Environ. 2005, 39, 3457–3469. [CrossRef]

25. Peters, T.M.; Ott, D.; O’Shaughnessy, P.T. Comparison of the Grimm 1.108 and 1.109 portable aerosol
spectrometer to the TSI 3321 aerodynamic particle sizer for dry particles. Ann. Occup. Hyg. 2006, 50, 843–850.
[CrossRef] [PubMed]

26. Heim, M.; Mullins, B.J.; Umhauer, H.; Kasper, G. Performance evaluation of three optical particle counters
with an efficient “multimodal” calibration method. J. Aerosol Sci 2008, 39, 1019–1031. [CrossRef]

27. Hwang, Y.; Lee, K. Contribution of microenvironments to personal exposures to PM10 and PM2.5 in summer
and winter. Atmos. Environ. 2018, 175, 192–198. [CrossRef]

28. Borgini, A.; Ricci, C.; Bertoldi, M.; Crosignani, P.; Tittarelli, A. The EuroLifeNet Study: How different
microenvironments influence personal exposure to PM2.5; among high-school students in Milan. Open J.
Air Pollut. 2015, 4. [CrossRef]

29. Dias, D.; Tchepel, O. Modelling of human exposure to air pollution in the urban environment: A GPS-based
approach. Environ. Sci. Pollu. Res. Int. 2014, 21, 3558–3571. [CrossRef]

30. Smith, J.D.; Mitsakou, C.; Kitwiroon, N.; Barratt, B.M.; Walton, H.A.; Taylor, J.G.; Anderson, H.R.; Kelly, F.J.;
Beevers, S.D. London hybrid exposure model: Improving human exposure estimates to NO2 and PM2.5 in
an urban setting. Environ. Sci. Technol. 2016, 50, 11760–11768. [CrossRef]

31. Yang, W.; Lee, K.; Yoon, C.; Yu, S.; Park, K.; Choi, W. Determinants of residential indoor and transportation
activity times in Korea. J. Expo. Sci. Environ. Epidemiol. 2011, 21, 310–316. [CrossRef] [PubMed]

32. Chau, C.K.; Tu, E.Y.; Chan, D.W.T.; Burnett, J. Estimating the total exposure to air pollutants for different
population age groups in Hong Kong. Environ. Int. 2002, 27, 617–630. [CrossRef]

33. Brasche, S.; Bischof, W. Daily time spent indoors in German homes–Baseline data for the assessment of
indoor exposure of German occupants. Int. J. Hyg. Environ. Health 2005, 208, 247–253. [CrossRef] [PubMed]

34. Briggs, D.J.; Denman, A.R.; Gulliver, J.; Marley, R.F.; Kennedy, C.A.; Philips, P.S.; Field, K.; Crockett, R.M.
Time activity modelling of domestic exposures to radon. J. Environ. Manage. 2003, 67, 107–120. [CrossRef]

http://dx.doi.org/10.1016/j.ijheh.2012.04.001
http://www.ncbi.nlm.nih.gov/pubmed/22579491
http://dx.doi.org/10.3390/toxics1010060
http://dx.doi.org/10.1039/B600827E
http://dx.doi.org/10.1016/j.scitotenv.2014.12.003
http://dx.doi.org/10.1016/j.atmosenv.2013.04.011
http://dx.doi.org/10.3155/1047-3289.61.3.324
http://www.ncbi.nlm.nih.gov/pubmed/28880138
http://dx.doi.org/10.1038/sj.jea.7500188
http://www.ncbi.nlm.nih.gov/pubmed/11791164
http://dx.doi.org/10.1038/sj.jes.7500612
http://www.ncbi.nlm.nih.gov/pubmed/17878926
http://dx.doi.org/10.1021/acs.est.5b02765
http://www.ncbi.nlm.nih.gov/pubmed/26561729
http://dx.doi.org/10.1016/j.atmosenv.2005.01.061
http://dx.doi.org/10.1093/annhyg/mel067
http://www.ncbi.nlm.nih.gov/pubmed/17041244
http://dx.doi.org/10.1016/j.jaerosci.2008.07.006
http://dx.doi.org/10.1016/j.atmosenv.2017.12.009
http://dx.doi.org/10.4236/ojap.2015.41003
http://dx.doi.org/10.1007/s11356-013-2277-6
http://dx.doi.org/10.1021/acs.est.6b01817
http://dx.doi.org/10.1038/jes.2010.23
http://www.ncbi.nlm.nih.gov/pubmed/20424647
http://dx.doi.org/10.1016/S0160-4120(01)00120-9
http://dx.doi.org/10.1016/j.ijheh.2005.03.003
http://www.ncbi.nlm.nih.gov/pubmed/16078638
http://dx.doi.org/10.1016/S0301-4797(02)00159-7


Int. J. Environ. Res. Public Health 2018, 15, 2808 14 of 14

35. Echols, S.L.; Macintosh, D.L.; Hammerstrom, K.A.; Ryan, P.B. Temporal variability of microenvironmental
time budgets in Maryland. J. Expo. Anal. Environ. Epidemiol. 1999, 9, 502–512. [CrossRef] [PubMed]

36. Klepeis, N.E. An introduction to the indirect exposure assessment approach: Modeling human exposure
using microenvironmental measurements and the recent National Human Activity Pattern Survey. Environ.
Health Perspect. 1999, 107, 365–374. [CrossRef] [PubMed]

37. Lai, H.K.; Kendall, M.; Ferrier, H.; Lindup, I.; Alm, S.; Hanninen, O.; Jantunen, M.; Mathys, P.; Colvile, R.;
Ashmore, M.R.; et al. Personal exposures and microenvironment concentrations of PM2.5, VOC, NO2 and
CO in Oxford, UK. Atmos. Environ. 2004, 38, 6399–6410. [CrossRef]

38. Leech, J.A.; Nelson, W.C.; Burnett, R.T.; Aaron, S.; Raizenne, M.E. It’s about time: A comparison of Canadian
and American time-activity patterns. J. Expo. Anal. Environ. Epidemiol. 2002, 12, 427–432. [CrossRef]
[PubMed]

39. Sexton, K.; Mongin, S.J.; Adgate, J.L.; Pratt, G.C.; Ramachandran, G.; Stock, T.H.; Morandi, M.T. Estimating
volatile organic compound concentrations in selected microenvironments using time-activity and personal
exposure data. J. Toxicol. Environ. Health, A 2007, 70, 465–476. [CrossRef] [PubMed]

40. Kruize, H.; Hanninen, O.; Breugelmans, O.; Lebret, E.; Jantunen, M. Description and demonstration of the
EXPOLIS simulation model: Two examples of modeling population exposure to particulate matter. J. Expo.
Anal. Environ. Epidemiol. 2003, 13, 87–99. [CrossRef]

41. Rotko, T.; Koistinen, K.; Hanninen, O.; Jantunen, M. Sociodemographic descriptors of personal exposure to
fine particles (PM2.5) in EXPOLIS Helsinki. J. Expo. Anal. Environ. Epidemiol. 2000, 10, 385–393. [CrossRef]
[PubMed]

42. Saraswat, A.; Kandlikar, M.; Brauer, M.; Srivastava, A. PM2.5 Population exposure in New Delhi using a
probabilistic simulation framework. Environ. Sci. Technol. 2016, 50, 3174–3183. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/sj.jea.7500046
http://www.ncbi.nlm.nih.gov/pubmed/10554152
http://dx.doi.org/10.2307/3434429
http://www.ncbi.nlm.nih.gov/pubmed/10350522
http://dx.doi.org/10.1016/j.atmosenv.2004.07.013
http://dx.doi.org/10.1038/sj.jea.7500244
http://www.ncbi.nlm.nih.gov/pubmed/12415491
http://dx.doi.org/10.1080/15287390600870858
http://www.ncbi.nlm.nih.gov/pubmed/17454570
http://dx.doi.org/10.1038/sj.jea.7500258
http://dx.doi.org/10.1038/sj.jea.7500104
http://www.ncbi.nlm.nih.gov/pubmed/10981732
http://dx.doi.org/10.1021/acs.est.5b04975
http://www.ncbi.nlm.nih.gov/pubmed/26885573
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Microenvironmental Concentration Measurements 
	Time–Activity Patterns 
	Kosem-PM 
	Estimation of Personal Exposure Levels of the 8072 Residents of Seoul 
	Simulation of Population Exposure to PM2.5 

	Statistical Analysis 

	Results 
	Microenvironmental PM2.5 Concentrations 
	Time–Activity Patterns of the 8072 Residents of Seoul 
	Personal Exposure Levels of the 8072 Residents of Seoul 
	Simulated Population Exposure to PM2.5 

	Discussion 
	Microenvironmental PM2.5 Concentrations 
	Time-Activity Pattens of the Surveyed Residents 
	Personal PM2.5 Levels of Surveyed Residents 
	Simulated Population Exposure 
	Limitations 

	Conclusions 
	References

