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• Children are able to wear a personal monitor for ultraﬁne particles (PUFP).
• The PUFP can measure personal exposure to UFP with spatial and temporal resolution.
• Children’s exposure to UFP varies by microenvironment.
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a b s t r a c t
Background: Ultraﬁne particles (UFPs) have been associated with adverse health outcomes in children, but studies are often limited by surrogate estimates of exposure. Accurately characterizing children's personal exposure
to UFP is difﬁcult due to the high spatiotemporal variability of UFP and children's time–activity patterns.
Objective: The objectives of this study were to conduct a ﬁeld test of a personal sensor for UFP (PUFP) by measuring UFP exposure among children and assess the sensor's capabilities and limitations.
Methods: Children wore the sensor at school, during transit periods between school and home, and in their home
for 2–4 h on 2 consecutive days and provided feedback regarding their experience with the sensor. The PUFP sensor recorded UFP number concentration at one second intervals and recorded GPS location allowing for comparisons of UFP exposure at homes, schools, and during transit. A mixed-effects linear model was used to compare
the effect of microenvironment on personal UFP measurements.
Results: The overall total median personal exposure to UFP was 12,900 particles/cm3 (p/cm3). Median UFP exposure at homes, schools and during transit was 17,800, 11,900, and 13,600 p/cm3, respectively. Results of the
mixed-effects model found that riding in a car and walking were signiﬁcantly associated with 1.36 (95% CI
1.33–1.39) and 2.51 (95% CI 2.44–2.57) times higher UFP concentrations compared to the home.
Conclusions: The PUFP sensor can measure near real-time exposure to UFP with high spatiotemporal resolution.
Children's exposure to UFP varies by location, with increased exposure during transit to and from school.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Despite advances in air pollution exposure assessment including the
use of satellite data, sophisticated modeling approaches, and improvements in sensor technology, accurately measuring personal exposure
remains a substantial challenge in studies of air pollution and human
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health (Brauer, 2010). While the association between particulate matter
(PM) and adverse respiratory health has been consistently demonstrated (Zanobetti et al., 2009; Millstein et al., 2004; McConnell et al., 2010;
Gehring et al., 2010; Pope and Dockery, 2006; Dockery, 2009), the impact may be underestimated by surrogate measures of personal exposure which seldom considers all locations and activities which
contribute to an individual's exposure (Van Roosbroeck et al., 2008;
Meng et al., 2005). Most epidemiologic studies of PM use a combination
of stationary monitoring and spatial models to estimate long-term exposure. Studies comparing these methods with personal exposure

P.H. Ryan et al. / Science of the Total Environment 508 (2015) 366–373

measurements have demonstrated that ambient concentrations and
models for air pollutants with high spatiotemporal variability, including
ultraﬁne particles (UFPs), often mischaracterize personal exposure
(Nerriere et al., 2005; Sarnat et al., 2006; Diapouli et al., 2007). This discrepancy is particularly important for children, who are highly susceptible to these exposures due to their ongoing respiratory, cognitive,
behavioral and neurologic development. Accurately assessing children's
exposure to ﬁne and ultraﬁne PM is intrinsically difﬁcult due to the high
spatiotemporal variability of UFP and the unique time–activity patterns
of children, including time spent indoors at home and school, in vehicles, and walking, running, bicycling or playing near trafﬁc sources during peak exposure periods (Brauer, 2010; Cattaneo et al., 2010).
Therefore, children may experience high peak exposures over short
time periods which cannot be captured by stationary monitoring (Liu
et al., 2003; Hochstetler et al., 2011).
While studies of long-term exposure PM have consistently found
deleterious cardiopulmonary health effects (Dockery, 2009; Pope and
Dockery, 2006) fewer studies have characterized health effects associated with short-term exposure to air pollutants. More recent evidence is
emerging, however, that short-term exposure to UFPs is associated
with adverse respiratory health outcomes, especially among asthmatics.
Short-term exposure (≤ 2 h) to UFPs emitted from diesel engines in
real-world conditions has been linked to decreased lung function and
increased inﬂammation among asthmatic adults (McCreanor et al.,
2007). Another study of healthy adults demonstrated that short-term
(2 h) exposure to air pollution during commuting activities was associated with decreased lung function and increased airway inﬂammation
(Zuurbier et al., 2011). Healthy bicyclists were also found to have increased airway inﬂammation associated with PM number concentration (Strak et al., 2010).
Despite advances in technology allowing for the increased use of
personal monitoring devices capable of assessing short-term PM exposure in near real-time, the method remains limited in its implementation due to the required time, labor, and costs associated with its use
and the potential burden for study participants (Zou et al., 2009). Personal monitors have been utilized on a limited basis in studies of air pollutants, most often worn by adults (Janssen et al., 2005; Dons et al.,
2012). In younger children, personal exposure to PM2.5 has been
assessed using ﬁlter-based personal sampling with separate equipment
for a pump, batteries, and ﬁlter or by using a nephelometer to assess
real-time PM or black carbon concentrations (Delﬁno et al., 2006,
2004; Wallace et al., 2011). Using these tools, personal exposure to
PM2.5 has been associated with increased airway inﬂammation and decreased FEV1 among children with asthma (Delﬁno et al., 2006, 2004).
UFP, whose contribution to PM2.5 mass is negligible, may have greater
toxicity than larger particles due to their lung deposition, large particle
number concentrations with increased surface area, and ability to translocate to other organs in the body (HEI Review Panel on Ultraﬁne
Particles, 2013; Terzano et al., 2010). The impact of short-term personal
exposure to UFPs on children's respiratory health, however, has not
been well-studied due, in part, to a lack of personal monitoring devices,
though recent studies have begun to characterize personal UFP exposure among children (Buonanno et al., 2013; Mazaheri et al., 2014).
In order to address these limitations a new, wearable, personal sensor for measuring exposure to UFP number concentration has been developed (www.enmont.com). This new device, henceforth referred to
as a personal UFP (PUFP) sensor, is a UFP condensation particle counter
(CPC) capable of measuring personal exposure to UFP number concentration (Son et al., 2013, 2011; He et al., 2013). The PUFP operates based
on the principle of a CPC using water with comparable or better accuracy than the conventional, larger alcohol based CPC systems (Son et al.,
2011; Hsiao et al., 2009; Choi and Son, 2009). In addition, the PUFP incorporates GPS technology to allow for accurate spatial characterization
of exposure. The objective of this study was to conduct the ﬁrst ﬁeld test
of this newly developed sensor with children in order to assess its capability to characterize personal UFP exposure. Further, the acceptability,
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usability, and compliance of children and their caregivers to the PUFP
were assessed.
2. Materials and methods
2.1. Personal ultraﬁne particle sensor
The PUFP (US patent # US 8,449,65) deployed in the ﬁeld test is a
condensation particle counter (CPC) with a total-system-volume of
1500 cm3, a weight of 1 kg, and approximately 6 h of continuous battery
operation (for additional speciﬁcations see www.enmont.com). The
PUFP is comprised of an evaporation–condensation-tube, a miniature
diaphragm air pump, an optical detection module, a ﬂow regulator,
water tank, GPS, and battery pack in a plastic shell body (Fig. 1). The
PUFP implements four electronic circuit boards to control sensor operation and data processing. The two central processing units on a board
convert analog laser particle scattering signature to digital counting
data along with the global positioning system (GPS).
The unit includes a lithium-polymer battery pack as a power source
and an LCD monitor. An electronic circuit controls the battery and monitors its status to ensure the safety of the battery. In the case of an abnormal battery status including high-temperature, the electronic circuit
automatically stops the sensor operation.
The PUFP has been tested at the Micro Thermoﬂuidics Lab at the University of Cincinnati, the Particulate Matter Center at the University of
Rochester (Rochester, NY), an industrial aerosol lab at MSP Corp (Shoreview, MN), and at the Underwriters Laboratory (Chicago, IL). Results of
these tests have shown the PUFP to have a counting efﬁciency of
500,000 particles/cm3 with a lower size detection limit of 4.5 nm. In another study involving respirator leakage the PUFP produced comparable
data to the TSI® Model 3007 CPC with a slope of ~ 1.16 and an R2 of
~0.99 (He et al., 2013). Mobility tests, conducted under varying acceleration levels, demonstrated that the PUFP operates without noticeable
performance degradation up to ± 4–6-gravitational acceleration. UFP
counts measured by the PUFP are well correlated with measurements
obtained by a reference CPC (TSI Model 3022A) (data not shown). The
inclusion of GPS technology allows for position and time data to be
tagged to the measured UFP number concentration within 2 min and
at one second intervals for excellent spatial and temporal resolutions.
2.2. Study population
Participants enrolled in the ﬁeld test were recruited among children
with asthma who attended one of three schools in Cincinnati, OH, most
of whom had previously taken part in the Cincinnati Anti-Idling Campaign (CAIC) (Ryan et al., 2013; Eghbalnia et al., 2013). Schools participating in the CAIC study had either low or high bus trafﬁc and were
located either near or far from the closest major road. For the current
study, nurses distributed information to former CAIC participants and
also nonparticipants with asthma attending CAIC schools regarding
the details of the ﬁeld test, including its purpose, methods, and instructions on how to participate.
2.3. Field testing
Two personal sampling ﬁeld test campaigns were conducted: one in
fall 2012 and one in spring 2013. All study procedures and consent were
approved by the University of Cincinnati Institutional Review Board
(IRB). Two sensors were used during ﬁeld testing; prior to their ﬁeld deployment these sensors were calibrated side-by-side using a reference
CPC (TSI3788) based on the procedure recommended by the National
Institute of Standards and Technology. All deployed PUFP sensors had
satisﬁed the calibration error requirement of less than 5% error over particle concentration ranges up to 500,000 p/cm3. In both campaigns, participants wore the PUFP sensor for 2–5 h on two consecutive days. Prior
to each two-day ﬁeld test, study personnel visited the homes of
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Sampling Inlet

(a)

(b)

Fig. 1. PUFP (5th generation) sensor (a) attached to a backpack of ﬁeld test participant (b).

participants to obtain written consent and to explain the study procedures. In addition, a baseline questionnaire was administered to parents
to assess the participating child's respiratory symptoms, health care utilization, and home/environmental exposures including smoking by
members of the household. Participants and their caregivers were also
given a brief presentation regarding PUFP sensor operation and care.
Field testing began prior to their departure from school and continued
through the evening, after their arrival at home. This time period was
chosen in order to assess short-term changes in ultraﬁne PM exposure
at school, during transit periods between school and home, and in
their home.
On each day of the ﬁeld test, study personnel met each participant at
school prior to dismissal to deliver the PUFP sensor. The PUFP sensor
was fastened to the student's backpack near the breathing zone, and
participants were asked to wear the sensor, or to be in close proximity
to the sensor, at all times. The participant wore the PUFP sensor for
the remainder of the day until evening. Simultaneous GPS and UFP concentration measurements were recorded at 1-second intervals, allowing
for UFP exposure to be determined with high spatiotemporal resolution.
After completing the ﬁeld test, the parent and child were given a ﬁnal
survey regarding PUFP sensor acceptability and usability.

transit between known stationary locations, primarily home and school,
and were classiﬁed as ‘transit’ exposures.
At times during the sampling period, GPS coordinates were not recorded due to signal loss, chieﬂy a result of the sensor being indoors.
In these circumstances, UFP measurements were recorded, but the
subject's GPS coordinates and exposure category could not be determined based on the spatial component (GPS coordinates) alone. If GPS
coordinates were not available during an interval of time between
known microenvironment periods, those data points were categorized
as within that exposure period. For example, GPS location may be recorded at school arrival, lost inside the school but regained once the participant sensor was worn outside. These data points without location
information were classiﬁed as school exposure because the participant
was known to be at school before and after the GPS signal was lost.
Data points with missing GPS information that occurred between different microenvironments were categorized based on ﬁeld observations
by study personnel, questionnaire data (participant typical arrival
time at home after school departure), time of known events (school dismissal), or the participant's activity pattern on the corresponding sampling day. Missing data between different microenvironments that
could not be categorized based on these criteria were assigned to the
previous known exposure period.

2.4. Personal UFP exposure by microenvironment
2.5. Statistical analysis and visualization of personal exposure
UFP concentration data and matching GPS coordinates were
downloaded and projected in ArcGIS 10.1 software (ESRI). An exposure
algorithm with spatial and temporal components was developed to categorize the personal UFP measurements into locations where children
spent time during ﬁeld testing. UFP measurements were categorized
into four locations including ‘school’, ‘home’, ‘transit’, and ‘other’. The
address of each participants' home and school was geocoded and UFP
concentrations at the these locations were deﬁned as follows: 1) ‘school’
— UFP measurement with corresponding GPS sampling coordinate
b400 m of the participant's school, and 2) ‘home’ — UFP measurement
with corresponding GPS coordinate b100 m of the participant's residence. Study questionnaires queried the participants regarding time
spent at other locations and these were also geocoded. UFP concentrations recorded within b100 m of these locations were categorized as
‘other’ exposures (primarily after school care centers). UFP measurements recorded at GPS coordinates outside of the deﬁned home, school,
and “other” locations were assumed to occur during the participants'

Though the PUFP sensor has previously been validated to measure
UFP concentrations up to 500,000 p/cm3 with 95% accuracy in
laboratory settings (constant room-temperature and humidity using
electrically-neutralized UFP and hydrophilic UFP NaCl, unpublished
data), in ﬁeld conditions (variable temperature, humidity, and particle
surface characteristics) measurement error is approximately ±10% for
concentrations exceeding 125,000 p/cm3. Therefore, recorded UFP concentrations exceeding 125,000 p/cm3 were replaced with 125,000 in the
dataset prior to analyses.
Descriptive analyses were performed for the measured personal UFP
exposure during the entirety of the personal monitoring (two days
combined) and the distribution of personal UFP exposure for each microenvironment was examined. In order to examine the association between UFP exposure and each microenvironment and account for
within-subject correlation, a mixed effects model was developed. In
this model, the microenvironment of each subject for each sampled
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time point was categorized into 6 possible locations: home, school,
other, transit (bus), transit (car), transit (walk). These were coded as
the only ﬁxed effect in the model using 5 dummy variables, with
home as the reference level. The random effects structure was such
that each intercept was subject-speciﬁc. Prior to the analyses UFP concentrations were log-transformed to account for their skewed distribution. The coefﬁcients of the mixed-effects linear model were back
transformed and presented as the predicted fraction (95% conﬁdence
interval, CI) of UFP concentrations for each microenvironment compared to the home. In addition, to demonstrate the spatiotemporal
UFP measurements obtained by the PUFP, personal UFP exposure for
two selected subjects was visualized by plotting the UFP concentration
and corresponding location using GIS software (ArcGIS 10.1, ESRI, Redlands, CA).

locations. In general, the average contribution to participants' total
UFP exposure during the ﬁeld sampling was reﬂective of the time
spent in each location and was highest for home (45%) and school
(35%) and lowest for transit and other locations (14% and 7%, respectively). There were, however, some exceptions. For example, participant
20 spent only 12% of his sampling period at school but this time
accounted for 42% of their total UFP. The contribution of UFP exposure
from the school exceeded the time spent in schools for 12 participants
whereas the time spent at home for 11 (55%) participants exceeded
the contribution of home exposure to total UFP. The contribution of
UFP exposure during transit exceeded the percentage of time spent in
transit for 65% (n = 13) of study participants.

3. Results

A summary of personal UFP exposure for all children is presented in Table 2. Less than 0.4% of all recorded UFP concentrations
(1089/304,803) exceeded 125,000 p/cm 3 and were replaced by
125,000 p/cm 3 in subsequent analyses. Box-and-whisker plots
(Fig. 2) present the distribution of the recorded UFP measurements
on the log scale for all subjects and those measurements taken in
each deﬁned microenvironment. The distribution of the overall
(combined) personal UFP measurements and those for each microenvironment was skewed due to high short-term exposure to UFP.
The overall median exposure to UFP during personal sampling was
12,900 particles/cm3 (p/cm 3 ). The overall median UFP exposure
at schools (11,900 p/cm3 ) was less than that for both home
(17,800 p/cm3) and transit (13,600 p/cm3) environments.
Estimated coefﬁcients obtained from the mixed effects model are
presented in Table 3 and were back transformed so that they could be
interpreted as the multiplicative effect that each microenvironment
has on total UFP exposure as compared to the home microenvironment.
Results of the mixed model found signiﬁcant differences in mean UFP
concentrations between microenvironments within individuals. In particular, riding in a car and walking were estimated to result in 1.36 (95%
CI 1.33–1.39) and 2.51 (95% CI 2.44–2.57) times higher UFP concentrations compared to the home. In contrast to these two microenvironments, taking the bus (0.77, 95% CI: 76–79) and being at school (0.90,
95% CI: 0.89–0.91) were associated with lower UFP exposure compared
to home levels.
Spatiotemporal UFP concentration patterns for two selected participants were visualized by plotting their UFP concentrations by
sampling time (Fig. 3) and location (Fig. 4). Both participants walked
from school to their homes. Figs. 3a and 4a present data from participant 7 who attended school A and resides in an urban area near a
major interstate highway (b 125 m). As shown in Fig. 3a, UFP concentrations exceed 100,000 p/cm3 at both school and home with concentrations during transit, in general, exceeding 50,000 p/cm 3 .
Time spent indoors and outdoors at the home may account for the
variability in UFP concentrations observed. Figs. 3b and 4b present
data obtained for participant 17 who attended school B and resides
in a residential neighborhood with few major roads. In general,

3.1. Participant characteristics
The characteristics of the study participants and sampling times are
summarized in Table 1. A total of 20 children participated in the ﬁeld
test; of these, 17 (85%) were African American and 14 (70%) were
male. Participants' average age was 11.7 years and all had been diagnosed with asthma by a physician. Three modes of transportation to
and from school were reported; 8 by bus, 6 by car and 6 walking. Of
the 20 participants, 85% (n = 17) completed both days of ﬁeld testing;
the remainder (n = 3) completed one day of personal sampling. The
overall average sampling duration and the average amount of sampling
time at each microenvironment are presented in Table 1. Overall, the average total sampling time was 254 (± 87.9) min with time spent at
home representing the longest sampling duration (117 ± 91.8 min).
The average sampling times at school, transit, and other locations
were 78.5 (±53.5), 30.1 (±28.7), and 31.0 (±83.5) min, respectively
(Table 1).
Overall, participating children spent, on average, 44% of the sampling period at home, 34% at school, 12% in transit, and 11% at other
Table 1
Characteristics of ﬁeld test participants.
Age [years, mean (range)]
Gender [#,%]
Male
Female
Race [#,%]
Black
White
ETS in homea
Method of school transit
Bus
Car
Walking
Personal sampling duration [minutes, mean (SD)]
School
Transit
Home
Others
Total
Primary heating method
Gas furnace
Electric furnace
Central air conditioning
Yes
No
Personal sampling testing days
Two day ﬁeld test
One day ﬁeld test
School
A
B
C
a

11.7

(9.2–13.9)

14
6

(70%)
(30%)

17
3
8

(85%)
(15%)
(40%)

8
6
6

(40%)
(30%)
(30%)

78.5
30.1
117
31.0
254.1

(±53.5)
(±28.7)
(±91.8)
(±83.5)
(±87.9)

14
4

(78%)
(22%)

7
13

(35%)
(65%)

17
3

(85%)
(15%)

6
8
6

(30%)
(40%)
(30%)

Parental report of household member smoking in home (yes/no).

3.2. Personal exposure measurements

Table 2
Summary of UFP particle number concentration (p/cm3) by location.
Location

Mean (SD)

5th
%-tile

Personal —
overall
School
Home
Others
Transit
Walking
School bus
Car

21,400 (25,100)

900

19,800 (22,800)
27,000 (28,300)
4100 (5700)
21,400 (20,600)
38,100 (26,800)
23,400 (20,000)
11,700 (11,000)

1900
2800
600
3100
9800
2300
3400

25th
%-tile

Median 75th
%-tile

95th
%-tile

4900

12,900

26,000

80,200

4900
6800
800
7500
17,300
9400
5700

11,900
17,800
1000
13,600
27,400
18,200
8000

24,300
34,500
4700
28,200
61,000
30,300
12,800

74,600
98,600
17,500
71,600
87,900
64,500
30,700
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Fig. 2. Distribution of ultraﬁne particle number concentration by microenvironment. The width of each box plot is proportional to the square root of the sample size, diamonds represent
the mean, solid lines indicate the median, boxes indicate the interquartile range, and whiskers indicate the 5th and 95th percentiles. Note that the y-axis is presented on the log scale.

personal UFP exposure was low (b25,000 p/cm3) at both school and
home, but elevated (25,000–N100,000 p/cm3) during transit. In addition, the transit route was located alongside multiple intersections
where stop and go trafﬁc patterns or idling vehicles may result in elevated UFP concentrations (Fig. 4b).
3.3. Participant evaluation
Participants provided feedback at the conclusion of the sampling period regarding their experience with the sensor. Overall, parents and
children reported that the sensor was easy to use, with each group
reporting a mean overall ease of use score of 4.4 out of 5. The most frequent comments regarding sensor limitations were related to noise
with parents and children rating the sensor 2.1 and 2.2, respectively,
out of 5), and weight (3.2 and 3.1, respectively). Despite these limitations, both parents and children reported the sensor's general ease of
wear to be 3.8 and 3.6, respectively.
4. Discussion
The results of our ﬁeld test demonstrate that the PUFP sensor is able
to be worn by children in the context of an epidemiologic study while
providing high-resolution spatiotemporal measurements of UFP. Further, results of the mixed linear model found signiﬁcant individual differences in UFP concentrations in all microenvironments compared to
Table 3
Results of mixed effects linear model: estimated fraction of UFP exposure for each microenvironment compared to home.
Microenvironment

Estimated fraction (95% CI) of UFP exposure for each
microenvironment compared to home

School
Other
Transit (walk)
Transit (bus)
Transit (car)

0.90 (0.89–0.91)
0.30 (0.30–0.31)
2.51 (2.44–2.57)
0.77 (0.76–0.79)
1.36 (1.33–1.39)

home concentrations. This suggests that inherent differences in subjects, in addition to microenvironments, contribute to UFP exposures.
An important component of our study was the PUFP sensor which
was developed to characterize UFP number concentration exposure at
1-second resolution under conditions encountered in populationbased studies. Commercially available particle counters are typically
handheld devices used for area-based, rather than personal monitoring,
and are limited by their size, weight, ruggedness, positional orientation,
and particle size counting capabilities. In addition, conventional CPCs
are limited by the liquid (alcohol or water) used as the ﬂuid for condensation and can be easily ﬂooded. As a result of these limitations, epidemiologic studies incorporating personal PM monitoring have
frequently used ﬁlter-based collection of PM2.5 mass concentration.
Filter-based PM2.5 monitoring, however, limits the ability to accurately
characterize short-term and peak exposure to UFP, differentiate spatiotemporal gradients of UFP exposure, and distinguish the impact on
human health of UFP from larger PM. More recently, personal monitors
for surrogates of PM and UFP, including black carbon, have been developed to count PM indirectly using photometric technology. The photometric technique, however, has limited precision and accuracy due to
the conversion of the total amount of scattered light from all PM to a particle concentration. Other studies have used nephelometers to measure
PM exposure, but these also have limited precision and accuracy for measuring UFP as these instruments rely on light scattering to detect PM and
are limited in their ability to detect PM smaller than the wavelength of
their light source. UFPs, which are smaller than the wavelength of most
personal nephelometers do not produce detectible scattering-light signal
and therefore cannot be measured by these devices. Other devices using
diffusion charging to measure UFP number concentration are also limited
in their precision and accuracy. In contrast, the PUFP and other CPCs count
individual scattered light produced by each particle.
Relatively few studies have conducted personal sampling of air pollutants in children. Using a nephelometer to assess personal exposure to
PM2.5, a study of 48 children with asthma in Windsor, CA found significant variability in PM2.5 exposures during a typical day (Van Ryswyk
et al., 2014) with time sleeping associated with reduced PM2.5
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< 25,000 p/cc
25,001 – 50,000 p/cc
50,001 – 75,000 p/cc
75,001 – 100,000 p/cc
100,001 – 125,000 p/cc

125

p/cc (in thousands)

100
Transit
75

50

25

0
1:56 PM

2:26 PM

2:55 PM

3:24 PM

3:54 PM

4:23 PM

4:52 PM

5:21 PM

(b)
School

125

Transit

Home

p/cc (in thousands)

100
75
50
25
0
3:12 PM

3:32 PM

3:52 PM

4:11 PM

4:31 PM

4:50 PM

5:10 PM

5:29 PM

Fig. 3. Representative personal UFP exposure: participants 7 (a) and 17 (b) — personal UFP exposure by sampling time.

exposure and indoor playing, cleaning and food preparation associated
with increased PM2.5 exposure. This same study also found that children spent approximately 70% of their time indoors at home which
accounted for 52–66% of their PM2.5 exposure, depending upon season
(Van Ryswyk et al., 2014). During our comparatively shorter sampling
period, children spent 44% of their time at home, 34% at school, 12% in
transit, and 11% in other locations and collectively the contribution of
each microenvironment to overall UFP exposure was similar. A panel
study of children with asthma in California also assessed personal exposure to PM2.5 using a nephelometer and found increased PM2.5 over 24
h to be associated with decreased lung function (Delﬁno et al., 2004).
We found that while the overall UFP exposure of children was similar across school, transit, and home environments (Fig. 2), there were
signiﬁcant differences in UFP concentrations by microenvironment
when taking into account the within-subject correlation with a
mixed effects model. The advantage of the mixed effects modeling
approach is the ability to allow each child to have a unique and speciﬁc average UFP concentration (subject-speciﬁc intercept) while simultaneously estimating the effects of microenvironment for each
subject. However, model interpretations must consider that the

coefﬁcient estimates are speciﬁc to the subject and model. In our
study, results of the mixed-effects model found that riding in a bus
was associated with reduced UFP exposure compared to home concentrations, while riding in a car or walking were associated with increased UFP exposure relative to home concentrations. However, as
shown in Fig. 2, the overall distribution of UFP exposure during bus
riding and walking are similar, and UFP concentrations for both
methods of transit are higher than while riding in a car. This apparent contradictory result is due to the subject-speciﬁc effects of
children who ride in buses also having higher home UFP concentrations compared to the home concentrations of children who walk
or ride in a car (data not shown). Hence, in our study, participants
who rode a bus also have increased UFP concentration at their
homes resulting in an estimated reduction in UFP exposure while
riding the bus compared to their home concentrations. These ﬁndings lend further credence to the importance of individual timeactivity patterns and speciﬁc spatial locations relative to UFP sources
for an individual's exposure. The inﬂuence of time–activity patterns
on personal exposure to UFP and black carbon (BC) has previously
been studied in adults (Dons et al., 2012; Buonanno et al., 2014)
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Fig. 4. Representative personal UFP exposure: participants 7 (a) and 17 (b) — sampling day 2. Personal UFP exposure by geospatial location.

and, indoor exposures to UFP were found to be higher in women due
to indoor cooking whereas UFP exposure in men was greatest during
transportation (Buonanno et al., 2014). Personal exposure to BC in
adults was also shown to be highly dependent on time–activity patterns including time spent in transit and doing household activities
(Dons et al., 2012). In 103 children ages 8–11, Buonanno et al.
(2014) measured personal exposure to UFP using a commercially
available diffusion charging UFP counter (NanoTracer, Philips) in
Cassino, Italy and reported higher median and average UFP exposures than our study (22,000 p/cm3 and 58,000 p/cm3, respectively).
Using self-reported time-activity data, spending time in transit and
cooking/eating were identiﬁed as particularly important activities
resulting in disproportionately high contributions to personal exposure relative to the overall time spent in these activities (Buonanno
et al., 2014). Personal sampling for UFP exposure to children has
also been conducted as part of the UPTECH project in Brisbane,
Australia (Mazaheri et al., 2014). Using the Philips Aerasense
NanoTracer device, average personal exposure to UFP at home,
school and commuting (transit) was reported to be 10,500 p/cm3,
8530 p/cm 3 , and 13,700 p/cm 3 , respectively (Mazaheri et al.,
2014). Our data, over a shorter time period, falls within the observed range of these studies, and in all three studies time spent
in transit was a signiﬁcant activity resulting in increased UFP
exposure.
Similar to previous personal monitoring studies (Adams et al., 2009)
we have deﬁned microenvironments based on measurements taken in
geographic proximity to the home, school, and other locations, with
transit deﬁned as neither of these. While we chose the proximity to

schools and homes (400 and 100 m, respectively) to reﬂect the potential
size of each, it is possible that transit exposures may occur within these
distances resulting in UFP measurements resulting from transit exposures to be assigned to the school and home microenvironments. Another limitation is the relatively short duration of our personal
sampling period which encompassed school, transit, and home locations for just two partial days. Additional repeated sampling is likely required to more accurately characterize the contribution of each
microenvironment to personal exposure and capture UFPs produced
by cooking. The current PUFP sensor has a relatively short battery life
(~6 h) and requires reﬁlling the water reservoir after approximately 8
h of continuous use which is appropriate for characterizing acute exposure but limits its usefulness to measure UFP exposure over longer periods of time. Given our sample size, we were also unable to assess the
contribution of speciﬁc indoor sources of UFP exposure, including the
presence of smoking or gas stoves on personal UFP exposure. While
GPS data allowed for spatiotemporal locations to be assessed, whether
the child was indoors or outdoors was not known and missing GPS
data due to loss of signal necessitated some assumptions regarding
the location of the child relative to UFP measurements. Finally, user
feedback indicated that the sensor was able to be worn by children,
but participants indicated that its size, weight, and noise were drawbacks. Future planned research and development includes further modiﬁcations of the PUFP sensor to address these limitations and will
facilitate its use in larger scale epidemiologic studies with a longer sampling duration.
In conclusion, in this ﬁeld test of a new sensor for personal UFP
exposure, we have demonstrated that children's personal exposure
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to UFP varies by microenvironment. Our results reinforce the previously identiﬁed research need for methodology to capture exposure to UFPs with high spatial and temporal resolution. To date,
epidemiologic studies of UFP exposure have been limited by potential exposure misclassiﬁcation which may result in null healthrelated ﬁndings (HEI Review Panel on Ultraﬁne Particles, 2013).
Furthermore, spatial models for UFP, including land-use regression, are limited in their ability to characterize indoor UFP exposure
due to heating and cooking sources. The results of this study demonstrate that the PUFP is able to measure, with high spatiotemporal
variability, short-term and peak exposures to UFP allowing for additional research into the health effects of UFP exposure on
children.
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