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Abstract
Exposure and dose estimation are essential to understanding the etiology of environmentally
linked childhood diseases. The behavior of resuspended particulate matter (PM) suggests that
stationary measurements may underestimate household exposures in young children (ages 6 to 36
months). Because of the size and weight of the sampling equipment, use of personal samplers in
this age group is either difficult or impossible. The Pre-toddler Inhalable Particulate
Environmental Robotic (PIPER Mk IV) sampler has been developed to provide a surrogate
method to ascertain personal exposures to PM for this age group.

As part of a study of childhood asthma, 55 homes in central New Jersey were tested. Simultaneous
sampling for inhalable PM using stationary (110 cm height) and PIPER mobile sampler were
carried out. In homes with bare floors (N=21), the absolute difference was 3.9 μg/m3 (S.E. = 3.01;
p = 0.217) and relative difference (PIPER/Stationary) was 1.12 (linearized S.E. = 0.11). On
carpets (N=34), the absolute difference was 54.1 μg/m3 (S.E. = 13.50; p = 0.0003), and the relative
difference was 2.30 (linearized S.E. = 0.34). The results confirm the importance of understanding
the personal dust cloud caused by children’s activity in a room, particularly when rugs or carpets
are present.
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Introduction
In the United States over the last decade concern has risen over the steady increase in the
number of children who are diagnosed annually with asthma. The reported prevalence of
asthma increased between 1980 and the mid 1990’s by 75% (1). According to the U.S.
Centers for Disease Control and Prevention (1) as of 2008, 1.5 million preschoolers (birth -
4 years) and 8.7 million school-aged children (5 – 17 years) have ever been diagnosed with
asthma. Almost half were reported to have had an episode or attack within the last year and
the cost of treating those under age 18 years is currently estimated at $3.2 billion annually.
All of these factors have led to research interest into possible environmental factors in both
the origin and exacerbation of this condition. A variety of chemical and biological agents
that can be present in and around the home have been identified as having a role in
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triggering asthma; these include second-hand smoke, pesticides, dusts, fungi, and other
allergens (2–4). In the last decade there has been mounting evidence that acute asthma
symptoms are not just elicited by allergens and pollutants, but that these agents may also
play a significant role in the cause and/or development of asthma in early childhood (5–6).
However, some studies have failed to find significant associations between indoor
particulate matter (PM) levels and asthma (7) with previously existing methods of
measuring dust exposure. While studies have examined the role of various environmental
toxins in triggering respiratory symptoms in school age asthmatic children, relatively little
research has focused on the youngest children (6 months to 3 years) and the role
environmental exposures may play in the earliest stages of asthma development.

Exposures of young children (infants and toddlers) to inhalable PM (airborne particles with
aerodynamic diameter approximately less than 100 μm) may be greater than that of adults
since children’s floor activities can result in PM becoming resuspended in their breathing
zone. The exposure issues dictate that understanding of the microenvironment between 0
and 1 meter above the floor is critical in appreciating the potential exposure and hazard of
suspended PM to children. The ability to accurately measure exposures in the air space that
is breathed by young children in this near-floor environment, and associated with their
typical activities, is important in understanding the origin of asthma as well as asthma
triggers in this age group. In this near floor environment otherwise settled dust particles are
resuspended as a result of crawling, walking, and play activity on the floor. The greater the
level of a child’s activity on the floor, the higher the level of resuspended PM in the dust
cloud is to be expected.

An early prototype robotic sampler designed to estimate personal exposure of pre-toddlers
(Pre-Toddler Inhalable Particulate Environmental Robotic - PIPER Mk I) observed
significant increases of PM from floor motion (8). However, this device had significant
limitations, including limited control of speed, fixed sampling height, and limited
programming capabilities. The prototype was constructed to explore the magnitude of PM
resuspension in the near floor environment and was never intended for extensive field
deployment. The latest version of PIPER, the Mk IV, significantly advances the concept of
using robotic sampling for exposure assessment and represents a quantum advance as a tool
for the study of the near floor microenvironment in which children play. Its design,
performance and the observed results are the subject of this manuscript.

Experimental
Development of robotic surrogate personal sampler

PIPER Mk IV is a four-wheeled robot with a variable height air-sampling tower. It was
designed to be a simple, robust platform that could carry the personal sampling systems (i.e.
sampling pumps, direct reading instruments, sampling heads) used on adults, but which
cannot be employed with young children or toddlers. The PIPER Mk IV sampling system
consists of the robot (Figure 1) and a laptop computer that the operator uses to program and
monitor the robot. PIPER weighs 10 kg and is 41 cm wide, 35 cm long and 25 cm in height.
It can carry up to two personal sampling systems with a total weight of ~ 3 kg and up to 25
cm in height, 18 cm in width and 9 cm in depth, which are secured by nylon web straps to
the robot’s base. Room air may be sampled at any height from 20 to 100 cm by mounting
the sampling head on PIPER’s telescoping tower. A range of size selective aerosol and
bioaerosol samplers can be accommodated on the sampling tower by the use of snap on
attachments that allow quick changes for evaluating particles of different types and size
fractions. PIPER is autonomous and is capable of maneuvering in a typical home setting
without operator intervention. The laptop contains the main PIPER software program and
provides the software platform for the implementation of the child activity profiles, while all
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other functions are handled by on-board sensors and processors. Areas to be sampled can be
delimited by infrared emitters that create virtual walls which PIPER can detect. This is
particularly useful in rooms with multiple entryways and no doors, or to avoid falling down
stairways. A unique design aspect of PIPER are the dust ports located above the four drive
wheels (see Figure 1 – Top View). These ensure that dust resuspended by the rotation of the
wheels is allowed to continue upward with minimal obstruction. This is important as there
are no obstruction above a child’s feet.

The activity profiles were created by carrying out a detailed quantitative analysis of 70
videorecordings (approximately 300 hours) of children at play in their homes. Video-
recordings of all children who were 36 months of age and younger were scored for floor
contact activity. The children’s activities were transcribed using VTD™ software (Virtual
Timing Device; SamaSama Consulting). The software is a refinement of the VideoTraq
software developed at Stanford University (9) and has been used to create the Micro-level
Activity Time Series database (10). In order to characterize floor activities the standard
template was modified to describe children’s activity in terms of location, movement, and
posture. The location of the child was dichotomized to indoors and outdoors. The movement
of the child was subjectively defined as still, slow, and fast. Four postures were used to
define the child’s relative breathing zone while playing on the floor (on-floor play): lying
(prone or supine), crawling, sitting/kneeling, and standing. Additionally, categories of not-
in-view and off-floor play (e.g., sitting in a chair) were included in the posture selections to
enable a complete transcription of the entire video-recorded period.

The activity data were divided into six age and gender specific groups, ages 6 months to 1
year, > 1 to 2 years, and > 2 years to 3 years of age. The mean percentage of time spent by
children in each category of activity (unique combination of position and speed) and the
mean duration of the activity were used to create a unique behavioral profile for each age
and gender (e.g., Age 6 months to 1 year Boy, etc.). Actual breathing zone heights,
corresponding to age specific postural positions, and speeds were derived for each age and
gender from the published literature (11–12). This data was then entered into an activity file
which can be accessed by the PIPER program. These activity profiles direct PIPER to vary
its speed from being stationary to a maximum of 65 cm/sec simulating the pace of children
in different activities. Additionally these profiles direct the sampling height by raising or
lowering the sampling tower from a minimum height of 20 cm above the floor to a
maximum of 84 cm to simulate different breathing zone heights for different ages and
postures. This allows the speed and breathing zone of children of ages 6 months to 3 years to
be simulated. The order of instructions is generated by a probability algorithm, derived from
the quantitative analysis of the videorecordings and based upon the percent of time that a
child would spend in the selected activity for that age and gender specific. The software
interface on the laptop incorporates pull down menus for operation to select the activity
profiles.

Household Sampling
Environmental sampling of PM was carried out in 55 homes in central New Jersey.
Households were recruited through two central New Jersey pediatric clinics as part of an
ongoing NIEHS funded study (ES014717) of early childhood dust exposures and asthma.
Eligible homes contained children between the ages of 6 months and 4 years of age. Since
health and household data were collected as part of the asthma study, informed consents
which had been reviewed and approved by the UMDNJ-IRB were obtained.

The room in the home that was selected for sampling was based upon the mother’s reporting
of the child’s primary play area. The type of flooring in the sampled area was recorded (bare
or carpet/rug). All heating or air conditioning systems present in the home were allowed to
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be left running during the course of the testing. Air samples for PM were collected using
Leland Legacy pumps (SKC Inc. Eighty Four, PA) running at ~ 10.0 l/min, drawing room
air through 25 mm Teflon filters with 3.0 μm pore size mounted in an SKC Button Aerosol
Sampler (13) which collects inhalable particles (< 100 μm aerodynamic diameter). All filters
were allowed to equilibrate in a weighing room with controlled temperature (21°C) and
relative humidity (30–40%) for a minimum of 72 hours prior to weighing. Filters were
weighed using a Mettler Toledo MT5 Microbalance, weights were recorded and filters then
placed in individual containers until loaded into the samplers prior to commencement of air
sampling. One SKC Button Sampling head was mounted on a tripod at a fixed height of 110
cm (14–15), while another was attached to the sampling tower on PIPER. Tubes of equal
lengths were attached from the pumps to the Button Samplers on both the stationary tripod
and PIPER. Flow rates for both pumps were tested before and after all sampling with a TSI
Series 4000 Flowmeter and flow rates recorded. Temperature and relative humidity were
also recorded.

During the testing in each home 30 minutes were allowed to elapse after setting up the
stationary tripod and PIPER, in order to provide for dust settling in the room prior to the
start of air sampling. Subsequently 90 minutes of sampling of the room air by both the
stationary sampler and PIPER was commenced. PIPER was programmed to run one of its 6
activity profiles, both fixed and PIPER mounted sampling pumps were then started and
PIPER was set in motion and air samples were collected. For the first 30 minutes PIPER
collected samples for qualitative analysis of mold (not described in this paper) and for an
additional 60 minutes PIPER collected samples for quantitative analysis of PM only. The
stationary sampling for PM was carried out for 90 minutes. PIPER was in operation over the
entire 90 minutes (except for ~ 2–3 minutes changing sampling heads) the stationary
sampler was in operation. The longer sampling time for the stationary sampler was done in
order to increase the collected mass on the stationary filters. Each pump had its flow rate
checked and recorded after completion of each sampling run. Fields blanks were included
for quality control purposes. After sample collection, filters were then removed from the
button sampler, replaced in their containers and returned to the same weighing room to
equilabrate at the same temperature and humidity for a minimum of 72 hours prior to
reweighing with the same microbalance. All field blanks (N=17, 15% of samples) were
weighed and the mean difference in pre and post weights was less than 0.001 μg (S.D. =
0.003). PM concentrations were computed from the collected mass of the weighed samples
and the calculated volume of air sampled. All data were verified and entered into a computer
database.

Statistical analysis for data collected in homes was carried out utilizing Stata Version 11.1
Statistical Software (StataCorp, College Station, TX). Univariate analyses for data in the
homes included mean (both arithmetic and geometric), median and an indepth analysis of
the distribution of observed PM values. Paired t-tests were computed for absolute
differences between stationary and PIPER samples for both bare and carpeted flooring and
“p” values and 95% confidence intervals were calculated against the null hypotheses. Both
paired and unpaired ratios (relative difference) between stationary and PIPER samples were
computed for both bare and carpeted flooring and ratios and linearized standard errors and
95% confidence intervals computed.

Results and Discussion
The mass of inhalable PM collected on filters ranged from 2 to 164 μg (mean 35.5 μg;
median 29.0 μg) for the stationary sampler and 4 to 226 μg (mean 43.2 μg; median 29.0 μg)
for the PIPER sampler. The overall observed arithmetic and geometric means of the
inhalable PM concentrations collected on the filters from the stationary sampler were 37.4
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and 31.3 μg/m3 respectively (range 2.2 to 136.5 μg/m3; median 32.2 μg/m3). On the PIPER
sampler the overall observed arithmetic and geometric mean of the inhalable PM
concentrations were 72.3 and 52.6 μg/m3 respectively (range 6.6 to 378.6 μg/m3; median
51.6 μg/m3).

The concentrations of inhalable PM as measured by stationary sampling and by PIPER
sampling are presented in Table 1, stratified by homes with bare and carpeted/rug flooring.
The stratified distribution of PM concentrations was evaluated and was found to be
approximately log normal. However for convenience of interpretation, data are presented
without transformation as no appreciable effect on any statistical determinations between the
transformed and non-transformed data was observed.

A comparison of the individual concentrations for both PIPER and the stationary sampler,
stratified by type of flooring, are presented for each home in Figure 2. The paired t-test
results between PIPER collected and stationary samples for homes with bare floors were
minimally different with arithmetic and geometric mean differences of 3.9 and 2.4 μg/m3

respectively (arith. mean; p = 0.11). However in homes with carpets or area rugs, arithmetic
and geometric mean differences for PIPER collected versus stationary samples were 54.1
and 40.2 μg/m3 respectively and the PIPER samples were statistically significantly higher
(arith. mean; p = 0.0003).

Relative differences (ratios) in PM concentrations for both paired and unpaired analyses
were computed and stratified by floor covering. The reason both were computed is that the
large variation in ratios observed in individual homes (see Figure 2) may have slightly
skewed the results higher in the paired analysis. The relative difference (PIPER/Stationary =
RD = ratio) for both unpaired and paired analyses between PIPER and stationary samplers
were RD = 1.13 and 1.22 respectively for homes with bare floors (95% CI 0.92 – 1.34 and
0.95 – 1.48) with a range of 0.35 to 2.40. In homes with carpets or area rugs the RD = 2.3
and 2.9 respectively (95% CI 1.61 – 3.00 and 1.95 – 3.78) with a range of from 0.70 to 13.4.
The comparison of the distribution of PM concentrations between stationary sampling and
PIPER sampling are presented in Figure 3.

The results of this study suggest that reliance on stationary general area sampling to
characterize household exposure to PM may systematically underestimate children’s
exposure. However, accurately characterizing indoor air quality is essential since
Americans, and children in particular, spend up to 90% of their time indoors (16). Assessing
exposure to indoor airborne contaminants and asthmagens can provide valuable information
about the role of contaminants in asthma development (7,17–18). Exposure assessment in
asthma studies has in general relied on two methods of sample collection: vacuum dust
samples and stationary general area air sampling. Meanwhile studies in older children have
suggested the importance of the “personal dust cloud” and its role in asthma, which suggests
that personal monitoring is more relevant than general area monitoring (19–21) in
characterizing the “true” level of exposure. Representative air sampling within the personal
dust cloud is therefore critical for asthma research. The comparison of particle concentration
in settled dust with that in personal air samples found that different asthmagens resuspend at
different rates (22) and thus relying on surface sampling might not be an accurate metric for
what is actually inhaled. However, the use of personal sampling to investigate exposures in
the youngest children, those in the first years of life is problematic since placing sampling
pumps on them is just not a realistic or ethical option. First, the weight of the equipment (1–
1.5 kg) is quite significant next to that of a child particularly those under one year of age.
Second is the propensity for young children to put objects in their mouths. Yet these are the
children who are at the greatest risk for inhalation of resuspended floor dust because of their
time spent playing on the floor (23).
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Ample studies have demonstrated that personal sampling of adults is more informative in
understanding exposure to PM than general area monitoring (24–25). Unfortunately, for
children from birth to age 3 there is little information regarding indoor PM, let alone the
specific issue of exposure to these size fractions. While some research has concluded that
exposure of infants to PM can be adequately characterized by single stationary fixed height
samplers (26), Edwards (27), has shown that any activity in a room results in the coarser
particles being resuspended from the floor. In this study we observed a mean increase of 2 to
3-fold in inhalable PM as measured by PIPER compared to stationary measurements and up
to a ten-fold higher concentration in some individual homes (Figure 2) when carpets or rugs
were present. It is also important to note that while stationary area measurements rarely
exceeded 100 μg/m3, the level of inhalable PM in a significant number of carpeted rooms
frequently exceeded this value, with some homes approaching 400 μg/m3 (Figure 3). Even
though this has been previously recognized as an issue in indoor PM (28–29) the role of
carpets and rugs and how they contribute to PM in the near-floor microenvironment requires
further study.

The main motivation for the creation of PIPER was to examine the role of near floor activity
on the resuspension of particulate matter and potential exposure of very young children.
Since children do not need to participate in such a robot based study, use of the robotic
platfrom to estimate exposures avoids ethical complications such as lead to the cancellation
of U.S.E.P.A. CHEERS study (30). This cancellation has raised concern about the future
ability of researchers to directly study and characterize children’s exposure to toxins in
homes, because of the ethical considerations involved. The PIPER Mk IV makes use of
extensive videorecordings of children at play to approximate the movement patterns that
create a personal cloud and examine how measurements in this cloud depart from general
area measurements of exposure. The observed concentration of airborne PM collected with
PIPER demonstrate that samples taken in this cloud are higher on average than those taken
in the same room at the same time by a stationary sampler at a sampling height of 110 cm.
The disparity of the concentration distribution is evident in Figure 3 and suggests that
stationary sampling in the home underestimates exposure in a room as compared to what
would be experienced if the dust was being disturbed. Disturbance and resultant
resuspension of housedust is likely to occur when children are engaged in any activities on
the floor. The filter data from PIPER sampling demonstrate that when there are disturbances
in the home environment from floor activity significant increases in PM mass concentrations
are observed. Further that these PM increases are on average statistically significantly over
two-fold higher, in areas with rugs or carpets, compared to stationary measurements. While
it is true that PIPER’s mechnical action is different from a child at play, we have attempted
to simulate their activity level and their changing breathing zone heights as closely as
possible. PIPER’s movements are directed by our quantitive analysis of children at play in
their homes. This allows it to simulate the disturbance of particles settled on play surfaces. It
is therefore likely that the cloud of resuspended PM created by PIPER is a better
approximation of the dust cloud and thus a more relavant estimate of the potential for
inhalation exposures of young children as compared to stationary general area monitoring.
Future studies to validate PIPER in children ages 2 to 3 years are planned where lighter
sampling pumps can be worn for limited amounts of time by children in their home and the
results directly compared to PIPER equipped with the same devices.

PIPER offers three important advantages in estimating children’s exposure to PM. First
unlike stationary monitoring, PIPER by its motion through the environment has been shown
to resuspend settled particles. Second PIPER, unlike a child, provides a totally reproducible
level of activity allowing for the direct comparison of levels of resuspension of PM between
different locales and conditions. Third, PIPER may be used to evaluate environments
regardless of the level of toxicant without rasing any ethical concerns about children’s
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exposure. By employing PIPER or similar devices researchers may be able to more precisely
characterize young children’s exposures as they play on the floor inside their home. This
information may be key in achieving a better understanding of the role of early childhood
exposure to airborne pollutants in the etiology of asthma. It may also increase our general
understanding of the personal dust cloud that children generate and are exposed to while at
play.
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Figure 1.
Computer-Aided Design – Computer-Aided Manufacturing (CAD/CAM) drawings of
PIPER Mk IV sampling platform (Left: Front View, Right: Top View). In both views PEM
Sampling Head (Left) Button Sampling Head (Right).
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Figure 2.
Comparison of PM measurements (μg/m3) using stationary general area and PIPER
sampling for individual homes with bare floors (top - x axis, N=21) and carpets and rugs
(bottom – x axis, N=34).
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Figure 3.
Distribution Concentration of PM Levels (μg/m3) Comparing Stationary Sampling versus
PIPER Sampling in 34 Homes with Rug or Carpeted Flooring and 21 Homes with Bare
Floors in the Primary Play Area.
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