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Abstract

This research describes the design, deployment, performance, and acceptability of a novel outdoor 

active air sampler to provide simultaneous measurements of multiple contaminants at timed 

intervals for the Aggravating Factors of Asthma in Rural Environment (AFARE) study—a 

longitudinal cohort of 50 children in Yakima Valley, Washington. The sampler was constructed of 

multiple sampling media connected to individual critical orifices and a rotary vane vacuum pump. 

It was connected to a timed control valve system to collect 24 hours samples every six days over 

18 months. We describe a spatially representative approach with both quantitative and qualitative 

location criteria to deploy a network of 14 devices at participant residences in a rural region (20 × 

60 km). Overall the sampler performed well, as the concurrent mean sample flow rates were 

within or above the ranges of recommended sampling rates for each exposure metric of interest. 

Acceptability was high among the study population of Hispanic farmworker participant 

households. The sampler design may prove useful for future urban and rural community-based 

studies with aims at collecting multiple contaminant data during specific time periods.

1 Introduction

Communities living in rural agricultural settings may be exposed to an array of biological 

(e.g. organic dusts from animal and crop products, bacteria, fungi, endotoxins) and non-

biological particles and gases (e.g. pesticides, hydrogen sulfide and ammonia).1 In addition, 

diesel particulate may also be exhausted from farming equipment and nearby road ways 
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where shipping trucks are common.2–4 Paved and unpaved rural roadways are a significant 

source of fugitive dust in these areas due to re-suspension of particulate matter and wind 

erosion.5 Most of this dust generation from roads can be defined by road surface (paved, dirt 

or gravel) and traffic. Children with asthma may be particularly vulnerable to health 

compromise associated with these potential triggers.

Although many previous studies have examined ambient air triggers of childhood asthma in 

urban environments using residentially-based sampling campaigns or existing regulatory 

monitoring systems, there are few data on contaminants in rural and agricultural residential 

settings. Due to low population densities in these areas, community air monitoring stations 

are sparsely located and less amenable to application to population based studies. 

Longitudinal residential based assessments that require repeat visits to capture multiple 

contaminants and temporal variability are less feasible in rural settings often remotely 

located from academic centers where investigators are based. We sought to develop a 

practical method of assessing multiple exposures for a longitudinal cohort study of children 

with asthma in Yakima Valley, Washington (AFARE – Aggravating Factors of Asthma in a 

Rural Environment).

The first aim was to design a sampler that optimized the number of simultaneous air 

measurements of common asthmatic triggers in rural environments without substantial 

increases in cost or loss of temporal resolution. These measurements will provide the 

opportunity to evaluate associations with multiple time-resolved estimates of disease status 

in the AFARE study. The second aim was to use GIS tools to deploy the samplers in a 

manner that was geographically representative of the AFARE cohort. The third aim was to 

examine participant acceptability of the outdoor sampling device in the AFARE cohort 

which is represented largely by a Hispanic farmworker population with relatively high 

mobility and few homeowners.

2 Sampling methods

2.1 Design

To construct the outdoor sampler, we created a protected sampling chamber in which five 

active air sampling devices could operate side-by-side. The unit was stored and locked in a 

waterproof 24 gallon container (Rubbermaid® Actionpacker™) which enhanced portability. 

It was lined with polyurethane foam to reduce noise. Inside, the chamber was a 

polytetrafluoroethylene (PFTE) container (33 × 25 × 25 cm) connected to an inlet for 

outdoor air that was protected from obstruction with wire mesh fitting (see Fig. 1). The air is 

circulated and flows through an outlet connected to an oil-less rotary vane vacuum pump 

(GAST Model 0523) after being pulled through five active air sampling (AAS) tubes. 

Although the pump relies on internal intake and filtration, additional steps were taken to 

lessen exhaust through additional side vents and a localized exhaust fan.6

After literature review of contaminants of concern unique to Washington State agriculture 

(see Table 3 for references); we decided the sampler needed to be designed to perform at the 

required flow rates consistent for measurements of total dust (e.g. fugitive dust), respirable 

dust (≤4 um diameter), pesticides, ammonia (NH3), 1-nitropyrene (diesel), levoglucosan 
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(wood smoke), pollen, endotoxin, and other potential microbes (animal dander or fungal 

spores).

All inlets and joints were secured by o-rings, PVC joints, and Teflon tape. The active air 

sampling devices included two total dust cassettes (47 mm polypropylene SKC# 225-8497) 

with PVC filters (SKC# 225-809), one respirable dust cyclone (37 mm styrene SKC# 

225-3050LF, aluminum cyclone #225-01-02) with PFTE filter (SKC# 225-17-01), a silica 

bead ammonia sampling tube (SKC#226-10-06), and polyurethane foam (PUF) sampling 

tube (SKC#226-92).

Sampling media were connected to individual critical orifices with Tygon tubing. 

Differential sizing of the critical orifices was accomplished by using hypodermic needles 

(Fisnar Straight Blunt End, 1.5 in, Cat #5601107 and 5601108) to generate varying air flows 

ranging from 0.1–4.5 liters per minute (LPM) (Table 3). Hypodermic needles have been 

identified as convenient low-cost critical orifices to control flow rates.7,8 The needles were 

re-used up to six times and checked for obstructions before being replaced.

The sampler was linked to a modular controller to allow the determination of air 

concentrations at a weekly temporal scale throughout the 18 months study period. This was 

done by inserting the sharp ends of the hypodermic needles into rubber padding (2 cm thick) 

between the control valve opening, which is 2.5 cm in diameter (¾ ″ Orbit Water Master 

Sprinkler Valve). The control valve is connected to a terminal on an irrigation control timer, 

Rain Bird ESP-4M Modular, for residential outdoor use with a master valve/pump start 

relay.9 The controller has an internal transformer that reduces standard voltage to operate the 

valves. An outdoor power supply was connected to the controller and the rotary vane pump 

plugged into a properly grounded ground fault interrupter (GFI) into an outdoor 120 VAC 

outlet. The controller was connected to the exhaust fan, which turned on automatically 

during pump operation.

The main risks of the sampler involved electrical hazards and potential heat generated from 

the rotary vane vacuum pump. A small amount of noise was present during pump operation. 

Noise was reduced by housing the sampler in a storage container lined with polyurethane 

foam and four small vents located 5 cm below the lid.

2.2 Performance

The controller's LCD display was used to program operations at specific time intervals. On 

every six day interval during the study period, the valve was set to open after receiving the 

signal from the controller to begin a 24 hour sample. The weekly samples were picked up 

the following day by research field staff. During that time, the researchers also exchanged 

sampling media. These samples will provide future information on the changing weekly 

concentrations of multiple contaminants for the AFARE study.

Once a month, air sampling flow rates were calibrated from each critical orifice while 

manually operating the pump by attaching a DryCal DC-Lite to the Teflon tubing. Flow 

rates were calculated separately for each device in order to calculate individual air volumes. 

During the first 10 months of sampler deployment, we calculated the average flow rate 
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(arithmetic mean) and range of flow rates for all 14 devices(n = 140). The calibrated field 

flow rates were directly compared with recommended flow rates in other air monitoring 

studies (see Table 3).

2.3 Deployment

The selection of 14 appropriate air monitoring locations was based on a combination of 

quantitative and qualitative criteria listed in Table 1. ArcGIS 10.0 software was used to 

select participants based on their household location near agricultural fields, in towns, 

proximity to major roadways, and spatial distribution across the agricultural valley. 

Additionally, a number of participants were chosen primarily because of proximity to both 

confined animal feeding operations (CAFOs) and agricultural fields commonly requiring 

pesticide application. The locations were also qualitatively selected based on factors such as 

outdoor security, power supply, participant willingness, and participant retention in study 

procedures to date.

2.3.1 Quantitative selection criteria—The proximity of sampling locations to CAFOs, 

major roadways, and agricultural fields was determined by combining high resolution 

satellite imaging (NASATerra, Google Earth Pro 6.2) and geocoding in ArcGIS 10.0. Due to 

notable differences in agricultural production in the region, the AFARE participant's 

geocoded addresses was broken into two 20 × 20 kilometer zones (see Fig. 2), referred to as 

the North and South Zones.

The North Zone reports high densities of agricultural tree fruit and row crop production. 

Proximity of sampling locations to agricultural fields was determined using crop field 

density maps provided by the Washington State Department of Agriculture and the 2011 

crop layer data from the US Department of Agriculture National Agricultural Statics Survey 

(USDA-NASS) in Esri ArcGIS 10.0 (Table 2).10–12

In comparison, the South Zone reports high livestock density (cattle/acre) due to the fact that 

there are >60 dairies in the region.13 The Washington State Department of Ecology (ECY) 

geographic metadata provides the location of the milking parlor for dairies in Washington as 

required by RCW 90.64 and is published online for public use at http://www.ecy.wa.gov/

services/gis/data/ag/dairy.htm. The dataset was improved with the use of high resolution 

2011 NASATerra satellite imaging in Google Earth Pro 6.2 and ArcGIS to geocode 

locations of CAFOs with visual indicators. These indicators included the presence of 20 or 

more cattle, waste treatment lagoons, and feeding facilities. Twenty-seven of the CAFOSs 

were recoded to their proper center point locations using equidistant measurements from the 

outer perimeter in meters. Using these techniques, seventeen CAFOs were added in addition 

to those provided by ECY. These unidentified CAFOs may be non-reporting, newly 

constructed, or the result of multiple-site locations (e.g. feeding, milking, breeding) for a 

single reporting operation.

There are two major state highways that run through the North and South Zones with 

networks of county parkways and unpaved county roads in both areas. Although paved 

roadways are easily accessed through the Washington State Department of Transportation, 

there was little data on unpaved road networks in this area.
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Air monitoring household locations was randomly selected based on the distance fitting 

criteria for proximal, intermediate, and non-proximal homes (see Table 2). All distances 

were fitted to the nearest perimeter. It was less common for households to be located in 

close proximity (<0.4 km) to CAFOs which are often located in isolate areas; so the fitting 

criteria was adjusted.

2.3.2 Qualitative selection criteria—In addition, sample site locations were selected 

according to research participant household retention and reliable participation in the 

biweekly Asthma Control Questionnaire (ACQ). Field staff technicians consulted with 

household residences about proper location of the sampler (see qualitative criteria, Table 1) 

which included areas behind outdoor storage sheds, near decks, and in backyards. The 

sample location required a stable outdoor electricity source, so apartment housing was 

excluded. The sampler was situated in areas where it could be protected from additional 

elements, outdoor animals, or tampering. In this region, it was also common for households 

to keep poultry and pets outdoors.

2.4 Sampler acceptability

One main component of sampler development was to assess acceptability by participant 

families. The study subjects were children with asthma participating in an asthma outreach 

program operated by the Yakima Valley Farmworker Clinic. Mean and standard deviation of 

age was 10.4 ± 2.6. There were roughly equal numbers of boys and girls. Representative of 

this region with a high proportion of Mexican American immigrants most self-identified as 

Hispanic (93%) although most were U.S. born (78%). The subjects came from households 

with limited socioeconomic resources with the majority (73%) reporting household incomes 

below $30 000 and average household size 5.3 ± 1.6. Subject surveys of residential 

proximity to sources while the study region is a major rural agricultural center, many of the 

children lived in a residence within one of the small town areas (59%).

Four questions were added to the routine AFARE cohort final health status survey 

administered within three months of the end of the research project. Trained research staff 

administered the surveys in the family's preferred language (Spanish or English.) The 

parent/guardian of the child subject was asked 1. Was it bothersome to have the air monitor 

at your home?” Answer selections included “not bothersome at all”; “yes, a little”; or “yes, a 

lot”). If there were inconveniences, further inquiries were made to pinpoint specific causes. 

Since the sampler included a rotary vane pump, households were also asked if the noise 

generated was an issue “How disturbing was the noise from the air monitor?” Answer 

selections included “not,” “a little,” or “very”). Similar responses were recorded for the 

question “How bothersome was it to have the study staff visit every 6 days to collect 

samples?” Finally, caregivers responded whether given the opportunity, they would elect to 

have a monitor in their yard again.

Responses were collected from fourteen participant families, which included all thirteen 

who had a monitor at their home at the time of the final survey and one subject who 

discontinued participation.
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3 Results

This paper reports primarily on the findings regarding the performance of the air sampler 

and participant acceptability. Although preliminary analysis of air monitoring results show 

spatial and seasonal trends in airborne concentrations, these will be discussed elsewhere.

3.1 Sampler design and performance in the field

Based on individual component costs, the approximate cost of constructing the sampler was 

$700 USD. This was considered an economical improvement when compared to more 

complex active air systems requiring multiple pumps. Labor costs were reduced by requiring 

field staff to visit the samplers only once per week.

During the entire 18 months period of outdoor sampling, three samplers moved with the 

subjects during change of residence, and one family discontinued the study (n = 1) when a 

large amount of their household moved out of the area. Since the sampler was non-stationary 

and readily portable, it could be moved with the family or to nearby participant households. 

Table 3 reports on mean measured flow rates in the field for various critical orifices from all 

14 air monitoring site locations. The silica tubes were connected to a 27 G critical orifice, 

resulting in an average flow rate of 0.16 LPM. The PUF tubes were connected to a 20 G 

critical orifice, resulting in average flow rates of 3.37 LPM. These were within the range of 

recommended sampling rates. The PVC cassettes were connected to 18 G critical orifices, 

resulting in 4.06 and 3.96 LPM, respectively. Although total dust sampling rates were higher 

than recommended, they were intentionally set at higher rates (i.e., 3–6 LPM) to achieve 

larger sampling volumes for lower limits of detection. This was particularly important for 

attaining pollen counts and conducting endotoxin analysis from polypropylene filters. Since 

the average respirable dust flow rate was 4.15 LPM, these samplers were more likely 

capturing particle sizes ≤2.5 μm in diameter.14

3.2 Sampler acceptability

Overall, subjects and their families were overwhelmingly positive in descriptions of their 

study experience at the time of the final annual survey. Thirteen subjects (93%) noted it was 

not bothersome while one (7%) responded “yes, a little” and explained that the pump was “a 

little noisy”. However, when directly asked the second question specifically about noise, all 

subjects reported “not at all disturbing”.

Thirteen subjects felt that the visits by study staff every six days were “not at all 

bothersome” while one subject said that the field research staff talked during their visits a lot 

and woke up the family early in the morning (i.e. “a little bothersome”). When asked 

whether they would choose to host an air sampler in their yard again if given the 

opportunity, thirteen subjects replied “yes” and one answered equivocally, saying it would 

depend on the results of the study.

One family elected to complete their participation in the study procedures (surveys and 

monitoring) after five months of involvement and was unable to participate in the study final 

survey. They did report that in addition to not wanting to participate in the ongoing surveys, 

their property owner had expressed concerns about the air sampler. While they were invited 
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to continue to participate without an air sampler, they elected to leave the study. Records of 

the biweekly phone interviews which included a question about “problems with the air 

monitor” revealed no prior reports of problems or concerns with the air samplers during the 

first five months of study involvement. The property owner did not respond to outreach by 

the principal investigator to answer any questions or respond to any concerns (phone 

message).

4 Discussion

We developed a relatively low cost novel active air sampling device for measuring ambient 

air contaminant concentrations of multiple contaminants of concern in an area of intense 

agricultural production. Using a spatially representative approach, we placed a network of 

14 devices at subject residences in our 20 × 60 km study region to collect 24 hours samples 

every six days. This will provide a uniquely rich sample databank (∼300 samples) of 

temporal-spatial exposure data which can be linked to our longitudinal asthma data on a 

cohort of 50 children with asthma who reside in this area.

A limitation of the study was that some locations had monitoring devices ≤3 meters of a 

building or tree. The inlet of the sampling device was repeatedly checked for obstructions 

such as brush, vegetation, dirt, or dust. According to guidelines for sampling provided for 

EPA National Air Monitoring Stations (NAMS) and a number of the State and Local Air 

Monitoring Stations (SLAMS), outdoor ambient air monitoring devices should be placed 

8−10 meters from potential obstructions such as buildings and trees.15,16 However, the aim 

of the primary study was to design a sampling device to generate an exposure metric at the 

household level. Researchers should be cautious if applying these results for air quality 

classifications on a regional scale. Another limitation was that although the air sample 

results will be used to provide information on the changing weekly concentrations of 

multiple contaminants, they were deployed for 24 hours because the cost of running daily 

samples was prohibitive. Therefore, day-to-day variations should be considered when 

interpreting this “snap shot” of time over the course of longer time periods. Finally, there 

may have been bias during the qualitative selection process (Table 1). For example, AFARE 

households in rental apartments were less likely to fulfill qualitative criteria outlined in 

Table 1. Therefore, the households situated on secluded private land may have been more 

likely to qualify for the study. There is no clear data to support this assumption.

Although the air sampling device was almost uniformly acceptable, one case underscores 

importance of sensitivity of potential housing-landowner conflict in conducting 

residentially-related environmental research in a population which may be disempowered 

(e.g. Hispanic immigrant farmworking households) and particularly in communities where 

land owners may also be employers. This is a common challenge for many environmental 

health studies that take place in home environments. It highlights the need for the 

development of non-invasive sampling devices (e.g., passive devices) that are simple to 

explain to all invested parties. In addition, our experience was positive that the sampler was 

easy to relocate when three subject households changed residences.
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If future studies are to use multi-contaminant sampling devices to examine potential 

asthmatic triggers in rural areas stemming from CAFOs or unpaved roads, we have 

demonstrated some geocoding challenges. It is difficult to locate all CAFO locations due to 

frequent construction of new operations and multiple animal confinement sites part of one 

larger reporting operation. In this study, >38% of CAFO locations were not reported and had 

to be identified visually with a satellite mapping tool. This task was tedious because it 

involved visually scanning the entire research area at low resolution. A single address or 

reporting location may be insufficient if the aim is to identify all potential sources of 

contaminants. There was little data on unpaved road networks in this rural area, and we 

experienced difficulty in using satellite imaging to ascertain a nearest distance to gravel or 

dirt roads. This was a limiting factor, as unpaved roads are a major source of re-suspended 

particulates associated with agriculture. Nevertheless in the past it has been difficult for 

researchers in rural communities to allocate potential sources of agricultural emissions. New 

technologies such as 2011 NASATerra satellite imaging in Google Earth Pro 6.2 may allow 

the collection of information at lower cost than previously recognized geographical 

software, and the applications may be easily accessible to local agencies.

Environmental factors that may aggravate asthma in this and other rural communities 

include multiple contaminants derived from different types of agricultural production. In this 

study, we have designed a sampling approach that allows collection of multiple samples 

contemporaneously to address airborne contaminants such as fugitive dust, endotoxin, 

pesticides, respirable dust, and other markers of exposure that can be analyzed from dust 

samples (e.g., levoglucosan for wood-smoke, 1-nitropyrene for diesel). Depending on study 

location and study questions, the sampling media and flow rates can be modified to suit 

research needs depending on the exposure metrics or timing of interest. The modular 

irrigation control timer may be applied for more complex studies because it can be adjusted 

to operate at different times automatically. The system is able to run several times within a 

day or week to acquire air samples in tandem without the need for technicians to be present. 

This will significantly cut labor costs in the field and be less invasive to research 

participants. This serves as an example for gaining information on simultaneously collected 

exposure metrics without the need for multiple pumps or a stationary device.
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Environmental impact

Past methods of evaluating airborne environmental triggers of pediatric asthma have 

typically relied on individual sampling for a singular component in air and many of these 

studies have taken place primarily in urban settings. In most cases, children in rural areas 

may experience very different airborne exposures than their urban counterparts, but it is 

not feasible to place ambient monitoring devices in remote areas. Therefore, the 

acquisition of rural air quality data in rural areas on the household level can be a 

challenge for researchers. In this article, we describe the development and performance 

of an outdoor household air sampler that was created as a novel analytical tool for 

examining multiple air contaminants simultaneously at low cost for the Aggravating 

Factors of Asthma in a Rural Environment project (AFARE). The sampler is unique in 

that it is one of the first developed to examine multiple contaminants focusing on a rural 

and agricultural setting with one device. Research participant feedback demonstrated 

high household acceptability, demonstrating that the sampler may be particularly useful 

for community-based field studies.
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Fig. 1. 
AFARE household monitor.
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Fig. 2. 
AFARE map of study area. The North Zone includes sites 1–6, 15, 17, and 18. The South 

Zone includes sites 7–14 and 16. Although 14 monitors were constructed, there are 17 sites 

on the map to display sites that were relocated.
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Table 1
Quantitative and qualitative selection criteria for AFARE sample site locations

Selection criteria

Quantitative Description

Source proximity Distance weighting (km) from CAFOs, major roads (interstate, state highways, county parkways), 
local roads (gravel), agricultural fields

Spatial representation Sample locations representative of all enrolled participant addresses using Esri ArcGIS

Qualitative Stable outdoor power source 120 VAC

Outdoor pets/livestock No outdoor pets/livestock with complete access to sampler

Security Neighborhood is of low concern for device tampering

Weather protection Wind, rain

Household participation Household participants were recruited based on willingness (questionnaire response), and 
compliance with AFARE study procedures
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