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ABSTRACT
Chapter II describes results from 197 rural households that were sampled over
five continuous days for indoor and outdoor PM10, PM2.5, and endotoxin. Geometric mean
indoor concentrations of PM10 and PM2.5 (21.2 µg m-3, 12.2 µg m-3) were larger than
outdoor concentrations (19.6 µg m-3, 8.2 µg m-3; p =0.072, p<0.001), while geometric
mean endotoxin levels were almost six times larger in outdoor air compared to indoor
(1.47 EU m-3, 0.23 EU m-3; p <0.001). Airborne PM10 and endotoxin concentrations in a
rural county were elevated compared to those previously reported in certain urban areas.
Furthermore, during the harvest season, concentrations of endotoxin in ambient air
approached levels that have been shown to cause decreased respiratory function in
occupational workers.
Chapter III evaluated the effectiveness of using Radiello passive monitors to
measure hydrogen sulfide (H2S) in close proximity (<40 m) to a medium sized CAFO. A
total of eight passive H2S monitors were deployed 7-14 days around a swine confinement
for seven months. Additionally, a separate laboratory study was carried out to determine
the monitor’s H2S uptake rate. Concentrations of H2S measured near the confinement
were varied and ranged from 0.6 to 95 ppb depending on the sampling period and
proximity to the lagoon .The uptake rate provided by the supplier (0.096 ng ppb-1 min-1)
was significantly larger (p=0.002) than the rate determined experimentally (0.062 ng ppb1

min-1).
In Chapter IV we evaluated the association between residential proximity to

swine operations and childhood asthma. A metric was created to determine children’s
relative environmental exposure to swine CAFOs which incorporated facility size and
distance and direction of the CAFO to the home. When controlling for six significant
asthma risk factors, children with a larger relative environmental exposure to CAFOs had
a significantly increased risk of physician-diagnosed asthma (OR=1.20, p=0.009). In
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stratified analysis that adjusted for a respiratory infection before the age of two years, the
association between relative exposure and childhood asthma was significantly increased
in children with a respiratory infection (OR=1.45, p=0.001) but not in children free from
respiratory infection (OR=1.12, p=0.355).
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CHAPTER I
INTRODUCTION
Approximately 59 million individuals (21%) live in rural areas throughout the US
(1). However, there is limited environmental exposure data on these populations.
Individuals living in rural areas are potentially exposed to a variety of pollutants
including inorganic and organic particulate matter (PM), endotoxin, and gasses (2-6).
Confined animal feeding operations (CAFOs), un-paved roads, crop harvesting, and grain
handling operations are all recognized sources of agricultural pollution (2, 3, 7-9).
Farmers chronically exposed to these hazards have a higher risk for developing lung
diseases such asthma, chronic bronchitis and pulmonary fibrosis and have an increased
risk of mortality from those diseases (2, 3, 6, 10). However, it is not clear whether this
pollution affects the respiratory health of rural residents. Therefore, health evaluations
and exposure data are needed for these populations.
Particulate Matter
PM suspended in the ambient air is a heterogeneous mixture of inorganic and
organic substances, whose composition can vary depending on the source, season, and
meteorological conditions (11). PM can be categorized into two size fractions, coarse and
fine. Coarse particles are produced mainly through the mechanical breakdown of
materials and have an aerodynamic diameter between 2.5-10 µm. These particles are
derived from anthropogenic sources as well as naturally occurring processes, such as
wind erosion or volcanic activity. Fine particles (aerodynamic diameter <2.5 µm) on the
other hand are generated largely through combustion processes, including power
generation, vehicle exhaust, and industrial processes (12).
Health effects from PM are determined by both the pathogenic effect of the
substance and the area in which it deposits in the lung (13). Inhaled particles can deposit
in the respiratory system through five different mechanisms including impaction, settling,
diffusion, interception, and electrostatic precipitation; however, the latter two
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mechanisms are only important under certain conditions. In the upper airways, particles
primarily deposit via impaction which occurs when suspended particles cannot navigate
directional changes due to inertial forces (14). The majority of particles with an
aerodynamic diameter larger than 5 µm will deposit in the upper airways or larger lower
airways from impaction (15). On a mass basis, impaction is responsible for the largest
amount of particle deposition in the respiratory system (14). Smaller particles (<5 µm)
are able to penetrate farther into the distal airways, where airflow and dimensions are
small, and generally deposit via settling. Submicron particles (<0.5 µm) are capable of
diffusion in the distal airways and consequently can migrate into the bloodstream (14,
15).
The human respiratory system has an advanced system for clearance of deposited
particles. The airways surfaces in the head and lung airways are coated with a layer of
mucous. Particles deposited in this region will rise up the mucociliary ladder and be
expelled via coughing or swallowing in a matter of hours. In the alveolar region there is
no protective mucous layer and particles that deposit in this area are cleared by
macrophages. Once enveloped by the macrophages, the particles will either travel up the
mucociliary ladder or be transported into the lymphatic system. This process can take
months to years depending on the solubility of the particles (14, 15).
Although humans possess many mechanisms for clearance of particles, health can
still be negatively impacted by PM exposure. Epidemiological studies have demonstrated
a clear association between exposure to PM and a number of adverse health effects
including respiratory, cardiac, and all-cause mortality (16-19). In a large (n=66,250)
prospective population based study, an increase of 10 µg m -3 of PM10 was associated
with a 16% increase in all-cause mortality and a 43% increase in fatal coronary heart
disease in models which adjusted for age- and calendar-time (18). Similar health effects
have also been found in individuals chronically exposed to PM2.5. Miller et al. (2007)
observed a significant increase (HR=1.24; 95% CI=1.09-1.41) in the incidences of
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various cardiovascular events such as myocardial infarction and stroke with an annual
average increase of 10 µg m -3 of ambient PM2.5. The authors also found that the risk of
death from these cardiovascular events was elevated in populations with larger PM2.5
exposures (HR=1.76; 95% CI=1.25:2.47) (16).
Due to the large body of epidemiological evidence supporting the association
between adverse health outcomes and ambient PM exposure, the US Environmental
Protection Agency (EPA) has promulgated ambient air quality standards for PM10 and
PM2.5 as part of the Clean Air Act. The 24-hr standard for PM10 is 150 µg m-3, which
cannot be exceeded more than once per year on average over three years; while the
standard for PM2.5 is 15 µg m-3, which is an annual mean, averaged over a three year
period (20). To assess compliance with these regulations, the EPA has set up an extensive
network of samplers throughout the US (PM10=4,693; PM2.5=2,194). A subset of fifteen
metropolitan areas was chosen by the EPA for closer investigation in order to
characterize urban populations’ exposure to PM. Over a three year period (2005-2007)
the arithmetic average concentration across all fifteen metropolitan regions was 32 µg m-3
for PM10 and 14 µg m-3 for PM2.5 (21).
While much work has been done to characterize regional ambient PM exposure,
there is far less exposure information regarding indoor PM exposure, especially in rural
households. This is especially problematic considering on average Americans spend
approximately 15.6 hours a day in their home (22). Simons et al. sampled 20 suburban
and 93 inner city Baltimore homes for PM10. Mean PM10 concentrations inside urban
homes (57 µg m-3) were substantially larger compared to suburban (23 µg m-3) (23). The
Relationship of Indoor, Outdoor, and Personal Air (RIOPA) study sampled 212
nonsmoking residences in Houston (TX), Los Angeles (CA), and Elizabeth (NJ) for
PM2.5 from 1999 to 2001. The median indoor household concentration of PM2.5 was 15.5
µg m-3 (24).

4

Organic Dust and Endotoxin
One of the major difference between PM in rural airsheds compared to urban is
agricultural air is assumed to have a larger fraction of organic dust, a mixture of plant and
animal matter, microorganisms, and bioaerosols (6). Exposure to organic dust can cause a
variety of acute or chronic conditions depending on the concentration, duration of
exposure, and the individual. Occupational workers exposed to large concentrations of
organic dust can develop organic toxic dust syndrome, which is characterized by fever,
chills, malaise, and dyspnea (25, 26). Long-term exposure can cause decreased lung
function as well as chronic bronchitis, asthma-like syndrome, and wheezing (3, 27, 28).
Adverse health effects have also been linked to populations environmentally
exposed to organic dust. During 1985-1986, a series of asthma epidemics was found to be
caused by environmental exposure to soybean dust in Barcelona, Spain (29).
Additionally, Schwartz (1999) concluded that environmental exposure to organic dust
among rural populations is one of the most important exposures in the progression of
childhood asthma (30).
The concentration of endotoxin in the inhaled organic dust fraction appears to an
important factor in the progression and development of respiratory diseases (31, 32).
Endotoxins are highly inflammatory respiratory agents made up of lipids, proteins, and
lipopolysaccharides. They are composed of the outer membrane of gram-negative
bacteria, which is released into the environment during cell lysis (4). The primary route
of exposure is inhalation, and the target organ is the lung. Endotoxins that deposit in the
head or lung airways will be expelled via the mucociliary ladder, while endotoxins that
reach the alveolar region will be phagocytized and are not thought to enter the
bloodstream. The pathophysiological response following endotoxin exposure is
characterized by increased levels of cytokines and neutrophils in the broncho-alveolar
compartment. The cytokines appear to be the cause of the health effects related to
endotoxin exposure and not the endotoxins themselves (33).
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Endotoxins are capable of remaining airborne for long periods of time due to their
small size (nanometer range) (34). However, endotoxins are often attached onto PM, and
consequently the majority of endotoxin is found in the coarse fraction as opposed to the
fine fraction of particulate samples (35-37). Major sources of endotoxins in rural
environments include animal confinements, grain storage facilities, and row crop
harvesting (3, 4, 31, 32, 38, 39).
Multiple studies have measured indoor and outdoor endotoxin concentrations in
predominately non-rural areas. A study conducted in two German towns (population
~20,000), using a dichotomous sampler, found geometric mean endotoxin concentrations
of 0.063 and 0.071 EU m-3 in the coarse (2.5-10 µm) fraction of the particulate sample
(37). While a study conducted outside of Stockholm found geometric mean endotoxin
concentration to be 0.050 EU m-3 in the PM10 fraction (35). Mueller-Anneling et al.
(2004) measured endotoxin concentrations in outdoor PM10 samples collected in 13
predominately urban communities in Southern California: the geometric mean for all
communities was 0.44 EU m-3 (40). Indoor airborne endotoxin levels were measured in
15 homes in the Boston metropolitan region. Concentrations ranged from 0.02 to 19.8 EU
m-3 with an overall geometric mean of 0.64 EU m-3 (41). In one of the few studies that
measured indoor endotoxin levels in rural residences, researchers found increased levels
of airborne endotoxins in farm homes (n=9) compared to non-farm homes (n=7),
geometric mean 1.04 EU m-3 and 0.36 EU m-3, respectively (42).
Ambient endotoxin concentrations from previous environmental studies were
generally smaller than concentrations that have been shown to cause health effects in
populations occupationally exposed. A study conducted on 61 male potato processing
workers found a significant across-shift decrease in lung function at concentrations above
53 EU m-3 (43). A cross-sectional study was conducted in Germany on 114 male
employees of a cotton mill. Employees at the facility were categorized into three
exposure groups based on previously measured airborne endotoxin levels: low (< 100 EU
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m-3), medium (>100-450 EU m-3), and high (>450 EU m-3). An increased prevalence of
wheezing was found in the medium exposure group (OR=2.15, 95% CI= 0.48-9.62) and
high exposure group (OR=5.49, 95% CI=1.17-25.81) compared to the lowest exposure
group. There was also a linear increase in the prevalence of cough with the medium
exposure group (OR=2.11, 95% CI= 0.59-7.56) and high exposure group (OR=3.93, 95%
CI=1.02-15.12) having increased symptoms compared to the lowest exposure group (44).
A cross-sectional study was conducted on farmers and agricultural workers (n=877) in
the Netherlands. The goal of the study was to investigate the association between current
endotoxin exposure and respiratory symptoms in the agricultural industry. Workers’
exposure to endotoxin were estimated using an exposure matrix constructed from 249
full-shift personal inhalable samples (GM=265 EU m-3). Adjusting for a variety of covariates, researchers found a significant increase in wheezing (OR=1.41, 95% CI: 1.161.72), shortness of breath (OR=1.50, 95% CI: 1.18-1.90), and daily cough (OR 1.29, 95%
CI: 1.03-1.62) with each increase in interquartile endotoxin level (45).
There is currently no occupational or environmental standard for endotoxin
exposure in the US. The Dutch Expert Committee on Occupational Safety (DECOS),
which sets occupational exposure limits in the Netherlands, has recommended workers’
exposure to endotoxin not exceed 90 EU m-3. This recommendation is based on an eighthour time-weighted average using a personal inhalable dust sampler (33).
Confined Animal Feeding Operations
The rural landscape in the US has undergone a marked change over the last two
decades. During this time, the number of hogs raised in the US has remained relatively
constant while the number of swine producers has decreased dramatically (46, 47). In
just over 20 years the number of swine producers in the US has decreased by more than
70% (48). This movement toward larger confined animal feeding operations (CAFOs)
has led to increased production and decreased costs, but has not been without
consequences. The large amount of animal waste generated by these facilities has
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negatively impacted the environment (7), the health of CAFO workers (3, 49), and
possibly nearby residents (50, 51).
CAFOs generally store waste in pits underneath the confinement and/or in
lagoons located adjacent to the facility. One fully grown hog is capable of producing
upwards of 6.8 kg of waste a day. Therefore, a 2,000 head confinement can produce
approximately of 5,000 metric tons of waste annually. Consequently, a single swine
CAFO can generate as much waste annually as a small city (52). Liquid waste is stored
in these structures until it can be applied to the nearby fields as fertilizer or hauled away
(7).
Hydrogen Sulfide
One gas emitted from CAFOs is hydrogen sulfide (H2S), a poisonous, colorless
gas with a distinct rotten egg smell (7).The odor threshold of H2S is small and can be
detected in 0.01-0.3 ppm range (53). The amount of H2S emitted from a CAFO is
variable and dependent on numerous factors including type of animal feed, animal
weight, manure management system, ventilation system, and ambient temperature (54,
55).
Acute exposure to high concentrations of H2S (>500 ppm) can cause loss of
consciousness and death (56). Occupationally, H2S is the second leading cause of fatality
by gas inhalation, behind only carbon monoxide poisoning (53). Epidemiological studies
have shown a variety of adverse health outcomes to individuals environmentally exposed
to low levels of H2S (<100 ppb) including dyspnea, nasal irritation, exacerbation of
asthma, and increased hospital visits for various respiratory complaints (57-59). A
significant increase in dyspnea and nasal symptoms were observed in individuals living
near a pulp and paper mill following a 48-hr exposure to concentrations ranging between
25-30 ppb (58). Additionally, a positive association was observed between increased
hospital visits among children for all respiratory symptoms, including asthma, 24 hr after
a H2S exposure of ≥ 30 ppb (57). Furthermore, Rosi et al. observed a significant positive
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correlation between increased hospital visits for asthma and ambient levels of H2S in
adults living in an industrial city. Daily mean concentrations were 3.1 ppb with a range of
0-34 ppb (59).
As part of the Comprehensive Environmental Response, Compensation, and
Liability Act (CERCLA), The Agency for Toxic Substances and Disease Registry
(ATSDR) has developed minimum risk levels (MRLs) for contaminants commonly found
at superfund sites (56). Although these levels are not enforceable, they are useful in
evaluating the potential risk to populations exposed to contaminants. In its 2006
Toxicological Profile, ATSDR determined the MRL for an intermediate exposure (>14
days to 365 days) to H2S to be 20 ppb in order to protect against adverse respiratory
health (56).
Due to health effects related to environmental exposure to H2S, various states
have begun to enact air quality standards for livestock facilities (49). Currently, five
states have standards including Iowa, California, Minnesota, Missouri, and Nebraska (4,
49). In Iowa, the Department of Natural Resources has established an enforceable level
of 30 ppb at the requisite set-back distance. This concentration is a one-hour time
weighed average and cannot be exceeded more than seven times per year without prior
notification (60).
Environmental Monitoring of Hydrogen Sulfide
Although there is the potential for H2S exposure from swine CAFOs to
surrounding residents, there are still a limited number of published studies with
quantitative exposure measurements. This paucity of data is the result of limited low-cost
instrumentation with a high analytical sensitivity (<100 ppb) (61). Additionally, H2S
direct reading instruments need a constant source of power and need to be calibrated
regularly (61). Since CAFOs are typically located near agricultural fields, the availability
of power sources near the facilities can be limited. Furthermore, CAFOs can span
hundreds of meters in width and length, making multiple receptors cost prohibitive.
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Passive monitors are a promising alternative to direct reading instruments. Passive
gas monitors operate according to Fick’s First Law of Diffusion, which states that
gaseous molecules move from areas of high concentration to low concentrations (14).
Using this phenomenon, passive samplers are able to trap molecules onto an adsorbing
matrix without the aid of a pump.
Radiello (Sigma Aldrich, St. Louis, MO) has produced a new generation of H2S
dosimeter with a larger uptake rate due to a radial design. Unlike passive badges, the
Radiello monitor has a larger diffusive body surface area and allows for adsorption of
H2S throughout the 360° diffusive body (62). As a result, these monitors have a smaller
limit of detection, which allows for deployments in environmental settings where
concentrations are generally small (62).
Environmental Exposure to CAFOs and Childhood Asthma
Recent community-based studies have found a positive association between
environmental exposure to CAFOs and a variety of adverse respiratory health outcomes,
including asthma (47, 50, 51, 63, 64). In a large cross-sectional study (n=58,169)
Mirabelli et al. (2006) observed that children who attended school within 4.8 km of a
swine confinement had a significantly higher prevalence of physician diagnosed
childhood asthma (PR=1.07; 95% CI: 1.01-1.15) (63). Additionally, Sigurdarson and
Kline (2005) found that children who attended an elementary school located within 800
m of a swine CAFO had a significantly increased prevalence of physician-diagnosed
asthma (OR=5.71, p = 0.004) compared to children who went to a control school
(nearest swine CAFO >16 km) (64). Merchant and colleagues (2005) observed that
children who lived on a farm that raised swine and added antibiotics to their feed had a
significantly higher prevalence of asthma or asthma-like symptoms compared to farm
children that did not raise swine (55.8% to 26.2%, p=0.013) (47).
Asthma is a chronic respiratory disease characterized by reversible airflow
obstruction and airway hyper-responsiveness (65). It is generally diagnosed during
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childhood with half of all cases being identified before the age of three and 80% of cases
by age six (66). The etiology of the disease is not fully understood, but it is believed to
involve a complex interaction between genetic factors and environmental stimuli (67).
Multiple environmental sources have been associated with the pathogenesis and
exacerbation of asthma, including exposure to PM2.5 (68) , NO and NO2 (69), ozone (70),
environmental tobacco smoke (71), and allergens (72). There is a strong association
between atopy and asthma, with the majority of asthmatics being atopic. Individuals with
atopic asthma exhibit unusually high IgE serum levels and have a positive history of
family allergies. Non-atopic asthma is less common than atopic asthma and is
independent of allergic inflammation (73).
Asthma studies have also observed gender (74) and premature birth (75, 76) to be
strong factors contributing to the development of the disease. In addition research has
shown that a viral infection before the age of two years caused by either respiratory
syncytial virus (RSV) or human rhinovirus (HRV) is associated with childhood asthma
(77, 78). The casual mechanism behind this association is still not clear and researchers
are still trying to determine whether these infections contribute to the progression of the
disease or demonstrate an individual’s propensity towards decreased lung function which
is an early indicator for asthma (77-80).
Over the past thirty years, the prevalence of childhood asthma has been increasing
in the United States and other western countries (72). This increase has been seen in both
urban and rural populations (81). Asthma is now currently the most common chronic
disease among children, and recent morbidity statistics estimate that 6.7 million children
are affected by asthma in the US (74). During the period of 1980 to 1997 the prevalence
of childhood asthma increased by 4.6% per year (74). Environmental exposures to
pollutants and the inability to adapt to the changing environment are two theories that
have emerged to help explain this recent dramatic increase in the prevalence of asthma
(71).
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Keokuk County
Environmental and medical information for all three studies contained in this
dissertation were obtained from participants living in Keokuk County, IA. According to
the 2010 US census the population of Keokuk County is currently 10,511. The county is
considered entirely rural with no towns with a population greater than 2,500 inhabitants
(82). The majority of the land area in the county is devoted to agricultural production
(86%), with approximately 318,160 acres considered cropland, pastures, and trees. The
primary crops grown in the county are corn and soybeans, accounting for 19.4 and 3.4
million bushels respectively, harvested in 2009 (5).
Medical, demographic, and environmental information used in Chapter IV was
obtained from Round 2 (1999-2004) of the Keokuk County Rural Health Study
(KCRHS). The KCRHS is a population-based, prospective cohort study that began in
1994 primarily to study the prevalence and incidence of injury and respiratory disease in
an intensely agricultural-rural population.
Significance of this Research
While much work has been done to characterize urban populations’ exposure to
particulate matter and endotoxin few studies have measured environmental
concentrations of these pollutants in entirely rural areas. Chapter II of this dissertation
will be one of the first studies of this size to measure indoor and outdoor PM10, PM2.5,
and endotoxin in rural households. Additionally, this study will add to the literature
concerning the relationship between indoor and outdoor exposure to PM and endotoxin.
Chapter III evaluated the effectiveness of using Radiello passive monitors to
measure environmental concentrations of H2S emanating from a swine confinement.
Although health effects have been associated with low level H2S exposure, few studies
have measured environmental levels near hog operations. In addition, this study assessed
the accuracy of Radiello monitors in a calibration study by exposing the monitors to
known concentrations of H2S.
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Finally, Chapter IV investigated the association between residential proximity to
swine CAFOs and childhood asthma. Although there are a handful of studies that have
previously investigated this association, each study has been subjected to various flaws,
including small sample size, lack of specific disease diagnosis, recruitment bias, poor
exposure characterization, and failure to control for asthma co-varieties and potential
confounders. This study attempted to improve upon previous studies by controlling for
significant asthma risk factors using medical and demographic information from a
population recruited from a stratified random sample.
Specific Aims
The overall goal of this doctoral dissertation is to fill the shortcomings in the
literature regarding air quality in agricultural areas and respiratory health of rural
residents. To achieve this goal particulate matter, endotoxin, and gas measurements were
taken in intensely agricultural county to characterize residents’ exposure to these
pollutants and identify potential sources. Additionally, an epidemiological study was
conducted on children living in Keokuk County to evaluate the association between
residential proximity to confined animal feeding operations and childhood asthma. This
doctoral dissertation had the following Specific Aims:
1. Characterize indoor and outdoor particulate matter and endotoxin concentrations
in a rural county and identify potential sources of this pollution.

2. Evaluate the variability of H2S concentrations emanating from a swine CAFO
and the effectiveness of using passive monitors to measure environmental levels
of H2S.

3. Determine if there is an association between childhood asthma and residential
proximity to swine CAFOs.
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CHAPTER II
FACTORS INFLUENCING PARTICULATE MATTER AND ENDOTOXIN IN
RURAL AIR
Abstract
Background: Extensive work has been done to quantify exposures to farmers preforming
a variety of agricultural tasks. However, there is a paucity of literature regarding rural
populations’ environmental exposure to particulate matter and endotoxin.
Objectives: Between 2007 and 2010, 197 rural households were sampled over five
continuous days for indoor and outdoor PM10, PM2.5, and endotoxin to determine whether
ambient concentrations in a rural environment differ from those reported in urban areas;
evaluate the effect of seasonal variation on PM and endotoxin levels; and identify factors
contributing to PM and endotoxin levels in ambient and indoor air.
Results: Geometric mean indoor concentrations of PM10 and PM2.5 were larger (21.2 µg
m-3, 12.2 µg m-3) than outdoor concentrations (19.6 µg m-3, 8.2 µg m-3; p=0.072,
p<0.001). The geometric mean endotoxin levels were almost six times larger in outdoor
air compared to indoor (1.47 EU m-3, 0.23 EU m-3; p <0.001). Compared to
measurements recorded by the US EPA, PM10 levels in the study area were elevated
compared to certain metropolitan areas, while PM2.5 concentrations were generally
smaller. Ambient endotoxin concentrations measured outside rural households were 3-10
times larger than levels recorded in previous urban air studies. Seasonality was found to
be a poorly associated with ambient PM10 concentrations, but was significantly associated
with PM2.5 and endotoxin levels. Home cleanliness was associated with larger particulate
concentrations inside the home.
Conclusions: Results from this study show airborne PM10 and endotoxin concentrations
in a rural county were larger compared to those previously reported in certain urban
areas. Furthermore, during the harvest season, concentrations of endotoxin in ambient air
could approach levels which have been shown to cause decreased respiratory function in
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occupational workers. Interestingly, indoor particulate concentrations were elevated
compared to outdoor levels; however, endotoxin concentrations were significantly
smaller indoors versus outdoors.
Introduction
The health risk posed by air pollution has been recognized for decades (12); yet,
few studies have characterized ambient air quality in rural communities. While the rural
landscape lacks traditionally recognized pollution sources, residents living in these
communities are potentially exposed to a variety of airborne hazards, including noxious
gasses, inorganic and organic particulate matter (PM), and bioaerosols (6). Occupational
studies have shown that agricultural workers are regularly exposed to high concentrations
of PM and endotoxin while performing common tasks, such as crop harvesting, grain
processing, and livestock production (13, 38, 83). However, the effect of agricultural
activities on ambient air quality is not well characterized.
PM suspended in the ambient air is a heterogeneous mixture of inorganic and
organic substances, whose composition can vary depending on the source, season, and
meteorological conditions (11). PM can be categorized into two size fractions, coarse and
fine. Coarse particles are produced through the mechanical breakdown of materials and
have an aerodynamic diameter between 2.5-10 µm. These particles are derived from
anthropogenic sources as well as naturally occurring processes, such as wind erosion or
volcanic activity. Fine particles (aerodynamic diameter <2.5 µm) on the other hand are
generated mainly through combustion processes, including power generation, vehicle
exhaust and industrial processes (12).
Health effects from PM are determined by both the pathogenic effect of the
substance and the area in which it deposits in the lung (13). Epidemiological studies have
demonstrated a clear association between exposure to PM and a number of adverse health
effects including respiratory, cardiac, and all-cause mortality (16-19). However these
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studies have mainly focused on urban air, which compared to rural air, may vary
considerably in terms of composition (11).
Agricultural air is assumed to have a larger fraction of organic dust, which is a
mixture of plant and animal matter, microorganisms, and bioaerosols (6). Exposure to
organic dust can cause a variety of acute or chronic conditions depending on the
concentration, duration of exposure, and the individual. Occupational workers exposed to
large concentrations of organic dust can develop organic toxic dust syndrome, which is
characterized by fever, chills, malaise, and dyspnea (25, 26). Long-term exposures can
cause decreased lung function as well as chronic bronchitis, asthma-like syndrome, and
wheezing (3, 27, 28). Adverse health effects have also been linked to populations
environmentally exposed. During 1985-1986, a series of asthma epidemics was found to
be caused by environmental exposure to soybean dust in Barcelona, Spain (29). Schwartz
(1999) concluded that environmental exposure to organic dust among rural populations is
one of the most important exposures in the progression of childhood asthma (30).
The concentration of endotoxin in the organic dust fraction appears to be an
important factor in the progression and development of respiratory diseases (31, 32).
Endotoxins are highly inflammatory respiratory agents made up of lipids, proteins, and
lipopolysaccharides. They are composed of the outer membrane of gram-negative
bacteria which is released into the environment during cell lysis (4). Major sources of
endotoxins in rural environments include animal confinements, grain storage facilities,
and row crop harvesting (3, 4, 31, 32, 38, 39).
In order to characterize the air pollution exposure of a rural population in a
prospective population-based health study, indoor and outdoor PM and endotoxin
samples were collected from homes located in an agricultural county. The goals of this
study were to quantify airborne concentrations of PM10, PM2.5, and endotoxin in a rural
environment and compare findings to reported concentrations from urban areas; evaluate
the effect of seasonal variation on PM and endotoxin levels; and identify factors
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contributing to rural PM and endotoxin concentrations in both ambient and indoor air in
homes.
Methods
Study Area. Households were recruited from the third round (2006-2011) of the
Keokuk County Rural Health Study (KCRHS). The KCRHS is a prospective cohort study
designed to primarily investigate the incidence of respiratory disease and injuries in an
intensely agricultural county (84). The county is considered entirely rural with no towns
having a population greater than 2,500 residents. According to the 2010 US census, the
population of Keokuk County was 10,511 (82). The majority of the land area in the
county was devoted to agricultural production (86%), with approximately 318,160 acres
considered cropland, pastures, and trees. The primary crops grown in the county were
corn and soybeans, accounting for 19.4 and 3.4 million bushels harvested in 2009,
respectively (5). The Keokuk County Tax Assessor’s Office classifies residential
properties as agricultural if a home is located outside a designated town or residential if it
is located within a town.
Although the KCRHS enrolled participants using a stratified random sample of
eligible households within the county, the environmental assessment of the homes was a
non-random sample. Homes were selected from the enrolled KCRHS participants based
on their willingness allow investigators access to their home, spatial location, within the
county and household designation (town or rural). The recruitment goals were to sample
from an even distribution of homes throughout the county and to sample from at least
25% of homes located within a designated town. From 2007-2010, 197 homes in the
county were surveyed as part of this study, with 4 homes sampled twice. The majority of
the homes surveyed were located outside a designated town (72.0%) and older (median
date of home construction 1936).
Sample Collection. Indoor environmental samples were collected to monitor for
PM10, PM2.5, temperature, relative humidity, CO, and CO2; outdoor PM10 and PM2.5 were

17

collected over the same time period at least 3 m from the home and away from any large
obstructions. All environmental samples were collected over a five-day period unless
scheduling conflicts necessitated a four-or six-day sample. In addition to the field survey,
a qualitative environmental assessment of the home was conducted by a trained
interviewer. A Q-trak (TSI Inc. St. Paul, MN) monitored indoor temperature, relative
humidity, CO, and CO2. The Q-trak data-logged every 30 minutes, and measurements
were averaged over the entire sampling period. To ensure accurate measurements, the Qtrak was calibrated on a monthly basis.
Ambient PM and endotoxin samples were collected with a dichotomous sampler
(Thermo Fisher Scientific Inc., Franklin, MA) The sampler has an inlet of 10 µm and
uses a virtual impactor to separate the particles into two fractions, coarse and fine. Instead
of using a solid impaction plate, a virtual impactor achieves particle fractionalization
through airflow partition. An advantage of a virtual impactor, as opposed to traditional
impactor, is the lack of particle bounce or re-entrainment (85). In order to achieve proper
cut points, the flow rates were set to 1.67 L min-1 for the minor flow and 15.00 L min-1
for the major flow. The sampler was calibrated at the start of the sampling session and
post-calibrated during retrieval with a TetraCal™ (BGI Inc., Waltham, MA) volumetric
flow calibrator. The initial and final flow rates were averaged, and this average flow rate
was used to determine the volume of air sampled. A sample was considered acceptable
and included in the analysis if the average flow rate was within ±10% of the initial flow
rate. Although there is the potential for introducing bias by including samples with a wide
range of flow rates, this inclusion criterion allowed for a greater sample size. All coarse
and fine PM samples were collected on 37 mm polytetrafluoroethylene (PTFE) filters
with a 0.8 pore size (Pall Corporation, Ann Arbor, MI).
Indoor PM10 and PM2.5 samples were obtained using Personal Environmental
Monitors (PEM) (SKC Inc., PA) attached to BGI (BGI Inc. Waltham, MA) personal
sampling pumps operated at 4 L min-1. The samplers, pumps, and Q-trak were located in
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an area where the family reported spending most of their time and at least 1 m above the
ground. As opposed to the dichotomous sampler, the PEM uses a single stage impactor to
achieve the requisite cutpoints. To reduce particle bounce, a thin layer of mineral oil was
applied to the impaction plate prior to each sampling period. All indoor PM samples were
collected on 37 mm PTFE filters with a 0.8 pore size (Pall Corporation, Ann Arbor, MI).
The sampler was calibrated at the start of the sampling session and post-calibrated during
retrieval with a TetraCal™ volumetric flow calibrator. Like the outdoor particulate
measurements, a sample was considered acceptable if the average flow rate was within
±10% of the initial flow rate. An additional requirement of two continuous days of
operation was required for a sample to be considered for analysis to accommodate pump
failure from power interruption.
Filters were pre and post-weighed with an electrical microbalance (Mettler MT5,
Columbus, OH) with a sensitivity of 1.0 μg. Prior to weighing, all filters were stored in a
temperature and humidity controlled room for at least 48 hours to allow for
acclimatization to stable room conditions. Additionally, all filters were passed over a Po210 alpha emitter to neutralize static charge. During each weighing session the accuracy
of the micro-balance was assessed using calibrated laboratory weights (200, 100, and 20
mg). In addition, field blanks were evaluated for each sampling period. Since all field
blanks did not deviate by more than ±0.05%, no blank correction was performed. Once
filters were post-weighed they were returned to their filter cassette and stored in a -20ºC
freezer until endotoxin analysis could be performed.
During the beginning of the study, filters were not immediately stored in the
freezer and remained unfrozen for approximately two years. A study by Spaan et al.
(2007) found a 10% higher estimated endotoxin concentration on filters stored in the
freezer compared to those stored in a refrigerator. Researchers hypothesized this is due to
the freeze-thaw cycle lysing bacteria and therefore allowing for greater detection (86).
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Since all filters were eventually stored in the freezer, storage method should not have
biased results.
Endotoxin Analysis. A subset of homes (n=72) were selected for endotoxin
analysis. In order for the sample to be considered for endotoxin analysis, average total
and coarse flow rates had to be within ±10% of initial flow rates (n=148). All homes that
met this flow rate restriction and had a swine animal feeding operation located on their
property (<400 m) were selected for analysis (n=16). The remaining 56 homes were
selected at random from the remaining samples. Only the coarse fraction (10-2.5 µm) of
the outdoor PM sample was analyzed for endotoxin; whereas, the entire indoor PM10
fraction (<10 µm) was assayed. While this may underestimate the amount of endotoxin in
ambient air, previous studies have shown the majority of endotoxin in the PM10 size
region is contained in the coarse fraction (35-37).
The endotoxin extracted from the filters was evaluated using the kinetic
chromogenic Limulus Amebocyte Lysate (LAL) assay that has been previously described
by Thorne (2000) (87). Filters were extracted in 10.0 mL of pyrogen-free water and
shaken for 1 hour at room temperature. One mL was pipetted into a cryovial and spun for
5 min at 600 xg (Marathon 16KM) to decrease inhibition from filter particulate. The
filter extracts were assayed using five-fold serial dilutions. Two-fold dilutions of the
Control Standard Endotoxin were assayed to create a 12-point standard curve from 50.0
EU mL-1 to 0.0244 EU mL-1. The samples and field blanks were assayed in 96 well
microplates (Corning Inc, Corning, NY) and the rate change of absorbance was measured
at 405 nm every 30 seconds for 90 min using a microplate reader (Molecular Devices
SpectraMax 384 Plus, Sunnyvale, CA with Softmax PRO 4.0 analysis software).
Seasonal Calculation and Meteorological Data. Mean daily precipitation
(inches), relative humidity (%), and wind speed (mph) data were obtained from a weather
station located in Oskaloosa, IA. This station is approximately 30 km southwest of the
center of the county and considered a representation of weather conditions occurring
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throughout the county (88). Daily meteorological conditions were subsequently averaged
over the course of the multi-day sampling period. Winter was defined as sampling
periods that ended in December, January, and February; spring was March, April, May;
summer was June, July, and August; and fall was September, October, and November. In
Iowa, corn and soybean harvest generally occurs during the fall months.
Home and Property Characteristics. A trained interviewer administered an
environmental questionnaire to the home owner at the beginning of the assessment. Data
collected during the interview included: date of home construction, cooking fuel source
(electric or gas), presence of indoor pets, visible mold growth, whether individuals
smoked in the home, and vermin infestation within the past 12 months. Additionally, the
participant was asked to identify all agricultural operations on their property within 0.4
km of the residence, which included whether the family raised livestock, had a confined
animal feeding operation, and/or had grain storage bins. A plat map was used to
determine the type of road surface the home was located on (gravel vs. hard).
During each environmental survey, the interviewer rated the overall maintenance
and condition of the home on a scale of 1 to 5, with 5 considered the highest maintained
household. The rating scale was based on visual inspection for dirt and mold, clutter,
condition of exterior and interior of the home, peeling paint, and whether the home had a
vermin problem. The five levels were subsequently collapsed into three home cleanliness
categories, with low being designated as (1-2), medium (3) and high (4-5).
Statistical Analysis. SAS version 9.2 was used for all statistical analysis. PM data
was checked for normality and determined to be log-normally distributed. If continuous
predictor variables were missing, they were imputed with the mean of all reported values
for the variable; while missing categorical variables were inputted with the mode for the
variable. Paired t-tests were used to investigate whether indoor air had significantly
(p<0.05) different concentrations of PM and endotoxin compared to outdoor. Pearson’s
correlation analysis was carried out to evaluate the relationship between outdoor
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meteorological variables (precipitation, relative humidity, temperature and wind speed)
and ambient levels of PM10, PM2.5 and endotoxin. The same method was applied to assess
the relationship between indoor CO2 concentrations, indoor relative humidity, and
outdoor dust and endotoxin levels on indoor levels of PM10, PM2.5, and endotoxin.
Univariate analysis was conducted on log-transformed indoor and outdoor PM
and endotoxin concentrations by selected categorical predictor variables. Tukey-Kramer
multiple comparison tests were used to determine significant differences in mean
concentrations (p<0.05) across categories of the predictor variables. Multivariate analysis
was conducted to determine associations between agricultural and environmental
variables and indoor and outdoor PM and endotoxin concentrations. Backwards
elimination was used to eliminate variables sequentially until only variables with a
p<0.10 remained in the model. Due to meteorological conditions not being independent,
outdoor PM and endotoxin samples were analyzed using a mixed model (PROC MIXED)
that took into account samples collected during the same time period. Since indoor
samples could be treated as independent measurements, associations were determined
using a generalized linear model (PROC GLM).
Results
Summary results for indoor and outdoor PM and endotoxin data are shown in
Table 2-1. The range of indoor concentrations of PM spanned two orders of magnitude
(PM10: 4.1 to 173.3 μg m-3; PM2.5: 1.4 to 187.7 μg m-3); however, overall variability of
the measurements were low with a GSD of 1.92 and 2.09, respectively. The range of
outdoor PM levels were less varied and spanned only a single order of magnitude
between the largest and smallest measurements (PM10: 6.2 to 56.2 μg m-3; PM2.5: 1.5 to
24.1 μg m-3). Indoor particulate concentrations tended to be larger than outdoor
concentrations (PM10 p=0.072; PM2.5 p<0.001), while, endotoxin concentrations were
significantly larger in outdoor samples compared to indoor (p<0.001), with a 100 fold
difference between the largest and smallest outdoor measurements.
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Outdoor PM and Endotoxin Measurements. Meteorological conditions during the
sampling periods are summarized by season in Table 2-2. PM10 concentrations decreased
significantly as precipitation, relative humidity, and wind speed increased, however they
increased as temperature increased (Table 2-3). PM2.5 concentrations decreased as
precipitation and temperature increased but increased as relative humidity increased.
Endotoxin concentrations decreased significantly as relative humidity increased and
increased significantly as wind speed increased.
Analyses of outdoor PM and endotoxin concentrations by single categorical
predictors are presented in Table 2-4. No seasonal trend was observed in PM10
concentrations, while PM2.5 concentrations were larger in the winter and spring months.
Endotoxin concentrations were significantly larger during the fall months and smaller
during the winter months. Compared to homes located in town, residences on gravel
roads had significantly larger concentrations of PM10, while PM2.5 and endotoxin
concentrations were not significantly different by road surface near the home. Although
concentrations tended to be larger for homes possessing livestock operations, swine
confinements, or grain bins, these sources of exposure did not have a significant effect on
concentrations of PM or endotoxin in air samples collected outside the homes.
When entered into a mixed regression model (Table 2-5), controlling for sampling
period, all meteorological variables were significantly associated with ambient PM10 and
PM2.5 concentrations. Adjusting for meteorological covariates, residents living on a rural
gravel road had a significantly larger potential outdoor exposure to PM10 (20.8 µg m-3)
than residents living on a paved town road (17.2 µg m-3). However, no significant
increase in PM10 concentrations was found between homes situated on a rural hard
surface road compared to a rural gravel road (p= 0.792). Although home location was a
significant factor associated with PM2.5 concentrations, the magnitude of the effect was
small. Controlling for significant fine particulate sources, homes on rural hard surface
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roads had the largest concentration of PM2.5 (8.9 µg m-3) while homes located in towns
(8.2 µg m-3) had the smallest.
Mixed regression analysis indicated a lack of trend among mean PM10
concentrations across different seasons. Interestingly, winter had the largest adjusted
mean PM10 concentration (22.2 µg m-3) while fall had the smallest (17.8 µg m-3).While no
significant increase was observed during different seasons, the majority of samples
(16/17) in the upper 90th percentile occurred during the fall harvest and spring planting
season, with 71% occurring during fall. Conversely, 71% of the samples in the lower 10th
percentile also occurred during the fall. The wide range of PM10 concentrations during
the fall (6.2-56.2 µg m-3) indicates a high degree of temporal variability during this
season. In contrast, wintertime had the narrowest range of any season (10.7-32.0 µg m-3).
Seasonality was a significant predictor of PM2.5 concentrations in multivariate modeling,
with the largest mean concentration occurring during the winter time. Ambient
concentrations of fine particulate were approximately 60% higher in the winter compared
to summer.
A significant interaction was observed between PM10 and PM2.5 levels (p= 0.011;
p= 0.018) and home location and precipitation. Compared to residences located on a
gravel road, homes on a rural hard surface road had a greater decrease in PM10 and PM2.5
as the amount of precipitation increased over the sampling period.
The selected agricultural and property characteristics were found to be poor
predictors of outdoor endotoxin concentrations, while seasonality was highly associated
with endotoxin levels. After adjusting for significant meteorological variables, mean
endotoxin concentrations in the fall (3.5 EU m-3) were approximately six times larger
compared to winter (0.6 EU m-3). No significant association was observed between
ambient endotoxin concentrations and home location, presence of livestock and/or swine
confinements on the property. However distance and direction were not taken into
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consideration and the magnitude of the association may be attenuated due to these
unmeasured variables.
Indoor PM and endotoxin measurements. Indoor continuous data are presented in
Table 2-6. As expected winter had the lowest relative humidity (37%), while CO2 levels
were also decreased in the wintertime compared to other seasons. Table 2-7 shows the
correlation between indoor PM and endotoxin concentrations and indoor continuous
environmental measurements. No relationship was observed between indoor particulate
or endotoxin levels and indoor CO2 concentrations. A moderate positive correlation was
observed between indoor relative humidity and endotoxin and PM concentrations.
Univariate analysis also indicated a positive association between outdoor levels of PM10,
PM2.5, and endotoxin and indoor concentrations.
Univariate analysis of categorical predictors and indoor PM and endotoxin
concentrations was performed (Table 2-8). The qualitative determination of home
cleanliness performed by the interviewer was a significant predictor of PM10 and PM2.5
concentrations, but did not significantly predict indoor endotoxin levels. Homes with an
indoor dog and/or cat had a significantly larger indoor PM10 and endotoxin
concentrations, however no significant increase was observed in PM2.5 concentrations.
Homeowners that allowed smoking in the home had a two-fold increase in PM10 and
PM2.5 concentrations compared to non-smoking homes. Households that had grain storage
bins on their property had significantly larger indoor endotoxin concentrations.
Seasonality, cooking fuel source, place of residence, date of home construction, and
presence of livestock on the property were not found to be associated with indoor PM and
endotoxin concentrations.
Multiple linear regression analysis of the indoor sample results is presented in
Table 2-9. Smoking, outdoor PM concentrations, and indoor relative humidity were all
significantly (p<0.05) associated with indoor PM concentrations. When controlling for
these significant covariates, mean indoor PM10 and PM2.5 concentrations were highly
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associated with home cleanliness. Compared to a residence that scored high on the scale,
a home that rated low had a mean increase of 8.5 µg m-3 of PM10 and a 6.7 µg m-3
increase of PM2.5. Adjusting for relative humidity, endotoxin concentrations inside the
home were significantly affected by the presence of grain storage bins on the property
and keeping a dog and/or cat inside the home. Having a grain bin on the property or a pet
increased endotoxin concentrations inside the home by 0.12 and 0.14 EU m-3,
respectively.
Discussion
A major goal of this work was to quantify ambient PM and endotoxin
concentrations in an intensely agricultural area and compare those values to urban
exposures. This study demonstrates that ambient PM10 and endotoxin concentrations in a
heavily agricultural area are comparable and sometimes larger than, those found in urban
centers. The US EPA set up an extensive network of PM samplers across fifteen
metropolitan regions throughout the United States. These regions were: Atlanta,
Birmingham, Boston, Chicago, Denver, Detroit, Houston, Los Angeles, New York City,
Philadelphia, Phoenix, Pittsburgh, Riverside, Seattle, and St. Louis The arithmetic mean
concentration of PM10 observed in Keokuk County (21.3 μg m-3) is smaller than the three
year (2005-2007) average concentration recorded at these EPA sites (32 μg m-3).
However, average concentrations in Keokuk County exceeded levels found in the
metropolitan areas of New York City (19 μg m-3), Philadelphia (19 μg m-3), Boston (17
μg m-3) and Seattle (19 μg m-3) (21).
More importantly, the endotoxin load contained in ambient particulate matter was
substantially increased in rural air compared to urban. Mean endotoxin concentrations in
Keokuk County were approximately 3 times larger than ambient PM10 levels found in
Southern California (40), while endotoxin levels were 10 times larger than measurements
recorded in the coarse fraction of samples taken outside suburban areas of Germany and
Sweden (35, 37). While rural air has often been considered devoid of air pollutants,
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results from this study indicate that endotoxin levels are larger than measurements
recorded from urban areas. However, outdoor concentrations of endotoxin in the study
area were smaller than inhalable concentrations previously measured 30m downwind
(GM=59 EU m-3) and 160m upwind (Mean=26 EU m-3) from swine confinements (4).
In contrast to PM10 and endotoxin, overall concentrations of PM2.5 in Keokuk
County (9.1 μg m-3) were generally small compared to the 15 metropolitan areas sampled
by the US EPA (range 9-17 μg m-3) (21). This was expected due to the limited amount of
industry, vehicle traffic, and precursors necessary for secondary PM2.5 particle formation
in the county. However, during certain times of the year a marked increase in PM2.5
levels was observed. Winter had the largest geometric mean concentration of PM2.5 (10.6
μg m-3) and, when adjusted for significant meteorological effects, a 4.0 μg m-3 increase in
fine particulate was observed compared to summer. While unmeasured meteorological or
environmental factors may be responsible for this relationship, the increase in ambient
PM2.5 observed during the wintertime may be due to residential heating. Some residences
in Keokuk County still burn wood or other biomass to heat their homes. Of the crosssectional survey of homes in this study, approximately 18% of the participants indicated
that they used biomass for a primary or secondary source of heating. These sources have
the potential to produce large amounts of fine particulate and decrease ambient air quality
(89). This is a plausible explanation due to the sampler’s close proximity to the residence
and the lack of other combustion sources in the area.
In order to manage rural populations’ exposure to PM and endotoxin,
understanding factors that influence ambient concentrations is important. A study by
Nieuwenhuijsen et al. (1998) found farmers have an increased exposure to particulate
(50% cutoff < 9.8 μm) while harvesting without an enclosed cab (GM=2.7 mg m-3,
GSD=1.7). Researchers observed airborne levels were approximately an order of
magnitude larger in tractors without an enclosed cab compared to ones with and
enclosure (3, 83). However, the effect of field work on air quality in the rural
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environment has yet to be characterized. Results from this study show that mean PM10
concentrations were not significantly increased during the harvest or planting season.
Furthermore, when controlling for meteorological conditions and home location, PM10
concentrations were smaller during the fall harvest compared to other seasons.
Although overall mean concentration may have been smaller, the majority of
samples in the 90th percentile occurred during the fall and spring. However, these high
concentration events were not sustained for extended periods and usually returned to
average concentrations within a week. For example, the largest PM10 concentration
recorded in this study was during the fall (56.2 μg m-3), presumably when a large
percentage of farmers in the county were harvesting. Yet the following week the
concentration decreased to 25.1 μg m-3, while the week that preceded this elevated
measurement was 36.5 μg m-3. These finding suggest that elevated ambient PM10
concentrations can occur in rural areas during the fall harvest, but are transient.
There was no significant increase in outdoor PM10 levels between rural homes
located on a gravel roads compared to rural households on paved roads. The Spokane,
WA region, received EPA PM10 nonattainment status primarily due to emissions from
gravel roads (90). Traffic on unpaved roads in the Spokane region can average more than
1000 per hour, while traffic on Keokuk County’s gravel roads generally do not exceed
100 vehicles per day (91). Therefore, this study allowed for the examination of the effect
of emission from unpaved roads in a region more indicative of other rural areas. These
findings show that paving rural roads in regions similar to the study area would not have
an overall effect on outdoor PM10 concentrations.
Mean endotoxin concentrations exceeded those reported in urban areas (35, 37,
40); however, mean concentrations in Keokuk County were below levels that have been
shown to cause adverse health effects in occupational populations (28, 43-45).
Nevertheless, during certain times of the year, ambient endotoxin concentrations can
approach levels were human health could be potentially affected. A study conducted on
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61 male potato processing workers found a significant across-shift decrease in lung
function at concentrations above 53 EU m-3 (43) which adjust to a 24-hour equivalent
exposure of 17 EU m-3.This concentration is on same order of magnitude as the largest
five-day measurement recorded in this study (12.8 EU m-3) and the upper 95%
confidence interval during the harvest season (13.5 EU m-3). Consequently, there is the
potential for similar health effects to occur in rural populations environmentally exposed,
especially in sensitive individuals such as children, asthmatics, and the elderly. Further
work is needed to look at temporal factors that could not be examined in this study due to
the five-day sampling period.
The marked increase of airborne endotoxin levels during the fall seems to be
unique to the rural environment. Two previous studies, conducted in urban areas, which
investigated seasonal variability of endotoxin concentrations, did not find a similar
increase in ambient levels during the fall. A study conducted outside Munich, Germany
observed a strong positive correlation between ambient temperature and increased
endotoxin levels, with peak concentrations occurring during June and July, while mean
concentrations in the fall were comparable to levels found in the winter time (92).
Additionally, a 2004 study conducted in Southern California found no seasonal pattern in
endotoxin concentrations (40).
The sharp increase in endotoxin concentrations in Keokuk County during the fall
may be attributed to agricultural activities that were occurring throughout this time
period. Roy and Thorne (2003) measured airborne endotoxin concentrations on openfaced cassettes outside a combine while harvesting soybeans on two consecutive years.
Geometric mean endotoxin concentrations were 4438 EU m-3 in Year I and 459 EU m-3
in Year II (38). Measured concentrations outside the cab were comparable to mean total
endotoxin levels (2,400 EU m-3) found inside CAFOs (n=57) (93). Although personal
harvesting exposures during the fall season in Keokuk County during this study were not
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available, there does appear to be a link between high concentrations of ambient
endotoxin in the fall and row crop harvesting in this region.
On average Americans spend approximately 15.6 hours a day inside their homes
(22). Therefore determining indoor concentrations of PM and endotoxin is an essential
part of characterizing rural populations’ exposure to airborne pollution. Results of this
study indicate that, in rural areas, indoor air has significantly larger concentrations of
PM2.5; PM10 levels were also increased, although not significantly. Conversely, endotoxin
concentrations inside the home were significantly smaller than in outdoor air. Since
exposure to small concentrations of endotoxin has been shown to cause or exacerbate a
variety of respiratory illnesses, sensitive individuals would benefit from remaining
indoors during certain times of the year when ambient concentrations are significantly
larger than indoor levels.
This study demonstrates that indoor PM levels found in rural households are
considerably smaller than levels found in urban homes. Simons et al. sampled 20
suburban and 93 inner city Baltimore homes for PM10. Compared to this study, suburban
Baltimore homes had similar concentrations of indoor PM10 (23 μg m-3) while inner city
residents were exposed to substantially larger levels (57 μg m-3) (23). Mean
concentrations of PM2.5 inside Keokuk County homes was 16.4 μg m-3, while nonsmoking homes averaged smaller levels (11.4 μg m-3). Results from the RIOPA study,
which sampled 212 non-smoking household from three distinct urban regions throughout
the United States (Houston, TX; Los Angeles County, CA; and Elizabeth, NJ), found
larger mean indoor PM2.5 concentrations (17.6 μg m-3) compared to Keokuk County (24).
Indoor endotoxin concentrations in this study (0.35 EU m-3) were also smaller
than previously reported studies. Indoor airborne endotoxin levels (PM10 fraction) were
measured in 15 homes in the Boston metropolitan region. Concentrations ranged from
0.02 to 19.8 EU m-3 with an overall geometric mean of 0.64 EU m-3 (41). Rural
households in Keokuk County and a neighboring county, Louisa, were sampled for
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airborne endotoxin (n=92) as part of an asthma intervention study (LEIP study). Homes
were sampled four-times over an eight month period. The overall geometric mean
concentration was 6.0 EU m-3. This was approximately 20 times larger than geometric
mean concentration recorded in this study. One major difference between the two studies
was this study used a PM10 sampler, while the LEIP study used an inhalable sampler to
measure indoor endotoxin concentrations (94).
One of the major indicators for increased particulate concentrations inside rural
households was cleanliness. Adjusting for smoking, indoor relative humidity, and
outdoor PM, homes that scored in the lowest of the three categories for home cleanliness
had an average increase of 8.5 µg m-3 of PM10 and 6.8 µg m-3 for PM2.5 compared to
visibly categorized “clean” homes. Epidemiological studies have found that for every 10
µg m-3 increase of PM10 or PM2.5, the risk of cardiovascular disease and all-cause
mortality increases (16-19). Therefore, identifying substandard housing in rural areas and
developing intervention strategies to improve cleanliness inside the home could reduce
indoor PM concentrations and consequently improve human health.
Indoor endotoxin concentrations were not significantly associated with home
cleanliness, although homes with the highest maintenance score had smaller endotoxin
concentrations compared to homes rated medium or low. Since endotoxin analysis was
only performed on a subset of homes, the lack of a significant association may be due to
low power. An additional 160 samples would be needed to achieve the requisite power
needed to detect differences between the means. There was a significant association
observed between keeping a dog and/or cat inside the home and increased endotoxin
concentrations. This finding is consistent with previous studies that have investigated
predictors of endotoxin inside the home (95-97).
A significant relationship was also observed between having a grain storage bin
on the property and indoor endotoxin levels. This association is plausible given that
Schwartz et al. (1994) found that grain workers are routinely exposed to large
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concentrations of airborne endotoxin compared to non-agricultural workers (total
endotoxin=2,858.7 ± 7,208.6 EU m-3 in grain workers vs. 3.1 EU m-3 ± 22.4 in postal
workers) (3, 31). However, it was not recorded whether grain was being transferred into
or out of the bins or whether air was being blown through them to dry the grain during
the sampling events. Therefore, it is not clear whether increased endotoxin levels are
associated with grain bins themselves or whether the bins are a proxy for an unmeasured
agricultural variable.
This study had several limitations including non-specific survey questions to
categorize exposure variables, potential underestimation of outdoor endotoxin levels, and
possible lack of generalizability due to the recruitment strategy of households. First, the
lack of specificity in the environmental questionnaire may have caused possible
misclassification of residential and agricultural variables. For example, regarding
smoking status inside the home, participants were asked if household members or guest
ever smoke in the residence. However, it was not known whether individuals smoked
during the time of the sample collection. Consequently, estimation of the effect of
predictors on concentrations of particulate and endotoxin may have been attenuated due
to misclassification. Second, only the coarse fraction of the outdoor particulate sample
was analyzed for endotoxin. As a result, this may have underestimated rural populations’
exposure to airborne endotoxin. Finally, households were recruited into the study through
non-random sampling. This may limit the generalizabilty of this study if fundamental
differences exist between homes selected for assessment and the underlying eligible
population.
Conclusions
Results from this study demonstrate that airborne PM10 and endotoxin
concentrations in an intensely rural area were elevated compared to those previously
reported in certain urban centers. Furthermore, concentrations of ambient endotoxin can
approach levels were there is a potential for decreased lung function, especially in
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sensitive populations. In general homes with a swine confinement, raised livestock, had a
grain storage bin, and/or lived on a gravel road had a larger exposure to outdoor PM and
endotoxin; however, the magnitude of the effect was small and did not represent a human
health concern.
Of all the agricultural and environmental variables assessed in this study, besides
smoking, home cleanliness was found to have the most significant effect on indoor
particulate concentrations. Since exposure to PM is associated with variety of acute and
chronic health effects, developing an intervention strategy to mitigate this source of
exposure could positively impact rural health. In this study, indoor particulate
concentrations were elevated compared to outdoor levels; however, endotoxin
concentrations were significantly smaller indoors versus outdoors. Therefore, when
conducting air pollution studies in rural areas, investigators need to consider both indoor
and outdoor exposures in order to fully capture rural populations’ exposure to particulate
and endotoxin.
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Table 2-1: Summary of indoor and outdoor PM10, PM2.5, and endotoxin concentrations
Paired t-test
Pollutant Location #
Mean* GM*
GSD
Range*
p
Indoor
188
26.7
21.2
1.92
4.1-173.3
PM10
0.072
Outdoor 176
21.3
19.6
1.51
6.2-56.2
PM2.5

Indoor
Outdoor

185
173

16.4
9.1

12.2
8.2

2.09
1.60

1.4-187.7
1.5-24.1

Endotoxin

Indoor
Outdoor

72
72

0.35
2.17

0.23
1.47

2.51
2.62

0.01-3.62
<0.001
0.02-12.79

*PM concentrations in μg m-3, endotoxin concentrations in EU m-3

<0.001
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Table 2-2: Mean (range) of ambient temperature, relative humidity, wind speed, and
precipitation by season
Precipitation
Season
N
RH %
Wind Speed mph
Temp ⁰F
inch
Winter
Spring
Summer
Fall

24
20
34
34

24 (11-38)
46 (21-54)
74 (65-80)
58 (35-75)

80 (63-93)
70 (44-85)
73 (50-82)
71 (55-83)

10 (4-14)
11 (6-19)
5 (1-10)
8 (4-13)

0.1 (0-1.0)
0.3 (0-1.6)
0.8 (0-4.5)
0.4 (0-1.9)
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Table 2-3: Correlation between meteorological parameters and outdoor log-transformed
PM10, PM2.5, and endotoxin concentrations
Variable
Precipitation (inch)
Relative Humidity (%)
Temperature (⁰F)
Wind Speed (mph)

PM10 μg m-3
r
p
-0.16
0.035
-0.27 <0.001
0.15
0.050
-0.21
0.005

PM2.5 μg m-3
r
p
-0.13
0.090
0.23
0.002
-0.26 <0.001
0.01
0.935

Endotoxin EU m-3
r
p
-0.01
0.963
-0.42
<0.001
-0.14
0.227
0.32
0.005
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Table 2-4: Outdoor PM10, PM2.5, and endotoxin concentrations by residential and agricultural predictors
PM10 μg m-3
PM2.5 μg m-3
Variable
N
GM
GSD
N
GM
GSD
Season
Winter
36
19.2a
1.28
35
10.8a
1.56
a
ab
Spring
37
18.7
1.48
36
8.8
1.58
a
bc
Summer
53
20.9
1.35
53
7.9
1.37
a
c
Fall
50
19.3
1.80
49
6.8
1.71
Place of residence
Rural gravel road
95
20.9a
1.47
92
8.2a
1.61
ab
a
Rural hard surface road
33
19.6
1.60
32
8.5
1.61
b
a
Paved town road
48
17.3
1.50
49
8.1
1.57
Grain Storage Bins on Property
Yes
85
21.0a
1.52
82
8.6a
1.57
No
91
18.5a
1.49
91
7.9a
1.62
Raise livestock
Yes
69
20.4a
1.47
66
8.6a
1.65
a
a
No
107
19.2
1.54
107
8.0
1.56
Swine confinement
Yes
21
20.8a
1.45
20
8.5a
1.60
a
a
No
155
19.5
1.52
153
8.2
1.60

Endotoxin EU m-3
N
GM
GSD
13
15
24
20

0.59a
1.23ab
1.52b
3.15c

3.09
1.95
1.93
2.11

44
13
15

1.67a
1.40a
1.06a

1.67
1.95
3.80

44
28

1.56a
1.34a

2.21
3.29

29
43

1.31a
1.73a

2.58
2.63

16
56

1.58a
1.44a

2.00
2.80

*Tukey-Kramer multiple comparison tests using log transformed data. Same letters indicate no significant difference (p<0.05)
in the GM.
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Table 2-5: Multivariate analysis of outdoor log-transformed PM10, PM2.5, and endotoxin
concentrations by major predictors
Variable

PM10 μg m-3
β
p
1.921 <0.001
-0.024 <0.001
-0.080 0.003
-0.005 0.001

Intercept
Wind speed (mph)
Precipitation (inch)
Relative humidity (%)
Season
Winter
—
Spring
—
Summer
—
Fall
—
Home location
Rural hard surface road
0.160
Rural gravel road
0.121
Town
#
Home location*precipitation
Rural hard surface road
-0.188
Rural gravel road
-0.069
Town
#

Endotoxin EU m-3
β
p
0.974
0.017
0.034
0.070
—
—
-0.015
0.005

—
—
—
—

0.204
0.204
0.030
#

<0.001
<0.001
0.435
#

#
0.173
0.489
0.798

#
0.161
0.002
<0.001

0.002
0.002
#

0.128
0.056
#

0.027
0.179
#

—
—
—

—
—
—

0.003
0.121
#

-0.196
-0.089
#

0.007
0.084
#

—
—
—

—
—
—

— p>0.10 and not included in the full model

# Reference value

PM2.5 μg m-3
β
p
0.781 <0.001
-0.023 <0.001
-0.090 0.003
0.005 0.007
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Table 2-6: Indoor temperature, relative humidity, and CO2 concentrations by season
Season

N

Winter
Spring
Summer
Fall

41
37
51
54

Temp ⁰F
69
71
76
72

RH %

CO2 ppm

37
47
61
59

727
834
805
844
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Table 2-7: Correlation between indoor log-transformed PM10, PM2.5, and endotoxin
concentrations by continuous indoor predictors
PM10 μg m-3
PM2.5 μg m-3
Endotoxin EU m-3
Variable
r
p
r
p
r
p
CO2 ppm
0.04 0.619
0.01 0.843
-0.03
0.790
Relative humidity %
0.21 0.003
0.19 0.010
0.25
0.035
-3
Log outdoor PM10 μg m
0.17 0.018
—
—
—
—
Log outdoor PM2.5 μg m-3
Log outdoor endotoxin EU m

-3

—

—

0.16

0.026

—

—

—

—

—

—

0.25

0.031
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Table 2-8: Indoor PM10, PM2.5, and endotoxin concentrations by residential and agricultural predictors
PM10 μg m-3
PM2.5 μg m-3
Variable
N
GM
GSD
N
GM
GSD
Season
Winter
42
17.4a 2.13
41
10.8a
2.55
a
a
Spring
38
23.5
1.84
38
14.2
1.85
a
a
Summer
52
22.8
1.79
51
13.2
1.91
a
a
Fall
56
21.6
1.90
53
11.1
2.05
Place of residence
Rural gravel road
104
21.5a 1.88
101
12.5a
1.96
a
a
Rural hard surface road
31
21.4
1.88
30
13.9
1.89
a
a
Town
53
20.6
2.05
54
10.8
2.41
Home construction
Before 1910
47
20.3a 1.89
43
12.9a
2.22
a
a
1910-1940
51
22.7
2.12
53
11.9
2.13
a
a
1940-1975
44
19.5
1.57
41
11.4
1.76
a
a
After 1975
46
22.5
2.06
48
12.5
2.23
Home cleanliness
Low
42
26.5a 1.89
41
16.8a
2.28
ab
b
Medium
69
21.7
1.94
66
11.8
1.97
b
b
High
77
18.5
1.87
78
10.5
1.99
Cooking fuel source
Electric
132
20.6a 1.96
132
11.6a
2.09
a
a
Gas
56
23.0
1.83
53
13.8
2.08
Indoor dog and/or cat
Yes
54
24.9a 1.96
51
13.7a
2.11
b
a
No
134
19.9
1.89
134
11.6
2.08

Endotoxin EU m-3
N
GM
GSD
13
15
24
20

0.15a
0.28a
0.21a
0.30a

3.81
2.56
2.35
1.64

44
13
15

0.24a
0.29a
0.16a

2.73
1.86
2.26

11
20
22
19

0.28a
0.20a
0.25a
0.22a

1.81
2.50
1.97
3.62

16
24
32

0.28a
0.30a
0.17a

2.21
2.46
2.55

48
24

0.24a
0.21a

2.58
2.39

21
51

0.34a
0.20b

2.26
2.51
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Table 2-8: Continued
Variable
Grain Storage Bins on Property
Yes
No
Presence of mold
Yes
No
Raise livestock
Yes
No
Smoking in the home
Yes
No
Swine confinement
Yes
No
Vermin during the past 12 months
Yes
No

PM10 μg m-3
N
GM
GSD

PM2.5 μg m-3
N
GM
GSD

Endotoxin EU m-3
N
GM
GSD

90
98

21.3a
21.2a

1.81
2.03

87
98

11.5a
12.7a

1.91
2.25

44
28

0.28a
0.17b

2.51
2.37

16
172

29.7a
20.6b

1.60
1.94

14
171

19.9a
11.7b

2.04
2.07

6
66

0.31a
0.22a

1.66
2.58

75
113

22.7a
20.3a

1.72
2.05

73
112

13.4a
11.5a

1.98
2.15

29
43

0.31a
0.19a

1.93
2.77

17
171

34.6a
20.2b

2.26
1.85

17
168

23.1a
11.4b

2.41
2.00

3
69

0.17a
0.23a

4.14
2.47

23
165

21.3a
21.2a

1.78
1.94

21
164

13.4a
12.0a

2.19
2.08

16
56

0.24a
0.23a

2.59
2.51

130
58

21.7a
20.2a

1.84
2.10

126
59

12.5a
11.4a

2.09
2.10

52
20

0.22a
0.24a

2.25
3.25

*Tukey-Kramer multiple comparison tests using log transformed data. Same letters indicate no significant difference (p<0.05)
in the GM.
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Table 2-9: Multivariate analysis of indoor log-transformed PM10, PM2.5, and endotoxin
concentrations by major predictors
PM10 μg m-3
β
p
0.872 <0.001
0.005 0.002

PM2.5 μg m-3
β
p
0.395
0.049
0.009 <0.001

0.137
0.074

0.007
0.093

0.163
0.045

0.004
0.349

#

#

#

—

—

Log outdoor PM10

0.270

Log outdoor PM2.5
Log outdoor endotoxin

Variable
Intercept
Relative Humidity (%)
Home upkeep
Low
Medium
High
Indoor dog and/or cat

Season
Winter
Spring
Summer
Fall
Smoking in home
Grain storage bins on property

#

—
—
—

—
—
—

—

—

0.237

0.017

0.017

—

—

—

—

—

—

0.353

0.005

—

—

—

—

—

—

—

—

0.137
0.191
0.058

0.087
0.005
0.303

—
—
—

—
—
—

#

#

0.290
—

<0.001
—

—
0.219

—
0.017

—
—
—
0.216
—

—
—
—
0.002
—

— p>0.10 and not included in the full model

# Reference value

Endotoxin EU m-3
β
p
-0.689
0.001
0.006
0.077
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CHAPTER III
USING PASSIVE MONITORS TO EVALUATE THE SPATIAL VARIABILITY OF
HYDROGEN SULFIDE EMANATING FROM A CONFINED ANIMAL FEEDING
OPERATION
Abstract
Introduction: Although swine confinements are capable of producing high concentrations
of gasses, few studies have measured ambient concentrations near these facilities. This is
largely due to the lack of low cost, reliable, and easily transportable instrumentation
available to researchers. This study evaluated the effectiveness of Radiello passive
monitors to measure hydrogen sulfide (H2S) in close proximity (<40 m) to a medium
sized confinement.
Methods: A laboratory study was carried out to determine the monitor’s H2S uptake rate.
Next, a total of eight passive H2S monitors were deployed bi-weekly around a swine
confinement for seven months.
Results: The uptake rate provided by the supplier (0.096 ng ppb-1 min-1) was
significantly larger (p=0.002) than the rate determined experimentally (0.062 ng ppb-1
min-1). Concentrations of H2S measured near the confinement were varied and ranged
from 0.6 to 95 ppb depending on the sampling period and proximity to the lagoon.
Conclusions: Radiello passive monitors were effective in measuring H2S concentrations
near a swine CAFO. The majority of samples were above the limit of detection as long as
the monitors were exposed for a sufficient period of time (two weeks). H2S
concentrations were significantly affected by location and period in which they were
sampled, with the largest concentration downwind of the lagoon.
Introduction
Modern swine confinements typically house upwards of 2,000 head in a single
facility (49, 52). High animal density coupled with reduced air exchanges can produce
high concentration of gasses, bio-aerosols, and other odorous compounds within the
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building (4). These contaminants are ventilated outdoors and can potentially expose
individuals living near these facilities. Community-based studies have found individuals
living or going to school near confined animal feeding operations (CAFOs) have an
increased prevalence of asthma, wheeze, and upper respiratory tract irritation (7, 51, 63,
64). However, these studies relied on distance from the CAFO as a surrogate for
exposure and did not include quantitative measurements. The availability of low-cost
precise samplers may allow researcher to better evaluate the relationship between
environmental exposure to CAFOs and adverse health outcomes.
CAFOs generally store waste in pits underneath the confinement and/or in
lagoons adjacent to the facility. Liquid waste is stored in these structures until it can be
pumped out and applied to the nearby fields as fertilizer or hauled away. While in the pit,
this slurry undergoes anaerobic fermentation which can produce high concentrations of
noxious gasses. One gas of concern is hydrogen sulfide (H2S), a poisonous, colorless gas
with a distinct rotten egg smell (7).The odor threshold of H2S is small and can be
detected in 0.01-0.3 ppm range (53). The amount of H2S emitted from a CAFO is
variable and dependent on numerous factors including type of animal feed, animal
weight, manure management system, ventilation system, and ambient temperature (54,
55)
Acute exposure to high concentrations of H2S (>500 ppm) can cause loss of
consciousness and death (56). Occupationally, H2S is the second leading cause of fatality
by gas inhalation (53). Epidemiological studies have shown a variety of adverse health
outcomes to individuals environmentally exposed to low levels of H2S (<100 ppb)
including dyspnea, nasal irritation, exacerbation of asthma, and increased hospital visits
for various respiratory complaints (57-59). Due to health effects related to environmental
exposure to H2S various states have begun to enact standards for livestock facilities (49).
Currently, five states have standards including Iowa, California, Minnesota, Missouri,
and Nebraska (4, 49). In Iowa, the Department of Natural Resources has established an
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enforceable level of 30 ppb at the requisite set-back distance. This concentration is a onehour time weighed average and cannot be exceeded more than 7 times a year without
prior notification (60).
Although there is the potential for H2S exposure from swine CAFOs to
surrounding residents, there are still a limited number of published studies with
quantitative exposure measurements. This paucity of data is the result of limited
instrumentation with a high analytical sensitivity (<100 ppb) (61). H2S direct reading
instruments have a high initial startup cost, need a constant source of power, and need to
be calibrated frequently (61). Since CAFOs are typically located near agricultural fields,
the availability of power sources near the facilities can be limited. Furthermore, CAFOs
can span hundreds of meters in width and length, making multiple receptors cost
prohibitive.
Passive monitors are a promising alternative to direct reading instruments. Passive
gas monitors operate according to Fick’s First Law of Diffusion, which states that
gaseous molecules move from areas of high concentration to low concentrations (14).
Using this phenomenon, passive samplers are able to trap molecules onto an adsorbing
matrix without the aid of a pump. Radiello (Sigma Aldrich, St. Louis, MO) has produced
a new generation of H2S dosimeter with a larger uptake rate due to a radial design. Unlike
passive badges, the Radiello monitor has a larger diffusive body surface area and allows
for adsorption of H2S throughout the 360° diffusive body (62). As a result, these monitors
have a smaller limit of detection, which allows for deployments in environmental settings
where concentrations are generally small (62).
The goals of this study were to assess the accuracy of Radiello passive monitors
by exposing the dosimeters to known concentration of H2S; determine the effectiveness
of using passive monitors to measure H2S near a swine CAFO; and use these monitors to
determine the spatial variability of H2S concentrations around the facility.
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Material and Methods
Radiello Passive Monitors. The passive monitor is comprised of three
components: the cartridge, diffusive body, and support plate (Figure 3-1). A white
micropourous high-density polyethylene diffusive body is attached to a polycarbonate
supporting plate. The diffusive body contains a cartridge which is made of polyethylene
impregnated with zinc acetate. When H2S comes in contact with the absorbent cartridge,
the gas is chemiadsorbed by zinc acetate and converted to stable zinc sulfide. The H2S
cartridge is a one-time use sampler and cannot be reused.
According to the suppliers instructions, the sampling rate (Q) of the cartridge at
25°C is 0.096 ng*ppb-1min-1. Using Equation 3-1, the Q can be adjusted to varying
temperatures. The concentration (C) of H2S, in parts per billion (ppb), can be determined
using Equation 3-2, which factors in the mass of sulfide adsorbed onto the cartridge,
adjusted Q, and exposure time (62). A calibration study was conducted to evaluate the
uptake rate for the devices.
K

3.8

Q = 0.096 �298 �

(Equation 3-1)

where:
Q = Sampling rate (ng ppb-1min-1)
0.096 = Manufacturer uptake rate
K= Ambient temperature (°K)
m

C = Q∗t 1,000

(Equation 3-2)

where:
C= concentration (ppb)
m= mass of sulfide ion (μg)
t= time (min-1)

Calibration Study. A certified gas cylinder containing 14.21 ppm H2S was used to
prepare known concentrations of H2S inside a 2-L glass cylinder. H2S was diluted with
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ambient air, which was passed through a HEPA filter and desiccant prior to entry into the
cylinder. The flow rates of H2S and air were controlled using needle valves and inducted
with rotameters. Flow rates were pre-and post-calibrated using a Gilibrator bubble flow
meter (Gilian Instrument Corp, Wayne New Jersey). Average H2S cylinder
concentrations were determined from the pre-and post-calibration measurements. The
temperature inside the cylinder was 25±2°C.
H2S and air were mixed inside the cylinder using a baffled glass screen, and
passive monitors were placed directly behind the screen in order to ensure mixing of the
gasses. Triplicate measurements were tested at the following concentrations: 35 ppb, 72
ppb, and 142 ppb. Concentrations were chosen to replicate levels expected near the
CAFO as well as to ensure enough mass was adsorbed onto the cartridge for analysis
over 24 hours. All dosimeters were exposed in the cylinder for 24 hours, and the cylinder
was purged of H2S following each experiment. Samples were analyzed and compared to
the metered concentration to determine the uptake rate using equations 1 and 2.
Laboratory Analysis. All passive samples were analyzed according to the same
spectrophotometric methodology. Immediately following exposure, the monitors were
sealed in test tubes provided by the manufacturer. During analysis, cartridges were
desorbed with 10 ml of de-ionized water followed by 0.5 ml of ferric-chloride-amine
solution. After shaking for 30 seconds with a laboratory vortex shaker, the samples were
allowed to react for 30 minutes before analyzing. Aliquots of the analyte were then
transferred to a micro-plate and underwent a three-fold dilution.
H2S samples were analyzed with a spectrophotometer (SpectraMax Plus #384,
Sunnyvale, CA) at an absorbance of 665 nm (62). A calibration curve was prepared for
each analysis using methylene blue (Sigma-Aldrich, St. Louis, MO). All calibration
curves had a R2 > 0.999. Results obtained from the spectrophotometer were in μg mL-1
of sulfide ion and the range of the method was 0.115-1.145 μg mL-1. The concentration
of the sulfide ion was converted to mass by multiplying by the volume of de-ionized
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water (10 mL). Adsorbed mass was subsequently converted to H2S concentration, in ppb,
using Equation 3-2 and the uptake rate obtained experimentally.
Environmental Monitoring. H2S sampling was conducted outside a swine
finishing facility from April 2010 until October 2010 (Figure 3-2). The facility was
composed of two buildings, which housed a combined 2250 head of swine. The south
building was the larger of the two structures with roughly 1500 swine, while the smaller
north building housed approximately 750 swine. Including the lagoon and two structures,
the total footprint of the operation was 5575 m2. The buildings each employed different
types of manure management and ventilation systems. The naturally ventilated north
building used a deep pit system, while the south building operated a shallow pit system
and had natural and mechanical ventilation. The manure from the buildings was emptied
into a lagoon located approximately 15 m west of the structures. Manure in the south
building was scraped out of the pit daily while the north building’s waste was emptied
monthly. A home was located 75 m east of the facility.
A total of eight H2S passive monitors were arranged in a grid around the
perimeter of the facility, with three monitors to the north, three to the south direction, one
to the east, and one to the west of the structures footprint (Figure 3-2). Each monitor was
positioned 1.5 m off the ground and < 40 m from the edge of the structures. The selection
of < 40 m was to allow comparison with other studies and accommodate topographic and
property characteristics. The monitors were exposed to ambient air from all directions
except the top, which had a canopy to protect it from rain and snow. For the first two
rounds of sampling cartridges were changed every 7 days; however, due to the majority
of samples being below the limit of detection (LOD) sampling was increased to 14 days
for the remaining sampling periods. During deployment and retrieval of the monitors, a
field blank was used to determine if contamination of the monitors occurred during
transportation.
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Meteorological Data. Temperature (°C), wind speed (m s-1), and wind direction
(eight point wind rose) were obtained from a field station located approximately 40 km
from the swine confinement and averaged over each sampling period. Additionally, a
wind rose (Figure 3-3) was created from data averaged over the entire study using
WRPLOT (Lakes Environmental, Waterloo, Ontario).
Censored Data. In order to determine the spatial variability of H2S and evaluate
environmental exposure data, censored measurements needed to be included in the
analysis. Excluding sulfide ion concentrations below the limit of detection (LOD) would
overestimate the mean and bias results. Since the amount of data that was censored was
considered low (19%) (98), measurements below the LOD were substituted with the
LOD/√2 (0.813 μg of sulfide). Because sampling rate is conditional on temperature, each
sampling period in the field study had a unique H2S concentration LOD.
Statistical Analysis. Statistical analysis was performed using SAS version 9.2.
Normality of the H2S measurements was assessed using the Kolmogorov-Smirnov
statistic, and data was determined to be log-normally distributed. Pearson’s correlation
was used to determine the relationship between meteorological factors and H2S
concentrations. Descriptive statistics including range, geometric mean (GM), and
geometric standard deviation (GSD) were determined. A generalized linear model was
used to evaluate whether sampling period and monitor location were significant
predictors of H2S levels. Data were blocked by sampling period and Tukey-Kramer
multiple comparison tests were used to assess statistical differences (p <0.05) between
the sampler location.
Results
Calibration Study. Metered concentration of H2S was plotted against
concentrations obtained from the samples using Equation 3-1 and 3-2 (Figure 3-4), and
there was strong correlation between the two concentrations (r=0.98). However, on
average, Radiello concentrations were 35% smaller than the challenge concentrations
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when using the uptake rates from the supplier. Although the monitors consistently
underestimated H2S concentrations, the precision of the monitors was acceptable. The
coefficient of variation of the samples at the three generated H2S concentrations was 4%
at the 143 ppb; 13% at the 72 ppb; and 17% at the 35 ppb.
Table 3-1 shows the experimentally determined uptake rates at the three
concentrations. The experimental uptake across all concentrations was 0.062 ng ppb-1
min-1 which was significantly smaller (p=0.002) than the uptake rate provided by the
supplier (0.096 ng ppb-1 min-1). The uptake rate differed at each metered concentrations,
with the largest uptake rate occurring at 72 ppb (0.076 ng ppb-1 min-1), while the smallest
uptake rate was at 35 ppb (0.046 ng ppb-1 min-1). However, there was no significant
difference in the mean uptake rates across the three different concentrations (p=0.444).
Since there was a significant difference between the supplier and experimental uptake
rate, all subsequent environmental concentrations were calculated using the mean
experimentally determined rate of 0.062 ng ppb-1 min-1.
This study did not allow for evaluation of lot differences. All but one sample used
in the calibration study was from a separate lot. The uptake rate from the monitor in the
separate lot was 0.066 ng ppb-1 min-1 which did not differ significantly (p=0.622) from
the rest of the samples. The effect of temperature on sampling rate was also not
evaluated. Therefore, the temperature constant in Equation 3-1 was used to determine
environmental H2S concentrations without modification.
According to the manufacturer, the dosimeter will measure H2S concentrations as
small as 1 ppb over a 24 hour period. However, using the calibration dilutions provided
by Sigma-Aldrich and the uptake rate obtained experimentally, in order to measure a
detectable level of H2S, concentrations need to exceed 13 ppb over 24 hours.
Environmental Monitoring. Over the 7-month sampling period, 96 measurements
were taken at 8 locations along the perimeter of the swine confinement. The majority of
samples were above the LOD, with only 19% of samples being censored. An additional 3
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samples were lost due to lab error and 1 sample was damaged by high winds (Table 3-2).
Of the 8 locations around the confinement, Location 1 had the most censored
measurements (42%), while the second round of sampling was the most problematic with
100% of samples below the LOD. Following the second round of sampling, the sample
duration was increased from 7 days to 14 days to increase the amount of sulfide mass
adsorbed onto the cartridge. As a result only 8 samples were below the detection limit
throughout the remainder of the study. All field blanks analyzed were below the LOD.
Ambient temperatures ranged from 14-28°C, while mean wind speed ranged from
3.01-5.57 m s-1 (Table 3-3). A wind rose for the eastern Iowa area was constructed over
the study period and is shown in Figure 3-3. Although the wind rose was not produced
from on-site measurements, it should be an adequate representation of wind trends
throughout the region (88). Approximately 49% of the wind over the study period was
blowing toward the north, northeast, and northwest directions, compared to only 29%
blowing towards to south, southeast, and southwest directions. A positive correlation
between H2S levels and temperature (r=0.20, p=0.053) was observed, while wind speed
was negatively correlated (r=-0.12, p=0.256), but not significantly. H2S concentrations
were plotted by period sampled (Figure 3-5). There appears to be a trend in the data with
concentrations increasing linearly and then decreasing sharply. This could be related to
temperature or a variety of unmeasured factors inside the CAFO including, waste being
removed from the facility, animal growth, and emission rates.
Summary data of concentrations by sample location is presented in Table 3-4.
The range of concentrations spanned three orders of magnitude (0.6 ppb - 95.0 ppb)
depending on location and period. The GM concentration measured at all locations at the
facility was 3.8 ppb with a GSD of 3.3. Location 4, north of the lagoon, had the largest
GM (14.4 ppb), while the smallest was at location 8, southeast of the confinement
building, (1.5 ppb). In general, the variability of the measurements at each location was
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small, with six of the eight locations having a GSD less than 3.0. However, at location 5
the GSD was 5.1 indicating a large degree of variance between measurements.
A generalized linear model was used to evaluate whether concentrations differed
significantly by location (Table 3-4). Concentrations were blocked by period and TukeyKramer multiple comparison tests was used to evaluate mean differences by location.
Adjacent locations did not differ significantly, demonstrating a lack of variability
between concentrations east-west. However, there was variation between locations northsouth, with larger concentrations consistently measured on the northern side of the
facility compared to levels recorded at the southern side.
The spatial variability in H2S concentrations appears to be the result of regional
wind patterns and proximity to the lagoon. The majority of samples (64%) in the upper
25th percentile occurred in the northern section of the facility at locations 2, 3, and 4.
During the months of April-October the dominant wind direction was from the south and
blew towards the north. Based on this pattern, the facility was divided into two sections,
upwind and downwind. Monitors at locations 2, 3, and 4 were designated downwind
while locations 6, 7 and 8 were considered upwind. T-tests were conducted on each pair
of monitors (2 vs. 8; 3 vs. 7; and 4 vs. 6) and downwind concentrations were significantly
larger (p <0.05). On average, concentrations were approximately 60% larger downwind
compared to upwind. H2S concentrations also increased as proximity to the lagoon
decreased. Figure 3-2 shows how mean concentrations of H2S varied spatially at
different locations throughout the study. The average concentration at the monitor closest
to the lagoon (location 5) was approximately 4 times larger than the average level
measured at the monitor farthest from the lagoon (location 1).
Discussion
One of the objectives of this study was to assess the accuracy of Radiello H2S
passive monitors when using the manufacturer’s uptake rate. Results show the monitors
consistently underestimated the concentration of H2S in a laboratory study. Mean
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experimental uptake rates for the monitors were 36% smaller than rates determined by
the manufacturer in the concentration range we studied. Results from previous studies
that have evaluated the uptake rates of Radiello monitors have been mixed. A laboratory
study conducted by Mason et al. (2011) assessed the accuracy and precision of Radiello
monitors for nine different contaminants including H2S. Triplicate measurements were
taken of each compound and only a 5% difference was found between the reference
concentration and passive monitor for H2S when using the manufacturer’s uptake rate.
However, between 1-41% difference was found for the other contaminants evaluated
(99). Swaans et al. (2007) observed experimental uptake rates for Radiello NO2 passive
monitors were 20-30% smaller than the rate provided by the supplier. However in the
same study, there was no significant difference between experimental and supplier uptake
rates for SO2 monitors (100). Sampling rates were also evaluated for BETX compounds
and the authors found a 3-18% difference between the manufacturer’s rates and
experimental (101). Given that multiple studies have shown that the uptake rate provided
by the manufacturer may differ significantly from results obtained experimentally,
researchers using these devices should independently evaluate the accuracy of the
monitors prior to deployment in the field.
The effect of temperature on sampling rate was not evaluated in this study and
Equation 3-1 was used without validation. According to the supplier, the sampling rate
will vary at temperatures greater or less than 25 °C. Using the equation provided by the
manufacturer, the sampling rate in this study would change between -14 and +3%
depending on the period in which measurements were taken. A previous study has
validated the temperature-dependent sampling rate provided by the supplier, albeit with a
different contaminant. The authors concluded that there was no significant difference
between the experimental and supplier’s sampling rate for NO2 at 10 to 30°C (100).
Since this study did not assess temperature’s effect on sampling rate, the manufacture’s
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equation was used to account for temperature variations in the field, which may have
biased the results, particularly for between-period comparisons.
The monitors performed well against a large range of environmental conditions in
the field study and only one of 96 samples was lost due to meteorological factors. Unlike
direct reading instruments, the passive monitors required no maintenance and could be
deployed for weeks at a time. Laboratory assay of the samples was straight forward and
required only minor training. When evaluating the cost and benefits of passive monitors
versus direct reading instruments, one must consider the variety of reagents, laboratory
equipment, and training that goes along with analysis, not just the devices themselves.
Results from this study show that Radiello passive monitors could be used to
effectively measure environmental concentrations of H2S near a CAFO, however they
need to be exposed for a sufficient period of time in order to adsorb enough mass to allow
for detectable concentrations. In this study, dosimeters were positioned in close proximity
(< 40 m) to a medium sized CAFO and required 14 days of exposure to consistently
measure concentrations above the LOD in all wind directions. Previous field studies that
have evaluated the effectiveness of Radiello monitors have also found that a 7-14 day
sampling campaign is necessary for consistently detectable measurements (99, 102).
Although Radiello has stated the limit of quantification for the H2S monitor is 1
ppb over a 24-hour exposure, this may be overestimated, since the uptake rate of the
device was found to be 36% smaller than the supplier’s published rate. Additionally,
according to the manufacturer, the sampling rate decreases with decreasing temperature.
Therefore any future studies using H2S monitors outside hog confinements, in climates
similar to Iowa, should deploy the monitors for at least 7 days in order to adsorb a
detectable mass on the cartridge. It is also not clear whether these devices, at this
deployment interval, would be useful at distances greater than 40 m, where H2S
concentrations are anticipated to be smaller than measured here.
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One of the draw backs of passive monitors is the possible saturation of the
adsorption body due to over-sampling. According to the supplier, the Radiello H2S
passive monitor has a linear sampling rate between 2,000-50,000,000 ppb-min. In this
study the largest measured concentration was 95.0 ppb over a one week period (957,600
ppb-min). At this level the monitor could have been deployed for approximately one year
to reach the upper limit of the adsorption capability of the device.
H2S concentrations around the confinement varied considerably, with orders of
magnitude difference within 100 m. Wind direction and sampler proximity to the lagoon
appears to be the major factors influencing measured H2S concentrations. All downwind
monitors recorded significantly larger H2S concentrations than upwind and there was an
increase in H2S concentrations as sampler distance to the lagoon decreased. Seven and
14-day average concentration of H2S also varied temporally, with concentration steadily
rising in the summer then decreasing sharply in the fall. These finding may be useful
when determining whether a facility is in compliance with regulations. As this study
demonstrates H2S concentrations outside confinements can vary significantly both
temporally and spatially. Therefore regulatory agencies need to take multiple
measurements throughout the year, while factoring in wind direction and contaminant
source when assessing compliance.
Downwind H2S concentrations measured in this study were larger than
measurements previously recorded outside a swine confinement. Thorne et al. (2009)
sampled a medium sized confinement (<5000 swine), without a lagoon, at 10 different
occasions over a 15 month period. A direct reading instrument, stationed 30 m downwind
from the confinement, recorded a geometric mean concentration of 3.2 ppb (4). This level
was approximately 2.5 times smaller than the geometric mean concentration for the three
downwind monitors in this study. When only comparing the downwind concentration
from the sampler farthest from the lagoon (4.9 ppb), levels were similar to the Thorne et
al. study. Consequently, the study site may benefit from a pollution control system to trap
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and minimize gas emissions from the lagoon. Methods that have been previously used to
reduce emissions include covers (103, 104), solid separation (105), and aeration (106).
Depending on the method, up to 90% reduction in gas and odors has been found (49).
Farm families routinely live near swine CAFOs and it important to evaluate
whether adverse health effects may occur to individuals environmentally exposed. As
part of the Comprehensive Environmental Response, Compensation, and Liability Act
(CERCLA), The Agency for Toxic Substances and Disease Registry (ATSDR) has
developed minimum risk levels (MRLs) for contaminants commonly found at superfund
sites (56). Although these levels are not enforceable, they are useful in evaluating the
potential risk to populations exposed to contaminants. In its 2006 Toxicological Profile,
ATSDR determined the MRL for an intermediate exposure (>14 days to 365 days) to H2S
to be 20 ppb (56). In this study 12% of all measurements exceeded the MRL while the
upper 95% CI (39 ppb) was almost double the MRL. Therefore, based on the MRL
residential structures should be sited upwind and at distances greater than 40 m to avoid
potential adverse health outcomes.
H2S measurements at certain locations outside the confinement were also at levels
found to cause health effects in epidemiological studies. A significant increase in
dyspnea and nasal symptoms were observed in individuals living near a pulp and paper
mill following a 48-hr exposure to concentrations ranging between 25-30 ppb (58).
Additionally, a positive association was observed between increased hospital visits
among children for all respiratory symptoms, including asthma, 24-hr after a H2S
exposure of ≥ 30 ppb (57). Furthermore, Rosi et al. observed a significant positive
correlation between increased hospital visits for asthma and ambient levels of H2S in
adults living in an industrial city. Daily mean concentrations were 3.1 ppb with a range of
0 - 34 ppb (59). Due to the acute duration time and low-level exposure, Radiello
monitors may not be useful for determining H2S concentrations in these studies.
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When evaluating potential adverse health effects from CAFOs it is important to
consider all contaminants emitted by these facilities, not just H2S. While it is difficult to
predict accurate concentrations of various contaminants based on only one measured
pollutant, relationships between them can be assessed from previous studies. A study that
investigated emissions from swine lagoons found that the concentration of H2S in air was
37.99 ppbv, whereas NH3 concentrations were 32 times larger at 1.24 ppmv (107). A
study at a CAFO, similar to the one in this study, found an almost 10 times larger level of
NH3 compared H2S at co-located sites (108). In addition to ammonia, bio-aerosols are
also a concern outside these facilities. Measured downwind concentrations of endotoxin
where found to be 59.5 EU m-3, while H2S concentrations averaged 3.2 ppb 30 m
downwind from a confinement (4). These findings show that epidemiological studies
which use quantitative data to evaluate health effects need to consider numerous
contaminants when evaluating potential adverse health effects, which were beyond the
scope of this study.
This study had several limitations. First monitors in the calibration study were
exposed for 24 hours, while dosimeters in the field were exposed for 7-14 days.
Concentrations measured at the CAFO could be biased if H2S is not sampled linearly as
mass accumulates on the cartridge. Second, the known concentrations produced inside
the cylinder exceeded upwind levels recorded in the field study. Third, the effect of
temperature on sampling rate was not evaluated in this study. Sampling was conducted
from the spring through fall, and ambient temperatures fluctuated considerably over the
study. According to the manufacturer temperature has a large influence on sampling rate
and not evaluating this experimentally may have limited the results. Finally, neither a
direct reading instrument nor an active sorbent tube were used to evaluate the accuracy of
the monitors in the cylinder or environmentally. Future studies need to take into
consideration these limitations in order to validate these monitors.
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Conclusions
Radiello passive monitors can be used effectively to measure long term H2S
concentrations in close proximity to a swine CAFO. However, laboratory validation
needs to occur prior to sampling due to differences between supplier and experimental
uptake rates. Compared to direct reading instruments, passive monitors were inexpensive
and could be deployed with minimal maintenance. H2S concentrations measured at some
locations were at levels shown by others to cause adverse health effects. In order to
minimize the risk to residents from H2S exposure, a thorough examination of regional
wind patterns needs to occur prior to siting CAFOs near residential structures.
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Figure 3-1: Radiello H2S passive monitors schematic

____________________________________________________________________________________________________________
Source: Kot-Wasik A, Zabiegala B, Urbanowicz M, Dominiak E, Wasik A, Namiesnik J. Advances in passive sampling in
environmental studies. Analytica Chima Acta. 2007;602 (2):141-63.
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Figure 3-2: Passive monitor deployment around the CAFO and mean concentrations of H2S (ppb) throughout the study period
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Figure 3-3: Wind rose, averaged over the study period, with flow vector blowing towards
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Figure 3-4: Calibration tests to compare metered concentrations versus concentrations
obtained from the equations provided by the manufacturer
120

Radiello Concentration, ppb

100

80

60

40

y = 0.71x - 3.645
R² = 0.98

20

0
0

20

40

60

80

100

Metered Concentration, ppb

120

140

160

63

Table 3-1: Experimental H2S uptake rate
Mean reference
concentration
ppb

Samples

Mean exposure
time
minutes

143
72
35

3
3
3

1443
1433
1440

Mean
experimental
uptake rate
ng ppb-1 min-1
0.065
0.064
0.057

Supplier uptake
rate
ng ppb-1 min-1

Mean percent
difference

0.096
0.096
0.096

33
33
41
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Table 3-2: Summary of the number of samples below the limit of detection, samples lost
through lab error, and samples that were damaged in the field by location
Location

Samples

Below LOD

Lab Error

Damaged

1
2
3
4
5
6
7
8

12
12
12
12
12
12
12
12

5
1
1
1
3
1
2
4

1
1
1
0
0
0
0
0

0
0
0
1
0
0
0
0

Total
%

96
100

18
19

3
3

1
1
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Table 3-3: Summary of temperature, wind speed, and wind direction by sampling period
Period

Dates sampled

1
2
3
4
5
6
7
8
9
10
11
12

4/2/10 – 4/9/10
4/9/10 – 4/16/10
4/16/10 – 4/29/10
4/29/10 – 5/14/10
6/4/10 – 6/18/10
6/23/10 – 7/7/10
7/7/10 – 7/21/10
7/21/10 – 8/4/10
8/12/10 – 8/25/10
8/25/10 – 9/8/10
9/8/10 – 9/22/10
9/22/10 – 10/6/10

Mean temperature Mean wind speed
°C
m s-1
14
17
14
14
24
25
27
28
23
21
20
16

5.57
4.90
4.71
5.48
3.48
3.70
3.05
3.22
3.01
3.83
3.77
3.85

Predominant
Wind direction
(blowing towards)
N
N
S
E
NW
N
N
N
N
N
N
S
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Figure 3-5: Geometric mean H2S concentration and 95% confidence interval by period
sampled
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Table 3-4: Range, geometric mean (GM), and geometric standard deviation (GSD) of
H2S measurements by sampler location
Location

N

Range ppb

GM ppb

GSD

1
2
3
4
5
6
7
8

11
11
11
11
12
12
12
12

0.6-6.2
1.4-11.3
1.4-21.8
1.4-64.2
0.7-95.0
1.1-7.9
0.7-5.3
0.7-2.5

1.6a
4.9bc
5.9bcd
14.4d
7.1cd
3.1abc
2.2ab
1.5a

2.1
1.9
2.9
3.4
5.1
1.9
2.0
1.5

*Tukey-Kramer multiple comparison tests using log transformed data. Location was
blocked by sampling period. Same letters indicate no significant difference (p<0.05) in
the GM. For example, there is no significant difference between location 1 and 8.
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CHAPTER IV
THE ASSOCATION BETWEEN RESIDENTIAL PROXIMITY TO CONFINED
ANIMAL FEEDING OPERATIONS AND CHILDHOOD ASTHMA
Abstract
Background: The trend of larger confined animal feeding operations (CAFOs) has
become the model of livestock production throughout the United States. Epidemiological
studies have consistently shown an increase in adverse respiratory symptoms in
individuals occupationally exposed. However, the impact on communities surrounding
these facilities is still being investigated. We evaluated the association between
residential proximity to swine operations and childhood asthma.
Methods: Demographic and health information was obtained from Round 2 of the
Keokuk County Rural Health Study (1999-2004). The location and year of swine facility
construction was gathered from publically available tax records. A metric was created to
determine children’s relative environmental exposure to swine CAFOs which
incorporated facility size and distance and direction from the facility to the home.
Correlated logistic regression was used to determine the association between childhood
asthma and relative exposure while controlling for recognized disease risk factors.
Results: When controlling for six significant asthma risk factors, children with a larger
relative environmental exposure to CAFOs had a significantly increased risk of
physician-diagnosed asthma (OR=1.20, p=0.009). In stratified analysis that adjusted for
a respiratory infection before the age of two years, the association between relative
exposure and childhood asthma was significantly increased in children with a respiratory
infection (OR=1.45, p=0.001) but not in children free from respiratory infection
(OR=1.12, p=0.355).
Conclusions: A positive association was observed between a child’s relative exposure to
swine CAFOs and asthma. This study adds to the growing volume of literature supporting
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a link between environmental exposure to swine CAFOs and adverse respiratory health,
especially in sensitive populations such as children.
Introduction
The rural landscape in the US has undergone a marked change over the last two
decades. During this time, the number of hogs raised in the US has remained relatively
constant while the number of swine producers has decreased dramatically (46, 47). In
just over 20 years swine producers have decreased by more than 70% and it is now
estimated that nearly 80% of hog operations have more than 2,000 head (48). This
movement towards confined animal feeding operations (CAFOs) has led to increased
production and decreased costs, but has not been without consequences. The large
amount of animal waste generated by these facilities has negatively impacted the
environment (7) the health of CAFOs workers (3, 49), and possibly nearby residents (50,
51).
The fundamental difference between animal production a half century ago and
now is the substantial accumulation of animal waste in a single location. One fully grown
hog is capable of producing upwards of 6.8 kg of waste a day. Therefore, a 2,000 head
confinement can produce approximately of 5,000 metric tons of waste annually.
Consequently, a single swine AFO can generate as much waste annually as a small city
(52).
Waste storage at swine CAFOs typically occurs in deep pits located underneath
the structure. Liquid waste is stored in these pits until it can be applied to the adjacent
fields as fertilizer or hauled away. While in the pit, this slurry undergoes anaerobic
fermentation which can produce high concentrations of noxious gasses including
ammonia, hydrogen sulfide, and volatile organic compounds. In addition to gasses,
manure also contains large quantities of endotoxin, a component of the external
membrane of gram negative bacteria, which is highly inflammatory (7, 109).
Epidemiological studies conducted on swine workers show an increased prevalence of
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asthma, asthma-like symptoms, and chronic bronchitis (3, 46, 110, 111). Researchers are
now beginning to investigate whether similar health effects are experienced by
populations surrounding swine CAFOs.
Recent community-based studies have found a positive association between
environmental exposure to CAFOs and a variety of adverse respiratory health outcomes,
including asthma (47, 50, 51, 63, 64). Asthma is a chronic respiratory disease
characterized by reversible airflow obstruction and airway hyper-responsiveness (65). It
is generally diagnosed during childhood with half of all cases being identified before the
age of three and 80% of cases by age six (66). The etiology of the disease is not fully
understood, but it is believed to involve a complex interaction between genetic factors
and environmental stimuli (67). Multiple environmental sources have been associated
with the pathogenesis and exacerbation of asthma, including exposure to PM2.5 (68) , NO
and NO2 (69), ozone (70), environmental tobacco smoke (71), and allergens (72). There
is a strong association between atopy and asthma, with the majority of asthmatics being
atopic. Individuals with atopic asthma exhibit unusually high IgE serum levels and have a
positive history of family allergies. Non-atopic asthma is less common than atopic
asthma and is independent of allergic inflammation (73).
Over the past thirty years, the prevalence of childhood asthma has been increasing
in the United States and other western countries (72). This increase has been seen in both
urban and rural populations (81). Asthma is now currently the most common chronic
disease among children, and recent morbidity statistics estimate that 6.7 million children
are affected by asthma in the US (74). During the period of 1980 to 1997 the prevalence
of childhood asthma increased by 4.6% per year (74). Environmental exposures to
pollutants and the inability to adapt to the changing environment are two theories that
have emerged to help explain this recent dramatic increase in the prevalence of asthma
(71).
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The aim of this study was to evaluate the association between residential
proximity to swine CAFOs and childhood asthma. Children were chosen for this analysis
because they represent a unique and vulnerable population. They have a higher exposure
to outdoor air pollution, lower prevalence of smoking, and decreased occupational
exposures compared to adults. In addition, children’s respiratory systems are still in the
process of developing, which make them more susceptible to the effects of air pollution
(112, 113).
Methods
Study Population. Medical, demographic and environmental information were
obtained from Round 2 (1999-2004) of the Keokuk County Rural Health Study
(KCRHS). The KCRHS is a population-based, prospective cohort study that began in
1994 primarily to study the prevalence and incidence of injury and respiratory disease in
an intensely agricultural-rural population. Keokuk County is entirely rural with no towns
that exceed a population greater than 2,500 residents. Of the 370,688 acres the county
spans, 93% is used for farmland (84).
Round 2 of the study included 565 children who ranged in age from birth through
17 years. Children were selected into the cohort by a stratified random sampling method
with farms and rural non-farming households being overly sampled compared to those
individuals who lived in town. The cohort had 62 children who were diagnosed with
asthma in their lifetime. Asthma status was determined from the question, “Has a doctor
ever diagnosed the child with asthma?”
Demographic, Medical, and Home Survey Questionnaires. Demographic and
health data on the children were collected using a standardized questionnaire at a research
facility in a centrally located town within the county. Trained interviewers collected all
data using a computer-prompted questionnaire. Previously published national surveys
were used to develop questionnaires for this study, including the National Health
Interview Survey, the American Thoracic Survey, and the Third National Health and

72

Nutrition Examination Survey. The majority of health information about the child was
provided by the child’s biologic mother or female legal guardian. Children above the age
of twelve completed an adolescent questionnaire to assess health effects and risk behavior
as well as agricultural tasks that the child might have performed (114).
Following the medical questionnaire and tests, an industrial hygienist visited each
household to conduct an environmental assessment of the property and home. This
assessment included a questionnaire that was completed on site, usually by the male head
of household. Questionnaire items included: the method by which the home was heated,
fuel source used for cooking, whether the family had pets in the home, whether livestock
were present on the property, whether smoking was permitted in the home, and the
presence of visible mold growth in the home. Individuals who lived on farms were asked
additional questions about agricultural operations that occurred on site (114).
Methodology for Determining Size and Location of Swine CAFOs. Swine
facilities in Keokuk County are comparatively smaller than operations located in northern
and western Iowa and rural North Carolina. CAFOs located in the county rarely have
lagoons and usually store manure in pits located underneath the structure. Since the State
of Iowa only requires CAFOs larger than 500 animal units (1250 fully grown hogs) to file
a manure management plan, many operations in the county are undocumented with the
state (115). Since state databases maintained by the Iowa Department of Natural
Resources were incomplete, a method was needed to locate all CAFOs in the county and
to estimate their size.
According to Section 427.1(19) of the Code of Iowa, tax exemption status may be
given to structures with a qualified pollution control device that abates air or water
pollution. This code includes swine confinements that use concrete storage pits or
lagoons to store manure. To receive a tax credit for employing these pollution control
measures, a swine confinement operator must send the Iowa Department of Natural
Resources (IDNR) a certified exemption letter with the size and location of every pit on
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the property. These letters are then forwarded to the corresponding counties to verify the
existence of the structure, and to confirm the confinement is actively raising livestock. In
2005, the Keokuk County Tax Assessor’s office began tracking active CAFOs with
manure-storage pits. The Assessor’s office also identified properties that were raising
livestock with a pit or lagoon, but chose not to file a tax exemption letter with the State
for various reasons. From these records, 168 active swine CAFOs were identified within
Keokuk County.
The Keokuk County Tax Assessor’s office also provided latitudes and longitudes
of all CAFOs and study participants’ homes along year of AFO construction and AFO
area. Coordinates of the homes and CAFOs were imported into ArcGis (version 9.3 Esri,
Redlands, CA) and plotted. A 4.8 km radius was drawn around each home and every
CAFO within this radius was considered as having potential influence on the
environmental exposures of residents living in that home. This 4.8 km buffer was
selected as a distance that previous studies identified as a significant factor for decreased
respiratory health (51, 63). Distance and direction from the home to every CAFO within
4.8 km were then calculated. In an effort to establish temporality, any facility that was
constructed after the child's clinic visit was excluded from analysis.
Relative Environmental Exposure to CAFOs. In order to estimate the relative
environmental exposure to study subjects from CAFOs surrounding their homes, a
qualitative exposure metric was devised (Equation 1). The purpose of this metric was not
to predict the actual concentrations of pollutants emitted by swine CAFOs, but to simply
qualify study participants’ potential risk of exposure. This metric was developed to
account for the cumulative effect of all CAFOs located within a 4.8 km radius of
participants’ homes, while taking into account distance, percentage of wind speeds less
than 4 m s-1 blowing from the CAFO to the home, and area of the CAFO.
This metric may allow for more representative categorization of children’s
environmental exposure to CAFOs, compared to grouping based on distance alone. Some
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studies evaluating the health effects from CAFOs have relied on linear distance as an
estimate of exposure (50, 51). However, a study by O’Shaughnessy and Altmaier (2011)
found H2S decays exponentially as distance from a CAFO increases (116). Therefore, the
inverse square law was used in the exposure equation as opposed to a simple linear
function.
While this may be more representative of pollutant dispersion, Erelative is still a
simplification of a number of factors that influence environmental contaminant
generation inside a CAFO, including animal density, ventilation system, and manure
management (54, 55). Since these factors were unknown, facility area determined though
tax records, was used as a surrogate for the total amount of emissions produced by the
facility and is assumed to be proportional to exposure.
Wind direction percentages from 2001-2004 were ascertained from
meteorological data compiled by the Iowa Department of Natural Resources (IDNR)
from the National Weather Service’s meteorological stations throughout Iowa. The
meteorological station nearest to Keokuk County was from a weather station located in
Cedar Rapids, IA. While this station is approximately 80 km from Keokuk County, the
IDNR considers this station representative of meteorological conditions throughout the
region (88). Four years of averaged data was compiled as an accurate representation of
wind patterns throughout southeastern Iowa. The wind rose data used for the exposure
metric only considered speeds less than 4 m s-1 since near source areas are affected
greater during low wind conditions (117). While this metric has not been validated, a
2006 study by Mirabelli et al. used a similar metric to categorize individuals’ exposure to
CAFOs (63).
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A

ERelative = ∑ d2 ∗ ƒ𝑤

(Equation 4-1)

Where:
Erelative = Participant’s relative CAFO exposure
A= area of the CAFO (m2)
d= distance between CAFO and residence (m)
ƒw = Percentage of time wind was blowing < 4 m s-1 from the CAFO to the home

Statistical Analysis. To assess the relationship between the physician-diagnosed
childhood asthma (outcome of interest) and relative environmental exposure to swine
CAFOs, unadjusted and covariate-adjusted correlated logistic regression analyses was
performed. Fourteen potential asthma risk factors were considered as potential covariates. If data for a child was missing for any of the variables assessed, the responses
were given the mode. Asthma risks factors were first univariately analyzed using chisquared analysis for categorical variables and logistic regression for continuous variables.
Next, all variables were entered into a multivariable logistic regression model and were
eliminated sequentially with variables with the highest p removed first. Since multiple
children live in the same household, demographic and parental health information could
not be considered independent variables. Due to the correlated nature of the data, the SAS
(SAS Institute Inc. Cary, NC, version 9.3) procedure PROC GENMOD was used. The
child’s relative AFO exposure was analyzed as a continuous as well as a categorical
variable and remained in the model during the elimination process despite its p-value.
The final model included only co-variates with a p<0.10 and biologically plausible.
Results
Descriptive statistics for the study population are summarized in Table 4-1. The
study contained 565 children with a mean age of 9.6 years. The majority of households
earned more than $40,000 a year and had at least one family member who completed
some college coursework. Lifetime-asthma prevalence was significantly larger (p< 0.001)
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for boys (15.9%) compared to girls (5.1%); however, overall lifetime asthma prevalence
was lower in the cohort than the general US population 11.0% to 12.7%, respectively
(118). The majority of children (55.9%) lived between 3.2 and 4.8 km from the nearest
swine CAFO with only 2.3% of children residing < 800 m from the nearest CAFO.
A farming household was defined as having an operation of 10 acres or more in
active crop production to differentiate between commercial farming and individuals
farming for personal consumption. Using this definition, only 29.6% of the cohort was
living on a farm during the time of the survey, with the majority of children residing in
towns or rural non-farming households. Of the 165 children who were identified as living
on a farm, 70.5% had parents involved in either swine or cattle production. Only seven
children had parents that worked with livestock and did not reside on a farm.
Unadjusted associations between physician-diagnosed asthma and potential risk
factors are presented in Table 4-2. Significant factors (p<0.05) associated with childhood
asthma include age, gender, atopy, parental history of asthma, premature birth, and
respiratory infection before the age of two. While information regarding the type of
respiratory infection in the cohort was not available, severe respiratory infection before
the age of two was used as an indicator for a lower respiratory viral infection. Univariate
analysis indicates this to be the strongest factor associated with the disease (OR=7.01,
p=<0.001). Parental history for asthma was defined as a child having at least one parent
with a lifetime diagnosis of asthma. Although a significant association was observed
(OR=3.42, p=<0.001), complete parental history of asthma was missing for 171 (30%)
children. Additionally, children’s relative CAFO environmental exposure was analyzed
univariately. Since Erelative was not normally distributed, it was log transformed in order to
achieve normality. A significant positive association (OR=1.11, p=0.042) was found
between childhood asthma and Erelative. In children with asthma the mean of Erelative was
8.18, while in non-asthmatic children the mean was 7.51.
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Studies conducted in Keokuk County have shown that farm children regularly
participate in various agricultural tasks at an early age (47, 119). However, the KCRHS
only conducted occupational surveys on children over the age of 12 years. Consequently,
children’s occupational exposure to livestock was unknown for 79% of the cohort.
Because of this, children of households that raised cattle and swine were considered
potentially exposed to livestock. This would include possible parental take-home
exposures to endotoxin and organic dust. When this variable was analyzed univariately,
no association was found between parents raising livestock and childhood asthma
(OR=0.83, p=0.578). However, using livestock production by the household may
underestimate the number of children potentially working with cattle or swine since there
was only a 50% concordance between children who work around livestock and
households raising animals.
Potential associations between children working with livestock and childhood
asthma were evaluated. Children who did not complete a youth interview either because
of age restrictions or lack of participation were treated as having no exposure. Despite
limited power, a near significant association was observed between children working
with swine or cattle and asthma (OR=2.18, p=0.058). However, this may be a spurious
relationship confounded by gender and age; considering the majority of children that
work with livestock were male (80%) and all were above the age of 12.
Environmental risk factors such as parental smoking, presence of mold in the
home, and having an indoor dog and/ or cat were not significant when analyzed
univariately (Table 4-2). Since the KCRHS only assessed a lifetime asthma diagnosis,
households with asthmatic or atopic children may have eliminated these risk factors after
their child was diagnosed.
Multivariable models which included Erelative are presented in Table 4-3. All
asthma co-variates were eliminated sequentially with only variables with a p <0.10
included in the final model. When analyzed as a continuous variable, Erelative was
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significantly associated with childhood asthma (OR=1.20, p=0.010). Furthermore, when
Erelative was included in the model, the Quasilikelihood under the Independence model
Criterion (QIC) was reduced, indicating addition of Erelative increased the goodness-of-fit
(Table 4-4). Additionally as the model increased in complexity, the goodness of fit
increased correspondently.
A nearly significant interaction was observed between having an early respiratory
infection and Erelative (OR=1.33, p=0.062). In stratified analysis that adjusted for this
interaction, the association between Erelative and childhood asthma was significantly
increased in children who had a previous respiratory infection (OR=1.45, p=0.001), but
not in children without (OR=1.12, p=0.355). However, the prevalence of asthma was
significantly larger (p<0.001) in the early respiratory infection group (28.0% to 4.9%)
and the lack of a significant association observed in children without an early respiratory
infection may be due to limited power.
To determine if there was a linear increase in the risk of asthma as relative
exposure increased, children were grouped into quartiles based on Erelative. Adjusted
associations between exposure quartiles and childhood asthma are shown in Table 4-5.
When the entire cohort was assessed no significant monotonic dose-response relationship
was observed between increasing exposure quartiles and the prevalence of childhood
asthma. This trend was also seen in crude asthma prevalence with comparable rates in the
highest (8.9%) and lowest (7.2%) quartiles. However, when children were separated by
previous respiratory infection diagnosis, a nearly significant linear trend was observed
between exposure quartiles and asthma in children with a respiratory infection before the
age of two years. Asthma risk was increased in all exposure quartiles compared to the
lowest, with the 3rd quartile having the highest odds ratio (OR=4.03, p=0.056). No
significant dose response relationship was found in children without an early respiratory
infection with asthma prevalence in the highest quartile (2.9%) smaller than lowest
quartile (4.0%).
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Discussion
The aim of this study was to determine if a larger relative environmental exposure
to swine CAFOs was associated with physician-diagnosed childhood asthma. Children’s
relative exposure to swine CAFOs was estimated using a metric that took into
consideration facility area, distance, and percentage of low wind speed (<4m s-1) from the
CAFO to the home. After adjusting for six recognized asthma risk factors, a significant
positive relationship was observed between increasing Erelative and childhood asthma.
When children were stratified according to whether they had a previous respiratory
infection, results indicated that children with a positive diagnosis had a significantly
increased risk of asthma as their Erelative increased; however, this relationship was not
observed in children without an early respiratory infection. To determine whether the risk
of asthma increased in a linear fashion, children were grouped into quartiles according to
their Erelative value. A nearly significant monotonic dose-response relationship was
observed in the early respiratory infection group, but not in the non-early respiratory
infection group. It is not clear whether the lack of a significant association in the nonearly respiratory group is due to limited power or the biologic ability to tolerate a larger
exposure to swine CAFOs.
All significant asthma risk factors observed in this study are consistent with the
literature regarding childhood asthma. Previous asthma studies have observed gender
(74), atopy (72, 120), and premature birth (75, 76) to be strong factors contributing to the
development of the disease. In addition research has shown that a viral infection before
the age of two years caused by either respiratory syncytial virus (RSV) or human
rhinovirus (HRV) is associated with childhood asthma (77, 78). The casual mechanism
behind this association is still not clear and researchers are still trying to determine
whether these infections contribute to the progression of the disease or demonstrate an
individual’s propensity towards decreased lung function which is an early indicator for
asthma (77-80). In either case, this study showed that children with a potentially
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weakened respiratory system have a larger risk of asthma as their relative CAFO
exposure increased. This association is biologically plausible given the nature of the
disease and that swine CAFOs are sources of organic dust, endotoxin, and gasses which
have been shown to cause a variety of respiratory conditions in workers occupationally
exposed (3).
Occupational studies have consistently shown swine confinement workers have a
higher rate of bronchitis, asthma-like syndrome, and asthma than the general population.
Consequently, employees at these facilities routinely self-select out of the industry due to
an inability to work in these environments (3). Although residential exposure is assumed
to be orders of magnitude smaller than occupational exposures, children could be
negatively impacted by swine CAFOs at much smaller exposures due to their developing
respiratory systems. Additionally, children with an early respiratory infection may be
more susceptible to the effects of air pollution due to their weakened respiratory system,
either brought on or demonstrated by a respiratory infection before the age of two years.
The findings of this study are consistent with previously published studies that
found a greater prevalence of asthma among children environmentally exposed to swine
CAFOs (47, 63, 64). In a large cross-sectional study (n=58,169) Mirabelli et al. (2006)
observed that children who attended school within 4.8 km of a swine confinement had a
significantly higher prevalence of physician diagnosed childhood asthma (PR=1.07, 95%
CI: 1.01-1.15) (63). Additionally, Sigurdarson and Kline (2005) found that children who
attended an elementary school located within 800 m of a swine CAFO had a significantly
increased prevalence of physician-diagnosed asthma (OR=5.71, p = 0.004) compared to
children who went to a control school (nearest swine CAFO >16 km) (64). This study
also builds off of a previous study conducted in Keokuk County which investigated
whether children with farm exposures had a significantly higher prevalence of asthma
compared to unexposed rural children. Merchant and colleagues (2005) observed that
children who lived on a farm that raised swine and added antibiotics to their feed had a
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significantly higher prevalence of asthma or asthma-like symptoms compared to farm
children that did not raise swine (55.8% to 26.2%, p=0.013) (47).
Several studies have indicated that children that lived on farms had a decreased
prevalence of atopy and asthma. Researchers concluded that exposure to microbes early
in life may reduce the risk of developing allergic diseases including asthma (37, 38). This
protective effect has been termed the hygiene hypothesis. When analyzed both
univariately and multivariately, no significant decrease in asthma prevalence was
observed in children who lived on farms in the KCRHS cohort. This lack of a protective
effect was also seen in families that raised livestock. Possible explanations for this
finding are varied. Information was only available regarding the current residence of the
child. Consequently, it was unknown whether the child was born on a farm or if he/she
had early contact with pets and/or livestock. In addition, Keokuk County is considered
entirely rural with no towns with a population greater than 2,500. As a result, children
living in towns or rural non-farming locales may have a similar exposure as farming
children due to their proximity to agricultural activities. Alternatively, this lack of an
association may be the result of controlling for the majority of known asthma risk factors
that previous studies failed to account for.
This study highlights the need for greater tracking of smaller CAFOs by state and
local governments; since, the majority of swine facilities in the county were unregistered
and not easily accessible using state databases. While previous studies have observed
adverse respiratory health effects from large swine CAFOs (51, 63, 64), this is the first
study to document similar effects while including smaller, primarily unregistered
facilities. This suggests that a cumulative chronic exposure to hog facilities can be as
detrimental to respiratory health as an exposure from a single large swine operation.
Considering, a large percentage of rural Americans live in areas indicative of hog
production in Keokuk County, there needs to be greater emphasis by state and federal
officials to track smaller CAFOs.
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One of the many strengths of this study was the detailed information collected on
participants. Due to the complex nature of the disease, it was essential to understand the
medical history of the child along with the environment in which they live. The wide
range of information collected by the KCHRS allowed for the assessment of fourteen
potential asthma risk factors while controlling for six significant co-variates. All risk
factors identified univariately and multivariately have been shown to be associated with
childhood asthma in previous studies. In addition all data collection was conducted with a
high degree of reliability. Medical and questionnaire data was collected by nurses in a
research clinic while homes were surveyed by a team of industrial hygienists.
The results of the study were also strengthened by the design. Selection bias was
minimized due to the stratified random selection of subjects and adequate response rate
for a large population-based study. Although asthma is frequently underdiagnosed,
doctor-diagnosed asthma was chosen as the primary outcome. This was done out of
concern that an ambiguous asthma definition such as wheeze, might not be specific
enough to measure airway remodeling. Limiting the study to only doctor-diagnosed
asthma potentially caused a tradeoff between decreased sensitivity and increased
specificity; however, this decision likely decreased the number of false positives
compared to the number of cases it missed. Furthermore, by restricting the study to only
one respiratory health outcome, the risk of making a type I error decreased.
Limitations of this study include a modest sample size, incomplete “occupational”
exposure information, and possible exposure misclassification. Only 62 (11%) children in
the cohort had physician-diagnosed asthma. Consequently, when children were
categorized according to their relative CAFO exposure, there was limited power to detect
difference between groups, especially in children without an early respiratory infection.
“Occupational” information was incomplete for 79% of the children. Since it is plausible
that children living near these facilities may be more inclined to also work at them,
failure to control for this potential exposure may limit the results of this study.
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Possible exposure misclassification also limited the results. Round 2 of the
KCRHS ended in 2004, however the Keokuk County Tax Assessor’s Office only began
collecting CAFO information in 2005. While the date of facility construction is known,
whether it had swine during 1999-2004 is not known. Hog production is cyclical and
dependent on a multitude of factors. While an operation may have been built prior to the
child’s clinical assessment there is no guarantee it was in operation. Also, while the
exposure metric did take into account multiple factors influencing a child’s relative
environmental exposure, data on characteristics such as pollution control devices utilized
by the facility, manure management, operational maintenance, and topography of the land
was not available and therefore not considered. Additionally, wind rose data was
collected from an off-site weather station and may not be representative of conditions in
the study area.
Conclusions
The findings of this study suggest an association between living in close
proximity to swine CAFOs and childhood asthma. Results show that cumulative
environmental exposure to relatively small swine operations may have similar health
effects as exposure to large operations. Interestingly, an interaction between relative
exposure and a respiratory infection before the age two was observed. This may be
indicative of children with a weakened respiratory system being more susceptible for
development of asthma as environmental exposure to air pollution increases. These
findings build off previous studies that have observed adverse respiratory health
outcomes associated with environmental exposure to CAFOs and demonstrate the need
for collecting quantitative environmental data for residence near these facilities. It also
establishes the importance in collecting a broad range of potential risk factors when
conducting studies concerning this subject. Any future study needs to adequately address
the possible occupational exposure to children working in swine CAFOs.
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Table 4-1: Demographic characteristics of the study population
Variable
N or %
Number of children
565
Number of households
277
Gender
Female
45.5%
Male
54.5%
Age (yrs)
0-6
25.7%
6-12
43.5%
12-17
30.8%
Asthma prevalence
Female
5.1%
Male
15.9%
Total
11.0%
Highest education achieved in the household
Did not complete high school
1.4%
High school or GED
21.1%
Some college
42.5%
College grad or above
35.0%
Income
<$20,000
5.3%
>$20,000 and <$40,000
18.1%
>$40,000 and <$80,000
53.0%
>$80,000
23.7%
Children’s residential proximity to nearest
CAFO
2.3%
≤800 m
5.7%
>800 m to ≤1600 m
35.9%
>1600 m to ≤3200 m
55.9%
>3200 m to ≤4800 m
>4800 m
8.1%
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Table 4-2: Unadjusted analysis of physician-diagnosed asthma by potential risk factors
Variable
N(%) or mean ±SD
OR(95% CI)
Age (year)
9.6 ± 4.7
1.08 (1.01-1.14)
Diagnosed allergies
111 (19.7)
6.20 (3.56-10.79)
Male gender
308 (54.5)
3.55 (1.88-6.70)
Parental history of asthma
45 (8.0)
3.42 (1.66-7.04)
Premature birth
62 (11.0)
3.84 (2.03-7.27)
Respiratory infection before 2 years
158 (28.0)
7.01 (3.96-12.41)
At least one parent smokes in the home
53 (9.4)
0.83 (0.32-2.17)
Child works around livestock
40 (7.1)
2.18 (0.96-4.97)
Cockroach problem in the home
12 (2.1)
1.64( 0.35-7.68)
Indoor dog and/or cat
242 (42.8)
1.11 (0.65-1.89)
Household income <$40,000
132 (23.4)
1.40 (0.78-2.51)
Live on a farm
167 (29.6)
1.25 (0.72-2.19)
Parents raise livestock
125 (22.1)
0.83 (0.43-1.61)
Presence of mold in the home
88 (15.6)
1.19 (0.60-2.39)
Erelative
n/a
1.11 (1.00-1.24)

p
0.016
<0.001
<0.001
<0.001
<0.001
<0.001
0.706
0.058
0.523
0.694
0.264
0.430
0.578
0.618
0.042
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Table 4-3: Multivariable analysis of physician-diagnosed asthma by early respiratory infection diagnosis
Variable

Erelative
Age (year)
Diagnosed allergies
Male gender
Parental history of asthma
Premature birth
Early respiratory infection

All
(n=565)
OR
(95% CI)
1.20 (1.04 -1.38)
1.10 (1.02-1.18)
4.70 (2.48-8.90)
3.27 (1.53-7.00)
3.30 (1.07-10.22)
4.08 (1.74-9.56)
5.84 (2.99-11.40)

Respiratory Infection before
the Age of 2 Years (n=158)
p
0.009
0.009
<0.001
0.002
0.040
0.001
<0.001

*adjusted by stratification and not included in the multivariable model
---p>0.10 and eliminated by backwards selection

OR
(95% CI)
1.45 (1.17-1.80)
1.11 (1.01-1.21)
3.18 (1.16-8.67)
6.50 (1.83-23.08)
4.72 (0.87-25.50)
6.06 (1.73-21.26)
*

p
0.001
0.035
0.024
0.004
0.072
0.005
*

No Respiratory Infection
before the Age of 2
Years (n=407)
OR
p
(95% CI)
1.12 (0.89 -1.37)
0.355
1.13 (1.00-1.28)
0.049
3.18 (3.06-18.75)
<0.00
--------6.06 (0.88-10.77)
0.081
*
*
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Table 4-4: CAFO exposure metrics by QIC
Exposure metric
QIC
No CAFO exposure factor
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Table 4-5: Adjusted analysis of CAFO exposure quartiles by respiratory infection before the age of 2 years
Alla
(n=565)
Variable

Erelative
1st Quartile
2nd Quartile
3rd Quartile
4th Quartile

Crude
Asthma
%

OR
(95% CI)

p

7.2
11.7
16.3
8.9

1.00
2.11 (0.81-5.54)
2.38 (0.89-6.30)
1.79 (0.65-4.93)

--0.126
0.081
0.258

Respiratory Infection Before the Age of
2 Yearsb
(n=158)
Crude
OR
Asthma
p
(95% CI)
%
15.0
28.2
37.5
25.6

1.00
2.61 (0.63-10.83)
4.03 (0.96-16.83)
3.42 (0.85-13.72)

--0.187
0.056
0.083

No Respiratory Infection before the Age
of 2 Yearsc
(n=407)
Crude
OR
Asthma
p
(95% CI)
%
4.0
5.7
7.0
2.9

1.00
2.31 (0.51-10.55)
2.35 (0.53-10.39)
1.13 (0.18-7.00)

a

Adjusted for age, atopy, gender, and parental history of asthma, premature birth, and respiratory infection before 2 years

b

Adjusted for age, atopy, gender, and parental history of asthma, and premature birth

c

Adjusted for age, atopy, and premature birth

--0.280
0.260
0.890
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CHAPTER V
CONCLUSIONS
Although roughly 20% of the US population lives in rural areas, there is a paucity
of literature regarding rural populations’ environmental exposure to airborne pollutants.
For many farm families, their home is not only their place of residence, but also the
source of their livelihood. Therefore, characterizing rural populations’ exposure to air
pollution represents a significant contribution to the field of environmental health as well
as occupational health and industrial hygiene. The work contained in this dissertation
accomplished the following goals: identified factors that influence indoor and outdoor
PM10, PM2.5, and endotoxin exposures in a rural environment; determined the spatial
variability of H2S emanating from a swine confinement and the effectiveness of using a
low cost alternative to direct reading instruments; and evaluated the association between
residential proximity to swine CAFOs and childhood asthma.
Chapter II contained results from 197 rural households that were sampled over
five continuous days for indoor and outdoor PM10, PM2.5, and endotoxin. This study
demonstrated that airborne PM10 and endotoxin concentrations in an intensely rural area
were elevated compared to those previously reported in certain urban centers.
Furthermore, concentrations of ambient endotoxin can approach levels were there is a
potential for decreased lung function, especially in sensitive populations. In general
homes with a swine confinement, raised livestock, had a grain storage bin, and/or lived
on a gravel road had a larger exposure to outdoor PM and endotoxin; however, the
magnitude of the effect was small and did not represent a human health concern. Of all
the agricultural and environmental variables assessed in this study, besides smoking,
home cleanliness was found to have the most significant effect on indoor particulate
concentrations. Since exposure to PM is associated with variety of acute and chronic
health effects, developing an intervention strategy to mitigate this source of exposure
could positively impact rural health.
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Recently, much work has been done to determine the relationship between indoor
and outdoor exposure to air pollution. Generally, epidemiological studies only consider
one or the other when evaluating potential health outcomes. This may either overestimate
or underestimate exposure, depending on the setting, and possibly misclassify
participants’ overall exposure. In this study, indoor particulate concentrations were
elevated compared to outdoor levels; however, endotoxin concentrations were
significantly smaller indoors versus outdoors. Therefore, when conducting air pollution
studies in rural areas, investigators need to consider both indoor and outdoor exposures in
order to fully capture rural populations’ exposure to particulate and endotoxin.
H2S is a byproduct of anaerobic fermentation of manure and is one of many
gasses emitted by CAFOs. Workers at these facilities are routinely exposed to high
concentrations of this potentially lethal gas. However, due to the lack of low cost easily
transportable direct reading instruments, few published studies have measured long-term
environmental levels of H2S near swine confinements. Chapter III of this dissertation
measured the spatial variability of H2S emanating from a swine confinement using
Radiello passive monitors.
The calibration portion of this study showed that independent laboratory
validation needs to occur prior to sampling due to significant differences between the
experimental and supplier’s uptake rate. This difference is consistent with previous
studies that have assessed the accuracy of Radiello passive monitors in laboratory studies.
Although the devices consistently underestimated H2S concentrations, the precision of
the passive monitor was acceptable. Additionally, laboratory analysis was straightforward
and could be done with minimal training.
The field portion of this study showed the devices could be used to effectively
measure long-term H2S concentrations in close proximity to a swine confinement.
However, the dosimeters needed to be exposed for a long period of time (two weeks) to
ensure sufficient mass was adsorbed onto the cartridge for a detectable measurement.
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Compared to direct reading instruments, passive monitors were inexpensive and could be
deployed with minimal maintenance. H2S concentrations measured at some locations
outside the confinement were at levels shown by others to cause adverse health effects.
Since concentrations of H2S are variable and dependent on wind direction, careful review
of meteorological data needs to occur prior to siting CAFOs to ensure human health is
not negatively impacted.
Although there is overwhelming evidence that occupational exposure to swine
CAFOs is associated with various health outcomes including asthma, asthma-like
syndrome, and bronchitis, there is still a great deal of debate in the scientific literature
concerning environmental exposure to CAFOs. While the majority of epidemiological
studies have found a positive association between individuals environmentally exposed
and a variety of acute and chronic respiratory illnesses, many of the studies reviewed
were subjected to design flaws and biases. The goal of Chapter IV was to improve upon
the existing literature regarding the association between childhood asthma and residential
proximity to CAFOs.
The results from Chapter IV suggested a positive association between to relative
environmental exposure to swine CAFOs and childhood asthma. One finding from this
study which was particularly interesting was the observed interaction between relative
CAFO exposure and an early childhood respiratory infection. The literature regarding the
role of respiratory infections and the progression of childhood asthma is so far
inconclusive and the observed interaction may be indicative of children with a weakened
respiratory system being more susceptible to develop asthma as their exposure to air
pollution increases. Additionally, this study demonstrated that a cumulative exposure to
relatively small, primarily unregistered, swine operations has similar health effects as
exposure to larger operations.
This study was strengthened by the broad range of medical and demographic data
collected by the KCRHS. Using this dataset allowed for the evaluation of numerous
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potential confounders and asthma risk-factors that previous studies failed to account for.
After adjusting for six significant covariates, the strength and magnitude of the
association between childhood and relative CAFO exposure increased. This showed the
importance of collecting numerous potential risk factors when conducting research on a
multifactorial disease, such as asthma.
Future Studies
The work contained in this dissertation can be used to aid future studies regarding
rural air pollution studies. Environmental exposure information from Chapter II can be
combined with Round 3 of the KCRHS, completed in November 2011, to evaluate
whether indoor and outdoor levels of PM10, PM2.5, and endotoxin are associated with
decreased respiratory health. This dataset would allow for the control of many potential
confounders including occupation, socio-economic status, gender, age, and smoking
status and be one of the first studies of this size to evaluate the effects of air pollution on
rural health status.
Recently, there has been some concern among farmers about the impact of lower
PM standards on agricultural operations. The largest PM10 measurement recorded in this
study was approximately 60% smaller than the EPA limit. However, it is important to
note the EPA standard is over 24 hours, while measurements in this study were a five-day
time-weighted average. This study also found that airborne PM concentrations were
transient and could decrease fairly rapidly. Therefore, based on these findings, collection
of 24-hour PM10 measurements during the harvest season is warranted and would be an
important contribution to the literature.
One of the most important findings from Chapter III was that although Radiello
passive monitors consistently underestimated H2S concentrations, the precision of the
devices was fairly high. Because the error was systemic and could be adjusted for,
Radiello passive monitors would be a useful device for measuring long-term H2S
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exposure in future epidemiological studies. However, investigators would need to
evaluate the effect of temperature on the uptake rate, prior to field deployment.
Based on the work contained in Chapter IV and previous studies, the weight of
evidence supporting the association between decreased respiratory health and
environmental exposure to CAFOs is increasing. However, there is few to any studies
with quantitative exposure data supporting these epidemiological associations. Future
studies concerning this subject need to collect endotoxin, H2S, ammonia, and VOC data
to determine which, if any, of these contaminants is associated with decreased health.
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