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Abstract

With 9 million hogs, North Carolina (NC) is the second leading hog producer in the United States. 

Most hogs are housed at concentrated animal feeding operations (CAFOs), where millions of tons 

of hog waste can pollute air and water with fecal pathogens that can cause diarrhea, vomiting, 

and/or nausea (known as acute gastrointestinal illness (AGI)). We used NC’s ZIP code-level 

emergency department (ED) data to calculate rates of AGI ED visits (2016–2019) and swine 

permit data to estimate hog exposure. Case exposure was estimated as the inverse distances from 

each hog CAFO to census block centroids, weighting with Gaussian decay and by manure amount 

per CAFO, then aggregated to ZIP code using population weights. We compared ZIP codes in 

the upper quartile of hog exposure (“high hog exposed”) to those without hog exposure. Using 

inverse probability of treatment weighting, we created a control with similar demographics to the 

high hog exposed population and calculated rate ratios using quasi-Poisson models. We examined 

effect measure modification of rurality and race using adjusted models. In high hog exposed areas 

compared to areas without hog exposure, we observed a 11% increase (95% CI: 1.06, 1.17) in AGI 

rate and 21% increase specifically in rural areas (95% CI: 0.98, 1.43). When restricted to rural 

areas, we found an increased AGI rate among American Indian (RR=4.29, 95% CI: 3.69, 4.88) 

and Black (RR=1.45, 95% CI: 0.98, 1.91) residents. The association was stronger during the week 

after heavy rain (RR=1.41, 95% CI: 1.19, 1.62) and in areas with both poultry and swine CAFOs 
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(RR=1.52, 95% CI: 1.48, 1.57). Residing near CAFOs may increase rates of AGI ED visits. Hog 

CAFOs are disproportionally built near rural Black and American Indian communities in NC and 

are associated with increased AGI most strongly in these populations.
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INTRODUCTION

North Carolina (NC) is the second leading hog producer in the United States, with 

approximately 9 million hogs. Most of the state’s hogs are housed, by the thousands, at 

large concentrated animal feeding operations (CAFOs) in eastern NC (Nicole, 2013). The 

massive amount of waste produced by these hogs, which exceeds the fecal waste produced 

by NC’s human population, is collected in uncovered pits, or lagoons, and sprayed on land 

as a fertilizer (Environmental Working Group & Waterkeeper Alliance, 2016). However, 

as the land cannot absorb all of the manure, these practices often spread pathogens and 

chemicals that invariably pollute the air and water (Wing et al., 2002). Communities that live 

near hog CAFOs have reported numerous health problems compared to residents who do 

not live near a hog CAFO, including throat, eye, and nose irritation, headaches, coughing, 

sore throats, diarrhea, methicillin-resistant S. aureus-related (MRSA) infections, higher risk 

of cardiovascular mortality, and reduced quality of life (Son et al., 2021a; Wing et al., 2008; 

Wing and Wolf, 2000). Drinking water contaminated with waterborne pathogens from hog 

waste or inhaling the sprayed waste in the air can result in diarrhea, vomiting, nausea, or 

other gastrointestinal tract distress in humans, known collectively as acute gastrointestinal 

illness (AGI)(Wing et al., 2000; Wing and Wolf, 2000). AGI can be severely painful and can 

disrupt work and school attendance for several days. In the US, approximately 2,330,000 

AGI cases caused by waterborne pathogens occurred in 2014, with a direct healthcare cost 

of roughly $160 million (Collier et al., 2021). Despite the harm caused by AGI and the 

potential association between hog CAFOs and AGI, few studies have examined the effect of 

hog CAFO proximity and concentration on human AGI.

Numerous pathogens found in hog manure can cause AGI, including Escherichia coli 
O157:H7, Salmonella spp., Campylobacter spp., Yersinia enterocolitica, Cryptosporidium 
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parvum, Giardia spp, and Clostridium difficile (Guan and Holley, 2003; Hooda et al., 2000; 

Keessen et al., 2013). After heavy rain events, surface water and groundwater near pigs 

or swine manure have been found to have higher concentrations of E. coli, indicating 

that heavy rain transports pathogens from hog CAFOs (Eisenhauer et al., 2016; Thurston-

Enriquez et al., 2005). This suggests that the rate of AGI of residents near hog CAFOs 

may be especially high after heavy precipitation, especially for residents who have drunk 

contaminated well water or touched surfaces contaminated by runoff. While healthy humans 

are usually able to recover from AGI in 1–3 days without medical care, young children, 

older adults, and immunosuppressed people are at higher risk for severe illness from AGI 

(Jones et al., 2007; Lin et al., 2019; Schwartz et al., 1997; Stuempfig and Seroy, 2021).

Hog CAFOs, and the accompanying health issues related to living near hog CAFOs, are 

not distributed equally across NC; industrialized hog operations have been disproportionally 

built near communities of people of color (POC) in NC (Wing and Johnston, 2014). NC hog 

CAFOs are densely concentrated in several counties in the flood-prone eastern part of the 

state that are predominantly rural and are also home to many other harmful exposures such 

as poultry CAFOs and landfills (Figure 1) (Norton et al., 2007; Stingone and Wing, 2011; 

Wing and Johnston, 2014). Many of the NC counties with a high density of hog CAFOs 

also have poor healthcare access and a high percent of uninsured residents, which means 

reduced access to preventative care and increased risk for health issues (Hardy, 2012; “North 

Carolina County Health Profiles,” 2018). Because of the area’s rurality, many residents near 

CAFOs use private wells, which stand at higher risk of contamination than community 

water supplies (DeFelice et al., 2016; Wing et al., 2000). Each year, over $40 million are 

spent in NC on AGI emergency department (ED) visits due to microbial contamination in 

drinking water (DeFelice et al., 2016). Given that rural POC communities in eastern NC 

have decreased healthcare access, worse overall health, and a higher risk of private well 

water contamination than the rest of the state, the disproportionate effect of hog CAFOs 

on these communities exacerbates existing health problems and health inequities (“North 

Carolina County Health Profiles,” 2018).

This paper investigates how the relationship between hog CAFO exposure and AGI ED visit 

rate varies by race, age, rurality, and precipitation. While some studies have examined the 

association between CAFO exposure and AGI rates, they found mixed results and none have 

assessed this relationship in NC (Febriani et al., 2010, 2009; Hooiveld et al., 2016; Levallois 

et al., 2014). This is the first study, to our knowledge, that investigates how race may modify 

the relationship between hog CAFO exposure and AGI ED visit rate. Additionally, very few 

studies have examined the combined effect of industrial swine operations and precipitation 

on AGI (Febriani et al., 2010; O’Brien and Xagoraraki, 2019).

METHODS

Hog Exposure

We used 2019 swine permit data from the NC Department of Environmental Quality (DEQ) 

(“List of Permitted Animal Facilities,” 2020). The data included the number of animals, 

type/life stage of animals, and location of each permitted animal facility. The number 

of hogs has remained relatively constant at 9 million over the past 20 years, and our 
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examination of the 2016 and 2019 swine permit data showed very few changes (“National 

Agriculture Statistics Service,” 2020). We calculated the steady state live weight (SSLW) 

of each hog CAFO using the North Carolina Department of Environment and Natural 

Resources’ formula that incorporates the number of hogs, growth stage of the hogs, and 

average weight of each growth stage (see Supplementary Table 1 for list of growth stage/

production phase of hogs and mean weight used to calculate SSLW)(Pietrosemoli et al., 

2012). SSLW is an indicator of the amount of waste produced at each hog CAFO and has 

been used in other studies (Williams, 2009; Wing and Johnston, 2014).

We measured the distance between hog CAFOs and census block centroids and used a 

Gaussian distance decay function (W = e
−distance2

α , distance threshold of 10 miles with α=3) 

to convert distances to weights. Our parameterization of the Gaussian decay and distance 

restriction were based on literature that suggests an association between living within half 

a mile to two miles of hog CAFO and various health outcomes, with weaker associations 

at three miles and five miles (Casey et al., 2014; Hooiveld et al., 2016; Kilburn, 2012; 

Kravchenko et al., 2018; Williams et al., 2011). For each block centroid, we multiplied 

the distance-based weights by each hog CAFO’s SSLW to create a block-level exposure 

measure, based on both hog density and distance to CAFO. We summed the exposure values 

for all CAFOs within 10 miles of each block centroid. We then aggregated the block-level 

hog CAFO exposure estimates to the ZIP code level using population weights created from 

2017 American Community Survey (ACS) five-year block group-level estimates, the 2010 

block-level census data, and 2017 NC polygon ZIP code boundaries from ESRI. While there 

are 1080 distinct ZIP codes in NC, there are only 750 ZIP code polygons as several hundred 

ZIP codes are point ZIP codes, mostly for PO boxes. We used ZIP code polygons for this 

analysis, and categorized patients with a point ZIP code as living in the polygon ZIP code 

that encompasses their point ZIP code. We categorized ZIP codes in the upper quartile of 

hog CAFO exposure as high hog CAFO exposed and compared them to ZIP codes with 

no hog CAFOs within 10 miles of any nested block centroid, thus excluding areas with 

low/medium hog CAFO exposure from the main analyses (Figure 2). We believe 10 miles 

to be an appropriate distance for control areas as studies have indicated that when hog 

manure is transported from CAFOs, it is typically applied on land within about 10 miles 

or 15 km from the CAFO (Bergström et al., 2005; Son et al., 2021a). While the majority 

of residents affected by CAFOs likely live within a mile or two of the CAFO, we chose a 

10-mile buffer for the control to reduce exposure misclassification of residents who live near 

manure-applied land.

Acute Gastrointestinal Illness

Acute gastrointestinal illness (AGI) was measured using data from the North Carolina 

Disease Event Tracking and Epidemiologic Collection Tool (NC DETECT), a public health 

surveillance system containing all civilian ED visits in NC. We calculated 2016–2019 

AGI ED visit rates at the ZIP code level, the finest geographic level available for these 

data. Diagnostic codes (International Classification of Diseases, Tenth Revision; ICD-10) 

were used to identify intestinal infectious illness (A00-A09), unspecified noninfectious 

gastroenteritis and colitis (K52.3, K52.89, K52.9), diarrhea (R19.7), and nausea and 
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vomiting (R11.10-R11.12) as AGI ED visits. Similar diagnosis codes have been used in 

other studies of AGI ED visits (DeFelice et al., 2016; Drayna et al., 2010; Wade et al., 

2014). While Clostridium difficile infections (A04.7) are often acquired in hospitals, we 

included C. difficile infections in our AGI definition because C. difficile infections are 

common at swine operations and some C. difficile infections in humans have been linked 

to pigs (“Clostridium difficile on U.S. Swine Operations,” 2011; Keessen et al., 2013). Our 

main analyses focused on all-cause AGI ED visit rate because specific pathogens are seldom 

tested for and/or included in the ED discharge report.

Covariates

For the main analyses, we adjusted for ZIP code-level rurality, health insurance status, 

median income, and race. We identified rurality, health insurance status, and median 

income as the minimally sufficient set of confounders using a directed acyclic graph (DAG, 

see Supplementary Figure 1). We incorporated race when we created our control pseudo-

population because race is strongly correlated with the exposure and we found it necessary 

to include a race variable in order to create balanced groups (Austin and Stuart, 2015). 

Data on median income, number of White residents, number of uninsured residents, and 

total number of residents were available at the block group-level from the 2017 ACS. We 

assigned these values to the centroids of each 2010 census block based on the proportion of 

the block group population within that block and then aggregated these block centroid data 

to create ZIP code-level population estimates for population size, median income, percent 

of ZIP code population uninsured, and percent of ZIP code population White. Rurality was 

measured using a continuous geographic isolation scale that classifies ZIP codes according 

to their access to resources (Doogan et al., 2018).

To examine effect measure modification (EMM), we used individual-level covariates on 

patients’ race, ethnicity, age, and health insurance status, and we used area-level covariates 

for rurality, median income, and well water usage. The 2015 U.S. Geological Survey 

estimates the number of people in each county on private well water, and we used this data 

to create ZIP code-level well water usage estimates (Dieter et al., 2018). For race/ethnicity, 

patients were categorized as “White non-Hispanic” if their reported race in the ED data was 

White and they were not reported to be Hispanic. We analyzed Black, American Indian, 

Hispanic, and Asian patients separately, but due to insufficient case counts, we combined 

Pacific Islander patients and Other Race patients into an Other Race category.

We estimated the NC population (by age category, race/ethnicity, health insurance status) 

using 2017 ACS block group estimates aggregated to the ZIP code level. We did not 

use census data at the ZIP code tabulation area (ZCTA) level due to the spatiotemporal 

mismatch between ZCTAs and ZIP codes (Grubesic and Matisziw, 2006; Krieger et al., 

2002). We examined all changes in ZIP codes from 2016–2019 and assigned all ZIP 

codes to the 2017 ZIP code polygon in which they were contained (2017 was chosen as 

a study period midpoint and because 2017 ZIP code polygons were the dominant polygons 

throughout the study period). The continuous geographic isolation scale was split into 

quartiles (labeled as metropolitan, micropolitan, small towns, rural) when examining EMM 

by rurality (Doogan et al., 2018). As urban areas lack hog CAFOs and have different 
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ED visit patterns than areas with hog CAFOs, we excluded the most urban ZIP codes 

from analyses by removing ZIP codes with a geographic isolation scale below 5.6 (273 

ZIP codes excluded), as we observed this point to be the natural gap where almost all 

CAFOs were in areas with a higher geographic isolation score. The remaining metropolitan 

ZIP codes were classified as micropolitan. Data on the location of poultry CAFOs and 

estimated number of birds at each poultry CAFO was provided by the Environmental 

Working Group and Waterkeepers Alliance, as permits are not required for most poultry 

CAFOs. They identified poultry facility locations via highresolution satellite data and aerial 

photographs and estimated number of birds at each poultry CAFO using the National 

Agriculture Imagery Program (2008, 2012, 2016, and 2019) and the United States National 

Agricultural Statistics Service’s 2017 Census of Agriculture (Environmental Working Group 

& Waterkeeper Alliance, 2016). We categorized a ZIP code as unexposed to poultry CAFOs 

if all its constituent block centroids were >5 miles from a poultry CAFO. We used a smaller 

distance for poultry (5 miles) than swine (10 miles) because poultry CAFOs produce less 

waste than swine CAFOs and because poultry waste is dry and may not be transported as 

far (“Animal Manure Management,” n.d.; Environmental Working Group & Waterkeeper 

Alliance, 2016). Additionally, because of the large number of poultry CAFOs throughout 

NC, using a larger distance to represent areas unexposed to poultry CAFOs would prevent 

us from creating an adequate control group. We also created a distance-weighted poultry 

exposure variable similar to our hog exposure variable, but with the Gaussian decay 

threshold of 5 miles and using number of birds instead of SSLW of hogs.

Analysis

For the main analysis, we used inverse probability of treatment weighting (IPTW) to 

estimate the average treatment effect on the treated (ATT, or, in this study, the average 

exposure effect on the high hog exposed). IPTW can create a weighted (i.e., synthetic) 

population in which measured confounders are balanced between exposure groups (Austin, 

2011). Using IPTW, we created a control group with similar demographics as the high hog 

CAFO-exposed population (based on the ZIP codes’ median income, rurality, percent of 

non-Hispanic White residents, and percent of uninsured residents) but with no hog CAFO 

exposure. We truncated the weights of control group at the 1st and 99th percentile due to 

a few large weights (see Supplementary Table 2)(Cole and Hernán, 2008). We chose to 

compare areas with high hog CAFO exposure to areas with no hog CAFO exposure because 

these areas had relatively similar demographics before IPTW; areas with low hog CAFO 

exposure had higher median incomes and a larger percent of non-Hispanic White residents 

than NC overall and the high hog CAFO exposed areas. We used quasi-Poisson models 

to account for overdispersion in the ED visit data. Robust standard errors were used to 

calculate 95% confidence intervals (95% CI) using the sandwich package in R.

To examine how the association between high hog CAFO exposure and AGI rate may 

vary according to antecedent rain, we conducted restricted analyses according to the ZIP 

code precipitation during the previous week. We obtained daily precipitation data from the 

PRISM Climate Group as 4k-mby-4km raster data (“PRISM Climate Group,” n.d.), which 

we subsampled into 1km raster data and used the centroids of the 1 km grids to aggregated 

to 2017 ZIP code polygons, assigning the ZIP code the maximum precipitation recorded 
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in the ZIP code for the day. We identified the days (day 0) and ZIP codes where the 

precipitation was above the 80th, 90th, 95th, and 99th percentile of daily NC precipitation 

2016–2019 (to represent high precipitation time periods and areas) and all AGI ED visits 

within the next seven days (days 1–7) were included in each analysis of high hog CAFO 

exposure and AGI ED rate. To represent low precipitation time periods and areas, we 

identified days and ZIP codes where the precipitation during the prior seven days fell below 

the 50th percentile of daily NC precipitation 2016–2019 and included all AGI ED visits 

from these days in a separate analysis of high hog CAFO exposure and AGI. We created 

new IPTWs for each analysis, matching for median income, rurality, percent uninsured, 

and percent White. We also conducted a supplementary analysis where this precipitation 

analysis was restricted by the race/ethnicity of the patient. Lastly, we examined whether 

total precipitation over the entire study period by ZIP code was an EMM in the relationship 

between high hog CAFO exposure and AGI, to assess whether this relationship was stronger 

in areas that consistently received heavy cumulative rain. When examining EMM for various 

covariates, we adjusted for percent uninsured, median income, and rurality, which we had 

identified as confounders using a directed acyclic graph. All analyses were performed in R 

(Version 3.6.2)(“R: A language and environment for statistical computing,” 2019).

Sensitivity analyses

While our main analysis examined the association between high hog CAFO exposure and 

AGI ED visit rate compared to no hog CAFO exposure using dichotomous categories, in 

sensitivity analyses we examined the association between hog CAFO exposure and AGI ED 

visit rate using alternate methods to categorize hog CAFO exposure. Using our continuous 

ZIP code-level hog CAFO exposure variable, we created tertiles of all ZIP codes with any 

hog CAFO exposure and separately compared the AGI ED visit rates in high, medium, and 

low hog exposed ZIP codes to the hog unexposed ZIP codes, using IPTW and quasi-Poisson 

models to calculate rate ratios (we created a different control pseudo-population for each 

tertile of hog CAFO exposure, so each control had similar demographics to the compared 

exposure tertile). We also examined the association between the continuous hog CAFO 

exposure (which had been log transformed because it was highly skewed) and AGI ED 

visit rate, adjusting for median income and percent uninsured. Additionally, we assessed 

the sensitivity of our primary findings to choice of the distance threshold and the alpha 

parameter for the Gaussian decay hog CAFO exposure metric.

Because hog CAFOs and poultry CAFOs are frequently co-located and living near either 

type of CAFO may increase one’s risk for AGI (Figure 1), we conducted sensitivity analyses 

where ZIP codes with any poultry CAFOs within 5 miles were excluded from the control 

group. As poultry CAFOs are located in the majority of areas hog CAFOs are located, we 

were unable to conduct analyses with poultry CAFOs excluded from the exposed group. We 

also assessed the association between high poultry CAFO exposure (>75th percentile of the 

distance weighted poultry CAFO measure) and AGI ED visit rate to better understand how 

poultry CAFOs may influence the association between high hog CAFO exposure and AGI 

ED visit rate. We examined this relationship using IPTW controls (ZIP codes >5 miles from 

a poultry CAFO, urban areas excluded), and we assessed the relationship both when control 

ZIP codes included hog CAFOs and when control ZIP codes did not include hog CAFOs. 

Quist et al. Page 7

Sci Total Environ. Author manuscript; available in PMC 2023 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We also examined the joint effect of hog and poultry CAFOs by identifying ZIP codes with 

medium/high exposure of both (>50th percentile of both poultry and hog CAFO measures) 

and compared to jointly unexposed ZIP codes (>10 miles from hog CAFOs and >5 miles 

from poultry CAFOs) using IPTW.

We conducted separate analyses restricted to ICD-10 codes that indicated specific pathogens 

that may be found in hog feces that could cause AGI, including enterotoxigenic or 

enterohemorrhagic E. coli, Salmonella, Campylobacter, C. difficile, and rotavirus. We also 

examined the association between hog CAFO exposure and overall bacterial AGI, viral AGI, 

and protozoal AGI. As many C. difficile infections are nosocomial infections, we conducted 

a sensitivity analysis of all-cause AGI excluding C. difficile ED visits. Additionally, as 

we observed strong EMM by rurality, we conducted analyses restricted to rural areas (the 

highest quartile of the continuous geographic isolation scale) where we examined EMM by 

race, age, and insurance status.

RESULTS

Of the 750 polygon ZIP codes in NC, we categorized 104 ZIP codes as high hog exposed 

and 242 as control ZIP codes (no hog CAFO exposure, see Figure 2), with 272 urban ZIP 

codes excluded and 132 low/medium hog exposed ZIP codes excluded from main analysis. 

High hog exposed ZIP codes had an average hog density of 830 hogs/mile2 per ZIP code 

and a median of 36,092 hogs per ZIP code and a maximum of 716,829 hogs (housed within 

213 hog CAFOs) in one ZIP code. In 2016–2019, there were 868,691 AGI ED visits in 

NC by residents with a NC residential ZIP code, with 79,293 AGI ED visits (259 AGI ED 

visits per 10,000 people) in high hog exposed ZIP codes and 205,116 (224 AGI ED visits 

per 10,000 people) in control ZIP codes. High hog exposed areas had higher proportions of 

American Indian, Hispanic, and Black people and lower proportions of White non-Hispanics 

and Asians than areas with no hog CAFO exposure (Table 1). Among Asian Americans 

in NC, high hog exposed ZIP codes have a larger proportion of Filipino, Japanese, and 

Vietnamese residents and a lower proportion of Indian and Chinese residents compared to 

ZIP codes with no hog CAFO exposure (Supplementary Table 3). High hog exposed areas 

also have a higher proportion of people without health insurance, lower median household 

incomes, and higher poultry CAFO density than the control. With IPTW, we were able to 

create a control with similar demographics as the high hog exposed ZIP codes, although the 

control continues to have a much lower bird density than the high hog exposed area.

In high hog exposed areas compared to areas without hog CAFO exposure, we observed 

an 11% higher (rate ratio [RR]=1.11, 95% CI: 1.06, 1.17, Table 2) AGI ED visit rate 

overall. We found modification by rurality and observed a rate ratio of 1.21 (95% CI: 

0.98, 1.43) in rural areas, while we did not observe positive associations in small towns 

(RR=0.95, 95% CI: 0.75, 1.16) or micropolitan areas (RR=0.86, 95% CI: 0.71, 1.02). We 

observed an elevated rate ratio in the highest ($47,500–103,000: RR=1.31, 95% CI: 1.18, 

1.42) median income category and a slightly elevated estimate in the lowest income category 

($21,900–36,099: RR=1.07, 95% CI: 0.96, 1.18). Similarly, we saw a positive association 

in the lowest (1–9.2% uninsured: RR=1.35, 95% CI: 1.19, 1.51) and highest (14.8–32.7% 

uninsured: RR=1.11, 95% CI: 0.96, 1.34) categories of percent of population uninsured, 
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with no positive association in the middle categories (Table 2). We did not observe a positive 

association between high hog CAFO exposure and AGI ED visit rate in ZIP codes with the 

highest amounts of precipitation during the study period. We did not observe patterns in the 

association by well water usage. We found race to be an effect measure modifier between 

high hog CAFO exposure and AGI ED visit rate. We observed positive associations for 

American Indian (RR=1.60, 95% CI: 1.28, 1.92) and Asian (RR=1.95, 95% CI: 1.30, 2.61) 

patients and negative associations among White non-Hispanic (RR=0.88, 95% CI: 0.66, 

1.00) and Other Race (RR=0.45, 95% CI: 0.04, 0.86) patients (Table 2).

Because we observed the association only in rural areas, we examined EMM by race/

ethnicity, age, and insurance status in analyses restricted to rural areas. In these analyses, 

we found higher AGI ED visit rates among American Indian (RR=4.29, 95% CI: 3.69, 4.88) 

and Black (RR=1.45, 95% CI: 0.98, 1.91) patients in rural high hog areas compared to rural 

areas without hog CAFO exposure (Table 3). Other racial and ethnic groups either showed 

little evidence of association or had too few cases to produce reliable rate ratios. We did 

not observe strong differences by age, although the strongest association was among adults 

aged 18–64 years (RR=1.38, 95% CI: 1.19, 1.61). While we observed a positive association 

between high hog CAFO exposure and AGI ED visit rate in all insurance categories, the 

strongest association was found among patients who paid for the ED visit themselves and 

were likely uninsured (RR=1.72, 95% CI: 1.40, 2.04).

We observed that the association between high hog CAFO exposure and AGI ED visit rate 

was higher when restricted to the days and areas when daily precipitation was above the 99th 

percentile of NC daily precipitation for at least one day during the prior week (RR=1.41, 

95% CI: 1.19, 1.62, Figure 3). When we restricted our analyses to only include AGI ED 

visits during dry periods (no precipitation in the ZIP code during the previous seven days), 

we did not observe an association between high hog CAFO exposure and AGI ED visit rate 

(RR=0.94, 95%: 0.28, 1.60). The association between high hog CAFO exposure and AGI 

ED visit rate was even higher after heavier precipitation events (i.e., during the seven days 

following precipitation above the 99.9th percentile of NC precipitation: RR=2.86, 95% CI: 

2.54, 3.18; see Supplementary Table 4 for different precipitation lags). When restricted by 

race/ethnicity of the patients, the association between high hog CAFO exposure and AGI 

ED rate during the week after heavy precipitation was stronger among Black (RR=1.73, 

95% CI: 1.35, 2.12) and Hispanic (1.66, 95% CI=1.03, 2.29) patients than among White 

non-Hispanic patients (RR=1.20, 95% CI=0.89, 2.50; Supplementary Table 5).

We found that people who lived in high hog exposed ZIP codes were more likely to visit an 

ED due to a Salmonella infection compared to those who lived in areas without hog CAFO 

exposure (RR=1.60, 95% CI: 0.94, 2.29, Table 4). We did not observe positive associations 

between high hog CAFO exposure and pathogenic E. coli, Campylobacter, C. difficile, or 

rotavirus ED visits, though several of these results were based on a very small number of 

cases. Our results changed very little when we removed C. difficile infections from our case 

definition of all-cause AGI (RR=1.12, 95% CI: 1.03, 1.22).

We did not observe an association when we examined the continuous association between 

log-transformed hog CAFO exposure and AGI ED rate in an adjusted model (RR=1.00, 
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95%CI: 0.99, 1.00). When we separated our continuous hog CAFO exposure measure into 

non-zero tertiles and compared each tertile to the reference of areas without hog CAFO 

exposure (using different IPTWs for each tertile), we found similar positive associations 

between both medium (RR=1.13, 95% CI: 0.94, 1.32) and high (RR=1.11, 95% CI: 1.92, 

1.34) hog CAFO exposure and AGI ED rate, but no association between low hog CAFO 

exposure and AGI ED rate (RR=0.95, 95% CI: 0.75, 1.16; Table 5). In analyses where we 

excluded all ZIP Codes with poultry CAFOs (within ZIP code or within 5 miles from ZIP 

code boundary) from the control, we found a stronger association between high hog CAFO 

exposure and AGI ED rate (RR=1.43, 95% CI: 1.39, 1.47; Figure 4). Similarly, when we 

examined the association between high poultry CAFO exposure and AGI ED visit rate, we 

found a slightly stronger association when areas with hog CAFO exposure were excluded 

from the control (RR=1.26, 95% CI: 1.21, 1.31) than when we included areas with hog 

CAFO exposure in the control (RR=1.16, 95% CI: 1.12, 1.19). Areas with medium/high 

exposure to both hog and poultry CAFOs had a 52% higher AGI ED rate compared to areas 

without hog and poultry CAFO exposure (RR=1.52, 95% CI: 1.48, 1.57). We observed little 

difference when we conducted our main analysis with the hog CAFO exposure measure 

created using different alpha values and distance thresholds in the Gaussian decay function, 

keeping the control distance constant at >10 miles (see Supplementary Table 6).

DISCUSSION

Major Findings

Overall, we observed an 11% higher (RR=1.11, 95% CI: 1.06, 1.17) all-cause AGI ED rate 

in high hog exposed areas than in areas without hog CAFO exposure. The association was 

stronger in rural areas. In analyses restricted to rural ZIP codes, we observed EMM by 

race, where the association between high hog CAFO exposure and AGI ED visit rate was 

highest among American Indian and Black patients. We also observed that the association 

between high hog CAFO exposure and AGI ED visit rate was stronger during the week after 

heavy rain, especially among Black and Hispanic patients. The association between high 

hog CAFO exposure and AGI ED visit rate was also stronger when ZIP codes with poultry 

CAFO exposure were excluded from the control. The joint effect of poultry and hog CAFOs 

on AGI ED rate was larger than their individual effects.

Comparison to Extant Literature

Our overall results are consistent with some studies that found increased gastrointestinal 

symptoms and gastroenteritis hospitalizations near high intensity farming (Febriani et al., 

2009; Wing and Wolf, 2000), although other studies found no association (Febriani et 

al., 2010; Hooiveld et al., 2016). In an ecological study of livestock density and acute 

gastroenteritis hospitalizations in Quebec, Canada, Febriani et al. observed an increased risk 

of acute gastroenteritis hospitalizations associated with high intensity farming (Febriani et 

al., 2009). They observed modification by age and water source, with a particularly strong 

association in children under age 5 years and in areas that used predominantly private wells 

and ground water for drinking water. Unlike Febriani et al. (Febriani et al., 2009), we did 

not find private well water usage or age to be a strong modifier and found the association to 

be highest among adults 18–64; however, we were limited by the availability of only county-
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level well water data. To further examine the relationship between intensive farming and 

AGI, the Febriani et al. group later conducted a cross-sectional telephone survey of 7,006 

residents in rural municipalities in Quebec, Canada and found that living in a municipality 

with intensive farming was inversely associated with self-reported AGI (Febriani et al., 

2009). They propose that the differences between these studies may be due to ecological vs. 

individual-level data and severe AGI hospitalizations vs. self-reported AGI. Another study 

used electronic medical record data from primary care practices in southern Netherlands 

and found that the prevalence of gastrointestinal and respiratory symptoms were similar in 

the high and low CAFO exposed populations (Hooiveld et al., 2016). In the only study 

that examined this relationship in NC, Wing et al. interviewed 155 residents in eastern NC 

who lived near a cattle CAFO, a hog CAFO, or no nearby CAFOs, and found self-reported 

diarrhea, headaches, coughing, and sore throats to be most prevalent among residents living 

near the hog CAFO (Wing and Wolf, 2000). While literature remains mixed on this general 

subject, our study supports the positive association between hog CAFO exposure and AGI in 

NC, especially after heavy precipitation.

Conflicting results on the association between CAFO exposure and AGI rate may be caused 

by differences in study design, region, precipitation, animal density, and type(s) of animals. 

We observed that the relationship between high hog CAFO exposure and AGI ED visit 

rate was stronger when a heavy rain event had occurred within the previous week than 

when the previous week had been dry. These results are supported by studies that have 

found increased pathogens and/or increased concentrations of fecal indicator bacteria after 

heavy rain events in areas with hogs. A study of 59 wells in southwest Guatemala found 

recent precipitation to be associated with almost 3-fold higher E. coli concentrations, with 

the strongest association at wells with pigs nearby (Eisenhauer et al., 2016). A study 

of runoff after land application of cattle and swine manure and after simulated heavy 

rainfall events found E.coli and enterococci concentrations to be significantly higher than 

in runoff from control plots with no manure (Thurston-Enriquez et al., 2005). Runoff 

from swine slurry-applied fields had the highest concentrations of E. coli, Clostridium, 
and Giardia cysts compared to cattle manure-applied and control fields, possibly because 

swine manure’s liquid state enables microorganisms in the manure to be transported more 

readily than does cattle manure or chicken litter (Thurston-Enriquez et al., 2005). Febriani 

et al. found that high precipitation episodes in the fall increased AGI risk three weeks later 

and observed effect modification of high intensity farming and season on the association 

between cumulative precipitation and AGI four weeks later (Febriani et al., 2010).

Joint Exposure of Hog and Poultry CAFOs

Our study focuses on high hog CAFO exposure, partly because hog manure is stored 

in large, uncovered lagoons that are especially susceptible to flooding, which may allow 

pathogens to be carried widely (although both hog and poultry waste are stored and applied 

in under-protected outdoor environments and are associated with water contamination)

(Amato et al., 2020; Heaney et al., 2015; Hubbard et al., 2020). However, as thousands 

of poultry CAFOs are co-located with hog CAFOs in eastern NC, it is difficult to isolate 

the effect of hog CAFOs from that of poultry CAFOs. For example, our control areas for 

the main analyses have lower poultry density than the high hog exposed area, which make 
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it challenging to attribute the higher AGI rate entirely to hog CAFOs. When we include 

ZIP codes with poultry CAFOs in the control, as we did in our main analyses, our results 

are attenuated as the poultry CAFO exposure seems to increase the AGI ED visit rate in 

these areas. Our analyses examining the joint effect of hog and poultry CAFOs on AGI 

suggest that both poultry and hog CAFOs are associated with adverse health effects in 

humans and that co-location of both may be doubly detrimental. While some studies found 

no association of industrial poultry and swine production with AGI (Febriani et al., 2010; 

Hooiveld et al., 2016), Febriani et al. observed an increasing trend in association between 

quartile of poultry density AGI. The authors noted that the association between poultry 

density and AGI in children was predominantly from Salmonella infections (Febriani et al., 

2009). Another study found Michigan counties with high poultry density to have a higher 

incidence of C. jejuni enteritis, especially among children, compared with low poultry 

density counties (Potter et al., 2002).

Effect Measure Modification by Rurality and Race

We also observed a stronger association between high hog CAFO exposure and AGI ED 

visit rate in rural ZIP codes. In analyses restricted to rural areas, we found the associations 

to be particularly strong in American Indian, Black, and Asian patients, as well as in 

patients who paid for their ED visit out of pocket (self-pay, likely uninsured). Although the 

association is statistically insignificant among Black patients in rural areas (RR=1.45, 95% 

CI: 0.98, 1.91), the effect estimate is relatively strong with the lower confidence bounds 

near the null, and many scholars warn against relying purely on statistical significance 

and p-value thresholds to interpret results (Amrhein and Greenland, 2018; McShane et 

al., 2019; Wasserstein and Lazar, 2016). While Indian, Chinese, and Vietnamese are the 

largest Asian ethnic groups in NC, most NC Asians reside in metropolitan areas. In high 

hog exposed ZIP codes, which are the more rural areas of NC, Filipinos are the largest 

Asian ethnic group, followed by Japanese and Indian (Supplementary Table 3). While 

we did not observe a positive association between high hog CAFO exposure and AGI 

ED visit rate among Black patients in the overall analysis, we saw a positive association 

among Black patients when restricted to rural ZIP codes. As there are several layers of 

EMM by rurality, race/ethnicity, age, insurance status, and income, our IPTW analysis and 

adjusted sub-analyses attempted to disentangle these factors. For the main analysis, IPTW 

was relatively successful at creating a control pseudo-population with similar levels of 

rurality, race, insurance status, and median income as the high hog exposed areas. Additional 

rural-restricted EMM analyses were helpful in better understanding the complex relationship 

between hog CAFO exposure and AGI in NC. Additionally, the strong positive association 

between high hog exposure and AGI ED rate among Black patients in rural areas may be 

due, in part, to occupational exposure, as many workers at meatpacking facilities in rural NC 

are Black (Supplementary Table 7).

Rural areas in NC have the highest ED rates, the highest proportion of uninsured residents, 

and the lowest median household incomes (Supplementary Table 8). A recent study 

examining six EDs in Minnesota and South Dakota found that rural EDs had a higher 

proportion of Native American patients and patients below the 200% income poverty level 

compared to urban EDs (Zook et al., 2018). The authors concluded that Native American 
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residents have more barriers to obtaining primary care in rural areas than White residents 

do (Zook et al., 2018). Similar healthcare barriers may exist in rural NC, as we observed 

an especially strong association between high hog exposure and AGI ED rate among rural 

American Indians (many of whom are Lumbee in eastern NC). As healthcare access differs 

in urban and rural populations, it is difficult to disentangle its effects. We may have observed 

an elevated rate ratio among those with private insurance because people without adequate 

health insurance may be less likely to go to the ED for AGI, as most AGI resolves by itself. 

Additionally, while we observed an elevated rate ratio in the wealthiest areas and a slightly 

elevated rate ratio in the poorest areas (with no association in the middle-income groups), 

very few high-income areas were exposed to high hog CAFOs and many low-income areas 

were exposed to high hog CAFOs.

Strengths and Limitations

This study’s strengths include its use of four years of recent data and its use of distance 

weighting to account for proximity to hog CAFOs, number and density of hog CAFOs, 

and approximate manure exposure using SSLW. The study period, 2016–2019, excludes 

the COVID-19 pandemic, which began in 2020 and greatly changed ED visit patterns 

(Hartnett et al., 2020). The sensitivity analyses illustrate the results’ robustness to changing 

model specifications and the complexity of the many correlated variables (e.g., race, 

income, insurance status, rurality, location of hog CAFOs) and co-location of hog and 

poultry CAFOs. This study is limited by its use of all-cause AGI ED visits as the main 

outcome, which is a broad indicator of health effects that may arise from pathogens in 

hog manure, but that has many possible etiologies and comorbidities, including causes 

unrelated to hog pathogens in hog waste. Our sensitivity analyses restricted to AGI visits 

attributable to particular pathogens, attempted to address this limitation, but we lacked the 

data necessary to determine the source of the pathogen; we observed a positive association 

between high hog CAFO exposure and Salmonella ED visit rates. While this may be from 

hog manure-associated Salmonella, the association we see may be confounded by nearby 

poultry CAFOs or other sources of Salmonella (Foley et al., 2008). Additionally, most ED 

AGI-related diagnoses are made without laboratory testing and records normally do not 

report specific pathogens or else identify incorrect pathogens (Scallan et al., 2018). Also, 

most AGI episodes resolve without a visit to the ED. This study examined AGI cases 

resulting in ED visits, which represents a small proportion of total AGI in the population, 

so the associations we observed in potentially severe AGI cases visiting an ED likely 

underestimate total AGI incidence (Mead et al., 1999). Moreover, rural areas—where the 

stronger association between high hog CAFO exposure and AGI is found—typically have 

reduced healthcare access, meaning that residents there may be less inclined to visit a 

hospital for AGI symptoms than their counterparts residing in micropolitan or metropolitan 

regions.

While the ZIP code-level resolution of the AGI ED visit data is better than the county-level 

resolution used previously, the data and analyses are still limited by this relatively coarse 

geographic granularity (Setzer and Domino, 2004). All residents in high hog exposed ZIP 

codes are not necessarily exposed, or exposed to the same degree, to pathogens from 

hog CAFOs, as exposure depends on topography, drainage, manure spraying patterns, and 
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human actions. As rural ZIP codes can be quite large, residents in one part of a ZIP code 

may be highly exposed to pathogens from hog manure while residents in other parts of the 

ZIP code may be unexposed or low exposed. We attempted to reduce this misclassification 

by creating our ZIP code-level continuous hog CAFO exposure using high geographic 

resolution block-level population weights. Thus, if one sparsely populated area of a ZIP 

code were exposed to a hog CAFO, but the majority of the ZIP code’s population resided 

farther from hog CAFOs, then the ZIP code would be unlikely to be categorized as a high 

hog exposed ZIP code. Because these analyses were conducted at the ZIP code level, we are 

unable to directly examine the effect of distance from a CAFO on the association between 

CAFOs and AGI rate. Almost all of the high hog CAFO exposed ZIP codes contained 

multiple CAFOs, and the two high hog exposed ZIP codes that lacked hog CAFOs had 

multiple hog CAFOs just outside their borders.

Additionally, our IPTW methods are limited by the geographical clustering of hog CAFOs 

in NC (Chagas et al., 2011; Davis et al., 2017). The probability of a ZIP code being exposed 

to CAFOs is affected by various measured and unmeasured factors, including rurality, 

land price, community resistance and political power, and the location of slaughterhouses 

and other CAFOs. While IPTW was better able to control for bias than standard model 

adjustment, it was difficult, even with IPTW, to create an ideal control to areas with high 

hog CAFO exposure. This resulted in some very large and very small weights that we 

truncated at the 1st and 99th percentile (see Supplementary Table 2) (Cole and Hernán, 

2008). Our approach minimized bias while preventing a few ZIP codes from being severely 

overweighted.

Environmental Injustice of CAFOs in North Carolina

Without employing IPTW, we would have predominantly compared rural eastern NC, with 

dense hog CAFOs, to rural western NC, without hog CAFOs, despite their having different 

populations and environmental exposures. For example, rural eastern NC has a much higher 

proportion of Black residents than does rural western NC, which has a very high proportion 

of White non-Hispanic residents. These characteristics are not random; the majority of 

NC’s enslaved Black population in the 18th and 19th century lived in eastern NC, and 

industrial hog operations exploded during the 1990s and early 2000s in these same areas 

that continue to be heavily inhabited by Black and American Indian residents (MacNell, 

2015; Son et al., 2021b; Wing and Johnston, 2014). The environmental racism of the hog 

industry makes it difficult to isolate the effect of hog CAFOs on AGI in NC independent of 

race, income, and rurality, as these factors are strongly correlated with the exposure (Son et 

al., 2021b). We are also limited by the ED data, which includes American Indian as a race 

without distinguishing between individual Indigenous populations. Our American Indian 

EMM analyses compare AGI rates among American Indians in high hog CAFO exposed 

areas to American Indians unexposed to hog CAFOs, which effectively compares tribal 

populations in eastern NC (predominantly Lumbee, Coharie, and Waccamaw Siouan) to the 

Eastern Band of Cherokee Indians, in western NC. “American Indians” are not a monolith 

and each Indigenous nations have their own histories, environments, and politics.
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The location of private wells and septic systems also reflect environmental injustice as 

municipal water lines and sewer systems do not reach some peri-urban, Black communities 

in NC (MacDonald Gibson and Pieper, 2017; Wilson et al., 2008). Septic tank leaks are 

a frequent cause of waterborne disease outbreaks, compounding the environment justice 

issues in rural NC (Yates, 1985). Urban areas exploit rural areas for waste disposal and food 

and energy production, causing pollution and reduced quality of life for rural communities. 

These environmentally unjust industrial practices disproportionately harm the health of rural 

populations while disproportionately benefiting urban populations (Kelly-Reif and Wing, 

2016). In non-urban North Carolina in 2014, the proportions of American Indian, Black, and 

Hispanic residents that lived within 3 miles of a permitted hog CAFO were 2.18, 1.54, and 

1.39 times higher, respectively, than the proportion of non-Hispanic White residents (Wing 

and Johnston, 2014). Thus, American Indian, Black, and Hispanic communities in NC are 

disproportionately at risk for CAFO-related illnesses, including, from this study, AGI-related 

illness. Many low-income and POC communities in eastern NC lack the political power and 

financial resources to prevent CAFOs from being built in their communities. Lower-income 

families may not be able to move away from newly sited polluting industries, a challenge 

exacerbated by the impact of these operations on their property values (Kim et al., 2010). 

The environmental injustice of hog CAFOs encompasses racism, classism, poverty, and the 

urban-rural divide (Kelly-Reif and Wing, 2016). NC should reduce the number and density 

of CAFOs and strengthen environmental regulations to improve the health of rural POC and 

low-income communities.

CONCLUSIONS

Results from studies on industrial hog operations and AGI have been inconsistent, possibly 

due to varying methods, regions, populations, and topography. NC’s 9 million hogs are 

housed predominantly in its hurricane-prone eastern rural region, where many residents 

depend on private well water and have limited healthcare access. We observed a 41% 

increase in AGI ED visit rate in areas with high hog CAFO exposure compared to areas with 

no hog CAFO exposure during the week after heavy rain (>99th percentile of precipitation). 

Overall, there was a 11% higher AGI ED visit rate in high hog exposed ZIP codes than in 

ZIP codes without hog CAFO exposure and a 21% higher AGI ED visit rate when restricted 

to rural areas. We found a higher AGI ED visit rate among American Indians, Black, and 

Asian American patients in rural high hog areas compared to rural areas without hogs. 

Hog CAFOs in NC were built in areas with a higher population of Black, Lumbee, and 

Filipino residents than the rest of the state. Because hog CAFOs in NC are disproportionally 

located in and near rural, low-income, POC communities, and near poultry CAFOs, and in 

areas with a high prevalence of septic systems and private wells, it is difficult to isolate 

the effect of hog CAFOs independent from these other factors. We are limited in making 

causal statements about the effect of hog CAFOs on AGI rate in large part because polluting 

facilities are disproportionately placed near other polluting facilities and in under-resourced 

communities, or sacrifice zones, which often hides harmful effects (Lerner, 2010). However, 

the associations presented in this paper—the positive association between high hog CAFO 

exposure and AGI ED visit after heavy rain and among rural Black, American Indian, 

and Asian residents (and disproportionately greater exposure to CAFOs for rural Black, 
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American Indian, and Hispanic residents)—highlight the environmental injustice affecting 

communities in eastern NC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Areas with industrial hog farming may have higher rates of gastrointestinal 

illness

• Heavy rain at industrial hog farms increases gastrointestinal emergency room 

visits

• People of color are disproportionately harmed by industrial hog operations
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Figure 1. 
Locations of swine and poultry concentrated animal feeding operations (CAFOs) in North 

Carolina (NC) counties, according to 2019 NC Department of Environmental Quality swine 

permit data and poultry estimates from Environmental Working Group and Waterkeepers 

Alliance.
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Figure 2. 
North Carolina ZIP codes with high hog CAFO exposure (>75th percentile of hog CAFO 

exposure measure), ZIP codes with no hog CAFO exposure (control areas), and ZIP codes 

excluded from analyses (urban areas and low hog CAFO exposed areas).
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Figure 3. 
The association between high hog CAFO exposure (>75th percentile of distance weighted 

hog CAFO measure) and AGI ED rate (2016–2019) restricted across a range of daily 

precipitation measures. These heavy precipitation analyses include all AGI ED visits during 

the seven days after each day of precipitation above a given percentile. For example, for the 

>99th percentile of precipitation analysis, we included only AGI ED visits when the daily 

ZIP code precipitation was above the 99th percentile of NC daily precipitation during at 

least one of the prior seven days. For the <50th percentile of precipitation analysis, we only 

included AGI ED visits when the daily ZIP code precipitation was below the 50th percentile 

of NC daily precipitation during all of the prior seven days. As the 50th percentile was 

0 inches, this analysis included only areas and days with no precipitation in the previous 

week. CAFO proximity was most associated with increased AGI after periods of heaviest 

precipitation.
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Figure 4. 
The association between A) high hog exposure (top 75th percentile of hog exposure) and 

AGI ED rate when including and excluding areas with poultry CAFOs in the control; B) 

high poultry exposure (top 75th percentile of poultry exposure) and AGI ED rate when 

including and excluding areas with hog CAFOs in the control; and C) high hog and poultry 

exposure (top half of both hog and poultry exposure) and AGI ED rate, excluding areas with 

either hog or poultry CAFO exposure from the control. Separate controls were created for 

each analysis using IPTW, 2016–2019.

Quist et al. Page 25

Sci Total Environ. Author manuscript; available in PMC 2023 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Quist et al. Page 26

Table 1.

Comparison of demographics and characteristics of the high hog exposed ZIP codes (>75th percentile of 

the distance weighted hog measure), the unweighted control ZIP codes with no hog CAFO exposure, and 

the inverse probability of treatment weighted (IPTW) control. The IPTW control was matched on rurality, 

percent white, percent uninsured, and median income (data from 2017 American Community Survey, weights 

truncated at the 1st and 99th percentile).

Characteristic Unweighted Control
IPT-Weighted Control (modeled 
control)

High Hog Exposed (>75th 
percentile)

Total Population 2,293,170 654,293 765,602

American Indian, N (%) 17,683 (0.8) 18,246 (2.8) 34,156 (4.5)

Asian, N (%) 38,209 (1.7) 6,172 (0.9) 5,409 (0.7)

Black, N (%) 207,737 (9.1) 155,106 (23.7) 203,438 (26.6)

Hispanic, N (%) 147,184 (6.4) 47,484 (7.3) 90,418 (11.8)

White non-Hispanic, N (%) 1,933,070 (84.3) 435,252 (66.5) 476,674 (62.3)

Other race, N (%) 48,264 (2.1) 20,147 (3.1) 23,062 (3.0)

Uninsured, N (%) 237,228 (10.3) 71,908 (11.0) 98,119 (12.8)

Median Income (U.S. dollars) 45,835 39,725 38,226

Rurality Score
1 7.56 8.00 8.06

Hogs, N 0 0 7,834,422

Average Hog Density (hogs/sqmi) 0 0 831

Poultry, N 8,685,8060 27,969,195 194,548,824

Average Poultry Density (birds/sqmi) 5,788 4,066 22,446

Total ED
2
 Visits

3,101,694 1,041,486 1,630,070

Total AGI
3
 Visits

205,116 61,301 79,293

ED Rate per 10,000 people 3,381 3,979 5,323

AGI ED Rate per 10,000 people 224 234 259

Sum of Weights 242 95 104

Number of ZIP Codes 242 241 104

1
Rurality was measured using a continuous geographic isolation scale that classifies ZIP codes according to their access to resources, higher value 

indicates greater isolation (more rural)(Doogan et al., 2018)

2
ED: emergency department

3
AGI: acute gastrointestinal illness
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Table 2.

The association between high hog CAFO exposure (>75th percentile of distance weighted hog CAFO 

measure) and AGI ED visit rate (2016–2019). For the main effect, high hog exposed ZIP codes were compared 

to IPTW control ZIP codes with no hog CAFO exposure.
1
 Effect measure modification models do not use 

IPTW; these adjusted models had a product interaction term between the effect measure modifier and the 

dichotomous high hog CAFO/no hog CAFOs exposure variable.
2

Analysis
3 Rate Ratio (95% CI) # AGI ED Visits in High Hog 

CAFO Exposed ZIP Codes
# AGI ED Visits in ZIP Codes 
with No Hog CAFO Exposure

Main analysis (hog exposed: >75th percentile)
1 1.11 (1.06, 1.17) 82,762 205,116

Effect measure modification:
2

Rurality
4,5

 Micropolitan 0.86 (0.71, 1.02) 37,259 98,787

 Small Towns 0.95 (0.75, 1.16) 30,963 42,712

 Rural 1.21 (0.98, 1.43) 13,876 16,543

Income
4,6

 $21,900–36,099 1.07 (0.96, 1.18) 38,671 29,680

 $36,100–41,599 0.86 (0.67, 1.05) 13,450 67,188

 $41,600–47,499 1.01 (0.89, 1.12) 25,214 52,318

 $47,500–103,000 1.31 (1.11, 1.51) 4,474 54,914

Percent Uninsured
4,6

 1.0–9.2% 1.35 (1.19, 1.51) 6,829 47,580

 9.3–11.9% 0.90 (0.77, 1.02) 26,266 76,787

 12.0–14.7% 0.92 (0.81, 1.06) 18,296 69,836

 14.8–32.7% 1.11 (0.92, 1.34) 30,695 9,897

Precipitation (4-year sum of daily rain, inches)
4,7

 0–21 inches 1.09 (0.82, 1.36) 1,481 4,346

 22–54 1.04 (0.83, 1.25) 10,488 11,645

 55–116 1.10 (0.98, 1.23) 24,602 36,681

 117–361 0.90 (0.75, 1.04) 45,527 151,422

Percent of people on well water
4,8

 1–11 0.85 (0.74, 0.97) 27,230 142,073

 12–23 0.91 (0.78, 1.05) 20,253 109,221

 24–38 1.12 (0.98, 1.26) 17,261 83,621

 39–85 0.91 (0.78, 1.04) 16,005 38,398

Race/ethnicity
9

 American Indian 1.60 (1.28, 1.92) 3,493 588

 Asian 1.95 (1.30, 2.61) 245 686

 Black 0.93 (0.79, 1.08) 28,695 23,490

 Hispanic 0.87 (0.66, 1.08) 6,200 9,469

 White non-Hispanic 0.88 (0.76, 1.00) 40,295 149,301

Sci Total Environ. Author manuscript; available in PMC 2023 July 15.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Quist et al. Page 28

Analysis
3 Rate Ratio (95% CI) # AGI ED Visits in High Hog 

CAFO Exposed ZIP Codes
# AGI ED Visits in ZIP Codes 
with No Hog CAFO Exposure

 Other 0.45 (0.04, 0.86) 4,624 17,465

Age
9

 Under 5 1.07 (0.80, 1.33) 12,330 25,033

 5–17 1.11 (0.87, 1.35) 8,870 20,114

 18–64 1.03 (0.72, 1.35) 46,819 116,480

 Over 64 1.00 (0.78, 1.24) 11,908 37,727

Insurance
9

 Private 1.31 (1.02, 1.60) 16,981 45,376

 Public 1.00 (0.74, 1.26) 45,040 98,405

 Self-pay/none 1.04 (0.72, 1.35) 15,441 33,596

1
Control ZIP codes were matched on rurality, median income, percent uninsured, percent white to high hog CAFO exposed ZIP codes, and weights 

were truncated at the 1st and 99th percentile.

2
Effect measure modification models were adjusted for rurality, median income, and percent uninsured.

3
Analysis ZIP codes includes ZIP codes with high hog exposure and ZIP codes with no hog exposure, with urban ZIP codes and ZIP codes with 

some hog CAFO exposure that was below the 75th percentile excluded from analyses.

4
ZIP code level variables separated into quartiles.

5
Rurality was measured using a continuous geographic isolation scale that classifies ZIP codes according to their access to resources.(Doogan et 

al., 2018)

6
ZIP code-level estimates created from 2017 American Community Survey data.

7
Precipitation from PRISM Climate Group.

8
Well water data from the 2016 U.S. Geological Survey at the county level.

9
Individual-level data from ED visit data.

Sci Total Environ. Author manuscript; available in PMC 2023 July 15.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Quist et al. Page 29

Table 3.

The association between high hog CAFO exposure (>75th percentile of distance weighted hog CAFO 

measure) and AGI ED rate (2016–2019) compared to areas with no hog CAFO exposure, restricted to rural 

areas and with various effect measure modifiers (using individual level information from ED visit data).

Effect Measure Modifier Rate Ratio (95% CI) Number of AGI ED Visits in High Hog 
CAFO Exposed ZIP Codes

Number of AGI ED Visits in ZIP Codes 
with No Hog CAFO Exposure

Race/ethnicity

 American Indian 4.29 (3.69, 4.88) 146 187

 Asian 6.15 (5.55, 6.76) 14 16

 Black 1.45 (0.98, 1.91) 5,211 527

 Hispanic 1.00 (0.53, 1.47) 824 588

 White non-Hispanic 1.20 (0.82, 1.57) 6,979 14,519

 Other 1.30 (0.64, 1.96) 757 357

Age Category

 Under 5 1.28 (0.94, 1.74) 1988 1884

 5–17 1.23 (0.88, 1.73) 1560 1633

 18–64 1.38 (1.19, 1.61) 7658 8741

 Over 64 1.18(0.91, 1.52) 2293 3869

Insurance

 Private 1.26 (1.00, 1.53) 2725 3684

 Public 1.35 (1.02, 1.67) 7686 8717

 Self-pay/none 1.72 (1.40, 2.04) 2537 2169
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Table 4.

The association between high hog CAFO exposure (>75th percentile of the distance weighted hog CAFO 

exposure variable) and alternative AGI case definitions by pathogen or pathogen group, compared to areas 

without hog CAFO exposure (IPTW control, weighted truncated at 1% and 99%; 2016–2019).

Pathogen Rate Ratio (95% CI) Number of AGI ED Visits in High Hog 
Exposed ZIP Codes

Number of AGI ED Visits in ZIP codes 
Unexposed to Hogs

All bacteria 0.80 (0.60, 1.00) 2419 8520

All viruses 1.05 (0.64, 1.47) 5242 12439

All protozoa 0.50 (0, 1.66) 14 105

Pathogenic E. coli 0.09 (0, 1.51) 8 280

Salmonella 1.61 (0.94, 2.29) 151 393

Campylobacter 0.37 (0, 0.98) 64 629

C. difficile 0.79 (0.56, 1.01) 1913 6755

Rotavirus 0.20 (0, 1.03) 45 512

Sci Total Environ. Author manuscript; available in PMC 2023 July 15.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Quist et al. Page 31

Table 5.

The association between low, medium, and high hog CAFO exposure (based on tertiles of exposed ZIP codes) 

and AGI ED visit rate, compared to ZIP codes with no hog CAFO exposure (IPTW control, weights truncated 

at 1% and 99%).

Hog CAFO exposure Category Mean hog density (hogs/
sqmi) Mean hog measure

1 Rate Ratio (95% CI) Number of AGI ED visits

No hog CAFO exposure 0 0 (ref) 205,116

Low hog CAFO exposure
2 0 0.001 0.95 (0.75, 1.16) 107,845

Medium hog CAFO exposure 30 0.31 1.13 (0.94, 1.32) 172,595

High hog CAFO exposure 654 8.32 1.11 (0.92, 1.30) 107,077

1
Mean value of the Gaussian decay hog CAFO measure

2
Low hog CAFO exposure represents ZIP codes that are within 10 miles of a hog CAFO but there are no hog CAFOs within the ZIP code and no 

very large hog CAFOs nearby.
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