
Exposure to Industrial Hog and Poultry Operations and Urinary 
Tract Infections in North Carolina, USA

David A. Holcomb1, Arbor J.L. Quist1, Lawrence S. Engel1,*

1.Department of Epidemiology, Gillings School of Global Public Health, University of North 
Carolina at Chapel Hill, Chapel Hill, NC, USA

Abstract

An increasing share of urinary tract infections (UTIs) are caused by extraintestinal pathogenic 

Escherichia coli (ExPEC) lineages that have also been identified in poultry and hogs with high 

genetic similarity to human clinical isolates. We investigated industrial food animal production 

as a source of uropathogen transmission by examining relationships of hog and poultry density 

with emergency department (ED) visits for UTIs in North Carolina (NC). ED visits for UTI in 

2016-2019 were identified by ICD-10 code from NC’s ZIP code-level syndromic surveillance 

system and livestock counts were obtained from permit data and aerial imagery. We calculated 

separate hog and poultry spatial densities (animals/km2) by Census block with a 5km buffer 

on the block perimeter and weighted by block population to estimate mean ZIP code densities. 

Associations between livestock density and UTI incidence were estimated using a reparameterized 

Besag-York-Mollié (BYM2) model with ZIP code population offsets to account for spatial 

autocorrelation. We excluded metropolitan and offshore ZIP codes and assessed effect measure 

modification by calendar year, ZIP code rurality, and patient sex, age, race/ethnicity, and health 

insurance status. In single-animal models, hog exposure was associated with increased UTI 

incidence (rate ratio [RR]: 1.21, 95% CI: 1.07-1.37 in the highest hog-density tertile), but poultry 

exposure was associated with reduced UTI rates (RR: 0.86, 95% CI: 0.81-0.91). However, the 

reference group for single-animal poultry models included ZIP codes with only hogs, which had 

some of the highest UTI rates; when compared with ZIP codes without any hogs or poultry, there 

was no association between poultry exposure and UTI incidence. Hog exposure was associated 

with increased UTI incidence in areas that also had medium to high poultry density, but not in 

areas with low poultry density, suggesting that intense hog production may contribute to increased 

UTI incidence in neighboring communities.
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1 Introduction

Urinary tract infections (UTIs)—bacterial infections of the urethra, bladder, ureters, or 

kidneys—are a substantial burden on human health and health care systems (Medina and 

Castillo-Pino, 2019). Over 400 million people worldwide are estimated to have had UTIs 

in 2019, resulting in nearly a quarter of a million deaths, and global age-standardized UTI 

incidence rates have notably increased since 1990 (Zeng et al., 2022; Zhu et al., 2021). In 

the United States, 3.6 million outpatient office visits and 2.9 million emergency department 

visits were due to UTIs in 2018, representing 0.4% of all office and 2.2% of ED visits, 

respectively, with estimated societal costs, including health care and lost work time, of $3.5 

billion annually (Cairns et al., 2021; Flores-Mireles et al., 2015; Santo and Okeyode, 2021). 

UTIs occurring in otherwise healthy individuals are considered clinically uncomplicated 

and are generally community-acquired, while complicated UTIs arise due to defects in the 

urinary tract or host defense and are one of the most common hospital-acquired infections, 

most often due to catheterization (Flores-Mireles et al., 2015; Tandogdu and Wagenlehner, 

2016). Community-acquired UTI risk increases with age and predominantly affects women, 

over half of whom will experience at least one UTI during adulthood, with up to half of 

UTIs recurring within a year (Foxman, 2014; Medina and Castillo-Pino, 2019; Tandogdu 

and Wagenlehner, 2016).

By far the most common infectious agents, particularly in uncomplicated UTIs, are 

extraintestinal pathogenic Escherichia coli (ExPEC) strains (Flores-Mireles et al., 2015; 

Foxman, 2010; Medina and Castillo-Pino, 2019). E. coli is typically a commensal gut 

bacterium in humans and other warm-blooded animals, though a number of serotypes 

are known to cause enteric disease (Holcomb and Stewart, 2020; Jesser and Levy, 2020; 

Tenaillon et al., 2010). Unlike the commensal and enteropathogenic E. coli strains that 

reside in the gastrointestinal tract, ExPEC strains exhibit a heterogenous collection of 

adaptations that aid colonization of the urinary tract or bloodstream (Flores-Mireles et 

al., 2015; Foxman, 2010; Riley, 2020). In recent decades, E. coli clonal lineage ST131 

has become established as the predominate ExPEC associated with community-acquired 

UTIs globally (Manges et al., 2019; Riley, 2014). ST131 is notable for a robust virulence 

profile and strong inherent anti-microbial resistance (AMR), including extended-spectrum 

β-lactamase (ESBL) production, which challenge effective treatment and increase morbidity 

and mortality associated with extraintestinal infections (Butcher et al., 2019; Nicolas-

Chanoine et al., 2014; Shaik et al., 2017).
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The existence of pandemic uropathogen strains raises important questions about the 

mechanisms and risk factors of ExPEC transmission in community-acquired UTIs (Butcher 

et al., 2019; Foxman, 2014; Riley, 2014). Environmental transmission of intestinal E. 
coli through the fecal-oral route has long been recognized, but foodborne exposures 

have increasingly been implicated in ExPEC transmission as well (Holcomb et al., 2021; 

Hossain et al., 2021; Manges, 2016; Montealegre et al., 2020; Nordstrom et al., 2013). 

Consumption of meat, particularly poultry, has been associated with higher UTI risk (Fibke 

et al., 2019; Manges, 2016). ExPEC are abundant in the feces of UTI patients (Owrangi 

et al., 2018), suggesting that ingestion of contaminated meat may lead to transient gut 

colonization by ExPEC followed by opportunistic invasion of the urinary tract, though 

the temporal dynamics of this proposed mechanism remain poorly characterized (Manges, 

2016; Sarowska et al., 2019). High genetic similarity has been observed between ExPEC 

strains, particularly ST131, and bacteria isolated from companion animals, livestock, and 

retail meat (Platell et al., 2011; Reid et al., 2019; Riley, 2020; Roer et al., 2019; van 

Hoek et al., 2016). Two population-based studies found that clinical ExPEC isolates 

exhibited substantial genetic similarity with bacterial isolates from poultry and pork meat 

sampled contemporaneously from retailers in the same communities, including shared avian-

associated plasmids in both poultry meat and human clinical isolates (Liu et al., 2018; 

Yamaji et al., 2018). The detection of avian-associated ExPEC lineages in urban wastewater 

further suggests at least transient colonization of human populations by microbes of animal 

origin (Hayashi et al., 2019).

Putative ExPEC have also been reported in surface waters globally, although a recent 

systematic review did not identify any studies that have assessed the UTI risk associated 

with waterborne ExPEC exposure (Graham et al., 2021). However, improved drinking water 

supply reduced UTI incidence in Galapagos, Ecuador, suggesting that uropathogens could 

be transmitted indirectly through other environmentally mediated pathways in addition to 

direct foodborne exposures (Houck et al., 2019). Colonization of farm workers by livestock-

associated bacteria has been widely documented, including by ESBL-producing E. coli 
that may include ExPEC strains (Dahms et al., 2015; Dohmen et al., 2015; Founou et 

al., 2019; Nadimpalli et al., 2014; Rinsky et al., 2013; van Hoek et al., 2016). Airborne 

exposures have been proposed as a possible transmission route from livestock to workers 

(Dohmen et al., 2017), and livestock-associated microbes and allergens have been detected 

in residential air near animal feeding operations as well as in surrounding surface waters 

and other environmental compartments (Bai et al., 2022; Dame-Korevaar et al., 2019; 

de Rooij et al., 2019; George et al., 2020; Hatcher et al., 2016; Wiesner-Friedman et 

al., 2022; Williams et al., 2011). Dissemination of microbes off-farm may help explain 

observed associations between residential proximity to animal production facilities and 

plausibly livestock-associated bacterial infections among individuals without known animal 

contacts (Anker et al., 2018; Beresin et al., 2017; Carrel et al., 2014; Casey et al., 2014). 

Numerous other adverse health outcomes have been associated with proximity to industrial 

animal agriculture, including other foodborne bacterial infections, influenza, respiratory and 

gastrointestinal illnesses, hypertension, pediatric cancers, and mortality (Anderson et al., 

2017; Booth et al., 2017; Casey et al., 2015; Hooiveld et al., 2016; Kravchenko et al., 2018; 

Quist et al., 2022b; Shaw et al., 2016; Son et al., 2021a). To our knowledge, however, 

Holcomb et al. Page 3

Sci Total Environ. Author manuscript; available in PMC 2022 December 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



no previously published research has investigated relationships between proximity to 

livestock production and community-acquired UTIs. We investigated industrial food animal 

production as a potential source of community uropathogen transmission by examining 

relationships of hog and poultry density with rates of ED visits for UTIs in North Carolina 

(NC) over a four-year period from 2016-2019.

2 Methods

2.1 Outcome

We used statewide ED surveillance data to identify UTI episodes in North Carolina by 

5-digit ZIP code, the finest geographic resolution available for these data. ED visits with 

ICD-10 diagnosis codes N10 (acute pyelonephritis), N30.0x (acute cystitis), or N39.0 

(urinary tract infection, site not specified) were extracted from the North Carolina Disease 

Event Tracking and Epidemiologic Collection Tool (NC DETECT) (Bruxvoort et al., 2019; 

Waller et al., 2011). We considered all ED visits for the same individual within 30 days 

of the initial visit to be a single UTI episode (Bruxvoort et al., 2019). We calculated the 

annual UTI incidence in 2016 – 2019 by ZIP code, stratified by patient sex, age group, race, 

Hispanic ethnicity, and health insurance type, as reported in NC DETECT. This study was 

exempted from institutional review board review by the University of North Carolina Office 

of Human Research Ethics (Study #: 19-1860).

2.2 Exposure

Hog and poultry concentrated animal feeding operation (CAFO) data were provided 

by the Environmental Working Group (EWG, ewg.org) and Waterkeeper Alliance 

(waterkeeper.org). Hog CAFO locations and head counts were derived from NC Department 

of Environmental Quality (DEQ) 2019 permit data (https://deq.nc.gov/cafo-map) and 

manually corrected by EWG to match barn locations determined using satellite imagery 

(Graddy et al., 2020). Because poultry CAFO permit data are not publicly available in NC, 

EWG visually identified poultry CAFO locations using North Carolina Orthophotography, 

RapidEye 5m, and 2019 Planet Scope 3m satellite imagery (Graddy et al., 2020). Locations 

were confirmed using 3-meter resolution Planet Scope imagery and imagery from the 

National Agriculture Imagery Program (NAIP), both from 2019. The date of poultry 

operation construction was approximated by cross checking against 2016, 2018, and 2019 

NAIP vintages. EWG digitized imagery of 104 barns from the 25 most poultry-intense NC 

counties to obtain a mean barn area of ~2270 m2; the mean area was assumed for all NC 

poultry barns and industry standards for recommended area per broiler, layer, or turkey 

were applied to approximate the poultry count in each barn, as described by Graddy et al. 

(2020). Poultry counts at each location were estimated from the number of barns and the 

county-level distribution of poultry types in the USDA 2017 Census of Agriculture.

Because the outcome data were available only by ZIP code, we estimated human population-

weighted ZIP code spatial densities (count/km2) of hogs and poultry to represent livestock 

exposures. Census block hog and poultry densities were estimated as the sum of head 

counts for all operations within a 5 km buffer of the 2010 block boundary (the most recent 

vintage to the study period), divided by the combined area of the block and surrounding 
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buffer. Census blocks were associated with the 2017 ZIP code polygon (ESRI, Redlands, 

CA, USA; 2017 selected as the study midpoint to which the polygons for other years could 

be uniquely associated) containing the 2010 block centroid. We summed the 2010 block 

populations by ZIP code to estimate 2010 ZIP code populations and used the fraction of the 

ZIP code population residing in each block to calculate population-weighted mean hog and 

poultry densities for each ZIP code. As a sensitivity analysis, we also considered buffers of 

0km (no buffer), 1km, 3km, 10km, and 15km around Census blocks, as well as calculating 

unweighted ZIP code spatial densities using only operations within the ZIP code polygons 

(see Supplementary Text S4).

Poultry densities were calculated separately for 2016, 2018, and 2019, as different numbers 

of operations were identified in NAIP imagery for each of these years (Graddy et al., 2020). 

Poultry density was constant from 2016 to 2018 in the majority of ZIP codes (393/620, 

63%); for ZIP codes where poultry density changed, we assumed half the change occurred 

in 2017 to estimate 2017 poultry densities, as NAIP imagery was unavailable for that 

year. Comparable annual hog numbers were unavailable, but the total state hog inventory 

remained similar across the study period at ~9 million head and ~19 million hogs processed 

each year (NASS, 2020). Since 2007, NC has instituted a permanent moratorium on new hog 

operations that use traditional waste management systems, such that nearly all operations in 

the 2019 permit data likely existed prior to 2016, when our study period began (N.C. GS., 

2014). We therefore assumed constant hog density in each ZIP code across the study period 

while allowing ZIP code population size and other covariates to vary by year.

2.3 Covariates

We obtained American Community Survey (ACS) 5-year estimates of Census block group 

population counts by sex, age, race, Hispanic ethnicity, health insurance type, and household 

income for end years 2016 – 2019 (Manson et al., 2021; Walker and Herman, 2020). 

Although we conducted this analysis at the ZIP code level, we did not access Census 

data for ZIP Code Tabulation Areas (ZCTA) due to known spatiotemporal misalignment 

with ZIP codes (Grubesic and Matisziw, 2006; Krieger et al., 2002). Rather, the block 

group population in each category was apportioned among constituent Census blocks 

according to the 2010 population distribution and aggregated to the 2017 ESRI ZIP code 

polygon containing the block centroid (Quist et al., 2022b). We estimated ZIP code median 

household income using the R package binsmooth to fit mean-constrained cumulative 

distribution functions (CDFs) to household income categories, where mean household 

income was obtained by dividing aggregate ZIP code income by the number of households 

(von Hippel et al., 2017). The degree of ZIP code rurality was represented by a continuous 

isolation scale, which indicates access to the resources necessary for human thriving (such 

as food, healthcare, and economic opportunities afforded by internet access) that receive 

disproportionate capital investment in more urban settings in the United States (Doogan et 

al., 2018). We obtained isolation distance scores by Census tract (http://doogan.us/isolation/

GeoIso.csv), assigned the tract score to the constituent Census blocks, and calculated 2010 

population-weighted mean isolation scores for the overlying ZIP codes.
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2.4 Statistical analysis

Associations between livestock density and UTI incidence were estimated using a Besag-

York-Mollié (BYM) model to account for spatial dependence in the outcome among 

neighboring ZIP codes (Besag et al., 1991). The BYM model includes both spatial and 

unstructured random effects for each areal unit to account for overdispersion under the 

log-Poisson likelihood, with the spatial component structured as an intrinsic conditional 

autoregressive (ICAR) prior distribution to pool information across neighboring areas 

(Morris et al., 2019). We used the Riebler et al. (2016) reparameterization (BYM2), which 

estimates a single standard deviation parameter σ for the combined spatial and unstructured 

random effects and also includes a mixing parameter ρ corresponding to the spatial fraction 

of the overall variance (Morris et al., 2019; Riebler et al., 2016). The variances of the spatial 

and unstructured random effect components must both ≈1 for σ to be the valid standard 

deviation of the combined effects, which can be accomplished by computing a generalized 

variance from the adjacency matrix for a given dataset to use as a scaling factor on the 

spatial variance proportion ρ (Riebler et al., 2016).

We characterized associations between ZIP code-level density of hogs or poultry and UTI 

incidence using the rate ratio (RR) as the measure of effect, summarized as the mean 

and central 95% probability interval (95% CI) of the posterior samples. ZIP code ACS 

population for each year was used as an offset. Density was expressed both continuously, 

using a log10(density + 1) transformation to account for zero-density ZIP codes, and 

categorically using tertiles of non-zero density and a fourth category for unexposed (zero-

density) observations. We restricted the analysis to contiguous ZIP codes on the NC 

mainland, excluding 16 ZIP codes off the coast where CAFOs are impractical. We also 

excluded metropolitan ZIP codes, which typically have limited CAFO exposure and may 

have different ED utilization practices than less dense areas (Greenwood-Ericksen and 

Kocher, 2019). We applied a previously developed, North Carolina-specific threshold of 

< 5.6 to the Doogan et al. (2018) isolation score to identify metropolitan ZIP codes that 

predominantly lack hog CAFOs (Quist et al., 2022b). Models were adjusted for ZIP code-

level median household income, continuous isolation distance score, and percent of the 

non-institutionalized civilian population lacking health insurance, the minimally sufficient 

adjustment set identified from a directed acyclic graph (DAG, Supplementary Figure S1) 

using the R package daggity (Textor et al., 2017). In addition to single animal models, we 

also fit mutually adjusted models that included separate terms for both hog and poultry 

exposure. We used a reduced model featuring only the combined random effect and an 

intercept term to examine overdispersion and the spatial dependency of UTI rates in the 

study area.

We assessed effect measure modification (EMM) by calendar year, patient sex, age, race/

ethnicity, and ZIP code rurality. Age was represented categorically as under 5, 5-17, 

18-34, 35-64, and over 65 years of age (Bruxvoort et al., 2019; Zhu et al., 2021). We 

collapsed race and ethnicity into a combined race/ethnicity variable for which patients 

with recorded Hispanic ethnicity were assigned to the Hispanic race/ethnicity group and 

all other patients (including those missing ethnicity information) were assigned to the 

race/ethnicity groups corresponding to their recorded race. The Pacific Islander and Other 
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Race groups were combined due to low case counts, resulting in 6 race/ethnicity groups: 

non-Hispanic American Indian, Asian, Black, White, and Other Race, and Hispanic of any 

race. Approximate quartiles of isolation distance scores for all 730 mainland NC ZIP code 

polygons with covariate data were used to define four rurality categories from least isolated 

to most isolated: metropolitan, suburban, small town, and rural (Doogan et al., 2018). We 

adjusted the metropolitan (least isolated) category to include only ZIP codes with isolation 

distance score < 5.6, where we had previously observed a natural break in hog CAFO 

exposures in NC, and considered all ZIP codes with isolation distances ≥ 5.6 but less than 

the median (7.6) to be suburban (Quist et al., 2022b). EMM was assessed with product-term 

interactions between the exposure and modifier variables using group-specific ZIP code 

population counts for each year as an offset. UTI episodes missing data for specific patient 

attributes were excluded from analyses of EMM by that particular characteristic only, as 

group-specific population offsets could not be constructed from census data for missing 

groups. We also assessed the effects of joint hog and poultry exposure using product-term 

interactions for both as continuous, log10-transformed density or the four-group categorical 

density separately for each animal.

Adapting the approach of Morris et al. (2019) and the BYM2 implementation in the R 
package brms (Bürkner, 2017), we coded our model in the probabilistic programming 

language Stan (see Supplemental Material for Stan code) and fit models using the 

default No U-Turn Sampler (NUTS) through the rstan package (Stan Development Team, 

2020). ZIP code neighbors were determined by queen contiguity using the spdep package 

(Bivand and Wong, 2018) and were further processed using functions provided by Morris 

et al. (2019) (https://github.com/stan-dev/example-models/blob/master/knitr/car-iar-poisson/

nb_data_funs.R) and the INLA package (Bakka et al., 2018) to assess disconnected sub-

graphs and calculate the geometric mean of the neighborhood graph marginal variances, 

which served as the scaling factor for the spatial variance proportion ρ (Riebler et al., 2016). 

All continuous predictors were standardized (mean-centered, standard deviation-scaled) 

to facilitate selection of prior distributions. We assigned regularizing normal(0, 2.5) and 

normal(0, 1) priors to the intercept and fixed effects, respectively. We used half-normal(0, 

1) priors for the standard deviation of the combined random effects, σ, and the standard 

deviation of the non-spatial random effect, θ. To aid convergence, we placed a standard 

normal prior on logit(ρ), the log-odds of the spatial proportion parameter. All analyses were 

conducted in R version 4.0.3 (R Core Team, 2020).

3 Results

3.1 ZIP code characteristics

Of the 750 populated ZIP code polygons in 2019, 734 were contiguously located on the NC 

mainland. Four ZIP codes lacked median income data due to insufficient household counts 

and were excluded. Of the remaining 730 ZIP codes, 110 were considered metropolitan 

(isolation distance < 5.6) and were also excluded, for a total of 620 contiguous, non-

metropolitan ZIP codes with complete covariate information included in the main analysis. 

The estimated total 2019 population of the included areas was 6,596,383.
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Hog density ranged from 0 – 1099 hogs/km2, with half of ZIP codes (n=324) unexposed 

to hogs (Table 1). Population age and sex distributions were similar across hog density 

exposure categories. However, Black individuals were over-represented in medium hog 

density (4 - 36 hogs/km2) and high hog density (36 – 1099 hogs/km2) ZIP codes relative to 

both unexposed ZIP codes and the statewide population. In contrast, non-Hispanic Whites 

disproportionately resided in unexposed ZIP codes. Health insurance coverage displayed a 

similar pattern, with increasing shares of publicly insured and uninsured populations and 

decreasing private insurance coverage with increasing hog density. Household incomes were 

similar between areas without hogs and with low hog exposure (<4 hogs/km2), but the 

median income was about $6000 lower on average in medium hog density ZIP codes and 

$10,000 lower in areas of high hog exposure.

Poultry were absent from 183 (30%) of ZIP codes and ranged in density from 0 – 39,499 

birds/km2 (Table 1). Demographic patterns similar to those described above held across 

poultry exposure categories, although ZIP codes unexposed to poultry had slightly higher 

proportions of older and White residents and the demographic differences between low, 

medium, and high poultry exposure ZIP codes were somewhat attenuated relative to the 

corresponding hog exposure categories. The highest hog exposures were most common in 

rural ZIP codes, while high poultry exposures occurred most frequently in small towns; 

while rural ZIP codes also frequently had high poultry exposure, they more commonly were 

unexposed to poultry.

After excluding metropolitan areas, a plurality of ZIP codes (n=273, 44%) were exposed 

to both hogs and poultry, concentrated in the eastern half of the state (Figure 1). A quarter 

of ZIP codes, located primarily in the mountain west and coastal east of the state, were 

unexposed to either hogs or poultry (n=153) and another quarter were exposed only to 

poultry (n=158), largely in NC’s central and western areas. Least common was exposure to 

hogs alone, observed in only 36 ZIP codes (6%) that primarily border the concentrated area 

of joint exposure to the east.

3.2 UTI episodes

Excluding metropolitan and offshore areas, the remaining 620 ZIP codes recorded 

13,545,812 ED visits in 2016-2019, of which 557,382 received UTI diagnosis codes for 

a total of 528,067 UTI episodes among 425,281 unique patients. Patient sex and age were 

available from nearly all ED records, the distributions of which among UTI episodes notably 

differed from among all ED visits and from the general population (Table 2). Female 

patients accounted for a higher proportion of ED visits (57%) and a substantially larger 

share of UTI episodes (82%) than of the general population (51%). Patients with ED visits 

and UTI episodes both skewed older than the general population, although 18–34-year-olds 

also comprised a slightly larger proportion of both UTI episodes and ED visit patients. 

Individuals 65 and older accounted for a much larger share of UTI episodes (37%) than both 

ED visits (21%) and the population overall (15%). More than 4% of patients were missing 

information on race/ethnicity among both UTI episodes and ED visits overall. Non-Hispanic 

American Indian, Black, and White patients experienced a slightly higher proportion of UTI 

episodes relative to the general population, while Asian and Hispanic patients experienced a 
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smaller share of UTI episodes. Proportions of UTI episodes and ED visits by race/ethnicity 

were largely similar, although non-Hispanic Black patients represented a slightly smaller 

share of UTI episodes than ED visits overall and non-Hispanic Whites a somewhat larger 

fraction of UTIs than ED visits. A far larger share of ED visits (55%) and especially UTI 

episodes (63%) were covered by public health insurance than the proportion of the civilian, 

non-institutionalized population with public coverage (22%). Private health insurance was 

correspondingly much more common among the wider population (67%) than covered ED 

visits (25%) or UTIs (20%). UTI episodes and ED visits were also more common among 

individuals without health insurance than the proportion of the population lacking health 

insurance. Other payment methods, such as workers’ compensation, were reported in 2% 

of UTI episodes and 3% of ED visits; these methods were treated as missing and excluded 

from analyses of EMM by health insurance, as they have no corollary in the ACS data and 

group-specific population offsets could not be computed. An additional 6% of UTI episodes 

lacked payment information entirely and were similarly dropped from health insurance 

EMM analyses.

3.3 Spatial structure of UTI incidence rates

The ZIP code neighborhood graph had a generalized variance of 0.761, calculated as the 

geometric mean of the unitless adjacency matrix marginal variances (Riebler et al., 2016). 

We used this generalized neighborhood graph variance as the scaling factor for the spatial 

variance proportion ρ in all models. The mean ZIP code ED UTI incidence rate was 0.0189 

episodes/person/year (95% CI: 0.0187, 0.0191) but the overall variance of the combined 

random effect was 1.37 (95% CI: 1.31, 1.43), indicating substantial overdispersion of UTI 

rates between ZIP codes (Morris et al., 2019). UTI rates exhibited strong spatial correlation, 

with the spatially structured component accounting for 96% (95% CI: 92%, 99%) of 

the overall variance between ZIP code observations. The residual variance decreased 

slightly when conditioned on hog or poultry density, other covariates, and effect measure 

modifiers, but the spatially structured proportion remained comparably high under all model 

specifications (Table S1). This manifests as greater similarity in rates among neighboring 

ZIP codes, as can be observed on maps of both the empirical and model-estimated average 

annual UTI rates (Figure 2). Modeled rates were estimated using an intercept-only BYM2 

model that incorporated the combined spatial and unstructured random effects for each 

ZIP code. By excluding all animal exposure variables and other predictors, the reduced 

model illustrates the degree to which the BYM2 structural components captured spatial 

dependencies in the data and induced spatial smoothing in the resulting estimates. The 

observed annual rates (simple averages across the four-year study period) were quite similar 

to the modeled rates, with nearly identical values for the mean (observed: 21.1, estimated: 

20.9), median (19.7, 19.7), 10th percentile (10.5, 10.8), and 90th percentile (32.7, 32.4) 

rates per 1000 population. Model-induced smoothing was observed at the extremes of the 

rate distribution, notably in reducing the maximum observed rate of 144 UTI episodes 

per 1000 to a modeled rate of 75 (and the maximum modeled rate reduced from the 120 

UTI episodes per 1000 observed in that ZIP code to 105), along with less substantial 

increases in the minimum modeled rate (0.72) from the minimum observed rate of 0.39 

UTI episodes per 1000. Spatial smoothing can be observed in Figure 2 at certain small-area 

ZIP codes, particularly in the west of the state, with observed rates much higher than the 
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surrounding ZIP codes, for which the estimated rates have been somewhat attenuated to 

better align with their neighbors. The accurate reproduction of spatial patterns of incidence 

and the concurrent taming of extreme rates (which can reflect poor measurement precision 

in small populations) suggests the BYM2 model structure successfully accounted for spatial 

dependencies in the outcome (Hampton et al., 2011).

3.4 UTI associations with animal density

All categories of hog exposure were associated with elevated UTI incidence compared to 

hog-free areas, including a 21% increase in UTI rate for the highest hog density tertile 

(RR: 1.21, 95% CI: 1.06, 1.37; Table 3). The rate ratios increased somewhat in magnitude 

with increasing categorical hog density, in keeping with an estimated 8% increase in UTI 

rate (RR: 1.08, 95% CI: 1.01, 1.16) for each 1-log10 increase in hog density. However, 

poultry exposure was associated with reduced incidence of UTIs, particularly at low poultry 

density (RR: 0.86, 95% CI: 0.81, 0.91). The apparent inverse association was somewhat 

attenuated at medium and high poultry density, while a 1-log10 increase in poultry density 

was associated with a 4% reduction in UTIs, but did not exclude the null. Mutually adjusting 

for both hogs and poultry minimally impacted the rate ratio estimates.

3.5 Effect measure modification

Associations with UTI rates increased somewhat over time for hog exposures (Figure 

3a), but calendar year was not a meaningful modifier of the effects of poultry exposure 

(Figure 3b). Conversely, we did not observe EMM by sex for hog exposure, while the 

inverse association for poultry exposure was more pronounced for males but not significant 

for females other than in the lowest category of poultry exposure. Associations with 

hog exposure were most strongly elevated among the age 35-64 group, while UTI rates 

associated with poultry exposure were most reduced among both children (age 5-17 years) 

and older adults (age 65 and above). UTI rates among the privately insured were 39% 

higher (RR: 1.39, 95% CI: 1.22, 1.58) in the highest hog density category and 27% higher 

(RR: 1.27, 95% CI: 1.17, 1.38) in the highest poultry density areas. UTI rate ratios were 

lower among those with public insurance, with no association with hog exposure and inverse 

associations with poultry exposure (highest poultry density RR: 0.69, 95% CI: 0.63, 0.75). 

While the magnitude of associations was generally strongest in suburban areas and weakest 

in rural areas, EMM by rurality was relatively limited compared with other modifiers 

assessed, particularly at higher-density exposures.

Strong EMM by race/ethnicity was observed for both animal exposures. Associations were 

notably elevated among Asian populations exposed to hogs, with nearly three-times the 

UTI rate among Asian residents of medium (RR: 2.93, 95% CI: 2.47, 3.45) and high (RR: 

2.78, 95% CI: 2.27, 3.36) hog-density ZIP codes. Despite inverse associations with UTI 

rates for the general population overall, exposure to medium- and high-density poultry 

was also associated with a marked increase in UTI rates among Asians, though with an 

inverse-association for low-density poultry. The Other race/ethnicity group exhibited similar, 

though generally somewhat attenuated, patterns of association as Asians across animals 

and exposure levels. Poultry exposures were also consistently associated with increased 

UTI rates among American Indian residents, even at the low densities that were inversely 
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associated with UTIs among Asian and Other race/ethnicity groups. Among American 

Indian residents, medium- and high-density, but not low-density, hog exposures were 

associated with elevated UTI rates. Poultry exposure had the strongest inverse associations 

with UTI rates among Hispanic populations, with UTI rates reduced by nearly one-third in 

low-density ZIP codes (RR: 0.68, 95% CI: 0.63, 0.72) and more than halved in the highest-

density ZIP codes (RR: 0.49, 95% CI: 0.45, 0.54). Paradoxically, among Hispanic residents, 

UTI rates were substantially elevated in both low- and medium-density hog areas, but were 

reduced in high-density hog areas. UTI rate ratios among Black and White residents were 

largely similar to the unstratified estimates across animals and exposure levels, though they 

tended to be slightly higher among Black populations.

3.6 Joint exposures

We observed the highest UTI rates in ZIP codes that contained hogs but no poultry, which 

accounted for only 5% (n=30) of all ZIP codes and 21066 total UTI episodes, with a 51% 

increase (RR: 1.51, 95% CI: 1.19, 1.89; 1245 total UTIs) in the 3 ZIP codes with the highest 

hog density and zero poultry density, relative to the 154 ZIP codes that were unexposed 

to both hogs and poultry (Figure 4). Similarly elevated UTI rates were seen in low- and 

medium-density hog areas with zero poultry density. Conversely, we found no evidence in 

these analyses that poultry exposure at any density was associated with UTI rates, in contrast 

to the apparently reduced UTI rates associated with all poultry levels in the single exposure 

models. In low and medium hog density areas, increasing poultry density largely attenuated 

the relationship between hog exposure and UTI rates. The presence of poultry in the highest 

hog density areas also reduced the magnitude of the association but UTI rates remained 

elevated, particularly in the 31 high hog, medium poultry density ZIP codes, where UTIs 

rates were 28% higher (RR: 1.28, 95% CI: 1.10, 1.48; 30048 total UTIs) than in areas 

exposed to neither.

4 Discussion

We observed elevated rates of ED visits for UTIs in ZIP codes exposed to industrial hog 

production, with the largest relative increase in UTI rates among ZIP codes with high hog 

density (>36 hogs/km2). However, hog exposure associations with UTI rates were strongly 

modified by the presence and intensity of concurrent poultry exposure. Notably, poultry was 

observed to reduce UTI rates relative to poultry-free ZIP codes, particularly at low poultry 

densities (<877 birds/km2), but exhibited no relationship with UTI rates when compared 

only to ZIP codes free of both hogs and poultry. The relationship between low-density 

hog exposure and increased UTI rates was largely attenuated by any amount of poultry co-

exposure, but high-density hog exposure remained associated with elevated UTI rates at both 

medium- and high-density poultry co-exposure; only at low-density poultry co-exposure 

were high hog densities not associated with increased UTIs. The spatial distributions of 

these two exposures in North Carolina differ considerably: hog production is concentrated in 

the eastern portion of the state, while poultry production is common throughout, including 

across the central and western areas of the state that largely lack hog operations. However, 

the eastern hog producing regions are also home to intense poultry production, with very 

few ZIP codes exposed to hogs alone. Besides metropolitan areas, only the mountains in 
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the far west and coastal areas in the far east of the state are largely free from either animal, 

likely reflecting topography or other geographic characteristics not conducive to industrial 

livestock production. Some of the highest UTI rates were observed in areas exposed to hogs 

alone, while the much more common poultry-only ZIP codes exhibited a broader range 

of UTI rates that were more representative of the state overall. The apparent reduction in 

UTI rates in poultry-exposed areas compared with poultry-free areas was likely, in part, 

an artifact of including high UTI-incidence hog-only ZIP codes in the comparison group, 

as poultry exposure did not demonstrate any clear relationship with UTI rates when the 

reference set was limited to areas free of both hogs and poultry. While the strongest positive 

associations with UTI rates were observed for ZIP codes with hogs but no poultry, such 

areas were uncommon and home to a small fraction (under 4%) of the population at risk 

in our analyses. Unknown features of these locations that contributed to the unusual siting 

of hog operations but not poultry may have also influenced UTI rates upwards, potentially 

resulting in residual confounding of the hog-UTI relationship that could not be accounted for 

in this analysis. Nevertheless, co-exposure to higher densities of both hogs and poultry—a 

more typical scenario affecting over 10% of the study population—was associated with an 

approximate 25% increase in UTI rates. The consistent increase in UTI rates in high animal 

density ZIP codes suggests an overall relationship between intense livestock production and 

UTI incidence.

The relative effect of hog exposure on UTI rates was substantially modified by race/

ethnicity, which serves as a proxy for historically rooted economic, behavioral, and 

environmental processes that shape social inequalities in the present-day context of the 

United States (Gravlee, 2009; VanderWeele and Robinson, 2014). We examined EMM by 

race/ethnicity to assess racial disparities in the relationship between hog exposure and UTI 

rates; however, differences in the prevalence and intensity of exposure or incidence of the 

outcome by race/ethnicity may contribute to disparity regardless of the particular association 

of the exposure and outcome within each group (Ward et al., 2019). As the two largest 

race/ethnicity groups by population as well as number of ED visits and UTI episodes, 

non-Hispanic Black and non-Hispanic White residents had UTI rate ratio estimates that were 

broadly similar to the unstratified estimates. The proportion of UTI episodes among both 

groups was about 3 percentage points higher than their respective shares of the general 

population (21% Black, 64% White). The highest magnitude associations were observed 

among non-Hispanic Asian residents, who comprised 2.7% of the study population but 

only 0.4% of ED visits and UTI episodes during the study period, a more than six-fold 

underrepresentation in the ED visits relative to population share. The proportion of residents 

who were Asian decreased with increasing hog density, with the large majority of Asians 

residing in hog-free ZIP codes (Quist et al., 2022b). The relatively low ED utilization and 

small hog-exposed population suggests that ED visits for UTI by comparably few Asian 

residents from high-exposure areas may have been sufficient to produce the elevated UTI 

rates observed. In contrast, non-Hispanic American Indians accounted for twice the share 

of UTI episodes (2.1%) than the proportion of the study population that was American 

Indian, the majority of whom resided in medium and high hog-exposed ZIP codes. UTI 

rates remained elevated among American Indian residents of hog-exposed areas but to a 

lesser extent than among Asian residents, potentially due to larger exposed populations 
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and increased ED utilization. Although Hispanic residents also comprised a slightly larger 

share of medium (10%) and high (11%) hog-density ZIP code populations than of low- 

and no-exposure ZIP codes (8-9%), the majority of Hispanics lived in unexposed and low 

exposure ZIP codes and were underrepresented by half, relative to total population share, 

in ED visits and UTI episodes. For all other groups and the population overall, the lowest 

ED rates for any cause were observed in unexposed ZIP codes and the highest ED rates in 

high hog-exposure areas (Table S6). While the lowest ED rates among Hispanic residents 

were also seen in unexposed areas (290 per 1000 Hispanic residents in 2019, substantially 

lower than the 465 ED visits per 1000 total population), ED rates in high hog density 

areas were similarly low (298 per 1000) with correspondingly low UTI episode rates (8 per 

1000). Reduced ED utilization by Hispanic populations, relative to non-Hispanic Whites, 

has been well documented and associated with lower acculturation and fear of discovery 

of undocumented status (Allen and Cummings, 2016; Maldonado et al., 2013; Quist et al., 

2022a). The severely reduced ED utilization by Hispanic residents of high hog-density areas, 

likely due to characteristics of these areas that could not be directly accounted for in this 

analysis, may have been largely responsible for the apparent inverse association between 

high hog exposure and UTI rates among Hispanic patients.

Although bacteria with high genetic similarity to pandemic ExPEC lineages have been 

isolated from both swine and poultry sources, the existing literature largely focuses on the 

role of poultry meat in foodborne UTI transmission (Manges, 2016). However, previous 

research has primarily considered proximal exposures such as meat consumption and 

animal contact in occupational settings, while we investigated residential proximity to 

animal production as a proxy for a range of potential exposure pathways from CAFOs 

to neighboring communities. One possible community exposure pathway is through manure, 

which is produced in large quantities at CAFOs and must be disposed of regularly (Casey et 

al., 2015). Poultry manure is primarily handled as dry litter, which can be piled onsite and 

transported relatively economically by road for disposal or other use (Kelleher et al., 2002). 

In contrast, hogs produce large volumes of liquid waste that is typically stored in open 

lagoons onsite and disposed of by spraying on nearby fields (Christenson and Serre, 2017). 

Community exposure to hog manure may be particularly exacerbated by the increasingly 

frequent flooding from extreme weather events in the eastern part of the state where hog 

CAFOs are disproportionately located. At least two major storms, Hurricane Matthew in 

2016 and Hurricane Florence in 2018, led to widespread flooding and breaching of hog 

fecal waste lagoons during our four-year study period (Quist et al., 2022a). Such flooding 

events in eastern NC have been associated with both hog-associated fecal bacteria in surface 

waters and increased incidence of gastrointestinal illness (Harris et al., 2021; Quist et al., 

2022a). Future work should investigate whether UTI incidence is likewise elevated following 

extreme weather events, particularly in regions of intense food animal production. Extreme 

weather is not required to mobilize livestock-associated microbes off-farm, however, as 

more typical precipitation events have also been associated with both increased surface 

water contamination and higher rates of gastrointestinal illness in high hog-density areas 

(Christenson et al., 2022; Heaney et al., 2015; Quist et al., 2022b).

We characterized spatial density of industrial hog and poultry production at fine spatial 

resolution using overlapping 5 km buffers around Census blocks to estimate population-
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weighted mean ZIP code exposures (Quist et al., 2022b; Son et al., 2021b). Averaging 

exposures at the ZIP code-level was necessitated by the spatial resolution of the ED outcome 

data. Our approach balanced considerations of population representativeness, by weighting 

exposures to population at a finer spatial scale, and generalizability through the use of 

a directly interpretable metric—spatial density as animals per km2—as a proxy for the 

intensity of food animal production. The resulting metrics represent average exposure across 

an arbitrary area and should not be interpreted as the exposure experienced by individuals 

within the ZIP code, which have the potential to vary greatly (Briant et al., 2010; Wakefield, 

2007). If the reasons for within-ZIP code variation in animal density exposures are different 

than the causes of within-ZIP code variation in UTIs (and specifically those presenting at 

EDs), the resulting effect estimates for the aggregate exposure on the aggregate outcome 

can differ greatly from the corresponding estimates for individual exposures and outcomes, 

known as ecological bias (Gelman et al., 2001). We accounted for spatial dependencies in 

the residuals of the aggregate exposure-outcome model, which may help mitigate ecological 

bias to some extent, but in practice within-area variability in exposure and (potentially 

unmeasured) confounders present a greater threat to inference about individual risk from 

aggregate data that can be fully addressed only by incorporating individual-level data 

(Wakefield, 2003). Accordingly, our results demonstrated that ZIP codes with higher spatial 

hog density had elevated UTI rates, but not necessarily that increasing hog density in 

proximity to an individual raised their UTI risk.

The use of ED surveillance allowed us to ascertain UTI incidence with high geographic 

coverage throughout the state over a four-year period. While most UTIs do not result in ED 

visits and therefore would not be captured by this surveillance system, UTI is nevertheless 

one of the most common diagnoses at EDs (Bruxvoort et al., 2019; Foxman, 2010). We 

extracted over half a million ED diagnoses for UTI in non-metropolitan, mainland NC in 

2016-2019, nearly 4% of the 13.6 million ED visits recorded in total. We were limited 

to all-cause UTI as the outcome because the vast majority of records lacked information 

on infectious agent or antimicrobial resistance profiles. This is a broad outcome that 

encompasses a range of potential causes besides food animal-related exposures, but studies 

consistently find that about three-quarters of UTIs are attributable to E. coli and increasingly 

dominated by a small number of globally pandemic clonal lineages with putative animal 

origins, so it is likely that a substantial proportion of UTIs recorded at NC EDs were 

related to such uropathogens (Manges et al., 2019; Riley, 2014; Tandogdu and Wagenlehner, 

2016). Because extensive AMR is a notable feature of pandemic ExPEC lineages, access to 

comprehensive urine culture data may provide valuable insight into the role of food animal 

production and other environmental exposure routes on increasing UTI morbidity for future 

research efforts (Bruxvoort et al., 2019; Graham et al., 2021; Zeng et al., 2022).
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Figure 1. 
Map of joint binary hog and poultry exposure in North Carolina ZIP codes in 2019. 

Unexposed ZIP codes (yellow) had zero density of both hogs and poultry. Blue areas 

contained poultry (in any amount) but no hogs; red areas, hogs but no poultry. Purple 

areas had non-zero densities of both hogs and poultry. Metropolitan ZIP codes (defined as 

isolation score < 5.6), outlined in green, were largely unexposed and were excluded from all 

analyses.
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Figure 2. 
Mean annual observed (top panel) and estimated (bottom panel) UTI incidence rates per 

1000 residents by ZIP code in 2016 – 2019. Rates were estimated using a reduced BYM2 

model that included only the combined random effect (with both spatial and unstructured 

components) for each ZIP code and an overall intercept. To aid visualization, high rates have 

been truncated at 75 for display, affecting observed rates in three ZIP codes (original values: 

144, 120, and 111 UTI episodes per 1000 population) and the estimated rate in one ZIP code 

(originally 105 UTI episodes per 1000).
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Figure 3. 
Analysis of effect measure modification of UTI incidence associations with a) hog exposure 

and b) poultry exposure, by calendar year, sex, age, race/ethnicity, health insurance, and 

rurality. Modification was assessed on the multiplicative scale in single-animal models using 

product-term interactions between exposure group and the effect measure modifier and rate 

ratios as the measure of effect. Low, medium, and high exposure categories correspond to 

tertiles of non-zero density values, with zero-density ZIP codes serving as the reference 

group. Race and ethnicity were collapsed into a single variable with Hispanic individuals 
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of any race forming one group and non-Hispanic individuals forming groups according to 

their recorded race. Models were adjusted for ZIP code isolation score, median household 

income, and percent lacking health insurance, except for models of EMM by rurality, 

which were not adjusted for isolation score, and EMM by health insurance, which were not 

adjusted for uninsured population.
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Figure 4. 
UTI rate ratio estimates for joint categorical exposure to hogs and poultry relative to areas 

with no exposure to either animal. Low, medium, and high exposure categories correspond 

to tertiles of non-zero density values. Models were adjusted for ZIP code isolation score, 

median household income, and percent lacking health insurance.
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Table 1.

Characteristics of hog and poultry density exposure categories in 2019, excluding metropolitan and offshore 

ZIP codes. Low, medium, and high exposure categories correspond to tertiles of non-zero density values.

Hog exposure category

Unexposed Low Medium High All

Hog density
a
 (count/km2), range 0 >0 - 4 >4 - 36 >36 - 1099 0 - 1099

Poultry density
a
 (count/km2), median (IQR) 54 (13668) 5028 (98599) 15894 (232876) 23740 (527045) 3280 (79762)

Total population
b
, N 3557461 1363184 922266 753472 6596383

 Sex, N (%)

  Female 1814769 (51) 701520 (51) 471227 (51) 379193 (50) 3366709 (51)

  Male 1742708 (49) 661668 (49) 451043 (49) 374281 (50) 3229700 (49)

 Age (years), N (%)

  < 5 193849 (5) 79591 (6) 59004 (6) 46637 (6) 379081 (6)

  5-17 587126 (17) 228395 (17) 161275 (17) 127389 (17) 1104185 (17)

  18-34 695769 (20) 274306 (20) 197651 (21) 168461 (22) 1336187 (20)

  35-64 1434316 (40) 535662 (39) 360514 (39) 284425 (38) 2614917 (40)

  65+ 646408 (18) 245226 (18) 143825 (16) 126568 (17) 1162027 (18)

 Combined race/ethnicity
c
, N (%)

  American Indian 29155 (1) 18287 (1) 24785 (3) 28267 (4) 100494 (2)

  Asian 60670 (2) 17765 (1) 7498 (1) 5185 (1) 91118 (1)

  Black 401753 (11) 274689 (20) 275521 (30) 200948 (27) 1152911 (17)

  White 2717300 (76) 902123 (66) 503311 (55) 413861 (55) 4536595 (69)

  Hispanic 274755 (8) 116954 (9) 87815 (10) 85528 (11) 565052 (9)

  Other race 73839 (2) 33372 (2) 23354 (3) 19699 (3) 150264 (2)

 Health insurance status, N (%)

  Private 2363057 (68) 877667 (66) 556492 (62) 412367 (57) 4209583 (65)

  Public 770287 (22) 318584 (24) 239283 (27) 215511 (30) 1543665 (24)

  Uninsured 362639 (10) 139751 (10) 105859 (12) 95240 (13) 703489 (11)

Median income
b
 (x1000 USD), median (IQR) 51 (17) 51 (16) 45 (14) 41 (12) 48 (15)

ZIP codes
d,e

, N (%) 324 (52) 99 (16) 99 (16) 98 (16) 620 (100)

 Suburban 157 (48) 46 (46) 32 (32) 20 (20) 255 (41)

 Small town 82 (25) 32 (32) 32 (32) 36 (37) 182 (29)

 Rural 85 (26) 21 (21) 35 (35) 42 (43) 183 (30)

Total ED visits
f
, N (rate per 1000) 3308856 (465) 1447224 (528) 1151499 (610) 902923 (622) 6810502 (516)

 UTI episodes
g

120196 (17) 53435 (20) 45746 (24) 37067 (26) 256444 (19)

 UTI patients
h

110202 (15) 48524 (18) 41319 (22) 33267 (23) 233312 (18)

Poultry exposure category
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Hog exposure category

Unexposed Low Medium High All

Unexposed Low Medium High All

Poultry density
a
 (count/km2), range 0 >0 - 887 >887 - 4833 >4833 - 39499 0 - 39499

Hog density
a
 (count/km2), median (IQR) 0 (0) 0 (9) 2 (39) 24 (221) 0 (20)

Total population
b
, N 1340879 2153133 1968293 1134078 6596383

 Sex, N (%)

  Female 683544 (51) 1110417 (52) 998963 (51) 573785 (51) 3366709 (51)

  Male 657350 (49) 1042718 (48) 969332 (49) 560300 (49) 3229700 (49)

 Age (years), N (%)

  < 5 71233 (5) 126279 (6) 116337 (6) 65232 (6) 379081 (6)

  5-17 198285 (15) 373771 (17) 338988 (17) 193141 (17) 1104185 (17)

  18-34 268945 (20) 428251 (20) 403311 (20) 235680 (21) 1336187 (20)

  35-64 523229 (39) 862889 (40) 783149 (40) 445650 (39) 2614917 (40)

  65+ 279205 (21) 361945 (17) 326508 (17) 194369 (17) 1162027 (18)

 Combined race/ethnicity
c
, N (%)

  American Indian 14257 (1) 12160 (1) 27902 (1) 46175 (4) 100494 (2)

  Asian 19717 (1) 28371 (1) 33552 (2) 9478 (1) 91118 (1)

  Black 130279 (10) 463564 (22) 362025 (18) 197043 (17) 1152911 (17)

  White 1055637 (79) 1418534 (66) 1332653 (68) 729771 (64) 4536595 (69)

  Hispanic 92683 (7) 178702 (8) 165083 (8) 128584 (11) 565052 (9)

  Other race 28320 (2) 51812 (2) 47096 (2) 23036 (2) 150264 (2)

 Health insurance status, N (%)

  Private 897317 (69) 1409457 (67) 1236110 (64) 666699 (60) 4209583 (65)

  Public 270430 (21) 495723 (23) 474487 (25) 303025 (27) 1543665 (24)

  Uninsured 136791 (10) 214189 (10) 209501 (11) 143008 (13) 703489 (11)

Median income
b
 (x1000 USD), median (IQR) 52 (16) 49 (19) 47 (15) 45 (12) 48 (15)

ZIP codes
d,e

, N (%) 183 142 145 150 620

 Suburban 73 (40%) 80 (56%) 77 (53%) 25 (17%) 255 (41)

 Small town 45 (25%) 25 (18%) 35 (24%) 77 (51%) 182 (29)

 Rural 65 (36%) 37 (26%) 33 (23%) 48 (32%) 183 (30)

Total ED visits
f
, N (rate per 1000) 1123818 (419) 2184162 (507) 2171455 (556) 1331067 (580) 6810502 (516)

 UTI episodes
g

40560 (15) 83389 (19) 80706 (21) 51789 (23) 256444 (19)

 UTI patients
h

37294 (14) 75621 (18) 73644 (19) 46753 (20) 233312 (18)

a
Hog and poultry densities derived from 2019 location and count data provided by Environmental Working Group and Water Keeper Alliance

b
Population and income data derived from 2019 5-year American Community Survey Block Group estimates
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c
Individuals of any race reporting Hispanic ethnicity were included in a combined Hispanic race/ethnicity group; all other race/ethnicity groups 

contained only individuals of non-Hispanic ethnicity, with the Other race group comprising individuals of two or more races and Pacific Islanders

d
Contiguous North Carolina mainland ZIP codes identified from 2017 ESRI ZIP code polygons

e
ZIP code rurality categories derived from Doogan et al. (2018) isolation distance scores

f
Emergency department visits derived from 2019 NCDETECT data

g
All ED visits with a UTI diagnosis code for the same individual within 30 days of the first UTI diagnosis considered a single UTI episode

h
Any individual with one or more UTI episodes in 2019 considered a single UTI patient
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Table 2.

Demographic composition of UTI episodes, all ED visits, and the general population in 2016-2019, excluding 

metropolitan and offshore ZIP codes. Percentages were calculated excluding missing observations for 

specific variables except when calculating percent missing, for which all observations were included in the 

denominator.

Characteristic UTI episodes Total ED visits Population

Sex

 Female 81.7% 56.7% 51.3%

 Male 18.3% 43.3% 48.7%

 Missing 0.2% 0.2%

Age (years)

 0 - 4 2.1% 6.6% 6%

 5 - 17 5.7% 10% 16.7%

 18 - 34 25.6% 25.3% 22.8%

 35 - 64 29.9% 37.3% 39.2%

 65+ 36.6% 20.8% 15.3%

 Missing 0% 0%

Race/ethnicity

 American Indian 2.1% 1.8% 1.1%

 Asian 0.4% 0.4% 2.7%

 Black 24.4% 26.5% 21.1%

 White 66.6% 63.6% 63.5%

 Hispanic 4.6% 5.4% 9.2%

 Other race 1.9% 2.4% 2.4%

 Missing 4.3% 4.5%

Health insurance

 Private 20.3% 25% 66.6%

 Public 63.2% 54.5% 21.6%

 Uninsured 16.5% 20.5% 11.8%

 Other payment
a

2.2% 3.4%

 Missing 6.3% 6.9%

a
ED visits with no charge or payment through workers compensation or other insurance; these categories have no corollary in the ACS population 

estimates and were, therefore, excluded from health insurance EMM analyses.
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Table 3.

UTI rate ratio estimates for exposure to hogs and poultry from single-animal and mutually adjusted dual-

animal models. Low, medium, and high exposure categories correspond to tertiles of non-zero density values, 

with zero-density ZIP codes serving as the reference group. Models were adjusted for ZIP code isolation 

score, median household income, and percent lacking health insurance.

Exposure
Density (count/

km2)
ZIP codes

a 

(observations)
UTI episodes 

(outcome)
Person-years 

(offset)
Single-animal 
RR (95% CI)

Mutually adjusted 
dual-animal RR 

(95% CI)

Hog

 Unexposed 0 324 253202 14016758 (ref) (ref)

 Low >0 - 4 99 109814 5375323 1.09 (0.99, 1.19) 1.09 (1.00, 1.19)

 Medium >4 - 36 99 89350 3648783 1.14 (1.02, 1.27) 1.16 (1.04, 1.29)

 High >36 - 1099 98 75701 3015979 1.21 (1.06, 1.37) 1.23 (1.08, 1.40)

 Continuous log10 increase 620 528067 26056843 1.08 (1.01, 1.16) 1.11 (1.03, 1.19)

Poultry

 Unexposed 0 184 85070 5375900 (ref) (ref)

 Low >0 - 887 145 172628 8531930 0.86 (0.81, 0.91) 0.85 (0.81, 0.90)

 Medium >887 - 4833 146 169125 7716740 0.92 (0.86, 0.98) 0.91 (0.85, 0.97)

 High >4833 - 39499 145 101244 4432273 0.91 (0.84, 0.98) 0.89 (0.81, 0.96)

 Continuous log10 increase 620 528067 26056843 0.96 (0.91, 1.00) 0.94 (0.89, 0.99)

a
mean number of ZIP codes in each exposure category, 2016 – 2019
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