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ABSTRACT

Arbor J.L. Quist: Hurricane Flooding, Industrial Hog Operations, and @ast®intestinal lliness in
North Carolina
(Under the direction of Lawrence S. Engel)

North Carolina (NC) is the third most hurricagm®ne US state and second leading hog
producer. Most NChogsare housed in concentrated animal feeding operations (CAFDs)icane
flooding can inundate hog manuftagoons transportingpotentially pathogenic microorganisnso
surface waterDrinking contaminated water can result in diarrhea, vomitiaggd/or nausea, known as
acute gastrointestinal illness (AGI).

ToAYy@SaiA3ardsS GKS STFSOdGa 2F b/ Qa Oz2adtAisSad
Florence (2018), wealculated AGI emergency department (ED) visit rates #tiPncoddevel
surveillancedataduring 20162019 Usingcontrolled interrupted time seriesvecomparal AGI ED rates
during the three weeks after each hurricane in ZIP codesauitiird or more of their area floodew the
predicted rateshad the hurricanes not occurreVe estimated ZIP coddevel hogCAFQCexposure using
swine permit dataandinverse distance weighting. Using inverse probability of treatment weighting, we
created a control with similar demographics to the high hog exposed population and calculated rate
ratios using quadPoisson modeld/Ne assesaedthe increase irAGI ED rateduring thethree weeks
after the hurricanesn ZIP codewith flooded CAFOs, with flooding but no CAFOs, and with CAFOs but
no flooding.

We found hurricane flooding to be associatull1% increase iAGI ED rat€d5% CI: 1.00,

1.23)after the hurricanes Wefound highhog exposure to be associated walnigher AGEDrate than

no hog exposure (RR=1.17, 95% CI: 1.08, argbpbserved increasetiGIEDratesamong American

&

)¢



Indian and Black patientghen restricted to rural areas. ZIP codes witdg CAFOs within the flood

extents experiencedraincrease in AGDratesduring the weeks after the hurricanes comparedhe

ratesin these areas duringomparable norhurricane periodsAreas with hog CAFOs and hurricane

floodinghada higher proporion of people of color and lower median incomes than NC overall.
Hurricane flooding and hog CAFO exposure highlight environmental and climate justice issues

Black and American Indian residemay disproportionally suffer from AGI in NC, especially residents

who live near hog CAF@adduring periods followindpurricane flooding
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CHAPTERINTRODUCTION ANEPECIFIRIMS

Introduction

Hurricanes can be deadly, traumatizing, aadise variousealthproblems In addition to
immediate harms inflicted by drowning and being struck from trees and debris, hurricanes can damage
hospitals, flood hazaous waste sites and animal manure paad damage septic systems and water
treatment and distribution system’$® Damage to drinking water infrastructure can result in
contaminated drinking watet> Heavy wind and flooding can spread contaminants from many different
industries andenvironmental contaminatiortaused byhurricanes ariesby region. As North Carolina
(NC)is the second leading producer of hagshe United States with 9 million ho§&urricanes that hit
NCmayresult in exposure to pathogenic microorganisms wheg waste pit§lood andthese
microorganism&ontaminate the waterways.

Heavy rain and flooding have been linked to an increaggdtrointestinal illnessatesbecause
seweroverflows, overwhelmed municipal water systems, and damaged septic systeraase the
spread of pathogen%'! Flooded industrial hog farms may contribute to increased gastrointestinal
illness inNCafter hurricanes because of the density of hogthim eastern, hurricangrone region of
NC Althouch pathogens from human waste carry greater risk for human infection flainogens from
hog waste'? hogs in NC produce a greater volume of wak#mn the entire statewide human
population, with the hog waste concentrated in uncoverealste pitsin easternNC?*3

M2ald 2F GKS adldSQa K23a I NS K2dzZaSR3X o0& GKS
operations (CAFO%)The massive amount of manure produced by these hogs is collected in uncovered

pits, or lagoons, and sprayed on land as a fertilizer. However, as the land cannot absorb all of the waste,



these practices often spread pathogens and chemicalsithvatriablypollute the air and watef.

Communities that live near hog CAFOs have reported numerous health problems, including throat, eye,
and nose irritation, headaches, diarrhea, methicitigsistantStaphylococcuaureus(MRSA)nfections,

and reduced quality of lif€2Hog CAFOs are densely concentratedeveral counties in eastern NC that
are mostlyrural, have a higher percentagé people of color than the rest of the state, and are also

home to many other harmful exposures like poultry CAFOs and ladéfifis. S O dza S 2F (G KS | NB
rurality, many residents near CAFOs use private wells, whatause they are usually not treated, may

be at higher risk of contamination than community water suppli®®¥Hog waste contains pathogens,
includingEscherichiacoliO157:H7, Salmonella, Campylobacter, and Giatd& have the potential to
causediarrhea, vomiting, nausea, or other gastrointestinal tract dist/é88 These conditions are often
collectivelyreferred toas acute gastrointestinal illness (A8H'AGI causes pain, disrupts work and
school, and can be harmful for health, especially in yothilgiren and older adult® Furthermore, AGI
related emergency department (ED) visitdN@due to microbial contamination in drinking water

exceed $40 million annualfy.

These environmental and health issuEsildworsen after hurricanes because the lagoons that
hold hog nanure are susceptible to flooding or breaching during hurricanes and heavy rain events,
further spreading harmful pathogerig® Hurricane Matthew in 201&ndHurricane Florence in 2018
flooded many of the same areasNG spreading potentially dangerous contaminants and harming
health. Climate changmodels project thaNCwill continue to see an increase of heavy precipitation
events, making it important to understand the connection between flooding, CAFOs, and health to
develop appropriate intervention%.

The objectives of this studyere tounderstand the relationships between hurricane flooding
and AGI, hog CAF®posureand AGlI, and the combined effect of hurricane flooding and hog CAFO

exposureon AGI irNC We usedsurveillance data fronthe North Carolina Disease Event Tracking and



Epicemiologic Collection Tool (NC DETECT) to oBt&rcoddevel information on AGielated ED visits
during 20162019 We usedgeocoded flood inundation data from tidCDepartment of Public Safety and
geocoded CAFO darmm the NCDepartment of Environmental Qualitfhis was the first studgxamine

how hog CAF@xposuren hurricane flooded areas affedtise allcauseAGI ED visitate and the first to

assess the assm@ation between CAF@xposureand AGI EDisit ratein NC

Specific Aims
Aim 1. Determine theassociationbetween hurricane flooding and rates of AGI
1.1 Examine the relationship between hurricane flooding from Matthew and Florence and AGI ED visit

ratesin NCon the ZIP coddevel using controlled interrupted time series analysis,@2019.

Aim 2.Examinethe relationship between hog CAF&xposureand rates of AGI.

2.1 Analyze the relationshipetweenhog CAFGexposureand AGI EDisit rates crosssectionally 206-
2019, by NCZIP code

2.2 Examine race/ethnicity, rurality, and agategoryas effect measure modifiers of the relationship

betweenhog CAFCGexposureand AGED visit ratevithin ZIP cods.

Aim 3. Examine how hog CARRposuremodifiesthe relationship between hurricane flooding and
rates of AGI.

3.1 Examine how hog CAERposuremodifies the relationship between Hurricane Matthew and
Florence flooding and AGI ED visitsZtly code2016-2019.
3.2 Describeand compareghe demographicef ZIP codes with floodeldog CAFS) unflooded hog

CAFOs, and no CAFO exposure.



CHAPTER BACKGROUND AND SIGNIFICANCE

NCis the second leading producer of hogs in the United States. The majority of its 9 million hogs
are densely located in the eastern, flopdone part of the staté€.Each yeariNChogs producealmost 10
billion gallonsof fecal wastewhich is stored in uncovered pits, or lagoons, and regularly sprayed onto
nearby fieldsi322The manure contains various pathogens, antibiotics, and nutrients that can harm the
environment and human healtfs?3 Hurricanes that hiNCexpose humans to these contaminants,
potentially resulting in illneswhen hog lagoons are floodexhd pathogens contaminate the
waterways’ The combined effect of living near industrial hog operations and in an area prone to

flooding during heavy storms mdyrther A y O NB | & Sfor@asttastinbliidess after hurricanes.

Background of Hog Operations

NChas been a main producer of hogs since thé ¢8ntury, wherhogsroamed free on open
land. Historically NCwas home to thousands of small famdyned farms with crop andJestock
diversity. These farms used animal waste for fertilizer or safely disposed of the trivial amount of waste
on their own land*2°However, from1982 to 2017NQQa K23 L2 LJdzZ F A2y Ay ONBI aSR
2 million to 9 million, and hogs transitioned from liviog small family farms to being densely housed in
large concentrated animal feeding operations (CAF@gcause oa CAFO usually hous2$00610,000
hogsin a small area, CAFOs often produce more waste than can be properly managed on th&if9and.
Hogsin CAFOgypically live on slatted flooring that allows their urine and feces to be flushed from

confinement buildings into large waste ponds called @go Hog waste is liquefied and sprayed from



lagoons onto nearby fields for disposal as fertilizer to prevent lagoons from overflowing. Spraying hog
waste can contaminate surface and ground water in normal conditions, but especially after heavy
precipitation and hurricane%26 After heavy rain, the saturated soil cannot uptake vast amounts of
animal waste and the runoff can contaminate waterways. Additionally, as most lagoone@reered,
they are susceptible to flooding and breadhitinat spreads manure containing virusesacteria,and
other contaminants to nearby and downstream residen{Bhispathogenrich manurecan contaminate
drinking water, especially as many of the residents in rural, southeabl€mho live near hog CAFOs
use private wells unregulated under the Safe Drinking Water Aéor drinking water1c?4
Environmental Working Group and Waterkeeper Alliance mapped CARG=&Nnd found that of the
4,145 waste pits ilNG 136 are within a half mile of a public well, 170 lie in the-§68r floodplain, and
37 are within a half mile from a schd@l.

In NG swine CAFOs must be issued a Swine Management S@strearal Permit to operaté.
These permits must be renewed every five years. The permit prohibits waste from being applied within
100 feet of any well (except monitoring wells) and prohibits hogs from being houskih W0 feet of
surface water or a seasonaffipoded area®! The permit also prohibits waste from being applied to land
during precipitation events dmmediatelyafter flooding. In addition, land application of wasnust
stop within four hours of a Hurricane WarniragjTropical Storm Warning, @ tropicatstorm-associated
Flood Watchasdeclared by the National Weather Senjiéer the area where the permitted CAFO is
located. The permit requires that the swine &2s must be able to contain all swine waste and runoff
from a 25year, 24hour precipitation event for the locatioft. While permitted hog CAFOs are not
legally allowedo violate water quality standards, waste discpa that results from more severe storms
does not violate the General Permit. All waste discharge events are required to be reported to the

Division Regional Office.



Heavy precipitation can cause a lagoon to be inundated when floodwater rises kiginethe
lagoon walls and the lagoon walls are still intact. A breach occurs when the lagoon walls collapse and its
contents are released. Hog lagoons are required to have a liner (often made of clay or geosynthetic
plastics) to prevent or reduce groundveatcontamination2NCF £ & 2 NX |j dzA a¢iB Evels b Be2 2 y & Q
below the specified structural freeboard, which is typically 12 inches from the top of the dam
(exceptions are made during extreme weather evefts)hen the waste levels exceed this level, the
lagoon owner must notify the North Carolina Department of Environmental Quality (NC DEQ) and report
an action plan to reduce the levels within a month. While $néne General Permprovides some
protectionto the environment and nearby communitiesder usuhconditions the protectionmay be
inadequateat preventing the spread of hog waste during hurricanes and other heavy precipitation
events. Additionally, some people have documented and reported to DEQ that dozens of hog CAFOs
have illegallysprayed their fields with hog manure to partially drain their lagoons before hurricanes
indicatingthat the protections in place may not lz@lequatelyenforceds?

Hog waste can contain nutrients, pathogens, veterinary pharmaceuticals, heavy metals, and
hormones, including more than 1@0icrobial pathogens that can cause health problems, such as
gastrointestinal illness, for humari$3*NC togs produce almost 10 million tons of waste each yé#r
and fcal bacteridrom hog manurecan remain in sediment for weeks to months after a large hog
lagoonspill.3> Hog manure also contains harmful gases and vapors, including ammonia, carbon
monoxide, hydrogen sulfide, and methaffelhese gases cause horrible odors and adverse respiratory
effects.

Hogs receive antibiotics for microbial infection preventiosatment and growth promotion.
Theoveruse ofantibioticscauses more antibiotic resistabficteria to evolve, which results in harder
treat infections, higher medical costs, and increased mortaliyntibiotics in hog feed are a major

contributor to antimicrobial resistance throughout the wodtOne study found that the percentage of



organisms resistant to four antibiotic classes were three times higher inside a hogcG#pared to
upwind from the facility, and concentrations of antibietiesistantStaphylococcus aureURSA)
decreased as distance from the hog CAFO incre#sHuat study, which examined bacterial
concentrations during normal weather, foumiyher number®f bacteriawith multidrug resistance
three orders of magnitde higher inside the hog CAFO and up to 150 meters downwind of the hog

CAFO compared to upwind.

Environmental Justice Issues Surrounding Hog Operations

The health issues caused by hog CAFOs are not distributed equallyMCrowtustrialized hog
operations are often built near minority arldw-income communities. In nearban NG the proportions
of American Indians, Blacks, and Hispanics that lived within 3 miles of a permitted hog CAFO were 2.18,
1.54, and 1.39 times highenespectively, than the proportion of neHispanic Whites in 201'4Many
poor and minority communities in easteMClack the politicapower and financial resources to prevent
CAFOs from being built in their communities and are often unable to move. The environmental injustice
of hog CAFOs encompasses racism, classism, poverty, and therurdladivide?® 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 production practices
disproportionately harm the health of rural populations whilisproportionatelybenefiting urban
populations?® Additionally, rural communities near CAFOs frequently have poor healthcare dtcess.
Many of theNCcounties with ehigh density of hog CAFOs also have a high percent of uninsured

residents, which means reduced access to preventative care and increased risk for healtffissues.



Health Conditions Associated with Hog Operations

Residents living near hog CAFOs complain that the large amounts of waste pacddoesiors
and cause throat, eye, and nose irritatiGrl.ongterm exposureo gases from hog manure can lead to
bronchitis and asthmé& In a study of communities near a cattle CAFO, a hog CAFO, and no nearby
CAFOghe prevalence of selfeported headaches, coughing, sore throat, and diarriaees highest
among residents living near the hog CAFOommunity members living near a hog C/Ali<D reported
worse quality of life and frequently were unable to gatdoorsbecaise of the odor. Communities in
CAF@&ense areas have also been found to have a greater prevalend®8finfections, which can be
life-threatening, compared to low density CAFO ar&ddepatitis E, a acuteliver diseaseaused by the
hepatitis E viusthat can cause AGils thought to be spread through contact with infected hogs.
However, results are mixed on this. A study in Italy did not find contact with pigs to be associated with
an increase in hepatitis E virus exposure, but did find a signifaifference in sera IgG a#iepatitis E
virus among workers with loatgrm exposure to pigs compared to workers with shtetm pig
exposure* Hepatitis E isypicallyspread through the fecadral route by drinking contaminated watelt
can alsde transmitted byconsuming undercooked meat from infected hogs or déeétepatitis E
symptomsof fatigue, loss of appetite, hausea, vomiting, and abdominal pains are the @aamanyAGI
symptoms althoughhepatitis E isypically uncommon in the United States

While several studies have examined the association between CAFOs and AGI, the studies have
mixed results and no studies have examined this relationship if*"@ an ecological study of
livestock density and acute gastroenteritis hospiations in Quebec, Canada, Febriani et al. observed
an increased risk of acute gastroenteritis hospitalizations associated with high intensity fafiey.
observed mdification by age and water source, with a particularly strong association in children under
age 5 andn areas that predominantly used private wells and ground water as drinking water. To

examine the relationship further, the Febriani et al. group latamducted a crossectional telephone



survey of 006 randomly selected residents in rural municipalities in Quebec, Canada and found living in
a municipality with intensive farming to beverselyassociated with AGI. They propose that the
differences between these studies may be due to ecological vs. indivithvall data and severe AGI
hospitalizations vs. seteported AGI. Another study used electronic medical record data from primary
care practices in southern Netherlands and found the prevalencestfajatestinal and respiratory
symptoms were similar in the high and low CAFO exposed populdfionghe only study that examines
this relationship in NC, Wing et al. interviewed 155 residents in eastern NC who lived near a cattle CAFO,
a hog CAFO, and no nearby CAFOs, and feelhteported diarrhea, headaches, coughing, and sore
throatsto be most prevalat among residents living near the hog CAFTheliterature remains mixed
on this general subjechumerouspathogens found in hog manure can cause severe diarihehuding
enterohemorrhagic and enterotoxigenigscherichia coli, Salmonek@ampylobacterYersinia
enterocolitica CryptosporidiumGiardia(seeAppendixl) 2t PathogenicE. colstrains are amonghe
more persistent pathogens in manuteWhile healthy humans are usually able to recover quickly,
young childrenplder adults, and immunosuppressed people are at higher risk for severe ifimess
exposure to these pathogens

Hurricanefloodingmayincrease exposure to potentially harmful contaminants, espedially
communities near industrial swine operatiomgot all fecal bacteria is pathogenic, and fecal indicator
bacteria, including fecal coliformB, coli andEnterococcusare often used as indicators of recent fecal
contamination because they are easierdulture than the various pathogens in fecal wa®tA.study of
59 wells in southwest Gtemala found recent precipitation to be associated with almo$ol@ higher
E. coliconcentrations, with the strongest association at wells with pigarby>! Another study of runoff
after land application of cattle and swine manure and after simulated heavy rainfall evesdgsved
E.coliand enterococci concentrations to be significaritigher than control plots with no manuré.

Runoff from swine slurrapplied fields had the highest concentrationgotoli Clostridiumand



Giardiacysts compared to cattle manule LILJX A SR YR O2y (i NRf FTASt Ra:
liquid state enables microorganisms in the manure to be transported meadilythan doescattle
manure or chicken littef> Many of the organisms in hog manure can survive for many weeks in
relatively warm water, which means that the rig&riod for ilinesses caused by hog manure can extend
a month or two after a flooding evenathogens(i.e., bacteria, viruses, protoa)are likely a major
causeof gastrointestinal illnese these settingsbut hog waste ofteralsocontains antibiotics, metals,
and nitrates that may alsoontribute to gastrointestinal illnes&>* However, levels of metals and
chemicals areften not especially high after floods because the large amounts of floodwater dilutes
them.>>56Low concentrations of bacteria and other microbes can still be harmfulusecaf replication
once they enter a suitable hg3twhile dilute toxic chemicals may have relatively less adverse health
effects if they are sufficiently dilut&€hemical pollutiorsometimesreceives a great deal of attenti@nd
can indeed cause a great deal of habuat most waterborne disease outbreaks are caused by bacteria

and viruses from sewagé

Recent Hurricanes in North Carolina

Several hurricanes hawtruckNCover the past few decades, flooding hog lagoons and harming
the health of nearby residents”5%6%In 1999, Hurricane Floyd caused five hog lagoons to breach and at
least 50 lagoons to floo#INumerous lagoons suffered structural damage. Wing et al. found that,
according to satellite images and estimates from Hurricangdslafrican Americans were more likely
than Whites to live in areas with flooded CAFGihis highlights an important environmental justice and
climate justice issue, that flooding and related environmental health problems disproportionately harm
people of color Existing environmentahjustices often contribute to disaster vulnerabilities.
Hurricanes continuéo hit NCand hog lagoons continue to floodootentially spreadng fecal

contaminants despie wide digussion of the effects of flooded and damaged lagoonsedmah on
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buildingnew lagoonsn the 100year floodplair? In 2016, Hurricane Matthew caused at least 14 lagoons
to flood and 2 lagoons to breaéhAt least110 hog manure lagoons were breached or inundatel@
duetotherd A 2y Q& YahdséverdllBi@icuyeiHurricane Florencé®

Hurricane Florence was a Category 4 hurricttrat came ashore in the Carolinas a Category 1
hurricaneon September 14, 201&8nd wasresponsible for at leastBdeaths®* 651t was the wettest
cyclone recorded ilNCand dropped 8 trillion gédns of water irNCin one week, with parts of the state
receiving up to 8inches of rairf® Many areas that received heavy rain and floodiagl a high density
of hog CAFOg-{gurel). Hurricane Florencstruckonly twoyears after Hurricane Matthew, and these
hurricanes flooded many of the same areHsirricane Matthew was a Category 5 hurricane thiatict
NCon October 8, 2016 as a Category 1 hurric&iEhe maximum rainfalh NCfrom HurricaneMatthew
was reported in Columbus County witB ihches. Whild dzNNX O y S floadingiléd KoSnax@ium
inundation levels of 2 feet, the maximum inundation levels from Hurricane Florence flooding reached
5-11 feetabove ground leveP-¢7

Heavy precipitation events have been on the rise over the past 30 years in the eastern United
States, andwutumns havebecome wetter in this regiof’. The southeast United States experied@a
27% increase of very heavy precipitation events (the heaviesif Hbdailyprecipitationevents)over
the last half century (1958 to 2018 Models project thatNCwill continue to see an increase of heavy
precipitation events! It is important to understand the extent of thenvironmentaland healthissues

that resultedfrom these hurricanes, as they will likelsoccur

11



Hurricane Florence Inundation and Swine CAFOs

S th - Swine CAFOs
- Florence Inundation

Hurricane Matthew Inundation and Swine CAFOs

g E 160 Mie= - Swine CAFOs

L 1 1 1 1 1 1 1 1
M atthew Inundation

Figurel. Swine concentrated animal feeding operations (CAFOs) in North Carolina, estimated flood inundation
from a) Hurricane Florence and b) Hurricane Matthew, and North Carolina ZIP c@kBO databtained from
Environmental Wrking Group flood inundation datafrom North Carolina Department of Public Safe®lIP code
datafrom NC OneMap GeoSpatial Portal)

Flooding, Pathogens, and Gastrointestinal lllness
Floodingincreaseghe transport offecal contaminantdecause of floodeavastewater
treatment plants, landfills, anfdr sewage system®-7° Additionally, leavy rainfall events can lead to

displacement, which is often associated with an increase in people with inadequate water, sanitation,
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and hygiene (WaSH) and thamy increase the potential for transmission of infectiéh®Ilder sewer
systems are associated with more leakage and namtenovirus and norovirus contaminatiam
groundwater and tap water, anthis increased contamination is associated with increased incidence of
acute gastrointestinal illness (A@IGI includesion-chronicdiarrhea, nausea, and vomitirigpically
combined with abdominal pain and fevex’<"3 Leaking and flooded sewers are a substantial source of
fecal contaminatior’# which can spread bacteria, protozoa, and viruskwgyesting sewage

contaminated wateican caus@Gl Flooding caused by hurricanesgularly spreads sewage and closes
roads. For example, after Hurricane Florence, over 22 million gallons of untreated sewage spilled into
waterways in New Hanover County, and numerous highways and interstates were closed because of
flooding. Almost two rillion gallons of sewage was discharged in Lumberton and St. Pailkile

unlikely, @strointestinal illness can also be caused and aggravated bpaibiogenic agents, including
antibiotics and metals from coal ash ponds, hazardous waste bit@snfields, and CAFO%!’

Municipal solid waste landfills can also flood during heavy rain events, reledsngcal and microbial
contaminantsinto the air, soil, antbr floodwater.”® AsFigure2 indicates flooded animal waste
management systems, septic systems, wastewater treatment plants, landfills, and hazardous waste sites
can spread chemicals and pathogens, thus contaminating floodwater, well water, municipal water, and
soil. Hurricane survivors mayenbe exposed ta@ontaminantshy direct contact with floodwaterby
drinking contaminated watetby contact with surfaces and materials that came in contact with
floodwater, or by eating food grown in contaminated sollhesevariousroutes of exposurdéave

different time frames, with direct contact with floodwateiffecting AGI within &7 daysor longer, while
eating food grown in contaminated soil affecting AGI weeksnonths after flooding. This dissertation
focuses on effects of floodwater in tHe3 weeks of hurricanes, thus focusing on exposure via direct
contact, contaminated water, and contaminated surfadesaddition to chemical and microbial

exposurespeople often deal with stress, depression, trauma, and anxiety &tgehurricanes’® Stress
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is associated with increased susceptibility to colonic inflammatiad stressful events méye
responsible fothe onset or exacerbation of chronic gastrointestinal disordalhough this has not

been studied with regalto acute gastrointestinal illnessg%8°

Environmental Sources of Medium of
" Methods of Exposure
Exposure contamination

Inundated and breached Contaminated Direct contact with

animal waste management flood water floodwater

systems (e.g., hog lagoons)

Gontaminated Drinking

Soil saturation and well water contaminated water

transport of various

pathogens, including Contaminated Contact with surfaces
; pathogens from animal municipal water and materialsthat

:S;;fgne =P | waste — P ==p | came in contact with | ===pp
9 Contaminated floodwater

Public sewage system soil

overflows and flooded Eating food grown in

septic systems contaminated soil

Hooded/ overwhelmed
water treatment facilities

Hooded landfills, hazardous
waste sites, coal ash pits,
brownfields, etc.

Figure2. Conceptual diagram for hurricane flooding and acute gastrointestinal iliness (A@jhlighting the
environmental sources of exposures, migdof contamination, and methods of exposures.

Severe flooding, which often occurs during and after hurricanes, has been associated with
stomach upsets, diarrhea, and gastroenteritispecially in people who come in contact with flood
water 884 A casecrossover study in Massachusetts, 2€8IR7, found flooding to be associated with
increased gastrointestinal (Gl) ilinesslated emergency room visits&days after flooding.The
researchers of this study attributed about 7%gafstrointestinal illnesg3)) visits in the four days
following the flood to the flooding angrojected that this increasavasdue to contact with
contaminated water (possibly contaminated with enteric viruses, due to the short incubation period)
during and soon after the flood. Thissearchgroup also found an increase @ostridium difficile

infections which can spread by weat but is most commonly seen in older hospitalized patientsthe
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7-13 days after floods, an effect that was stronger in men than wotfiéntime series analysis of
weather and &l(specifically gastroenteritis or diarrhea) ED visits in Wauwatosa, Wisconsindaynd
rainfall to be associated with an 11% increase in AGI fasitsdays late Similar to theMassachusetts
casecrossover study mentioned abovihese authors also speculated that this may be largely due to
viruses (such awtavirus, norovirs, enterovirus, calicivirus, and adenovirtisat have incubation
periods of 17 days(Hepatitis A has bbnger incubation period of approximateB0 days)28>A similar
lag was seen in @asecrossover study in Chinaahfound an association between flooding and reported
infectious cases dfiarrhea in the few days after floodiri§ The researchers of this study séve
strongest association two days after the flood in Fuy@imput 17 inches of total precipitation
categorized as severe flooding by tBemprehensive Study Group of Major Natural Disasters of the
State Science and Technology Commission in Lébfive days after the flood in Bozhbout 11
inches of total precipitationcategorized as moderatéobding). A recent review found that over 70% of
14 publishedanalyse®n heavy rainfall and diarrhefaund a positive association between heavy rainfall
events and diarrhea, especially after dry perié¥i§hesel4 analysesvere from 10English language
articles published betweeh982and 204 andexamineda fairly evermix of developed and less
developed countries, of urban and rural areas, and of survey and medical encdataer

Many studies look at the association between rainfall or flooding on risk of AGI, but they are
often unable toascertainhow subjectscame in ontact with contaminated watear whether through
drinking water or contact with floodwater©ne study surveyed 1,110 Midwestern US residents about
their contact with floodwater after a flood and ask#tem to record their gastrointestinal symptoms in
a dail health diary?® This study also randomly assigned each household to use an active water
treatment device or a similar looking inactive device (placebo). The study found an association between
contact with floodwater and Gl symptoms that was stronger in children, butsso@ation between tap

water consumption and Gl symptorffsWhile thesestudies indicate that AGiskincreases only in the
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few days after floods anthat AGI ianore likelyto be due to contact with floodwater than
contaminated drinking watemost of these studies focus on small flood events and not large ftoods
like those experienced after Hurricane Florendbat last for days and are more likely to contaminate
wells and public water supplies.

It is often difficult to identify the causof AGI, as itanencompass rangeof enteric illnesses
caused by various viruses, bacteria, and protozoa, as well amfemtious agent3® AGlcanals be
non-infectiousin origin resulting fromtoxins (in the casef food poisoning), chronic diseases, or
antibiotics®38” According to the U.S. Centers for Disease ControPaadention norovirus causes 60%
of acute gastroenteritis cases with a known cagfadorovirusis spread mainly through thfecaloral
route; however, there have also been many waterborne outbrék&rovirus can live on surfaces and
in water for dayr weeks. One study found an especially strong relationseipreenwater samples
with a high proportion of norovirus genogroup | (N&) and adult AGP.Most viruses have incubation
periodsfrom 1 to 7 days, which many studies have found to be the time period after flooding with the
greatest increase in AG:1 Thus, some researchers believe viruses (norovirus, as well as rotavirus,
enterovirus, calicivirus, and adenovirus) to be the ngathogenicagents of concerrelatedto AGI
after flooding®®

Bacterial agents that cause A@lcludingCampylobacte(2-3 day incubation period)
Salmonellg2-3 days)enterohemorrhagic and enterotoxigenkescherichia co{B-4 days)Vibrio
cholerae(2-3 days)Clostridium difficil€2-3 days) Shigella(1-3 days),Yersinig4-6 days)and
Helicobactepylori(3-4 daysalthoughmore likely to causa chronic infectiorthan AG), have similar
incubation timegseeAppendix1) 88 Campylobacters the main bacteria that causes AGI outbreaks in
highrincome countries? Studies have found that flooding increaghe microbial and chemicabadin
surface wate®® A study of surface water contaminants after flooding in the Ohio River found the water

to be heavily contaminated witk. coli enterococciSalmonellaandCampylobactef® E. coliand
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Salmonellacontamination was found to be elevated in soil after Hurricane Irene flooding in New?York.
In coastal Maryland, extreme precipitation eveh@svebeen associated with a 3% increase in
campylobacteriosis risk and a 6% increase in salmonellosf ¥#salmonella was responsible for the
highest number of infections among people who came intact with floodwater after a flood in
Vietnam?®*

Waterborne protozoa such &3iardia(1-14 dayincubation period, Cryptosporidiun{2 days2
weeks),Cyclospora cayetaneng®14 days)and Entamoeba histolyticé2-4 weeks) causdiarrheal
disease$? Most of these protozoa have slightly longer incubation periods, most around 1 or 2 weeks
than do viruses or bacteri&iardiaand Cryptosporidiuntoncentratiorsin surface water and catchment
areas increase after rainfall and extreme runoff eveétit¥ and Giardiaand Cryptosporidiunhave also

caused disease outbreaks after heavy precipitation evetits.

Gastrointestinal lllness Prevalence

Research suggests that floodiagproximity to hog CAFOs may be associated with
gastrointestinal illness and diarrheal disea%eést’-8t84which isparticularlyproblematic due to thdarge
hog industry irNG theincreasng numberof extreme weatheevents and the physical and economic
impacts of gastrointestinal illness in humans. Diarrheal diseases are a leading cause of death worldwide,
causing 1.3 million deaths annually, including half a million deaths actdltyen under 5 years of
age® Most diarrheal diseases are caused by contaminated food and/or Waterdeveloped countries,
mortality associated with diarrheal diseases is low, although incidence remains fairly high, especially in
children?> One study esmated, using U.S. populatidmased telephone surveys of 52,840 people 1996
2003, that the rate of acute diarrheal illness that impairs normal activity or persists longer than a day
was 0.6 episodes/perseyear, with the highest rates among children un&eyears'® They also

projected thatonly about 20% of people with acute diarrheal illness sought medical care and 6.4%
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visited an emergency department/hile a review of 33 papers on the incidence of AGI in high income

countries found a range of 0.1 to 3.5 episodes/perg@ar, the Centers for Disease Control and

t NEOSYyiA2yQa o6/5/ 0 C22R02NYyS 5AasStrasSa ! OdAgsS { dzNB
incidence in the US is approximately 0.65 episodes/peyaar?® AG| and diarrheal diseases encompass

similar symptomsalthoughAGlis a broader category thamcludes diarrhea, nausea, and vomiting,

whichis often combined with abdominal pain and fevékVaterborne enteric illnesses include

gastrointestinal ilhesses that are caused by waterborne pathogens (as many AGI are caused by

contaminated food or linked to other illnesses). In the U.S., approximately 2,330,000 waterborne enteric

illnesses occurred in 2014, which incurred about $160 million in direalthcare costs%

Gastrointestinal lllness and Well Water in North Carolina

Researchers estimate that about a tenth of AGI episodes-{d@ dhillion cases annually) are
attributable to contamination of public drinking water systems in the \%83Cdford et al. used five
drinking water intervention population studies in Canada, Australia, and the United States to estimate
that the median proportion of risk of AGI that can a#ributed to communitydrinkingwater systems
(i.e.,inadequate water treanent or water contamination in surface water) the U.S. i92%?2 They
also estimated that 4.281.69 nillion cases of AGI were attributable tontamination inpublic drinking
water systems in the U.S. each yeHne U.S. Environmental Protection Age(iERApstimates that
8.5% of AGI cases allee to community water systeni§3In NG there were approximately 405,000
AGtrelated emergency room visifger year in the time period of 20020132° Of these, an estimated
7.3% were attributable to microbial contaminatiopased ora population intervention model, and of
these 99% were linked to private well contaminatiéhThe cost of AGielated emergency department
(ED) visits ilNCdue to microbial contamination in drinking watesrapproximately$40.2 million

annually, with the majority of the cos$89.9 million) caused by contaminated private wéli$his stuly
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concludes that extending regulated community water servicpisb 10% of the peopleurrently on
private wellscoulddecrease thennual number of emergency department visitSNCby almost 3,000.
Approximatelya third of NCresidents obtain their dnking water from household wells or other
small residential water systesi® The total population of people who drink private well wateiNG
3.3 million, is the second highest in the U.S., after PennsyMgliaiay NCresidents who rely on private
wells do not have the means or knowledge to properly monitor and raairtheir well water, and state
and countywide programs to advocate for private well water quality lack the necessary funds and
integrationto improve rates of monitoring and maintenan&® Test data foNCprivate wels show that
few well owners regularly test their waté®
Private well userare not evenly distributed acro$$Cand do not reflect the demographics of
NCas a whole, due to the rurality of many areas and the history anéldpment of community water
servicesNCmunicipal boundaries and the development of public water services a#eetedby racial
discrimination. Municipal water lines do not reach some qghian,Black communities, which must rely
on private wells:® This extends thervironmental justice issue of flooding and hog CAFOs, as poor
Black communitiehaveoften beenleft to live inundesirable)Jow-lying, floodproneareas hog CAFOs
continue to be built near lovincome communities with a higher percent of people of cohart the rest
of the state and Black communities have historically been systematically excluded from regulated public
water suppliesKigure3). In additionto the large number of homes INCthat depend on well water, the
EPA estimates that 48% of householdsl@rely on septic systems, whicsiwell above the national
average of %% The most commo cause of reported groundwater contamination is from septic tank

leachate>®
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Percent of Population on Well Water by County
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Figure3. Proportion of population on well water, proportion of population identifying a#/ite, and median
household income by count{Well data from U.S. Geological Survey 20i&ce and income data from 2015
County Health Rankings).
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Gaps in Literature
Despite the frequency and severity of hurricanedl@ the density of hog CAFOs in eastBi@
andthe large number oNCresidents on private well watefew studies have examined the effect of
flooding and hog CAFOs on gastrointestinal illned&dnVing et al. highlighted the environmental
justice issues of this relationship by demonstrating that African Americans were more likely than whites
to live nea flooded hog CAFOs after Hurricane Floyd\idit This paper did not specifically examine any
health effects, although the differences in risk of exposure by race should be sufficient evidence for
removing lagoons from floodplains and from nearby vulnerable commungieizer and Domb used
Medicaid outpatient data to examine whether Hurricane Floyd was associated with increased
waterborne diseaseelated outpatient visits in eastetNC°” They specifically identified outpatient
visits related to iliness caused GyyptosporidiumGiardia lambliaToxoplasma gondiHelicobacter
pylori, Mycobacterium aviumand adenoviruses. Thexaminedcounties with high concentrations of
hogs (>1,000 hogs) and classified the counties on the impact of Hurricane Floyd measihe&dgyeral
Emergy O& al yI 35S YBEMAassessBahtdBsOciveconomic impact of Floyd (severe,
Y2RSNI GST YAY2NE y20 TFSOGSRO® ¢KS addRé Aa azvys$s.
designation of hurricane impact is over the entire county and does not censid proportion of the
county affected by the hurricane. Also, considering that some counties have almost 2 million hogs
(Sampson County: 1.8 million hogs; Duplin County: 1.7 million dgl€)other counties may have
1,000 hogs in just one or two CAd-@ore categories of hog density would have allowed a more refined
analysis of the role of hog CAFOs on gastrointestinal ilfg€$heyused differencean-differences to
compare counties severely and moderately impacted by Floyd to unaffected counties and found a small
increase ifl. gondiiand adenoviruses outpatient visits after Hurricane Floyd hit compared to unaffected
counties. Theravasanincrease in visits for ilefined intestinal infections in severely and moderately

affected counties, compared to unaffected counties. The stlidynot makeanyconclusions regarding
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the combined effect of hurricane flooding and hog CAFOgastrointestinal illnesspartly becauséheir
study not include any counties that were affected by Floyd that did not hdigh concentration of
hogsi®’ The study waslsolimited by the use of countievel data.Thus, ndknown studies have
effectively exammed the combined effect of hurricane flooding and hog CAFOs on gastrointestinal
illness.

The paucity of literature on poultry CAFOs represents another gap in literature. In addition to
the dense hog CAFOsNIE; poultry CAFOs are also increasing across the state, especially in ééGtern
Broiler chicken production has been rapidly growing over the past twenty y&a€produced 830.8
million heads of broiler chickens in 2017, makiindpe fourth-highestproducing state of broilers in the
United States!°Poultry manure can also spread disease and pollute the wateraswilair with
nitrogen, phosphorus, and arserdicPoultry litter contains manure, bedding, feathers, and feed, making
it a fairly dry waste, especially in comparison to liquid swine wéstecause poultry waste is mostly
dry, it is not stored in large lagootizat can breach during heavy precigiton events Chickens also
producemuchless waste than large hogs. Nevertheless, research suggests that workers at poultry plants
are at increased risk f@€ampylobacteand Salmonellanfection, as well as eye, skin, and respiratory
symptoms!!?113This might extend to those who live near poultry operations or are exposed to poultry
manure.Swine and poultry waste carry microbes with similar risks for infecting huntlaisgisk is
substantially lower than thesk of infection after exposure to water contaminated with human
sewage'?

Nopublishedresearch has examined how flooded poultry CAFOsaffagt health. Hurricane
Florence drowned an estimated 3.4 million chickens and turkeys, in addition to 5,508'hogs.
Preliminary estimates indicate that the economic impactofricane Florence on the poultry industry

was $40.4 million and the total economic impact on the pork industry was $1.2 niftidgthile flooded
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hog lagoons appedo be a larger threabecause ofheir liquid waste compared to dry poultry waste

little research has considerdwbw floods may spread poultry waste aaffecthuman health.

Brief History of NorthCarolina

Over the past three centuries, geography has played a defining rol&m S O2y 2 YA O
development, affected its industries, and determined who lived whitany groups of Native
Americanghrived inNCfor thousands of years. European colonizatibowever, wiped out entire
Native populations byiolence and by the spread sfmallpoxandother diseasesWhen Europeans
began inhabinhg North Americamost foundNCunappealing NQ dumeroussandbars, barrier islands,
and powerfulfast-approachingAtlantic storms resulteih thousands of shipwrecksith the NCcoast
0SAy3 ylIYSR GGKS DHFNGSZE I NEBROyRbIEAVEEsinitially disgburdged
colonizationand maderansporting goods and people throughout the state difficBlborWhites from
Virginia becam® Q) @arliest permanenwWhite settlers, many of whom wergeed indentured servants
who sought landfor themselvesCompared to other colonies (includingighboringSouth Carolina and
Virginiawith their deeper ports and riversNCremained relatively poor, isolategplitically unstable,
and underdeveloped bwhitesuntil the mid-18" century.For many yearsyutsiders viewed\Cas a
swamplandpopulated bypoor people and misfits.

WealthyWhites slowly built plantations in eastehMCto produce tobacco, rice, turpentine, tar,
pitch, and livestock using slave lalorthe 18" and 19" centuries!'® TheenslavedBlack populatiorin
NG concentratedon plantations in easterbG grewfrom 6,000 in 1730 to 100,000 in 17%nall
settlementsof free Black peoplén the coastal townsf Edenton, New Bern, and Wilmingtatso
developed during this timen the 19" century, bright leaf tobacco and cotton were the main plantation
crops in eastertNC As the Civil War raged, maegslaved peopléled from plantations to freedom

beyond Union lines. New BerNCbecame a sanctuary for formenslaved peopléalmost 1,000
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refugees lived therdy the end of the war), especially after Unifamcescaptured the city in March
1862.Nevertheless, gars ater, in 1893, a local coucompelledthese Black residents relocate to an
all-Black community, James Cifjhe plantation system remained even after slavery officially ended and
Black peoplevere often still tied to the land through sharecropping aedancy. While many African
Americans migrated nortfrom the 1870s to thenid-20" century, many also remained in the areas
where theirenslavedancestors had previougslived and worked'®

Racist laws that attempted toontinue to control African Americans and profit from their
exploitation were a large reason that maBlack peopleemained near plantations in easteNCafter
the abolition of slaverySome of these laws, includifegvs toclos the range, wereelated tohogs By
the 18" century, hogemerged ashe most prevalent type of livestock MC Historical records indicate
that North Carolinians ate a great deal of fresh pdrist many hogs were also raised to be exported,
especially tanarkets in Virginiand theWestIndies!'®* Hogs were easy and inexpensive to raise, and
their meat fed theenslaved peoplevhose workin the fields made landowners rich. Before the laté"19
century, poolWK A 1 Sa Q K and graz&idBelyWos tRe open rangéifter slavery ended, wealthy
White landowners worked to close the rangefsomerly enslaved Black peopieould be forced to
continue to work for thent!” Maintainingthe open range with unfenced pigs would giveddpeople
various subsistenceptions.The majority of residents in the American Sautihcluding the landless and
small landowners continually voted against closing the range, so the powerful, large landowners found
undemocratic ways of closing the range (e.g., through petitions, lawsuits, and constant pressure). As
part of controlling availale resources andliminating common land, general fish and game laws were
also passed!’ These laws, including requiring hogs to be fenced, were methods of controlling the labor
of Black peopleEliminating the range was part of the long transition from traditional -sefficient

farming practices to a system most concerned with maximiziogjtp for the wealthy.
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In examining the health effects of flooding and hog CAFOsssentiato acknowledgehat
complexhistorical reasonsausedcertain groups of peopl® live in certain areademographic
distributions across the Unite8tatesare not random or happenchan¢enanypeople and communities
are often unable to move or to live just anywherRacial minorities anbw-incomepeoplehave been
and ara regularlyleft to settle on the least desirable landvhether floodprone, toxinfilled, or
nonarable For example, the first town incorporated by African Americans, Princevillay&C,
floodplain land unwanted by whitebat has since been destroyed multiple times from hurricane
flooding® For centuries, btive Americans continued to lose their land and were killed or forced (or
pressured to relocateto less desirabléand. Industrial hog operations iNCexpanded during the 1990s
and early 2000& areas heavily populated fricanAmericans and Native Americafis the same
areas where rany enslavedlack peopleesided in the 18 and 19" centuries(Figure4).1*° Because of
many of thesehistorical factorsit is especiallyimportant to examine how floodingndhog CAFOs affect

Blackand Native American communities, as these are communities that have been abused,

marginalized, anaften forcedto live on poor land

Percen! Enslaved (1860)
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Source: 1860 Census: Population, Agriculture & Other Data [US, States & Counties]
Figure4. North Carolina enslaved population in 1860 and industrial hqeeaations repermitted in 2015
(industrial hog operations marked in red; ap created by Nathaniel MacNélt!®
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Critical Race Theory

In order to examineelationshipshetween racism and health disparities relating to hurricanes
and CAFOs$soughtto apply critical race theoryCRT,)whichis a framework that examineand changes
the connectionsbetween race, racism, and pow&f.While CRTeveloped among legal scholars and
activists in the 1970sariations of CRare usednow in many fields, including public healt@ne such
variart, Public Health Critical Race praff$1CR), is a broad framework that informs research on the
causes of health disparitiést

PHCR consists of four main focusek) contemporary patterns of racial relatioy®) knowledge
production 3) conceptualization and measuremeimind4) action. For Focus lcontemporary patterns of
racial relations| consideed characteristics of social racializationNiCduring the study period of 2@t
2019 and the mechanismism whichracism workspecific to disasters and consequent exposures during
this period Understanding the history that created the current racial hierarchy is important in this
endeavoras discriminatory housing policiaad the history of slavery and locations of slave ménhs
affect wherepeople livetoday. Communities of people of col¢POChand lowincome communiesare
more likely to live on lowying land and near hog CAF@Khough the POC communities existed before
the hog CAFOs developed around theAgditionally, after disasters like hurricanes, FEMAequally
distributes funds tdlackvs.White people as well as lovincome vs. higlincome families?>123While
not described in this dissertatiohseparatelyconducted focus groups, interviews, and surveys with
Hurricane Florence survivarsoredominantlyPOG@ to better understand the complex challenges that
hurricane survivors face, especially laveome POC survivors recovering within a racist system.

Fa Focus 2:knowledge productioni examineal the epidemiological methodisemployed to
consider if there are factors that are frequently ignored that may bias research findings. For example,
epidemiological research on flooding and AGI does not typically consider race and often inadvertently

assumeghat all people have equal access to care and equal ability to relocateatdate Many
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epidemiology flood papers seem to assume that floods affect groups similarly (aside from groups based
on age gender flood severity), or they ignore ways\vhich floods might affect racial groups differently.

Focus 3conceptualization and measuremengquired me to find the best methods to account
for the limitations of typical epidemiological methods with regard to racial biesnsideed how race,
proximity, and other key measures are constructed and how accurate they exaemined the
limitations of the health dathusedfrom North Carolina Disease Event Tracking and Epidemiologic
Collection ToofNC DETE{ Especially with regard to racial categorization and reelated access
issuesin each manuscript (aim 1, 2, Bylescribed the limitations and missingness of the raa@adthe
factors for which the race variables represent, dednducted analyses with the most precise race and
ethnicity data available. Unfortunately, in aimlhad to combine several race and ethnicity categories
Ayia2 |y ahiKSNI vysi<hScausdaf theSmatl NinbeF af AQ| ¢dages during the three
weeks after the hurricanes. However, in aim gjasable to include more race and ethnicity categories
in analysis. Additionalyasl described the racial and ethnicity groups that live neag CAFO$proke
down the Asian group into sevenariousAsian ancestry group®ifferent Asian ancestry populations
are distributed differently acrosCand combining ajroupsA y i 2 | € F NESNJ 4! aAiAl y ¢
differential exposure that maoccur for particular Asian ethnic groups.

For Focus 4action, | sought toconduct analyses that examiigervention effects however,|
have fallen short in this area ahavill continue to improve my analyses to address interventiéys.
continue to work on the aim 3 analysesyill continue to attempt to estimatehe expected change of
AGI ED visitslifog CAFOs were removed from areas flooded during Hurriddagthew and Florence.
This has been especially difficult becatlsere are few areas with heawhurricaneflooding but no hog
CAFOs and few areas with many hog CAFOs and no heavy flooding after Hurricanes Matthew and
Florence. Whilé wasin touch with two communig groups affected by hurricane flooding and hog

CAFOs in easteMCwhen | started this dissertatiothe COVIBL9 pandemichas made it difficult for
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me to continue to attend community meetings and to adequately partner with affected communities. As
| continue to develop and finalize the analyses described in this disserthgilam to share study

limitations, strengths, and resultsith communities fequently affected by hurricane flooding and hog
CAFO exposurekhope towork with partners to understand how this dagamd researcltould be used

for actionand possibly be convertddto accessible@ducation materials and to present to community
groups(seeAppendix2). Given the scope of this dissertation, the CRT wak beerimited, is

incomplete, ands still ongoing However, the PHCRRs provided aimportant frameworkfor these

researchguestions

Innovation

While limited research has highlighted the link between flooding and Gl ilinesses and between
hog CAFOs ariGIsymptoms, few studies have examined #sociation oAGIrisk with floodingand
hogwaste contamination together. It is important to understand the extemihich flooding
exacerbates Gl illnesses associated with hog wastbeavy flooding events will continue to ocamd
are likely to increase in frequendyrevious esearch has not specifically examined the association
between flooding and gastrointesial illness across several hurricanes while considéniiggCAFO
exposure Althoughthe Setzer and Domino study examined the association between Hurricane Floyd
flooding and waterborne pathogenic illnesses, that study ussegoriesof FEM Q& | &4 a8kead YSy
a0 2N¥Qa a2z OA 2R gfAodd niapsiavdlcbudigvel data instead aZIP coddevel
datal?’ Additionally, very few studies have examined the relation&t@pween hog CAF€xposureand
health outcomes, and none have specifically looked at AGI EDiwiki€s While several studies have
assessed the relationship betwe#laoding and AGI ED visitery few studies have examined the effect
of hurricane flooding on AGI MG the third most hurricaneprone USstate, and few studies have

assessed racial disparities of AMbst studies have not examined how these relationships may change
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in areas with more people of color or more rural are@ss study also benefits fromclusionof two

different severehurricanes, with different préwurricane conditions, that affected similar aredsost

studies on flooding and AGI either examine many heavy rain/flooding events or a single
hurricane10.92107.124126 Ag g significant portion M@ a LJ2 LJdzf | G A2y NBf ASaE 2y 5S¢t

is such a large producer of hod¥Cisa compellingcase study for these questions.
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CHAPTER IMETHODS

Overview ofCommonMethods for Studying Health Effects of Disasters

Researchers use various methods to examine the health effects of hurriaadesmilar
extreme events and natural disastehen dealing with a wetlefined event(like a hurricangand an
outcome that occurs relatively soon after the event, methods such asarassover, differencen-
differences, andnterruptedtime seriesare common. These methods compare health outcomes in a
geographical area before and after an evesuch as a disastdn see howthe eventchanges the
incidence of the health outcom®’1?®Because each person or each region is compared td,iteke
methods control for timeinvariant confounders. The ca2NR2 4 4 2 SNJ RSaA3dy O2Y LI NB &
RdzZNAYy3I GKS S@Syid 02NJ RdzNAy3a (GKS F¥S¢ 6SS1a FFASNI G
I NBF Q& SELJR &dzNB | (ibefbre ar aftdt khe éverit2 N FubtdtBinfe®&iesi(IXSYiS a
guastexperimental method that compares the trend of the outcome afterewent, such as a disaster,
to the longterm trendin the predisaster period within affected area(8f.Controlled interrupted time
series (CITS) builds on the standard interrupted time series approach by incorporating a control group
that was not affected by the disaster (event orintervention) to compare trends in different areasesv
time.12% Differencein-difference(DiD)estimation examines whether the outcome of a group affected by
the disaster significantly differs from its baseline mean by an amount greatetthiaaiof the
comparison (unaffected) group. All of these methods have advantagedisadvantagesand the ideal
method usually depends on the specific data available. For example, unlike CITS and difference
difference, the caserossover design does hose control areas that were unaffected by a disaster

because the design requires its cases and controls to have different exposures (e.g., flooded vs.
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unflooded exposures). Differenge-difference estimation is a simplification of CITS assumes often
incorrectlyt that the outcome of the affected and unaffected groups have parallel trends. CITS methods
are more rigorous thaiDbecause CITS better accounts for differing trends of the outcGfne.
However, creating accurate trends requires data from a long period of time, thus, CITS requires more
data before thedisaster(at least four time points) tha®iD

Studies of flooding have utilized each of these methods. A recent stutbhoding and mental
health in England used CITS to examine the number odaptiessant medication prescriptions in the
year before and the year after floodifgt The researchers were able to compare the prescribing trends
in the flooded areas to the prescribing trends in the unflooded areagvemajor flood events from
2011 to 2014. Their use of CITS allowed them to account for the increasing trend of antidepressant
prescriptions over time in the general population that was independent of extreme weather events. The
study found a 0.59% (95%rdfidence interva(Cl) 0.24, 0.94) increase in prescriptions during the post
flood year in primary care practices within 1 km of a flood compared to practid@ksn from a flood.
The same research team used CITS again to examine the association alityreottl flooding from 319
flood events in England and Walésring 19942005122 The mortality ratio in the prdlood year to that
of the postflood year among areas within 5 km of a flood was compared to mortality ratios in areas
outside of the flood boundary. The study fouadlight decrease in mortality in the year after floods.
The unexpected results might be due to fleodused population displacement or may be because this
study failed to account for flood severity. In contrast, a previously mentioned study by Wade et al.
employed the caserossover design to examine the asstioiabetween flooding and emergency room
Gl visits in MassachuseftIhe studyconsidered only flooded areas and used a tisteatified bk
directional design that matched on the day of the week to select controls, which avoids potential bias
caused by temporal trends if controls are only selected after cases. The aforementionedhgtdizer

and Domino on waterborne pathogenic illnesNi@after Hurricane Floyd used a differenoe
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differencemethod°” The method was appropriate for the data available, but using methods that
incorporate longterm trends and using geographically finetalaould have improved the study by
giving more accurate and geographically specific results. All of these types of methods are useful for
hurricane and flooding research, and the specific methods used is frequitdymined by the nature
of the availabt data. Nevertheless, CITS is a particularly rigorous and appealing method because of its
use of a control group and lorgrm trends, in addition to its ability to control for tiri@variant
confounders.

Without a control group|TSanalysesometimes are unable to distinguish the effects of
external factors across time from the effects of the intervention or disastekn appropriate control
group with comparable levels and trends of important baseline covariateshemnoutcome greatly
strengthens the interrupted time series method, although determirimgappropriate control can be
difficult. Inverse probability of treatment weighting (IPT@8n be used testimate the average
treatment effecton the treated (ATY, or, in this dissertation, to estimate the average flooding effect in
those whoexperience heavy floodinglPTW controls can be used in CITS to create a control group with
covariates that are balanced according to the covariate distribution of the exposed areafimprove

causal inferencé3*

Aim 1 Methods

Aim 1. Determine the fationship betweerhurricaneflooding and rates of AGI ED visits

Study population and study design

For Aim 1we used flood and hurricane data frothe North Carolina Department of Public
Safety (NC DPS) and ZIP cledel data on AGI ED visits from tRerth Carolina Disease Event Tracking

and Epidemiologic Collection T¢bIC DETECTWY.e usedCITSnalysisvith an IPTWATT control to
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examinethe relationship between hurricane flooding from Matthew and Florence and AGI ED visits on
the ZIPcodelevel. A Y mMQa & i deRédedpddplddzho-wird @lgased from emergency
departments(EDs)n NCwith an AGlrelated dischargeode2016-2018 CITSvasused to compare AGI

ED visit trend®efore vs. during and shortly afteurricanes in areas that were flooded to areas that
were not flooded We createda control pseudepopulationof unfloodedZIP code thathada similar

covariatedistribution as the floodedZIP codswith IPTWATT

Exposure

Hurricane flooding NC DPS created a shapefile of the Hurricane Florence and Hurricane
Matthew flood extensin NCbased on the effective and preliminary flood maps, observed rainfall,
storm surgeFlood Inundation Mapping and Alert NetwiklMAN flood gauges, and photographs. For
the main analysisye usedthis DPS data to categorize eatl® codes flooded or uboded, based on
the amount ofZIP codearea flooded AsCITS and ITBethodswork best with adichotomous exposure,
we testeddifferent cut points to indicatdeavyflooding in aZIP codeFor main analyses,flmodedZIP

codewasdefined as having third of its area flooded

Outcome

Gastrointestinal illnessNC DETEE®llects dataof emergency departmentED)visits inNCand
provided usthe de-identified data withLJl (i A AR/cdbds.NC DETECT is a surveillance system created
andmaintained by theNCDivision of Public Health and the Carolina Center for Health Inform&iivse
2005, all civilian EDs have been required to send ED data to the state for public health surveillance. This
information contains patient age, sex, race, ethnici codeED arrival da, insurance coverage, chief

complaint, triage notes, dispogih diagnosis descriptigrand diagnostic code3heZIP coderovided is

thezZlPcod®@ T G KS LI GASyi(Qa o Avetelugstdall EOR/NIEIAtafom Z02ANI i K A &
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2019 and identifed AGI usingliagnosticcodes from the International Classdikion of Diseases, Nine
and Tenth Revisions (I&Dand ICELO; described below). The following [€Cand ICELO codeswere

used to identify AGI cases: intestinal infectious illness-aQI1009; ICBE10: AOBAO09), unspecified
noninfectiousgastroenteritis and colitidCD9: 558.9; ICEL0: K52.3, K52.89, K52.9), diarrhea {8CD
787.91; ICEL0: RDB.7), and nausea and vomitingc(9: 787.0; ICEL0: R11.16R11.12). Similar diagnosis
codes for AGI have been used by other studieflooding and AGED visit$%2°All AGI events from
diagnosis codes-11 were included in our analyses, including repeat visitsome individualdie
considered AGI ED visits as a marker of community infection, although AGI ED visit rate is substantially
lower than actual AGI rate, as most AGI cases ardisaling and do not require medical car@ne U.S.
populationbasedstudy projected that oryl about 20% of people with acute diarrhdiiess sought
medical care and 6.4% visited an emergency departrtfént.

While we obtained ten years of outcome data, feeused our analysis on 20P®19because of
changes irhospital reporting over timewith several large changes in 2015 and 2016, and because of
the change from ICD to ICB10diagnostic codes October2015 Between 201&nd2019,the change
in total number of ED visifsom year to year was always below%0Ohowever, the number of ED visits
in 2015wasover 20% lower than that of 2016 because of systematic chafgegxample, some
hospitals were added to NC DETECT in 28¥&lditionally, some hospitals stopped sending data
because of challenges during the 1€ ICD10 transition and were likely unable to backfill all missing
visits.These changewzreated a discontinuity in the quality and compaiti of the data ovemalonger

period.

Covariates
Because aim & atime series analys where AGI ED visit trendsdachZIP codeare compared

over time to posthurricane AGI ED visit trendsthre sameZIP codethese analyses ontontrolled for
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time-varying confounders, including seasonality by mceml yearto-year differencesGenerallytime-
invariant variables (over this tienframe), such as distributions of age, race, and income, do not need to
be controlled for in time series modeldowever,we examined effect measure modification (EMM) by
age race and health insurance stattie understand how these factors might influes AGED visitate.

Month. AGI trends vary by season, with AGI ED visit ratd€ighest in the wintef® To
account for this seasonal variationge included month in our models.

Year ED visit data changes year to year with new facilities opening and closingtanmkw
policychangeghat alteraccesgo care. To address these changes,included year in our models.

Day of week AsEDvisit patternsvarydepending on the day of the wegk we also include
day of week in the models.

Precipitation. Asheavyprecipitation is associated with A&12:92.95.9.13{ye examined how prior
precipitationthat is not related to HurricareMatthew or Florencanay nfluence the effect of the
hurricanes on AGWeobtained daily precipitation data from the PRISM Climate Group ast§kékm
raster datat®® whichwe transformed into 1krby-1km point data then aggregated to 20ZTP code
polygons, assigning thélP codéhe maximum precipitation recorded in tH&8P coddor the day.

Age.Worldwide, diarrheal disease is the second leading cause of deathgantoldren under
age five®® In the United States, rotavirus is theain cause of pediatric diarrhemd there are
approximately 136,000 diarrheassociated hospitalizations in children <5 years of age each3e%s.
children under 5 years of age aadults over 70 years of age are especially vulnerable td%A&?;141
we examinedEMM by age categagrto examine if young children and older adults have higher rates of
AGI following hurricanes than the rest of the popudati

Race and ethnicityNC DETECT data also contains the race (American Indian, Asian, Black,
Pacific Islander, White, Other) and ethnicity (Hispanic Origin, Not of Hispanic Origin) of the ED patients.

Race in the NC DETECT data should beegrifted, although sometimes recdphtists or clinicians
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make assumptions and indicate a race without asking. It is unknown how frequent this data is self
reported vs. assumedRace is often used as a proxy for various, unidentified behavioral, economic,
historical, environmental, and genetvariables*?Race is a social construct that is entrenched in our
society and the effect of racist ideas and practices can affect health and biétafghile Black and
Hispanic children may have higher overall rates of hospitalization due to diakttgenetic race
differences are ligly not responsible for differences in rates of AGl. Race and ethnicity differences in
health exist because of racism, white supremacy culture, numerous discriminatory policies, and
historical, cultural, and socioeconomic differences, which are diffiouth¢asure Additionally,

disparities in healthcare access, insurance, and trust may account for different reliance in EDs for
AGI¥%148Black Americans are less likely to use primary care and more likely to use EDs than White
Americans, but these care disparities are greatly reduced when accounting for medical miSffst.
attempt to examine how race and ethnicity might affect the relationship between ramédlooding

and AGlwe conduced analyses examiningceasan effect measure modifier (EMM)

Rurality. People in rural areas are more likely to rely on well water and septic systems, which
put them at increased risk of water contaminatiand AGF° People in rural areas also hadecreased
healthcare acces'$?We assessed ruralitysing a continuous geographic isolation scale thatsifees
ZIP cods according to their access to resources; this measure was split into quavtiles examining
effect measure modification by rurality?

Health nsurance typeHealth insurance type can act as a proxy for income as well as health
careaccesswhich may affect whether a person would go to taBfor AGIL.A nationwide study found
that patients on Medicaid have a higher ED utilization (40% vs. 18%) and were ralyréolikave
barriers to timely primary care than people with private insuraf¢&Ve examined EMM byealth
insurance type recorded in NC DETECT data: insurance cofppaaje) Medicare/Medicaid/other

government insurancégovernment) and seHpay (likely uninsured)We used data from the American
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Community Survey (ACS) to estimate the percent of uninsured residents iZ Bachdewhich was
used iNlPTWACS was also used to estimate the number of peoplerivate health insurance,
government health insurance, and no health insurance to serve as the population denomifators
the offset) for these EMM analyses.

Income Research has found higher AGI rates to be associated with lower median household
income 152153ACS data on median household incowes used to create theontrol pseudepopulation

To do this, we populatiomveighted block grougevel ACS data to thélP coddevel.

Statistical analyses

For aim 1we usedCITSnalysigo examine howdaily AGIED visitrendschangedduring the3
weeksafter Hurricanes Matthew and Florenceompared to the daily AGI ED visits trends@2@19.
The interrupted aspect of the time seristarted on the day the hurricanes struck K@tober 8, 2016
for Hurricane Matthew and September 14, 2018 for Hurricane Florence). Although some areas were
underwater for many days, the hazard peribdganwhen the flooding begindVe used quasPoisson
regressionpecause of overdispersion in the ED d&armodels included variables farcluding time
(year, month, and day of wegka dummy variablendicating pre or posthurricane period0/1), a
dummy variable indicating flooded or unflooded area (0/1), interactions between the flooded area
variable and all other variables (to control for the change inEGVisirate during this period in
unflooded areas), and a population offset. The offs¢he yearly estimated|P coddevel population
enablal us totake into account the changing number of people at risk for AGI over filmeenabledus
to obtain a rate ratipwhich represents the rate of AGD visitgluring the three weekafter the
hurricane over the rate of expected AGI ED vihitsng this periochad the hurricane not occurred
(based on previous trendsyVeestimatedyearlyZIP coddevel populationby aggregating/earlyblock

group-level populationestimatesfrom the ACSTo isolate the effect of the large hurricane of interest
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(Matthew or Florence)we removed the eightveek periods after other large hurricanes that produced
over one foot of maximum precipitation (namely, lHaoanes Hermine, Matthew, and Florence).

To increase theigor of these methods and the validity of the result® included an IPTW
control groupthat represents the AGtend expected in the floodedIP cods during the hazard periods
of Hurricanes Matthew and Florence if they had not been flood@a.create an appropriate control,
unexposed areawere weighted so their pralisastercharacteristicsvere balanced and comparable to
the pre-disastercharacteristics of the exposed ared¥ecreated twocontrol pseudepopulations(one
for Hurricane Matthew and one for Hurricane Florenbg)weighinghe unflooded areas to the flooded
areas based on the characteristics of the flooded areas that may be confounders or may be associated
with AGIED visit rate (percent White, rurality, median income, percent uninsured, and total number of
ED visits)These variables were available from the ACS at the block group levelwedggyregated
into ZIP coddevel dataWhile ACSlJata is available on th&IP coddabulation Area (ZCTA) lev2GTAs
are only rough estimations &flP codgolygonsand using ZCTA data 0P codelata can increase
misclassificatiod®* Insteal, we used population weights to assitmockgroup-level ACSlemographic
datato blockcentroids and aggregated all the block centroid data within ea¢h codeo createZIP
codelevel estimatesAsZIP cods change over timave examinal newly createdZIP codein the 2016
2019 time periodcombinel ZIP cods that are split over timeandmerged the data from the spliZIP
codes.

Wealso examined EMMy race age andinsurance typeo understand howhe relationship
between hurricandlooding and AGlaries across different demographié¥eexaminal Hurricanes
Matthew and Florence separately in their o@iTS analyses, and theonducted a randoneffects
meta-analysis of theate ratios from the CITS anadgsof Hurricanes Matthew arfélorence using the

DerSimoniarLaird method!55156
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Aim 2 Methods

Aim 2. Determine the relationship between hog CAFPosureand rates of AGI ED visits

Study population and study design

In @am 2we examingl the relationship between hog CAERposureand AGI EDisits on the ZIP
code level, using inverse distance weighting to estimate hog CAFO exposure and inverse probability
weighting to create appropriate control ZIP codégeused ZIP codievel data on AGI ED visits from NC
DETECT and information thre sizeand location of hog CAFOsNICfrom NCDepartment of
Environmental Quality (DEQ)hile the goal of this aim is to examine the general relationship betwe
hog CAFGexposureandgastrointestinal illness acro®; the study population is limited tpeople who
went to an emergency departmeED)in NCand were released with an A@dlated discharge code in

2016-2019.

Exposure

Hog CAFQ&Ve used the2014 swine permit data frollCDEQwhich included the location,
facility name, operationadtatus, typel/life stage of animals, lagoon count, allowable animal ¢amt
waste output (gallons/animal/yeanf eachpermitted swine facility Using this data, we calculated the
steady state live weighSSLWof each hog CAFO. SSis\n indicator othe amount of waste
produced at each CARId has been used in other studi¥$5’SSLW is calculated withe North
Carolina Department of Environment and Natural ResoecesF 2 tHat ideforporates the numbeof
hogs, growth stage of the hogs, and average weight of each growth @agé&ablel for list of growth

stage/production phase of hogs and mean weight used to calculate S$WL)
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Tablel. Weight classes for determining Steady State LiWeight from Pietrosemoli et al., 20728

Production Phase | Initial Weight [bs) Fnal Weight Ips) Mean Weight lps)
Wean to Feeder 10 50 30

Feeder to Finish 50 220 135

Gild Developing 50 250 135

Boar Stud 250 550 400

Farrow to Wean - - 433

Farrow to Feeder - - 522

Farrow to Finish - - 1417

We estimated case exposure as the inverse distances from each hog CAFO toldecisus
centroids, weighting with Gaussian decay and bystpmy CAFQthenaggregated tdhe ZIPcode using
population weightsWecompared ZIP codes in the upper quartile of hégled2 & dzZNB 6 ¢ KA 3K K2 3
to those withouthog exposureUsing inverse probability of treatment weightil@TW)we created a

control with similar demographics to the high hog exposed population and calculated rate ratios using

guastPoisson models.

Outcome

The outcome of AGI ED visits is the same as the outcome described in Aim 1.

Covariates

Age.As previously mentioned, children and older adults are more susceptible t&A&I.
Because of thisve examined how age modifies the relationship between hog CAFO exposure and AGI.
Raceand ethnicity. As previously discussedGIEDrates may differ across races and
ethnicities'*which may be because of discriminatory polia@esl dfferences in dietprior infections
and EDusage People of color are disproportionately more likely to be frequent ED users than White
peopel* As hog CAFOs have been bdidiproportionately neaBlackand American Indian
communities!® we describal how ZIP coddevelrace predicts ho € AFGexposure and used a ZIP cede

level, AC®ased race variable (percent of population that identifies as White) in |IRV&dlso
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examined how individudevel race and ethnicity (from the ED data) modify the relationship between
hog CAFO exposure and AEl \sit rate.

Income Research has found higheousehold incoméo be associated with lowekGlrates 52
with low-income women having a higher risk for Al&n highrincomewomen.'>3In NG highdensities
of hog CAFOs are also more likely to be located neairloame communitiest> We examineal ZIP code
level ACShasedmedianincomeas an EMMin adjusted modelsand used median income for IPT
weighted models)

Rurality. As hog CAFOs tend to be locatediiral areaswith relatively lowpopulation density,
we also examined rurality as an EMM and used rurality in IFRMaAlity was measured using a
continuous geographic isolation scale that classifies ZIP codes according to their access to r&sources.
The continuous rurality measure was used in IPTW and the continuous rurality measure was separated

into quartileswhen examinindgeEMM.

Statistical analyses
For the main analysisye used IPTW to estimate the average treatment effecthe treated
(ATT).To do thiswe created a pseudgopulation(assumed controlyith similar demographics as the
KAIK K23 SELRASR LRLMzA I GA2y 60l aSR 2 ynodHisfanitacLt O2 R
White residents, and percent of uninsured residents) buhwio hog CAFO exposuré/echose 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 largergpcent of nonrHispanic White residents than NC overall and the high hog exposed
areas Weexcluded metropolitan ZIP codes from all main analyses by excluding the lowest quartile of

the geographic isolation sca(eelow 5.6; 27ZIPcodes excluded), as urban areas lack hog CAFOs and

likely have different ERccess andisit patterns than areas with hog CAFMsre specifically, city
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political power would not allow miles of a city to smell of hog manure and cities lack the large moun
of open, inexpensive land for CAF@&usedquasiPoisson models to accoufdr overdispersion in the
ED visit data. When examining EMiVe adjusted for percent uninsured, median income, and rurality,

whichwe had identified as confounders using a dited acyclic grapfseeAppendix3).

Aim 3 Methods

Aim 3. Examine how hog CA&xposuremodifiesthe relationship between hurricane flooding and rates

of AGI ED visits.

Study population and study design

For aim 3we examinal how the change in AGI ED visit raiging/after Hurricans Matthew
and Florence differs irelation to hog CAFOs exposufdese analyses are preliminary and exploratory
Wefocused on examining the disparities in exposure, outcome, and effticese areasWecontrasted
the demographics between rural areas with hog CAFO exposure and flooding to those with neither. The
study population and study design in this aim are the same as for aim 1, with the addition of examining

effect measure modificatin by hog CAFO exposure.

Exposure

The exposure of floodingas the sameas described iim 1 using the NC DPS data

Outcome

The outcome of AGI ED viqi&0162019)was the same as describedAims 1 and 2.
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Covariates

The covariates the CIT@nalysis were the same dsscribed in Aim IThe continuous hog
CAFO exposumeated in aim 2 was used in this analysis, although the CITS analyses defined high hog
CAFO exposure as above the median in this aim (compared to abovettpertentile) dueto small

numbers in some of the strata.

Statistical analyses

For aim 3we examinal how the effect of hurricane floodingn AGIED ratevaries across levels
of hog CAF@xposure To examindEMM by hog CAF@xposure we included a multiplicativeinteraction
term for hog CAF@xposure (high hog CAFO exposure: above the median of hog exposure, low hog
CAFO exposure: below the median of hog exposure, no hog CAFO exposure: hog eR@pasdre=
hurricane flooding in eacBITS analysi¥Vealso examined this relationship by comparing the BBI
visitrate duringthe three weeks after Hurricanes Matthew and Florencglid codesvith no hog
CAFOs, i@IP codewvith hog CAFOs farther than 0.1lenfrom the flood extent, and in ZIP codes with
hog CAFOs within the flood extent or within 0.1 mile of the flood extent to theE®@&dte in these
same areas during the santieree-weekperiods in noshurricane years (autumns 2017 and 2019
matchingby mamth, day of week, and yearWealso describedhe differences in thesdemographicdby

exposures (hurricane flooding and hog CA@osure.
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CHAPTER IMURRICANE FLOODING AND AGI (AIM 1)

Introduction

Hurricanes can be deadly, traumatizing, aaeh impair human healthn addition to immediate
injuries,heavy rain and flooding increase pathogeansportandcan cause illness whamntaminated
water isingested orcomesin contact withthe skin or eye$°8+159Floodng ofwastewater treatment
facilities, sewage systems, animal waste management systems, and hazardous wastmsélease
chemicals and pathogens, thus contaminating floodwater, soil, groundwatersurface waters that
are sources fodomestic and municigdarinking water’® Contact with waterborne pathogens can cause
acute gastrointestinal iliness (AGI), defined as diarrhea, vomiting, or nausea that often occur with
abdominal pairor fever?® Diarrheal diseases are a leading cause of death worldwide, causing 1.3 million
deaths annually, including half a million deaths amohiidren under five years of agéWhile rates of
AGtrelated deaths are much lower in the United States (US), where therepm®ximately 0.65 AGI
episodes/persoryear, children and older adults remain disproportionately affected, and environmental
exposure can increase risk from ABL210°AGI can encompass a range of enteric illnesses caused by
various viruses, bacteria, and protozoa, as well asintattious agent$® Surface waters have been
found to have higher concentrations Bf coli enterococciSalmonellaCampylobacterGiardia,and
Cryptosporidiunafter extreme rainfall and flood even?&°4%These pathogensay cause Alr are
associated with the presence of other bacteria thady cause AQF14 days after exposur@rior
studies suggest thatesere flooding which often occurs during and after hurricanemay be

associatedvith AGl,especially in people who come dontact with floodwater<®* However, very few
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studies have examined the effect of hurricane flooding on AGI in North Ca¢ii@idhe third most
hurricaneprone USstate, and few studies have assessed racial disparities 0fAGI

In the easern US, heavprecipitation eventdave riserover the past 30 yeaysvith autumns
becoming wetter’” Sixteen hurricanes have made landfall in NC in the last 30,\@@theavy
precipitation events are expected to increase in theure.?”.16NCis an especially important place to
examine the effects of flooding as a third of its residents (approximately 3i8mifar more than most
states)obtain their drinking water from household wells or other small residential water systems, which
stand at higher risk of contamination than community water suppfié&*162The estimated cost of AGI
related emergency departmerfED)visits inNCdue to microbial contamination in drinking water
exceeds 40 million Usbllars annually® Many residents who use private well water liverimal eastern
NC, an area frequently flooddrom hurricanesAs the second leading hog producer in the US, NC
houses9 million hogswhich aremainly concentratedn its hurricaneprone eastern regiofi.13 These
hogs, nearly as many as total statewide human resideygserate more fecal waste than the entire
statewide human population concentrated into less than 4,000 feces lagééhsaricanes that hiNC
may flood these lagoons, transportifigcal bacterighat may cause AGI into nearisaterways’ The
intersection of hog farms anitboding creates layered environmental and climate justice issagshese
industrial hog operationare disproportionately located neaacial minorities and lovincome
populationsand in floodprone areas®

Hurricane Matthew (October 2016) and Hurricane Florence (September 2@18)he two
largest, deadliest, and costliest hurricanes to hit NC in the past 15 years. Both Category 1 storms upon
reaching NCHurricanes Matthew and Florence leglthe loss of 25 and 40 livesNG respectively, and
cost $1.5 billion and $22 billion, respectivelyN@alone%:6”Hurricane Florencwas the wettest
cyclone recorded ilNC, dropping trillion gallons of watestatewidein one weekand drenchingparts

of the statewith up to 3 inches of rairf® The maximum rafall in NCfrom Hurricane Matthew wa49
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inchesreported in Columbus Countidowever, Hurricane Matthew occurred only five weeks affteavy
rain (up to 13 inches) froHurricane Hermine andine daysafter episodes of severe heavy rdup to
10 inchesiand flooding across central and eastétfy; which compounded the damage due to
waterlogged soil. Hurricanes Matthew and Florefheceke highwater records on numeroullCrivers
and floodedmany of the sme areas in easterNC®°¢7

While many studiehaveexaminal the association between precipitation, heavy precipitation,
and flooding on AGI, very few (4 of the 40 flooding articles reviewed bydt ey 201§ haveexaminel
the extreme flooding caused by hurricarf@3°7:164165Thjs is the first study, to our knowledge, to
examine the increase in athuse AGED visitrate in flooded areas during the weeks after hurricane
flooding in NCThispaperinvestigates how the relationship betweénirricane flooding and A&D visit
rate varies in areas with different amounts of flooding, during different flood exposure periods, and
among different age and racial groups. As two major hurricaridatthew and Florence struckNC

within two years, this studgxamines and comparébke effects of different hurricanes on AGI ED visits.

Methods
Study Population

This study examingbe AGI b rate among NC residents in 262819 and the change in AGI ED
rate after Hurricanes Matthew and Florence. Cases include NC residents who visited a NC ED during the
study period and had an A@lated diagnosis code. As the finest resolution of statevA@ data

available was at the ZIP code level, all analyses were conducted at this level.

Exposure

We used Hurricane Matthew and Hurricane Florence flood extent data fronNtBBepartment

of Public Safety (DPS). These flood extents were based on effective and preliminary flood maps,
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observed rainfall, storm surge, Flood Inundation Mapping and Alert Network (FIMAN) flood gauges, and
photographs. We calculated the percent of atbat eachZIPcode was floodd during Hurricanes

Matthew or Florence using their respective flood extents and the ZIPéode boundariesk-or analysis
purposes, ZIPcode was categorized isoded if one third or more of its area was floodétle chose

this cut point because it enabled us to focus on heavily flooded ZIP codes and provided enough AGI

cases for suanalyses.

Outcome

Acute gastrointestinal illness (AGI) was measured usatg fromthe North CarolinadDisease
Event Tracking and Epidemiologollection Tool (NC DETE@Public health surveillance system
containingcivilian ED visstin NC We calculatedAGIED visitates at the ZIP code level, tfiaest
geographic level available. Diagnostic codes (International Classification of Diseases, Tenth Revision; ICD
10) were used to identify intestinal infectious illness (AdI), unspecified noninfectious
gastroenteritis and colitis (K52.3, K52.89, K52.@yrdéa (R19.7), and nausea and vomiting (R+1.10
R11.12) as AGI ED visits. Similar diagnosis codes have been used in other studies of flooding°&8hd AGI.
Our main analyses focused on the increase inEAGVisirate during a threewveek period after the
hurricanes because there may be a lag between water contamination and expodinedontaminated
water, because flooding from Hurricanes Matthew and Florence lasted about a week in some areas, and
becaiwse most of the pathogens in floodwater that can cause AGI have at mostaded incubation

period.

Covariates
To examine effect measure modification (EMM), we used indivitilaI@ St O2 @F NA | (G S &

race, ethnicity, age, and health insurance st&tand we used arel@vel covariates for rurality and well
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water usage. The 2015 U.S. Geological Survey estimates the number of people in eaclwbouwrgg
private well water, and we used this data to create @Belevel well water usagestimatest®® For
N} OSKkSUKYAOAGEST LI GASYG-aAaBINFAOCEGSTI2HNKBERI NBLRBNKES
was White and they were not reported to be Hispanic. We were able to sepagatalyzeBlack and
American Indian patients, but due tosufficient case counts during thieree weeks after the
hurricanes we combiné Asian, Pacific Islander, Hispanic, and Other Race patients into an Other Race
category. Rurality was measured using a continuous geographic isolation scale that claBstfozez]|
according to their access to resources; this measure was split into quantfiies examining effect
measure modification by ruralit{p!

We estimated the full population and stratuspecific population (by ageategory,
race/ethnicity, health insurance status) using #wmerican Community SurvefxC$five-year estimates
for each year during our foryear study period (e.g., the 202016 ACS estimates released in 2017
were used for the 2016 outcome data and th@14-2018 ACS estimates were used for the 2018
outcome data). These yearly ACS data on age, race, ethnicity, health insurance status, and overall
population were available at the block grolgwvel, so they were assigned to the centroids of each 2010
census block within a block group based on the proportion of the block group population within that
block.Then we aggregated the$dock centroid data to create ZIP coliwel population estimates. We
did not use census data at tlPcode tabulation are§ZCTA) level due to the spatiotemporal mismatch
between ZCTAs and ZIP coééd5"We examined all changes in ZIP codes from Zii®andassigned

all ZIP codes to the 2017 ZIP code polygon they contained.

Statistical methods
We used controlled interrupted time series (CITS) to examine how daily AGI ED visit rates during

the three weeks after each hurricane compatedhe predicted rates had these hurricanes not
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occurred, based on AGI ED visits trends ib6ZE019and controlling for the A@D visitate change in
control areas after the hurricane$Ve opted not to include earlieutcome databecause othanges in
hospital reporting over timgwith several large changes in 2015 and 2016, and becauke ohange

from ICD9 to ICB10diagnostic codes October2015 Between 201&nd 2019,the changen total

number of AGI ED visifiiom year to year was always below 1086wever, the numberAGI ED visits

in 2015wasover 20% lower than that of 2016 becausesg$tematic changes in the NC DETECT system
and reporting issueg-or example, some hospitals were added to NC DETECT ik¥2Adé@itionally,

some hospitals stopped sending data2015because of challenges during the &b ICB10 transition
andwere unable to backfill all missing visithese changes created a discontinuity in the quality and
comparability of the data over a longer period.

A threeweek exposure period the expected window for any increase in A£E) visiratet was
defined for eab hurricane from the day of hurricane landfall in NC (dajaghZIPcode was compared
to itself over time which allowed for control oZIP coddevel characteristics that did not change over
the fouryear period such asverallsociodemograptu factoss, healthcare access, rurality, and nearby
polluting sources. Wadded a controgroup of unfloodedZIPcodes to control for the change in AED
visitrate in unflooded areas after each hurricatieys accounting for potential timerarying
confounders.

SeparateCITS modeblsere run for each hurricaneTo isolate the effect of the large hurricane of
interest (Matthew or Florence), we removed from the study period other large hurricanes that produced
overone foot of maximum precipitation (namely, Hurricanes Hermine, Matthew, and Florence) and the
periods following the other hurricanes for up to eight weeks or until the hurricane of interest, if they
occurred less than eighteeks apart (se€igure5). We also excluded thiive weeks after thehree-
weekhurricane exposure period asnashoutperiod, as our preliminary results suggested large

hurricanes mag affect the AGED visitate for up to eightveeks(seeAppendix4). Neverthelessthe
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effect diminished over time and we expected that the majoritygtmirm-related AGI casesccurred
within three weeksafter each hurricaneFor example, ithe analysis of Hurricane Florenaghich

struck NC orseptember 14, 2018, we removed all data from SeptembBe8ember 3, 2016 to remove
the effects of HurricangHermine and Matthew, as well as OctobeNbvember 9, 2018 ake washout
period for Hurricane Florence. Thus, we were able to focus on how the AGI ED visit ratthne¢he
weeksfollowing Florence (Septembedctober 5, 2018) compared to the AED vsit rate predicted

at this time,without other large hurricanes confounding the effect.

Hurricane Horence Analysis
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Figure5. Summary of controlled interrupted time series analysis, including thieeek exposure periods of
interest (hashed rectangle),-&reek washout periods after the exposure periods (brackets with dotted lines),
and excluded periods for other large hurricanes (brackets with solid lines).

To account fooverdispersionn the ED visit datawe used quasPoisson models that included
indicator variables for thehree-weekpost-hurricane flood period and the floodeddPcodes, as well as
time-control variables for the day of week, montyear, and an interaction between month and yedio
estimate the difference in rate during the hurricafteod period between thek33%flooded ZIP codes

and the unflooded ZIP codes, weluded interaction terms between the floodetiPcode indicator
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variable and every other covariat€he model includedn offset of the yearly population within each
ZIPcode (derived fronyearlyACS dataip build populatiorbased AGED visitates.We derived

estimates using théollowing equation:

log(l 1) =bo+ biperiod+ bgroup+ bsyear+ bsmonth+ bsdow+ bsmonth*year +b-group*mornth +

bsgroup*year+ bggroup*dow+ biggroup*period

wherelog(l {)= AGED visirate at time t,period = flood period (preflood=0 three-weekpost-flood=1)
group=exposuregroup (control grouf0% flooded:0, flood groupx33%flooded=1), and dow = day of
week Our effect estimate of intereshio, represents the difference between the change in e code
level AGIED visitate in the control(group=0)and the flooded grouggroup=21}that is associated with
hurricane flooding, based on previous trend®. examine the combined effect of Hurricanes Matthew
and Florence, weonducted a randoreffects metaanalysis of theate ratios from the CITS anadgsof
Hurricanes Matthew and Floreaasing the DerSimoniapaird method:>5156

We also assessdeMM on the multiplicative scalgsingseparateproductterm interactions
between covariates of interest.§.,age category, race/ethnicity, well water use, health insurance
status, and rurality) with the floodedlPcode indicator variablégroup)and thethree-weekpost-
hurricane period indicator variabl@.g., goup*period*race/ethnicitycategory). Population offsets were
created by taking the logarithm of the full population or strat@mecific population (by age category,
race/ethnicity, health insurance status) from theeviously describeACSive-yearpopulation

estimates.
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Sensitivity analyses

We conducted sensitivity analyses examining various flood exposure periods (i.ED Adsit
rate in the 1 2, 3, 4, and Weeks after each hurricangand various cut points to classifZ#Pcode as
flooded(i.e., 20%, 25%, 33%, 40%, 45%, 50% of the ZIP code flodfkedlso conducted separate
analysegestricted to bacterial intestinal infections and viral intestinal infections, as well as an overall
pathogenspecific analysis where the 1€1D diaghostic codes indicated a specific bacteria, virus, or
protozoa (e.g.SalmonellapathogenickE. coli Clostridium difficileGiardia, Cryptosporidiosis, Norwalk
agent, Rotavirus; sesupplementary Table 4)0 understand the effect of our control on oQITS
results, we conducted interrupted time series analyses (ITS, with no control area) of the association
between various amounts of Matthew and Florence flooding tinedchange in threaveek post
hurricane AGED visitrate. Because Hurricanes MatthewmdiHermine occurred five weeks apart and
Hermine may have influenced the effect of Matthew, we conducted a sensitivity analysis where we
included AGtlataduring and after Hermine. As communities are often evacuated before large
hurricanes, especially bafe Hurricane Florence, we also conducted an analysis where we excluded ZIP
codes from counties under mandatory evacuation, because many of these people evacuated their
homes and were likely not exposed to the flood exposure to which we had assigned tsdin, Wwe
examined model robustness by comparing the results between eR@isson, Poisson, and negative
binomialmodelsfor the main analyses (negative binomial models did not converge for most sub
analyses)Robust standard errors were useddalculate 95% confidence intervg®5% Clusing the

sandwichpackage in R. All analyses were performed in R (Version 3%.2).

Results

In 20162019, there were 868,691 AGI ED visitsl@by residents with aNCZIPcode. During the

three weeksafter Hurricane Matthewthere were 330 AGI ED visits of patients frbi@ ZIRodes with a

52



third or more of their area flooded and 368 AGI ED visits of patients from similarly flad@edRodes
after Hurricane Florenc®verall, AGI ED visits were driven by seasonal pattesit, the highest

number of AGtelated visits during the winter months and lowest number during thenfi@hths
(SupplementaryFigure9). After HurricaneMatthew, 81 ZIPcodes experiencegko 02’z Ff 2 2 RA y 3
ZIPcodes experienced no flooding, whiéter Hurricane Florence 98 Pcodes experiencest 0 0372
flooding and 36ZIPcodes experienced no flooding, based on tleoél extent data frorNC DP@-igure

6). Amongall ZIRrcodes that floo@d during Hurricane Matthewthe meanpercentageof the ZIPcode

that flooded was 21.1% and the median was 13.88fmpared toHurricane Florengen whichthe mean
was 16.5% and the median was 8.6%wever, for analyses, we excluded flooded ZIP codes<®RBo
flooding Areas that floodedk o ogfaring Hurricanes ltthew and Florence were slightly more rural,
with a largemroportion of White norHispanics, American Indians, and uninsured residents compared

G2 b/ Qa 3ASy Jhked). LR LIz | GA2Yy 6

A) Hurricane Matthew B) Hurricane Horence

Matthew Flooding

No Flooding
233% Flooding

Florence Flooding

No Flooding
233% Flooding

Figure6. Maps of flood extents. A) Hurricane Matthew flood extent and Hurricane Matthew flooded ZIP codes
(at least one third of the ZIP code area flooded aftiie hurricane, N=81) and unflooded ZIP codes; B) Hurricane
Florence flood extent and flooded (N=97) and unflooded ZIP codes. Flood extents created and provided by the
North Carolina Department of Public Safety.
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Table2. Comparison of demographsand characteristics of the hurricarexposed ZIP codes and unflooded ZIP codes, by hurricane flooding. The huricane
exposed areas are ZIP codes with at least one third of their area flooding and tlileetied ZIP codes acted as the control in the controlled interrupted

time series analysisDemographics are from the 2017 American Community Survey.

Hurricane Matthew

Hurricane Florence

North Carolina

ZIPcodes

UnfloodedZIP

ZIPcodes

UnfloodedZIP

Overall Cft 22 RSR codes(control) | Cf 22 RSF codes(control)
Total Population (N) 10,051,041 313,505 5,686,637 392,560 3,019,011
White nontHispanicN (%) | 6,396,10063.6) | 233,462(745) 3,879,03368.2) | 292,639%746) 2,227,08773.8)
BlackN (%) 2,127,232212) | 44,726(14.3) 1,018,92317.9 | 57,483(14.6)  434,559(144)
American IndianN (%) 109,073(1.1) 8,594(2.7) 25,266(0.4) 8,851(2.3) 19,535(0.7)
HispanicN (%) 914,74509.1) 16,981(5.4) 496,185(8.7) 21,995(5.6) 219,312(7.3)
Uninsured N (%) 1,186,23612.1) | 44,768(14.6) 746,281(133) | 54,316(14.3) 392,169(132)
Number of hogs 12,595,000 176,106 298,533 484,676 271,339
Hog density (hogs/sgmi) | 253.0 52.4 12.7 109.0 16.1
Rurality score* 7.19 7.69 6.85 7.68 7.11
Median annual income ($)| 48,194 48,306 46,150 47,819 42,861
Area (sgmi) 49,712 3,358 23,491 4,432 16,903
Number of ZIP codes 1082 81 599 97 382

*Higher score indicates more rural area (basedyengraphic isolation scglé!




We observed d5% increase in AGD visitate (rate ratio (RR)=1.15, 95% CI. 0.97, I13BJe
3) after Hurricane Matthew and a 9% increase in BBlvisitate (RR=1.09, 95% CI: 0.93, 1.24) after
Hurricane Florence compared to the expected EQBlvisitate based on 2012019 trends, controlling
for AGIED visitate changes after the hurricanes in the unflooded ardah(e3). The CITS pooled
effect estimate for Hurricanes Matthew and Florence together, during the three weeks after each
hurricane was RRE11(95% CI1.00, 1.23. When assessing EMM bgce, we consistently saw an
increase in AGED visirate among Black patients after both hurricaremsnpared to the expected rate
had there not been a hurrican@latthew RR=1.095% C10.82, 1.36Florence RR=1.195% C10.92,
1.41).Among Americamidians, wedid not observe any increase AGIED visitate after Hurricane
Matthew (RRH.73 95% CI0.21, 1.2%, butwe observedalarge increase in AGDrate (RR=2.685%
Cl:1.96, 3.41pfter Hurricane Florencerhe AGED visitate among adults 65 and older increased 9%
(RR=1.095% Cl0.81, 1.38) after Hurricane Mattheand31% (RR=1.395% CI1.06, 1.56) after
Hurricane Florence. While the AED visitate among childremnder age Sncreasedslightlyafter
Hurricane Mathew, we observedho effectafter Hurricane Florence among this group (although the
number of cases in these groups was snmd¥}1 and 35, respectively, and the confidence intervals of
the rate ratios were wide We did not observe strong EMM Ipyrality and health insurance, although
we found a consistent 20% increaseAGIED visitate afterboth hurricanesamong those on public
health insurance. While we observed a1%% increase in AGD visitate after the hurricanes in areas
where the majority dresidents are on private well water, these results were not consistently larger
than the increase of A@D visitate in areas with a small proportion of residents on private well water
(Table3d).

When the CITS analyses were restrictethaoterial intestinal infectiofieD visits, we sawna85%
increase in AGED visirate after Hurricane Florence (RR88,.95% CI11.37, 2.34), but a decreasafter

Hurricane Matthew (RR=I, 95% CI10.06, 1.45). We did not observe any changes in viral intestinal
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infection ED visit rate after either hurricane (Matthew: RR=1.15, 95%CI=0.54,1.76; Florence: RR=1.05,
95%CI=0.47, 1.63)here were noenough caseduring the three weeks after the hurricanes to examine
protozoal enteric infections or any specific pathogens.

We also examined different flood exposure periods and different cut points for the percent of
ZIPcode flooded. The increase in A& visitate after Hurricane Matthew increased steadily as the
percent ofZIPcode floodedncreased Figure7a). ForHurricane Florence, the effect was strongest
among residents ik 0 0572 | Y R x dIRSodestbiit Ali@ idtSSkow a monotonic trend. As the cut
point for percent ofZIPcode flooded increased, the number difPcodes and of AGI ED visitil
codes desigated as flooded decreased and the confidence intervals increased. For Hurricane Florence,
theincrease in AGED VisiNI 4GS Ay »%Lt O2RS& xoom> FE22RSR 41 a aidN
the hurricane (RR=1.20, 95% CI. 0.93, 1.46) and decreased monotonically as the flood exposure period
increased. In contrast, the increase in AB visirate after Hurricane Mahew was lowest during the
first week (RR=1.01, 95% CI: 0.72, 1.30) and showed no clear relationship with flood exposure period
(Figure7b). We also ob=rved a very strong increase in bacterial AGI during the first week after
Hurricane Florence in ZIP codes with a third or more of the area flooded (RR=3.41, 95% CI: 2.75, 4.06; 15
bacterialAGI ED visits in those flooded area during the week; data notrsh@We ITS results by flood
category illustrate that during ththree weeksafter Hurricane Matthew, the A@D visirate was
substantiallyhigher than predicted in areas with 0% of the ZIP code floddedtrol areas for CITS),
areas with less than 1086 the ZIP code flooded, and areas with&3% of the ZIP code floodedigure
8). However, after Hurricane Florence, the &Bl visitate increased as percent flooding increased after

33% flooding with no substantial increase in areas witt32% flooding
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Table3. The association between Hurricanes Matthew and Florence flooding and AGI, main effect and effect

measure modification(EMM) stratum-specific rate ratios, calculated with controlled interrupted time series.

Flood exposed areas were ZtBdes with a third or more of their area flooded and control areas were ZIP codes

with no hurricane flooding. A threeveek exposure period was used for these analyses, starting the day that the

hurricane struck NC. The sample size (n) reported is the nendf AGI ED visits during the three weeks after the

KdzZNNA OFyS Ay %Lt O2RSa FchreASEED visite was ubed foKall andlyiws @2eptShe2 ¥ I f
pathogenspecific AGI suanalyses, where we restricted to bacterial AGI, viral AGI, dbalcterial and viral and

protozoal AGI

Hurricane Matthew n Hurricane Florence n
cases cases
1.15(0.97, 1.32) 330 1.09 (0.93, 1.24) 368

Main result
Effect measure modification:
Race

American Indian

0.73 (0.21, 1.25) 20 |2.68(1.963.41) 34

Black 1.09 (0.82, 1.36) 84 1.17 (0.92,1.41) 102
NorntHispanic White 1.10 (0.93, 1.28) 201 | 0.95(0.78,1.13) 207
Other 1.01 (0.50, 1.5%) 12 1.21(0.74,1.67) 25
Age
Under 5 1.12 (0.77, 1.47) 41 0.98 (0.62,1.33) 35
Age 517 1.39 (1.00, 1.77) 32 0.78 (0.35,1.22) 23
Age 1864 1.10 (0.91, 1.29) 187 | 1.07(0.89,1.25) 211
Age 65+ 1.09 (0.81, 1.38) 64 1.31(1.06, 1.56) 92
Insurance
Private 1.03 (0.76, 1.30) 66 1.21(0.97,1.45) 94
Public 1.19 (1.00, 1.38) 197 |1.21(1.038,1.40) 206
Selfpay/uninsured 1.08 (0.80, 1.36) 62 0.96 (0.68, 1.23) 63
Rurality
Metropolitan 1.19 (0.95, 1.43) 131 |1.10(0.84,1.36) 114
Micropolitan 1.16 (0.91, 1.40) 140 | 1.09 (0.831.35) 138
Small Town 0.94 (0.50, 1.39) 22 0.86 (0.45,1.26) 35
Rural 1.04 (0.67, 1.42) 37 1.13(0.86,1.40) 81
Well Water

<25% on well water

25-50% on well water

>50% on well water
Pathogenspecific AGI

Bacterial 0.75 (0.06, 1.45) 17

Viral 1.15 (0.54, 1.76) 19 1.05 (0.47, 1.63) 17

Bacterial, Viral, & Protozoal 0.97 (0.51, 1.43) 36 1.39 (1.02, 1.75) 44
Combined Result 1.11 (1.00, 1.23)

1.12 (0.93, 1.32) 163
1.43 (1.20, 1.66) 67
1.10 (0.86, 1.33) 86

1.16 (0.97, 1.35) 174
0.91 (0.64, 1.18) 88
1.15(0.91, 1.39) 83

1.85(1.37,2.34) 27

*In 2016 (Hurricane Matthew), 14.3% of the ED visit data had missing race information, while in 2018 (Hurricane
Florencg only 1.4% of the ED visit data had missing race informatismace missingness was not random and
was much higher in certain regigrthis introduced bias in the Hurricane Matthew race EMM analyses.

S7



A)

6 1.4
°\° .
7, .
(23 Hurricane
g 1.2 == Matthew
© == Florence
10+
[
et
©
20 25 30 33 40 45 50
Percent of ZIP Code Flooded
B)

1.57

BRIt | IR el

| L ’ 1 == Florence
0.9+ |

Rate Ratio (95% CI)

1 2 3 4 5

Flood Exposure Period (weeks)
Figure7. ZIP code A@D visitrate ratios generally increased with (A) increasing percent flooding and (B)
decreased with longer postlood exposureperiod. Floodingcut points (above which ZIP code is categorized as
flooded) range from 20% of the ZIP code flooded from the hurrican&®86 of the ZIP code flooded (using a
three-week exposure window). Flooding exposure periods range from the one week after the hurricane to five
weeks after the hurricane (using 33% as the cut point for flooded ZIP code). Main analyses used a flood exposur
period of three weeks and a percent ZIP code flooding of 33%. Number of AGI ED visits during the three weeks
after hurricane in ZIP codes designated as flooded: Matthew: 20%: 903, 25%: 427, 30%: 375, 33%: 321, 40%: 158,
45%: 122, 50%: 106. Florence: 2a%39, 25%: 680, 30%: 449, 33%: 368, 40%: 265, 45%: 149, 50%: 123. Number
2T ! DL 95 @gAraAiria Ay ®»mLt O2RSa Ff22RSR xo00o: RdZNAYy3I GKS
weeks: 211, 3 weeks: 330, 4 weeks: 421, 5 weeks: 539. Florence: 1 we2k2 iveeks: 255, 3 weeks: 368, 4
weeks: 485, 5 weeks: 598.

2.51
%)
X20
3 Hurricane
k=) == Matthew
t‘z&s' 1.5 : * | == Florence
o
£ IR { I
& 1.0 % 3 1 * t * I |

0% 1-9% 10-19% 20-32% 33-59% 260%
Percent of Zip Code Flooded
Figure8. Interrupted time series (ITS, no control group) results show that the increase in AGidiDate during
the three weeks among ZIP codes with various amosiof flooding (measured as percent of ZIP code flooded)
varied by hurricane. Number of AGI ED visits during the three weeks after hurricane in ZIP codes designated as
flooded: Matthew: 0%: 6173, BD%: 1850, 1€19%: 1068, 232%: 704,3% i’z Y H Yy M ZFloRmceeR%: n P
3721, 19%: 5142, 19%: 1645, 232%: 671,3p iz Y onnx XCcJ/E:Y cyd

58



Results were very similar overalhen we conducted the main analysis using Poisson, guasi
Poisson, and negativdnomial models (Supplementafiyable5). Howeverthe negative binomial
models were unstable when examining EMM and we opted against the Poisson models because of the

overdispersion of the count daté&?

Discussion

Overallwe observed a 11% increasén all-causeAGI ED visit ratduring the three weeks after
Hurricanes Matthew and Florenstgruck NGn ZIPcodes with at least a third aheir area flooded
compared to ZIP codes with no floodiMge consistently observed an increaseAi@| ED visit ratafter
Hurricane Florence in our sensitivity analyses, while the effect of Hurricane Matthew on increased AGI
was less consistent in these sensitivity anady$guring the first week after the hurricanes, we observed
a 20% increase iAGI ED visit ratafter Hurricane Florence, but no increase after Hurricane Matthew.
After Hurricane Florence, the increaseAG| ED visit rateas strongest among American Indiand
Black patients and among adults aged 65 and oM#éren restricted tdbacterial enteric infectioreD
visits, we foundan 85%ncrease irbacterialAGI ED visit ratefter Hurricane Florengédutwe observed
no increase after Hurricane Matthe(@lthough these estimates were based on only 27 and 17 cases of
bacterial AGI visits in area83% floodedduring the three weeks after Hurricanes Florence and
Matthew, respectively)While the increase in atauseAGI ED visit ratduring the three weeks after
Hurricanes Matthew (15% increase) and Florence (9% increase) were similar, our sensitivity analyses

7 P

KAIKE AIKEG az2vysS 2F (K RATFSNByOSa 06Si6SSy (KS adaz
Differencesd S 6 SSy (G KS a i 2 Nyaadpveralysion@adhrlSrgpossibly A y F I £ f
responsible for thaliscrepancy in findings between Hurricanes Matthew and Florence, particularly in

the bacterial AGanalysis and the analysis with a eweek exposure period where we observed strong

associations in each after Hurricane Florence and so@ation after Hurricane Matthew. Hurricane
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Matthew struck NC shortly after other heavy rain events while a dry period preceded Hurricane
Florence. These differences in antecedent rainfall AGd ED visit ratiacrease may be explained by the
concentraton-dilution hypothesis, which is supported by most studies on extremeimaielation to
diarrheaaccording to a 2020 metanalysis’® The concentratiordilution hypothesis proposes that
heavy rainfall following a dry period can flush fecal material and other pathogens from soil and surfaces
into surface water, increasing AGI incidefi2€°However, heavy precipitation after a wet period often
dilutes pathogen concentration in surface water, decreasing AGI incidétitkis may explain the null
association between Hurricane Matthew flooding aratterialAG! ED visits, &awo veryheavy rain
eventsaffected similar areas of NC fiweeeks anchine daysrior to Hurricane Matthew whilelittle rain
fell duringthe two months before HurricanElorence (Supplementafsigurel0). Hurricane Florence
was also substantially wetter than Hurricane Matthddyrricane Florencbroke rainfall total records in
NC, with rainfall up to 36 inches, whereas the maximum rainfall in NCHitomicane Matthew was 19
inches The consistency of the Hurricane Florence effect across different models and the strong effect
for bacterial AGI suggetitat the association we observed is not due to chance or bias and is likely
caused by an increase iraterborne bacteria after Florence. Howeyeur confidence in the observed
effects during the three weeks after Hurricane Matthew is tempered by the null results for the one
week analysisndbacterialAGlanalysis, although these null results may be cdusga dilution effect
Hurricanes Matthew and Florence drenched most of NC, and many ZIP codes that did not flood
(urO2y G NBE | NBFao adAatt NBEOSA QS R™Mpgesdntibaof dass OA LIA G I G A
precipitation (seeSupplementaryFigurel0). Heavy rain above the 9IS NOSYy G At S 2F |y | NB|
precipitation has been associated with Afglgardless oflooding®¢°17@173 Thus, our CITS analyses could
only examine the effect of heavy flooding after hurricanes compareddasathat received heavy rain
but no flooding. To further understand the effect of hurricane precipitatiorAG1, we conducted

supplementary interrupted time series (ITS, no control group) analysasnadlativesixday hurricane
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related precipitation andhree-week AGI ED visit ratand found the strongest effect in areas that
received rain in the lowest quartile{@®5 inches) of totaHurricane Matthew precipitation (although
effects were seen in every quatrtile of rainfall during Matthew) (Supplementabe6). This association
may also have been related to rain during the weeks before Hurricane Matthew, which ocizurred
areas that were both flooded and not flooded the hurricane (SupplementaryigurelQ). The effects
from total rain received during Hurricane Florence on AGI were mostly null, possibly indicating that
heavy rain in the controlraas were not reducing the association between hurricane flooding and AGI
during Hurricane Florence as they were for Hurricane Matthaflven we examined the association
between hurricane flooding and AGI without a control group (ITS instead of CIT3sults were much
stronger,with a rate ratio of 1.9595% CI1.69, 2.20) after Hurricane Matthew (compared to CITS RR=
1.15,95% CI0.97, 1.2) and a rate ratio of 1.286% CI1.02, 1.48) after Hurricane Florence (compared
to CITS RR=1.085% C10.93, 1.24). Because the heavy rain received in the unflooded areas may also be
associated with increased AGI, our CITS results for the effect of hurricane flooding on AGI are likely a
conservative underestimation of the causal effect of hurricane flooding on AGI, especially for Hurricane
Matthew.

While many studies use caseossover, differencin-difference, and singlgroupITS to
examine the effect of a disaster or intervention ovene, CITS is a more robust method that controls
for both time-varying and timenvariantconfounderswhen the preevent characteristics between the
control area and exposed area are comparaBté’“While the characteristics of the flooded and
unflooded areas were somewhat different in terms of race, income, and rurality, our efforts to use
inverseprobability of treatment weighting (IPTW) to create a more comparabkugopopulation were
unsuccessful due to positivity issues and demographic differences between eastern and western NC (see
Supplementaryfable7 and Table8 for details; IPTW results were similar to unweighted results). Despite

somedemographic differences between groypke control group was able to adjust for temporal
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factors to examine the effect of flooding specifically compared to areas with no flooding, but possibly
with heavy rainWithout a control group, ITS analysesy beunable to distinguish the effects of
external factors across time from the effecttbk event!33.174

In addition to the robust CITS methodsig study also benefits froinclusionof two different
severehurricanes, with different prénurricane conditions, that affected similar aredsost studies on
this topic either examine many heavy rain/flooding events or a single hurric¥i@1°7.12126 However,
to focus on the hurricanes individually, we removed dataundother largehurricanes from the
analy®s. As Hurricane Hermine MNICfive weeks before Hurricane Matthew, we excluded AGI data
from the five weeks before Matthewn attempt to isolate the independent effect of MatthewWe
chose to examine Hurricanes Matthew and Florence andHwticaneHermine because Matthew and
Florence were by far the largest and deadliest hurricanes to strike NC in recent\isdlesiestricting
data from time series analysis is not idestbrms occasionally occur shortly after another. When we
included thefive-week extremelywet period before Hurricane Matthewvhich may itself have caused
increased AGIp the mainCIT&nalysisthe associatiorduring the three weeks after Hurricane
Matthew attenuated to a weak 4% increaseA®s| ED visit rat® areask o offaoded (RR=1.0495% CI:
0.87, 1.21).

Our results are generally consistent with othéiS-basedstudiesthat reporteda 7-70%
increase in AGI rate aftélooding, although many of these studies exanuhess severe
flooding®-69:86.141.164A recent review found that 76% of 25 published statistical analyses on flooding and
diarrheareported a significant positive association, especialhen the flooding followed a dry peridd
Acasecrosswer study in China found dncrease imeported infectious cases diiarrhea in the few
days after floodingwith the strongest associatiotwo days after the flood in Fuyang (about 17 inches of
precipitation) andive days after the flood in Bozhou (abiold inches of precipitation)t A case

crossover study in Massachusetts, 2a2IR)7, found flooding to be associated with increased
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gastrointestinal illnesselated emergency room visits®days after flooding.The researchers

attributed about 7% of these visits to the flooding and hypothed that these floodelated AGI visits

were due to contact with water contaminated with enteric viruses, given the short incubation period. In
a second study, this research group also founiharease irClostridium difficilénfections in the 713
daysafter flooding!® As we saw the largest increase in bacterial AGI ED angiiduring the first week

after Hurricane Florence in ZIP codes flood8% we hypothesize that this immediate effect is likely

due to directcontact withbacteriacontaminated water.

To the best of our knowledge, no other studies have examined the effect of hurricane flooding
and AGI ilNCaside fromSetzer and Domin&’ who were limitedby countymonth-level data andvho
assessed exposure Hurricane Floy@1999) viadi KS CSRSNI} f 9YSNHSyOeé al yl 3SY¢
assessment of socioeconomic impact of Flmglead of floodingUsingMedicaid outpatient datand
differencein-differences theycompareal counties severely and moderately impactedHiyrricaneFloyd
to unaffected countiesluring the year before and thgear after Floyd. They observed a small increase
in T. gondii and adenoviruselated outpatient visits after Hurricane Flayidowever,T. gondiis
primarily spread byindercookedmeator food or watercontaminated with cat feceand adenoviruses
typically spread throughnd persorto-person contact’1® They also found an increase in visits for ill
defined intestinal infections in counties severely and moderately affebyethe hurricane Our study
builds on the study by Setzer and Domino by using finer resolution data and more aviagtic
methods.

Ourfinding of increased\GI ED visit rateafter hurricane flooding is further supported by
studies ofpost-hurricane water contamination data. One study found elevated concentratio&s obli
dissolved organic nitrogen, dissolved orgasacbon, and phosphate in riveadter Hurricane Matthew
during the 23 weeks when rivers were above flood stagenpared to belovwflood staget’” Another

study found concentrationsf E. coliand Salmonella Typhimuriuin surface waterso be a hundred
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times greater after Hurricane Florence than after Hurrichtiehael(a hurricane with significantly less
rain that affectedNCfour weeks after Florencéy® Thesebacteriamay directly cause bacterial enteric
infection or are assoated with the presence of other bacteria thatay cause AGI.

This study uses atlause AGI as the main outcome, which is one of the broadest indicators of
health effects that arise frorwaterborne pathogend? Ourbroadall-causeAGlcase definitiorenabled
us to have a sufficient sample size for our-sualysesvhile also capturing the large proportion of AGI
cases that lacked pathogeapecific details on the sicharge recordHowever, AGI has many possible
etiologiesand comorbiditiesincluding causes unrelated to waterborne pathogedar sensitivity
analyss restricted tobacterial and virahGI ED visits attempt to address this limitation, wheee
observe astronger association between hurricane flooding draatterial AGI aftetHurricaneFlorence
but no association aftedurricaneMatthew. No associations were observed between hurricane flooding
and viral AGI for either hurrican&hese analyses were limitéy the small number of bacterial and viral
AGI ED visits in flooded areas during the three weeks after the storm, which additionally precluded other
agentspecific subanalysesWe were unable to consider individual pathogens because many AGI
related diagnoses are made without laboratory testing and, therefore, do not specify pathogens. Even
when testing is performed, it is frequently not reflected or incorrectly reflected irdibgnosis code on
the discharge recordf’® Additionally,most AGI is selfmiting and does not require treatment at a health
facility. Qur outcome data consist only of AGI episodes that resulted in ED visits, which are expected to
represent a fairly mall proportion oftotal AGI in the populationsuggestinghat the true effects may be
underestimatedf AGI ED visits are an unbiased estimate of true AGI in the comnil@iheU.S.
populationbasedstudy projected that only about 20% of people with acute diarrlifedss sought
medical care and 6.4% visited an emergency departrtfént.

We did not see consistent patterns between hurricanes in ouranddyses of variouscial and

ethnic groups (aside from a constant increase in AGl among Black patmritf)is may be because of
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the large amount of missing race data in 2016 (during Hurricane MatthAfter Hurricane Florence, we
observed a 17% increaseA®| P visit ratein flooded areas among Black patients and an even higher
increase iMGI ED visit ratamong American Indians, though we observed no effect among White non
Hispanic patients. Our analysis of racial and ethnic differences in the relationshipdyetwrricane
flooding andAGI ED visit ratis limited by the available data. NC DET&#4A include race and ethnicity
categories of ED patientbut it is unknown howrequently these data are seléported or are assumed
by receptionists or cliniciandoreover,NC DETEGQodified and improved their race variable collection
practices in 2016While we observethat 14.3% of all ED visits were missing a race classification in 2016
(Matthew), this decreased to about 1.5% in 262019 A few regions of thé&lurricane Matthew control
(unflooded areas in western NC) had an especially high amount of race missingness in 2016, introducing
missingnot-at-random (MNAR) biais the Matthewrace EMManalysisi®®While we report race EMM
results for Hurricanes Matthew and Florence, we believe the results from Florence to be more accurate.
Althoughthe individual and popualtion-levelrace data in this studgreimperfect we includethemin
our analyses asroxy for various unidentified economic, historical, behavioral, and environmental
factorg142181

While several studies find AGI incidence to be higher among WhitdHigpanics than Hispanic
or Black peoplé$92.100.125.18%ther studies have found no difference by r&er higher rates of
diarrhearelated hospitalization among Black and Hispanic children compared télispanic Whited#
The racial differences we observed in theat&nship between hurricane flooding and AEID visirate
are likely due toracial disparities in income, wealtimedical trustand healthcare access, which are
caused by structurakcism, white supremacy culturdiscriminatory policiesand historical
differences!*2143People of color antbw-income residents have beerand ara regularly left to settle
on the least desirable lartdwhether floodprone, toxirfilled, or nonarable. For example, tiiest US

town incorporated byBlackresidents Princeville, NC, was floodplain land unwanted byité¢hthat has
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since been destroyed multiple times from hurricane floodiffg-or centuriesAmerican Indians
continued to lose their land and were killed or forced (or pressured) to relocate to less desirable land.
Indudrial hog operations ilNCexpanded during the 1990s and early 20008aad-prone areas heavily
populated byBlackand American Indiamesidents®t the same areas where many ensla@dckpeople
resided in the 18 and 19" centuries!'® Black communities have also historically been systematically
excluded fronregulated public water suppli€€® Additionally, rural communities in eastern NC
frequently have poor healthcare accésand have a high percent of uninsured residents, which means
reduced access to preventative care and increased risk for health probt¢iwe observed such
differences in our data as tHeD rate (total ED visits/population of subgrowgs higher for people on
public insurance than people on private insurance and higher among American Indian and Black patients
compared to Whig nontHispanic patients (seBupplementanyiable9). Other studies have founBlack
Americans to be less likely to use primary care and more likely to use EDs than White Americans, but
these care disparities are greatly reduced when accourfongnedical mistrust*>'49Several studies
have also found Hispanic individuals to be less likely to use EDs thatisgamic White individuals, due
to lack of trust and fear of deportation, which may account for the low ED ratebserved among
Hispanicg8%18

CKAAa adddzReQa aiGNBy3IdKa A yiolfodznSinvariadt anl@n@dza & / L ¢ {
varying confounders, its use of four years of recent data, and its sensitivity analyses. However, we were

i A
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butdondA RSy i A F& (i K Svhé@her@he patieht@dsdisplatetpri@ dor duringthe

hurricane. Thousands of people were displaced due to Hurricane Matthew and Hurricane Florence, and

it is unknowablegiventhe available datawhetherpatients with AGEDdiagnosticcodes andZIPcodes

that were flooded had evacuated the area before the hurricane and had no exposure to floodwater

had stayed in the areand were directly or indirectly exposed to floodwatel® attempt to address this
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issue we condeted sensitivity analyses excluding counties with mandatory evacuation orders during
the hurricanes, as these are the areas from which people are most likely to be displaced and where
assigning their exposure based on th&iPcode might produce the mogtxposure misclassificatioithe
results fromthe sensitivityanalysis excluding mandatorily evacuated countvese slightly stronger

than ourmain results RR=1.23, 95% (.09, 1.36for Hurricane Florence, data not shoyisuggesting
that displacement mawpnly slightly attenuatéhe observedassociation between hurricane flooding and

AGI ED visit rate

Conclusions

While some studies have examined the association between rainfidlading and AGI, very
few have focused on hurricanes, which offegroduceparticularly extreme rainfalEasterrNCt
predominantly poor, rural areas with high dependence on well watawntinues to be hit by
devastating hurricanes that spread pathogens andtaminate surface water Hurricanes Matthew
and Florence were both powerful storms with recdsceaking flooding. Overall, we found 41%
increase iMGI ED visit rati ZIP codes that werathird or more flooded compared tthosethat did
not flood but received heavy raihis effect was larger among Black and American Indian patients
following Hurricane Florence. Our results are supported by dataming high concentratios of
pathogensn surfacewatersafter both hurricanes. We also observed a stronger effect between
hurricane flooding antbacterial intestinal infection ED vis@fter Hurricane Florence, but no apparent
effect after Hurricane Matthew, which may be due to the wet period that prdeg Matthew and the
dry period that preceded FlorencgIP codes with a third or more of their areas flooded are areas where
hurricane recovery lasted months or years. Many hurricane survivors in these areas who visited EDs
because of AGI during the threeseks after these large hurricanes were also dealing with damage to

their homes, relocation, loss of belongings, harmed family and community, and/or shock from the
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ongoing disaster. Climate change will continue to bring more frequent and intense disdstetdésaster
context and related mental health impacts aremmrbidities to the environmental health effeatsuch

as AGI resulting from disasters. As flogatone regions are often disproportionally lowsicome, more
rural, and with higher percent peopte color, flooding events and subsequent health consequences
(including but not limited to AGI) are manifestations of environmental racism. State, local, and
community interventions should consider these equity issues when acting to prevent and respond to

suchdisasters.
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Supplementary Tables and Figures

Total Number of Acute Gastrointestinal lliness Emergency Department Visits by Week in North Carolina
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Figurel0. Maximum precipitation and AGI rate per 10,000 people Wwgek by flooding category before and after
Hurricanes Matthew and Florence. Precipitation data was provided from the PRISM Climate Group abytkm
4km raster datal®which we transformed into 1kmby-1km point data then aggregated to 2017 ZIP code
polygons, assigning the ZIP code the maximum precipitation recorded in the ZIP code for thAGayD visit
rate per 10,000 from AGI ED visit dafrom NC DETECT, with ZIP code population data (from American
Community Survey) as the denominator. The week that Hurricanes Matthew (October 14, 2016) and Florence
(September 14, 2018) arrived in NC are indicated with vertical black dashed lines, wittiddne Hermine
(September 3, 2016) indicated in a vertical grey dashed line.
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Table4. Names and diagnostic codes of bacterial, protozoal, and viral intestinal infections included in the
pathogenspecific analyses. Thaverall pathogenspecific analysis includes all emergency department visits with
any of these codes (bacterial, viral, and protozoal AGI), while the bactesfmcific analysis only includes the
codes for bacterial intestinal infections and the virapecfic analysis only includes the codes for viral intestinal
infections. The last column indicates the total number of ED visits in North Carolina between-2018 with
ICB10 codes in each category.

Category | ICD10 Code and Name Number of cases
20162019 inNC
Bacterial | A02 Salmonella infections 30,524

intestinal | AO02.0 Salmonella enteritis
infections | A02.1 Salmonella sepsis
A02.2 Localized salmonella infection (meningitis, pneumonia, arthr
A02.20Localized salmonella infectionnspecified
A02.21Salmonella meningitis
A02.22Salmonella pneumonia
A02.23Salmonella arthritis
A02.24Salmonella osteomyelitis
A02.25Salmonella pyelonephritis
A02.29Salmonella with other localized infection
A02.8 Other specified Salmonella infections
A02.9 Salmonella infection, unspecified
AO03 Shigellosis
A03.0Shigellosis due to Shigella dysenteriae
A03.1Shigellosis due to Shigella flexneri
A03.2Shigellosis due to Shigella boydii
A03.3Shigellsis due to Shigella sonnei
A03.80ther shigellosis
A03.9Shigellosis, unspecified
A04 Other bacterial intestinal infections
A04.0Enteropathogenic Escherichia coli infection
A04.1Enterotoxigenic Escherichia coli infection
A04.2Enteroinvasive Escherichia coli infection
A04.3Enterohemorrhagic Escherichia coli infection
A04.40ther intestinal Escherichia coli infections
A04.5Campylobacter enteritis
AO04.6Enteritis due to Yersinia enterocolitica
A04.7Enterocolitis dudgo Clostridium difficile
A04.80ther specified bacterial intestinal infections
A04.9Bacterial intestinal infection, unspecified
Protozoal | AO7Other protozoal intestinal diseases 383
intestinal | A07.0Balantidiasis
diseases | A07.1Giardiasis
AO07.2Cryptosporidiosis
AQ7.3Isosporiasis
AO07.4Cyclosporiasis
A07.80ther specified protozoal intestinal diseases
A07.9Protozoal intestinal disease, unspecified
Viral A08Viral and otherspecified intestinal infections 48,895
intestinal | AO08.0Rotaviral enteritis
infections | AO08.1Acute gastroenteropathy due to Norwalk agent & other small
round viruses
A08.11Acute gastroenteropathy due to Norwalk agent
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A08.19Acute gastroenteropathy due to other smallured viruses
A08.2Adenoviral enteritis
A08.30ther viral enteritis
A08.31Calicivirus enteritis
A08.32Astrovirus enteritis
A08.390ther viral enteritis
A08.4Viral intestinal infection, unspecified
A08.80ther specified intestinahfections

Tablesd ¢ KS AyONBI&aS Ay ! DL 95 @grairda Ay %Lt O2RSa Ff22RS
Matthew and Florence using qua$toisson, Poisson, and negative binomial. These rate ratios vealeulated
using controlled interrupted time series analysis. The dispersion parameter for unweighted gBagson

models=2.4.

Hurricane Florence
1.09 (0.93, 1.24)
1.09 (0.93, 1.24)
1.08 (0.94, 1.23)

Hurricane Matthew
1.14 (0.97, 1.31)
1.14 (0.97, 1.31)
1.08 (0.91, 1.25)

Model

QuasiPoisson main result
Poisson maimesult

Negative binomial main result

Table6. The increase in AGI ED rate during the three weeks after Hurricanes Matthew and Florence among ZIP
codes with various amounts of precipitation during the six days after each hurricane arrived in North Carolina,
using interrupted time series (ITS, no control group). Total precipitation from PRISM data was broken into
quartiles (Q1Q4). The effect of prdpitation among the ZIP codes that received the highest"ad 99"

percentile of precipitation during each storm is also shown.

Matthew Florence
Number

Quartile/ | Rate Ratio Number of | Inches of Rate Ratio of AGI Inches of
Percentile | (95% CI) AGI Cases | Precipitation | (95% CI) Cases Precipitation
Q1 1.47 (1.36, 1.58 1932 | 0-6.5 0.96 (0.87, 1.06 2010| 0.7-5.5
Q2 1.23 (1.14,1.32 3319 | 6.612 1.02 (0.93,1.10 3271| 5.67.4
Q3 1.30(1.21, 1.38 2490 | 12.1-20 0.95 (0.87, 1.03 3623 | 7.512.9
Q4 1.14 (1.05, 1.24 2384 | 20.1:38.1 1.00(0.91, 1.09 2640 | 13-38
P95 1.00 (0.82, 1.19 493 | xHY PcC 1.04 (0.84, 1.23 B39 | XHT ©p
P99 1.05 (0.71, 1.38 146 | x 0 0 1.17 (0.79, 1.54 119 | x o0 p ®H

71




[#A

Table7. Comparison of demographics and characteristics of the hurricemposed ZIP codes and unflooded ZIP codes, by hurricane flooding and weighting.

Because the demographics of the control areas differed slightly from thosdagfded areas, we used inverse probability of treatment weighting (IPTW) to
weight the unflooded areas to the flooded areas based on the characteristics of the flooded areas that may be confoundees/dre associated with AGI

ED visit rate (percent Whiteurality, median income, percent uninsured, and total number of ED visits). This method enabled us to estimate the average
Ft22RAYy3 STFFSOG Ay (K248 6K2 SELISNASYOSR xoo: ¥Ff22RAyChRhmUntSurvey@Es) 3 S
was selected to estimate ZIP codevel race (percent White), median income, and health insurance (percent uninsured) for IPTW because it captured an
appropriate time period for both Hurricane Matthew (2016) and Hurricane Florence (2018jalRy was measured using a continuous geographic isolation
scale that classifies ZIP codes according to their access to resources; this measure was split into quartiles when exéffeictimgeasure modification by
rurality. 51 The unflooded ZIP codes that are IPTAWT weighted were the implied control for this sensitivity analysis. For Hurricane Florence, 4RTW
weighting created a control similar to the Florence flooded areas in terms of percent uninsured andriecbut the weighting made the groups more
different in their racial distribution and rurality. For Hurricane Matthew, IPTATT weighting created a control similar to the Matthew flooded areas in

Hurricane Matthew Hurricane Florence
) Unflooded
North Caroling Unflooded ZIP  Unflooded ZIP ZIP codes Unflooded ZIP
Overall ZIP codes codes-IPTW  codes- ZIPcodes IPTWATT codes-
Cf 22 RSF ATT weighted unweighted Cf 2 2 RS R weighted unweighted
Population 10,051,041 313,505 138,967 5,686,637 392,560 285,279 3,019,011
White nonHispanicN 192,180
(%) 6,396,100 (63.6) 233,462 (74.5) 108,460 ¢8.1) 3,879,033 (68.2)| 292,639 (74.6) (67.4) 2,227,087 (73.8)
Black, N (%) 2,127,232 (21.2) 44,726 (14.3) 14,147 (10.2) 1,018,923 (17.9)| 57,483 (14.6) 45,838 (16.1) 434,559 (14.4)
American Indian, N (%) | 109,073 (1.1) 8,594 (2.7) 1,680 (1.2) 25,266 (0.4) 8,851 (2.3) 2,232 (0.8) 19,535 (0.7)
Hispanic, N (%) 914,745 (9.1) 16,981 (5.4) 10,179 (7.3) 496,185 (8.7) 21,995 (5.6) 30,844 (10.8) 219,312 (7.3)
Uninsured, N (%) 41,404
' 1,186,236 (12.1) 44,768 (14.6) 20,108 (4.6 746,281 (13.3) | 54,316(14.27) (14.64) 392,169 (13.2)
Number of hogs 12,812,561 222,418 7917 296,055 611,652 27,538 296,134
Rurality score* 7.19 7.69 7.09 6.85 7.68 6.63 7.11
Median Annual Income
$) 48,194 48,306 42,706 46,150 47,819 48,660 42,861
Number of ZIRodes 1082 81 118 599 97 143 382
Sum of weights - 81 14.2 599 97 17.5 382

*Higher score indicates more rural area (basedyengraphic isolation scgié!

0 NB I

terms of percent uninsured, percent White, and rurality, bitK S ¢ SAIKGAYy 3 Ay ONBFaSR (GKS RATFSNBYyOS 06SiGsSSy



Table8. The association between hurricane flooding and AGlI, by hurricane with a weighted (IPTW) vs.
unweighted control, using controlled interrupted time series where teG1 ED visit ratduring the three weeks
after each hurricane in zip codes with a third arore of the area flooded after each hurricane was compared to
the expected AGI in these areas based on 22049 AGI ED visit trends and controlling for the changé@l ED
visit rate during the event period in areas that did not flood.

Hurricane Matthew n Hurricane Florence n

Rate Ratio cases| Rate Ratio cases
Unweighted main result 1.14 (0.97, 1.31) 330 | 1.09(0.93, 1.24) 368
Weighted main result (IPTW 1.10 (0.92, 1.28) 330 | 1.09(0.92, 1.26) 368

Table9. Overallemergency department (ED) rate and @huse acute gastrointestinal iliness (AGI) ED rate per
10,000 people, 2012019, by sukgroup. This was calculated as ED visits over the total population of the
subgroup (based on American Community Survey data).

Catgyory AGI ED Rate ED Rate
Race/ethnicity
American Indian 0.98 14.63
Asian 0.20 3.42
Black 0.99 11.79
Hispanic 0.67 9.08
Pacific Islander 1.20 10.08
White nonHispanic 0.67 7.50
Other 1.79 25.95
Insurancecategory
Public 0.71 15.0
Private 0.13 2.73
SeltPay 0.48 11.7
Age category
Under 5 0.97 8.84
Age 517 0.25 4.55
Age 1864 0.30 7.51
Over 64 0.36 8.87
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CHAPTER WDUSTRIAL HOGPERATIONS AND AGI (AIM 2)

Introduction

With 9 million hogs, North Carolina (NC) is the second leading hog producer in the United States.
M2ad 2F GKS adrisSQa K23a NP K2dz2aSRX o0& (KS G(GK2dzl
(CAFOsghn easern NC* The massive amount efasteproduced by these hogsmore fecal waste than
the entire statewide human populatianis collected in uncovered pits, or lagoons, and sprayed on land
as a fertilize3 However, as the land cannot absorb all of ttranure these practices often spread
pathogens and chemicals that invariably pollute the air and wa@@mmunities that live near hog
CAFOs have reported numerous health problems, including throat, eye, and nose irritation, headaches,
diarrhea methicillinresistantS. aureuselated (MRSA)nfections, and reduced quality of life Drinking
water contamnated with waterborne pathogens from hog waste or inhaling the sprayed waste in the air
can result in diarrhea, vomiting, nausea,obher gastrointestinal tract distress in humans, known
collectively as acute gastrointestinal illness (A&HAGIcan be severely painful arwn disruptwork
and schoofor several daydn the US, approximately 2,330,000 waterborne enteric illnessearred in
2014, which incurred about $160 million in dirdetalthcare cost3* Despite the harm caused by AGI
and the potential association between hog CAFOs and AGI, few studies have examined the effect of hog
CAFQroximity and density on human AGI.

Numerous pathogens found in hog manure can cause AGI inclEdiferichia coD157:H7,
Salmonellasspp, Campylobactespp.,Yersinia enterocoliticaCryptosporidiunparvum Giardiaspp?2?
One gram of raw hog manure can contain 100 million fecal coliform bacterid\\@hdgs produce

almost 10 million tons of waste each ye&?P® Residents whave within two miles of ho@ AFO&ave
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reported worse quality of life andigher occurrences of gastrointestinal symptoms, headaches,
coughing, and sore throats compared to residents who do nonléas ahog CAF®: After heavy rain
events, surface water and groundwater near hog farms often legleer concentrations of pathogens,
suggesting that theate of AGlof residents near hog CAFOs may be especially high after heavy
precipitation?35*While healthy humans are usually able to recovem AGIlin 1-3 days without
medical careyoung children, older adults, and immunosuppressed people are at higher risk for severe
illnesst00:140.141,186

Hog CAFOs, and thecaenpanying health issues related to living near hog CAFOs, are not
distributed equally acrosNC industrialized hog operations have been disproportionally built near
communities of people of color (PO@)NC' NC hogCAFOs are densely concentrated in several
counties in the floogorone eastern part of the state that apredominantlyrural and are also home to
many other harmful exposures like poultry CAFOslandfills Figurell).1%® Many of the NC counties
with a high density of hog CAFOs also have poor healthcare aowdsshigh percent of uninsured
residents, which means reduced access to preventative care and increased risk for health#&sues.
.80FdzaS 2F GKS IINBFQ& NHzN}fAGEZ YlIyeée NBAARSydGa yS
contamination than community water supplié¥?°Each year, over $40 million are spent in NC on AGI
emergency deprtment (ED) visits due tmicrobial contamination in drinking waté? Given that rural
POC communitieim 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 dispropoetie effect of hog

CAFOs on these communities aggregates existing health problems and health inequities.
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Figurell. Locations of swine and poultry concentrated animal feeding operations (CAFOs) in North Carolina
(NC),according to 2014 NC Department of Environmental Quality swine permit data and poultry estimates from
Environmental Working Group and Waterkeepers Alliance.

This is the first study, to our knowledge, that investigates how raag modify the relationship
between hog CAFO exposure and EQlvisit rateWhilea few studiesave examined the association
between CAFO exposure and A&es these studies have mixed results and none hassessethis
relationship in NG%*° This paper investigates how the relationship between hog CAFO exposure and

AGI ED visit ratearies by race, age, rurality, and precipitation.

Methods
Exposure
We used 2014 swine permit data from the NC Department of Environmental Quality (DEQ),
which includedhe number of animals, type/life stage of animagdlocationof each permitted aimal
facility. We calculated the steady state live weight (SSLW) of each hog u&kffhe North Carolina
5SLI NIYSyld 2F 9y @PANRY YSYy ithdt iyicBrpobatesitiizNikmber of Bogs?2 dzND S & Q
growth stage of the hogs, and average weight of eaciwth stage (sedablel for list of growth
stage/production phase of hogs and mean weight used to calculate S$138).Ws an indicator of the

amount of waste producedtaach hog CAFO and has been used in other stdtites.
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We measuredhe distance between hog CAFOs ardisusblock centroidsandused inverse

distance weightinglDW)with Gaussian decay (W, capped at 10 miles with=3) to convert
distances to weightéseeAppendixs). Our alphgparameter and distance restriction were based on
literature that suggestan 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 1858 We multiplied
the distancebased weights by eading/ ! Ch Qa { { [ 2 {e&vel &pNdSurelimBasiire based® O |
on both hog density andistance to CAFOs. We aggregated the blegkl hog CAFO exposure
estimates to the ZIP codevel using population weights created frd&#817 American Community
Survey (ACS3ive-yearblock grouplevelestimatesthe 2010 blocKevelcensus dataand2017 NC
polygon ZIP code boundaries from EBgcause thbog CAFO exposuneeasure was highly skewed, we
took the natural log of the measure. We categorized ZIP codes in the upper quartdg GAFO
exposureas high hogAFGexposed and compared themo ZIP codewith no hog CAFOs within 10
miles (i.e., hog CAFO exposure measurgthp excluding areas witbw/mediumhog CAFO exposure

from the mainanalysesKigurel?).

53‘33"’!».."&’%; S
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Hog Exposure
High hog exposed
Control (unexposed)
Excluded (low hogs)
Excluded (urban areas)

Figurel2. North Carolina ZIP codes with high hog CAFO exposuregp@&kentile of hogCAFO exposure
measure), ZIP codes with no hog CAFOs (control areas), and ZIP codes excluded from analyses (urban areas and
low hog CAFCexposed areas).
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Outcome

Acute gastrointestinal illness (AGI) was measured using data from the North Carolina Disease
Event Trackingrad Epidemiologic Collection Tool (NC DETECT), a public health surveillance system
containing civilian ED visits in NC. @étculated 201€2019 AGED visirates at the ZIP code level, the
finestgeographic level available. Diagnostic codes (International Classification of Diseases, Tenth
Revision; IC20) were used to identify intestinal infectious illness (#0®), unspecified noninfectious
gastroenteritis and colitis (K52.3, K52.89, K52.@yrdéa (R19.7), and nausea and vomiting (R+1.10
R11.12) as AGI ED visits. Similar diagnosis codes have been used in other studiEDofiitS1°2° Our
main analyses focused on-aluse AGED visitate because specific pathogens are seldested for

and/or included in theeDdischarge report

Covariates

For the main analyses, we accountedZdP coddevelrurality, health insurance status, median
income, and racéWVe identified rurality, heah insurance status, and median income as the minimally
sufficient set of confounders using a directed acyclic graph [Bé€ \ppendix3). We incorporated race
when we created oucontrol pseudcepopulationbecause race is strongly correlated with the exposure
and we found it necessary to includerace variable in orddo create balanced group8’ Data on
median income, numéx of White residents, number of uninsured residents, and total number of
residentswere available at the block grotpvel from the 2017 ACS. We assigned these values to the
centroids of each 201€ensus block based on the proportion of the block groupylation within that
block andthen aggregated these block centroid data to create ZIP dedel population estimates for
population,median income, percent of ZIP code population uninsured, and percent of ZIP code
population White. Rurality was measurading a continuous geographic isolation scale that classifies ZIP

codes according to their access to resourt®s.
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To examine effeaneasure modification (EMM), we used individiiaB @St O2 @F NA I G4 Sa 2
race, ethnicity, age, and health insurance status, and we usedleveacovariates 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 thigal#o create ZIRodelevel well water usage
estimates’®*C2 NJ NI OSk SGKYyAOAGez LI GA SlyAdsLIgySING: ON i SEHRINMNIS
race in the ED data was White and they were not reported to be Hispanic. We analyzed Black, American
Indian, Hspanic, 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 full population and stratuspecific population (by age category,
racegethnicity, health insurance statdsising 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 ZCTakal ZIP code$+15"We examined all changes in ZIP codes
from 20162019 and assigned all ZIP codes to the 2017 ZIP code patygbich they were contained
The continuous geographic isolation scale was split into quartiles when examMMgiz rurality 152
Data on the location of poultry CAFOs and estimated number of birds atpeadiny CAFO was
provided by the Environmental Working Group and Waterkeepers Alliance. They identified poultry
facility loations with highresolution satellite data and aerial photograph and estimated number of
birdsat each poultry CAF@sing the NC Agricultural Chemical Manual and the U.S. Department of

' ANRA Odzt GdzNB Q& '3 / Syadzao

Analysis
For the main analysis, we usgtverse probability of treatment weighting (IPTW) to estimate
the average treatment effect on the treated (AT0F, in this study, thewverage exposure effect on the

high hog exposedIPTW creates a synthetic population with confounding, provided all the
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confounders have been identified, appropriately measured, and incorporated into the wéfghtsing

IPTW, wecreated a control groupwith similar demographics as the high hGéFCexposed population
66FaSR 2y GKS ®%Lt O2RS$aQ Y SHshaniyWHite/r€s@lentS, aind NaieNdt £ A G & =
of uninsured residents) but with no hog CAFO exposure. We chose to compare areligwhiog CAFO
exposure to areas with no hog CAFO exposure because these areas had relatively similar demographics
beforeIPTW; areas with low hog CAFO exposure had higher median incomes and a larger percent of
non-Hispanic White residents than NC overaltidahe high hogCAFGexposed areadVe excluded

metropolitan ZIP codes from all main analyses by excluding the lowest quartile géolgeaphic

isolation scalébelow 5.6; 273 zip codes excluded), as urban areas lack hog CAFOs and have different ED
visit patternsthan areas with hog CAFOs. We used gRasésson models to accouftr overdispersion

in the ED visit data. When examining EMM, we adjusted for percent uninsured, median income, and
rurality, which we had identified as confounders using a direeteytlic graph. Robust standagdors

were used to calculate 95% confidence intervals (95% CI) usisguigievichpackage in R. All analyses

were performed in R (Version 3.623.

Sensitivity analyses

While our main analysis examined the effect of high hog CAFO exposure BD At rate
compared to no hog CAFO exposure using dichotomous categories, in sensitivity analyses we examined
the effect between hog CAFO exposure and BB Visit rataising alternate methods to categorize hog
CAFO exposurd&Jsing our continuous ZIP coelelhog CAFO exposunariable, we created tertiles of
all ZIP codes with arhyog CAFO exposuasnd separately compared th&GI ED visit ratein high,
medium, and low hog exposed ZIP codes to the hog unexposed ZIP codes, using IPTW-&uisgoasi
models to catulate rate ratios (we created a differeabntrol pseudepopulationfor each tertileof hog

CAFO exposure, so each control had similar demographics to the compared exposuie Yéetizdso
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examined the association between the continudusgy CAFO exposeifwhich had been log
transformed) andAGI ED visit ratédditionally, we assessed how changing the distance cap and the
alpha for thelDWhog CAFO exposure measure changed the main effect. We also compared our main
result that used the IDW hog CAFO expesvariable to results when we used a simpler hog density
measure (number of hogs in ZIP code and-halé buffer around ZIP code, 37percentile hog
density=high hog exposed and 0 hog CAFOs within ZIP code andladlfiffer=control).

Because hog CAFOs and poultry CAFOs are frequendygated and living near either type of
/1 Ch Yl & Ay O MBAGEFSurell), verandudtkdisgnsitivity analyses where ZIP codes
with any poultry CAFOs were excluded from the control group and separately where ZIP codes with bird
density above the median were excluded from the control gréAgpoultry CAFOs are located ir th
majority of areas hog CAFOs are located, we were unable to conduct analyses with poultry CAFOs
excluded from the exposed grouple also assessed the association between bird density anBEBGI
visit rateto better understand howpoultry CAFOs may influence the effect we obsditvetween high
hog CAFO exposuasmd AGED visit rate

To examinéhow the association between hidiog CAFO exposuand AGrate may vary
according to antecedent rain, we conducted restricted analyseerding to the ZIP code precipitation
during the previous weeklVe obtained daily gecipitation data from the PRISM Climate Group as-4km
by-4km raster datad?® which we transformed into 1krAy-1km point data then aggregated to 2017 ZIP
code polygons, assigning the ZIP code the maximum precipitation recorded in the ZIP code for the day
We identified the days (day 0) and ZIP codes where tkeipitation was above the 80 90", 95", and
99" percentile of daily NC precipitation 202819 (to represent high precipitation time periods and
areas) andill AGI ED visits within the next seven days (dagviere includedn each analysisf 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 fell below tiepgdcentile of daily NC
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precipitation during the prior seven dayand included all AGI ED visits from these days in a separate
analysis of high hog CAFO exposure and AGI. We created new IPTWSs for each analysis, matching for
median income, rurality, percent uninsured, and percent White. 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 assdsstherthis relationshipvasstronger in areas that consistently
received heavy rain.

We conducted separate analysestricted tolCD10 codes that indicatedpecific pathogens
that may be found in hog feces that could cause, Atgludingenterotoxigenic or enterohemorrhagle.
coli, SalmonellaCampylobacterC. difficile and rotavirus. We also examined tbfect betweenhog
CAFCxposureand overall bacterial AGl, viral AGI, and protozoal AGI. Additionally, as we observed
strong EMM by rurality, we conducted analyses restricted to rural aféashighest quartile of the

continuous geographic isolation sepivhere we examined EMM by race, age, and insurance status.

Results

We categorized 111 ZIP codes as high hog exposed and 225 as control ZIP codes (no hog CAFO
exposure, se€igurel?). High hog exposed ZIP codes had an average hog densjty 8ftibgs/milé
and a median of 50,022 hogsd a maximum of 903,156 hogs (in 213 hog CAFOs) per ZIP code.-In 2016
2019, there were368,691 AGI ED visits in Nresidents with a NC residential ZIP code, with 84,963
AGI ED visits (1030 AGI ED visits per 10,000 people) in high hog exposed ZIP codes and 168,123 (865 AGI
ED visits per 10,000 people) in control ZIP codes. High hog expesedhad higher proporticof
American Indian, Hispanic, and Blaaople and lower proportions of White nedispanics and Asians
than areas with no hog CAFO exposurahlel0). Among Asian Americans in NC, high hog exposed ZIP
codes have a larger proportion of Filipino, Japanese, and Viethamese residents and a lower proportion

of Indian and Chinese residents compared to ZIP codes with no hogepd<dire (Supplementary
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Tablel8). High hog exposed areas also have a higher proportion of padfhleut health insurance

lower median household incomseand higher poultry CAFO density than the conirbk high hog
exposed ZIP codes are also more runath ahigheroverallED rate than the controlThe control and

high hog exposed areas likely differ in several unmeasured ways a¥\itblIPTW, we were able to
create a control with similar demographics as the high hog exposed ZIP codes, although the control

continuesto have a much lower bird density than the high hog exposed area.

Table10. Comparison of demgraphics and characteristics of the high hog exposed ZIP codes (>75th percentile
of inverse distance weighted hog measure), the unweighted control ZIP codes with no hog CAFO exposure, and
the inverse probability of treatment weighted. The control was crest using IPTW to match on rurality, percent

white, percent uninsured, and median incom@ata from 2017 American Community Survey).

Unweighted IPTFWeighted Control | High Hog Exposed
Characteristic Control (assumed control) (>75th percentile)
TotalPopulation 1,943,262 934,302 824,987
White nonHispanic, N (%) 1,654,190 (85.1 583,611 (62.5 511,703 (62.0
Black, N (%) 168,122 (8.7) 262,983 (28.1 220,887 (26.8
American Indian, N (%) 16,338 (0.8) 24,417 (2.6) 37,670 (4.6)
Hispanic, N (%) 121,834 (6.3) 60,883 (6.5) 94,360 (11.4)
Asian, N (%) 27,718 (1.43) 5,907 (0.6) 5,756 (0.7)
Uninsured, N (%) 197,656 (10.3 95,560 (10.6) 104,552 (13.2
Median Income 46,185 40,214 38,784
Rurality Score 7.61 8.15 8.09
Hogs, N 0 0 11,254,040
Average Hog Density (hogs/sgmi 0 0 1173
Birds, N 105,098,131 29,706,726 202,364,566
Average Bird Densitpirds/sgmi) 7,714 2,632 21,086
SQMI 13,624 11,287 9,597
Total ED Visits 2,588,820 1,511,287 1,761,909
Total AGI Visits 168,123 82,525 84,963
ED Rate per 10,000 people 3,331 4,044 5,337
AGIEDRate per 10,000 people 216 221 257
Sum of Weights 225 189 111
Number of ZIP Codes 225 224 111

In high hog exposed areas comparediteas without hog CAFO exposure, we observed a 17%
higher(rate ratio [RR]=1.17, 95% CI: 1.08, 1 4hlell) in AGED visirate overall. We found sbng
modification by rurality and observed a rate ratio of 1.24 (95% CI: 1.04, 1.48) in rurghahdlasve did

not observe an effect of high hog exposuresinall towngRR=1.05, 95% CI: 0.93, 1.19) and
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micropolitan(RR=0.88, 95% CI: 0.80, 0.8/@as.We observedigher rate ratios in the lowest ($23,600
35,999: RR=1.12, 95% CI: 0.97, 1.28) and highest ($47030000: RR=1.29, 95% CI: 1.00, 1.66) median
income categories and the lowest912% uninsured: RR=1.39, 95% CI: 1.13, 1.70) and highest (14.9
32.7% uninsured: RR=1.15, 95% CI: 0.96, 1.37) categories of pafrpepulationuninsured, with no

effect in the middlecategories Tablell). We did not observe a positive association between high hog
CAFO exposure alG1 ED visit ratiem ZIP codes with the highestmounts ofprecipitationduring the

study period. We did not obsee patterns in the association by well water usage. When assetssing
association between high hog CAFO exposurefBHED visit rat@ all rural, small town, and

micropolitan ZIP codggs we removed urban ZIP codes frorainanaly®s), we observed positive
associations for American Indian (RR=1.80, 95% CI: 1.45, 2.14) and Asian (RR=2.21, 95% CI: 1.86, 2.55)
patients compared to areas without hog CAFO exposure, but we observed no associations for patients of

other races and ethnicities.

Tablell. The association between high hog CAFO exposure (>75th percentil@wihog CAFQneasure) and

AGI ED visit rat¢20162019) For the main effect, high hog exposed ZIP codes were compared to IPTW control
ZIP codes with a hog CAFO exposure (matched on rurality, median income, percent uninsured, percent white).
Effect measure modification models do not use IPTW; these models adjust for rurality, median income, and
percent uninsured, and they have a product interaction tefoetween the effect measure modifier and the
dichotomous hog CAFO exposure variabiéetropolitan ZIP codes were removed from analyses; these analyses
include all micropolitan, small town, and rural ZIP codes with high hog exposure or no hog exposure.

Analysis Rate Ratio (95% CI] Number of AGI ED | Number of AGI
Visits in High Hog | ED Visits in ZIP
CAFO Exposed ZIR Codes with No
Codes Hog CAFO
Exposure
Main analysis (hog exposed: ¥7percentile) 1.17 (1.08, 1.26) 168,123 84,963
Effect measurenodification:
Rurality2
Micropolitan 0.88 (0.80, 0.97 37,259 81,643
Small Towns 1.05 (0.93, 1.19) 33,036 33,656
Rural 1.24 (1.04, 1.48) 14,668 16,517
Incomé-3
$23,60035,999 1.12 (0.97, 1.28) 39,578 24,286
$36,00041,599 0.91 (0.78, 1.06) 17,018 56,486
$41,60047,899 0.99 (0.86, 1.15) 23345 35,108
$47,900103,000 1.29 (1.00, 1.66) 5,022 51,198
Percent Uninsuret?
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1.09.2% 1.39 (1.13, 1.70) 7,363 42,834
9.311.7% 0.89 (0.80,1.00) 28,045 67,110
11.814.8% 0.97 (0.86, 1.10) 23,754 47,266
14.932.7% 1.15 (0.96, 1.37) 25,789 9,897
Precipitation (4year sum of daily rain,
inches}*
0-19 inches 1.12 (0.71, 1.78) 1,752 3,634
20-51 1.05 (0.66, 1.68) 92,73 10,619
52-105 1.12 (0.98, 1.30) 21,414 31,460
106361 0.92 (0.85, 1.01) 52,524 121,388
Percent of people on well watkP
1-16 0.82 (0.62, 1.03) 15,598 64,408
17-33 0.97 (0.81, 1.13) 22,626 119315
34-47 1.15(0.97, 1.32) 28,235 110864
48-85 0.97 (0.79, 1.14) 16,178 38,023
Race/ethnicit§
American Indian 1.80 (1.45, 2.14) 3,913 505
Asian 2.21 (1.86, 2.55) 285 487
Black 0.89 (0.55, 1.24) 28,420 19,148
Hispanic 0.85 (0.50, 1.20) 6,299 7,900
White nonHispanic 0.87 (0.53, 1.22) 40,114 123123
Other 0.43 (0.08, 0.78) 4,636 13589
Agé
Under 5 1.09 (0.86, 1.39) 12,754 20,188
5-17 1.12 (0.86, 1.48) 9,229 16,424
1864 1.11 (0.98, 1.25) 48,626 94,670
Over 64 1.00(0.80, 1.24) 12,331 32,122
Insurancé
Private 1.42 (1.14, 1.77) 17,583 37,826
Public 1.00 (0.87, 1.14) 46,749 82,102
Seltpay/none 1.17 (0.93, 1.48) 16,052 26,452

1ZIP code level variables separated into quartiBsiralitywasmeasured using a continuous geographic isolation scale that classifies ZIP codes
according to their access to resour¢és*ZIP coddevel estimates created from 2017 American Community Survey, Hitecipitation from
PRISM Climate GroufWell water data from the 2016 U.S. Geological Survey at the county imdijiduatlevel data from ED visit data

Because we observed the effect only in rural areas, we exankiiviid by racdethnicity, age,
and insurance statuim analysesestricted to rural areas. In these analyseg, foundmuch higheAGI
ED visit rate among American Indian (R362 95% CI3.03 4.21), Asian (RR=4, 95% CHK.80 629),
and Black (RR=4, 95% CI: 1) 2.02 patients in rural high hog areas compared to rural areas without
hog CAF@xposure Tablel2). We did not observe strong differences by agjéhough the strongest
effect was among adults age-88 (RR=1.43, 95% CI: 1.17, 1.69). While we observed a positive

association between highog CAFO exposuand AGI ED visit rati all insurance categories, the
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