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Abstract

Hurricanes often flood homes and industries, spreading pathogens. Contact with pathogen-
contaminated water can result in diarrhea, vomiting, and/or nausea, known collectively as acute
gastrointestinal illness (AGI). Hurricanes Matthew and Florence caused record-breaking flooding
in North Carolina (NC) in October 2016 and September 2018, respectively. To examine the
relationship between hurricane flooding and AGI in NC, we first calculated the percent of each
ZIP code flooded after Hurricanes Matthew and Florence. Rates of all-cause AGI emergency
department (ED) visits were calculated from NC’s ED surveillance system data. Using controlled
interrupted time series, we compared AGI ED visit rates during the three weeks after each
hurricane in ZIP codes with a third or more of their area flooded to the predicted rates had

these hurricanes not occurred, based on AGI 2016-2019 ED trends, and controlling for AGI

ED visit rates in unflooded areas. We examined alternative case definitions (bacterial AGI) and
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effect measure modification by race and age. We observed an 11% increase (rate ratio (RR):
1.11, 95% CI: 1.00, 1.23) in AGI ED visit rates after Hurricanes Matthew and Florence. This
effect was particularly strong among American Indian patients and patients aged 65 years and
older after Florence and elevated among Black patients for both hurricanes. Florence’s effect
was more consistent than Matthew’s effect, possibly because little rain preceded Florence and
heavy rain preceded Matthew. When restricted to bacterial AGI, we found an 85% (RR: 1.85,
95% CI: 1.37, 2.34) increase in AGI ED visit rate after Florence, but no increase after Matthew.
Hurricane flooding is associated with an increase in AGI ED visit rate, although the strength

of effect may depend on total storm rainfall or antecedent rainfall. American Indians and Black
people—historically pushed to less desirable, flood-prone land—may be at higher risk for AGI
after storms.
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INTRODUCTION:

Hurricanes can be deadly, traumatizing, and can impair human health (An et al. 2019;
Curran et al. 2018; Waddell et al. 2021). In addition to immediate injuries, heavy rain

and flooding increase pathogen transport and can cause illness when contaminated water

is ingested or comes in contact with the skin or eyes (de Man et al. 2016; Levy et

al. 2016; Yu et al. 2018). Flooding of wastewater treatment facilities, sewage systems,
animal waste management systems, and hazardous waste sites can release chemicals and
pathogens, thus contaminating floodwater, soil, groundwater, and surface waters that are
sources for domestic and municipal drinking water (Humphrey et al. 2019; Laner et al.
2009). Contact with waterborne pathogens can cause acute gastrointestinal illness (AGI),
defined as diarrhea, vomiting, or nausea that often occur with abdominal pain or fever

(Roy et al. 2006). Diarrheal diseases are a leading cause of death worldwide, causing 1.3
million deaths annually, including half a million deaths among children under five years of
age (Global Burden of Diarrhoeal Diseases Collaborators 2017). While rates of AGl-related
deaths are much lower in the United States (US), where there are approximately 0.65

AGI episodes/person-year, children and older adults remain disproportionately affected, and
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environmental exposures can increase risk of AGI (Colford et al. 2006; Messner et al. 2006;
Roy et al. 2006). AGI can encompass a range of enteric illnesses caused by various viruses,
bacteria, and protozoa, as well as non-infectious agents (Roy et al. 2006). Surface waters
have been found to have higher concentrations of Escherichia coli, enterococci, Salmonella,
Campylobacter, Giardia, and Cryptosporidium after extreme rainfall and flood events, and
may cause AGI 1-14 days after exposure (Atherholt et al. 1998; Bergholz et al. 2016; Jiang
et al. 2015; Nguyen et al. 2017; Soneja et al. 2016; Yard et al. 2014). Prior studies suggest
that severe flooding—which often occurs during and after hurricanes—may be associated
with AGI, especially in people who come in contact with floodwater (de Man et al. 2016;
Ding et al. 2013; Levy et al. 2016; Lin et al. 2015; Reacher et al. 2004; Schnitzler et al.
2007; Wade et al. 2004, 2014). However, very few studies have examined the effect of
hurricane flooding on AGI in North Carolina (NC), the third most hurricane-prone US state,
and few studies have assessed racial disparities of AGI (Layock and Choi 2020; Setzer and
Domino 2004).

In the eastern US, heavy precipitation events have risen over the past 30 years, with autumns
becoming wetter (Carter and Jones 2014). Sixteen hurricanes have made landfall in NC

in the last 30 years, and heavy precipitation events are expected to increase in the future

due to the warming climate (Carter and Jones 2014; North Carolina Climate Office). NC is
an especially important place to examine the effects of flooding as a third of its residents
(approximately 3.3 million, far 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 supplies (DeFelice et al. 2016; Johnson and Belitz
2017; Maupin et al. 2014). The estimated cost of AGI-related emergency department (ED)
visits in NC due to microbial contamination in drinking water exceeds 40 million US dollars
annually (DeFelice et al. 2016).

There are a number of reasons to expect that hurricane-related flooding may increase
pathogen transport and AGI rate in eastern NC. Many residents in eastern NC use private
well water. As the second leading hog producer in the US, NC houses 9 million hogs, which
are mainly concentrated in its hurricane-prone eastern region (North Carolina Agricultural
Statistics 2017; Hogs Inventory in North Carolina 2020). These hogs, nearly as many as
total statewide human residents, generate more fecal waste than the entire statewide human
population, and this waste is concentrated into less than 4,000 feces lagoons (Environmental
Working Group & Waterkeeper Alliance 2016). Hurricanes that hit NC may flood these
lagoons, transporting fecal bacteria that may cause AGI into nearby waterways (Wing et al.
2002). The intersection of hog farms and flooding creates layered environmental and climate
justice issues, as these industrial hog operations are disproportionately located near racial
minorities and low-income populations and in flood-prone areas (Wing and Johnston 2014;
Wing et al. 2002).

Hurricane Matthew (October 2016) and Hurricane Florence (September 2018) were the two
largest, deadliest, and costliest hurricanes to strike NC in the past 15 years. Both Category
1 storms upon reaching NC, Hurricanes Matthew and Florence led to the loss of 25 and

40 lives in NC, respectively, and cost $1.5 billion and $22 billion, respectively, in NC

alone (Stewart and Berg 2019; Stewart 2017). Hurricane Florence was the wettest cyclone
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recorded in NC, dropping 8 trillion gallons of water statewide in one week and drenching
parts of the state with up to 36 inches of rain (Guterl et al. 2018). The maximum rainfall

in NC from Hurricane Matthew was 19 inches. However, Hurricane Matthew occurred only
five weeks after heavy rain (up to 13 inches) from Hurricane Hermine and nine days after
episodes of severe heavy rain (up to 10 inches) and flooding across central and eastern

NC, which compounded the damage due to waterlogged soil (PRISM Climate Group).
Hurricanes Matthew and Florence broke high water records on numerous NC rivers and
flooded many of the same areas in eastern NC (Stewart and Berg 2019; Stewart 2017).

While many studies have examined the association of precipitation, heavy precipitation, and
flooding on AGI, very few (4 of the 40 flooding articles reviewed by Levy et al., 2016)
have examined the extreme flooding caused by hurricanes (Centers for Disease Control
and Prevention (CDC) 2000; Chhotray et al. 2002; Levy et al. 2016; Setzer and Domino
2004). This is the first study, to our knowledge, to examine the increase in all-cause AGI
ED visit rate in flooded areas during the weeks after hurricane flooding in NC. This paper
investigates how the relationship between hurricane flooding and AGI ED 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 hurricanes—Matthew and Florence
—struck NC within two years, this study examines and compares the effects of different
hurricanes on AGI ED visits.

METHODS:
Study Population

Exposure

Outcome

This study examines the AGI ED rate among NC residents in 20162019 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 AGI-related diagnosis code. As the
finest resolution of statewide AGI data available was at the ZIP code level, all analyses were
conducted at this level.

We used Hurricane Matthew and Hurricane Florence flood extent data from the NC
Department of Public Safety (DPS). These flood extents were based on effective and
preliminary flood maps, observed rainfall, storm surge, Flood Inundation Mapping and Alert
Network (FIMAN) flood gauges, and photographs. We calculated the percent of area that
each ZIP code was flooded during Hurricanes Matthew or Florence using their respective
flood extents and the 2017 ZIP code boundaries. For analysis purposes, a ZIP code was
categorized as flooded if one third or more of its area was flooded. We chose this cut point
because it enabled us to focus on heavily flooded ZIP codes and provided enough AGI cases
for sub-analyses.

Acute gastrointestinal illness (AGI) was measured using data from the North Carolina
Disease Event Tracking and Epidemiologic Collection Tool (NC DETECT), a public health
surveillance system containing records of all civilian ED visits to hospitals in NC. We
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tabulated the daily number of AGI cases at the ZIP code-level of patients’ billing address,
the ZIP code being the finest geographic level of information available for cases. Diagnostic
codes (International Classification of Diseases, Tenth Revision; ICD-10) were used to
identify intestinal infectious illness (A00-AQ9), unspecified noninfectious gastroenteritis
and colitis (K52.3, K52.89, K52.9), diarrhea (R19.7), and nausea and vomiting (R11.10-
R11.12) as AGI ED visits. Similar diagnosis codes have been used in other studies of
flooding and AGI (DeFelice et al. 2016; Drayna et al. 2010; Wade et al. 2014). Although
many Clostridium difficile infections (A04.7) are acquired in hospitals rather than through
exposure to contaminated water, we included C. difficile infections in our AGI definition
because some C. difficile infections in humans have been linked to pigs and because a recent
study found an association between flooding and an increase in C. difficile hospital visits
(Keessen et al. 2013; Lin et al. 2015). Our main analyses focused on the occurrence of

ED visits for AGI during a three-week period after the hurricanes because there may be a
lag between water contamination and exposure to the contaminated water, because flooding
from Hurricanes Matthew and Florence lasted about a week in some areas, and because
most of the pathogens in floodwater that can cause AGI have at most a two-week incubation
period.

To examine effect measure modification (EMM), we used individual-level covariates on
patients’ race, ethnicity, age, and health insurance status, and we used area-level covariates
for rurality and well water usage. The 2015 U.S. Geological Survey estimated the number
of people in each county who use private well water, and we used this data to create ZIP
code-level well water usage estimates (Dieter et al. 2018). Patients were categorized as
“White non-Hispanic” if their reported race in the ED data was White and they were not
reported to be Hispanic. We were able to separately analyze White non-Hispanic, Black,
and American Indian patients, but due to insufficient case counts during the three weeks
after the hurricanes, we combined Asian, Pacific Islander, Hispanic, and Other Race patients
into an Other Race category. Rurality 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 examining effect measure modification by rurality (Doogan et al.
2018). Precipitation data was provided from the PRISM Climate Group as 4km-by-4km
raster data (PRISM Climate Group), which we transformed into 1km-by-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. Before conducting models of the effect of hurricane
flooding on AGI ED visit rate, we first examined how the weekly precipitation and weekly
AGI rate changed over time before and after the hurricanes.

Population at risk

We estimated the full population and stratum-specific population (by age category, race/
ethnicity, health insurance status) using the American Community Survey (ACS) five-year
estimates for each year during our four-year study period (e.g., the 2012-2016 ACS
estimates released in 2017 were used for the 2016 outcome data and the 2014-2018

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
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group-level. Estimates 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. We
aggregated these block centroid data to create ZIP code-level population estimates. We did
not use census data at the ZIP code tabulation area (ZCTA) level due to the spatiotemporal
mismatch between ZCTAs and ZIP codes (Grubesic and Matisziw 2006; Krieger et al.
2002). We examined all changes in ZIP codes from 2016-2019 and assigned all ZIP codes to
the 2017 ZIP code polygon 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 compared to the predicted rates had these
hurricanes not occurred, based on AGI ED visits trends in 2016—-2019 and controlling for
the AGI ED visit rate change in control areas after the hurricanes. We opted not to include
earlier outcome data because of changes in hospital reporting over time, with several large
changes in 2015 and 2016, and because of the change from ICD-9 to ICD-10 diagnostic
codes in October 2015. Between 2016 and 2019, the change in total number of AGI ED
visits from year to year was always below 10%; however, the number of AGI ED visits

in 2015 was over 20% lower than that of 2016 because of systematic changes in the NC
DETECT system, reporting issues, and the addition of some hospitals to NC DETECT in
2016 (NC DETECT Participating Hospitals 2020). These changes created a discontinuity in
the quality and comparability of the data over a longer period.

A three-week exposure period—the expected window for any increase in AGI rate—was
defined for each hurricane from the day of hurricane landfall in NC (day 1). Each ZIP code
was compared to itself over time, which allowed for control of ZIP code-level characteristics
that did not change over the four-year period, such as overall sociodemographic factors,
healthcare access, rurality, hog density, and nearby pollution sources. We added a control
group of unflooded ZIP codes to control for any change in AGI ED visit rate in unflooded
areas after each hurricane, thus accounting for potential time-varying confounders.

Separate CITS models were run for each hurricane. To isolate the effect of the large
hurricane of interest (Matthew or Florence), we removed from analyses the eight-week
periods after other large hurricanes that produced over one foot of maximum precipitation
(namely, Hurricanes Hermine, Matthew, and Florence). We excluded a shorter period from
analyses if the hurricane of interest occurred less than eight weeks after another large
hurricane, as was the case with Hurricanes Hermine and Matthew (see Figure 1). We also
excluded the five weeks after the three-week hurricane exposure period as a washout period,
as our preliminary results suggested large hurricanes may affect the AGI ED visit rate for
up to eight weeks. Nevertheless, the effect diminished over time and we expected that the
majority of storm-related AGI cases occurred within three weeks after each hurricane. For
example, in the analysis of Hurricane Florence, which struck NC on September 14, 2018, we
removed all data from September 3-December 3, 2016 to remove the effects of Hurricanes
Hermine and Matthew, as well as October 5-November 9, 2018 as the washout period for
Hurricane Florence. Thus, we were able to focus on how the AGI ED visit rate in the three
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weeks following Florence (September 14-October 5, 2018) compared to the AGI ED visit
rate predicted at this time, without other large hurricanes confounding the effect.

To account for overdispersion in the ED visit data, we used quasi-Poisson models that
included indicator variables for the three-week post-hurricane flood period and the flooded
ZIP codes, as well as time-control variables for the day of week, month, year, and an
interaction between month and year. To estimate the difference in rate during the hurricane
flood period between the =33% flooded ZIP codes and the unflooded ZIP codes, we
included interaction terms between the flooded ZIP code indicator variable and every other
covariate. The model included an offset of the yearly population within each ZIP code
(derived from yearly ACS data) to build population-based AGI ED visit rates. We derived
estimates using the following equation:

log(A;) = Po + Ppperiod + Pogroup + Payear + Pgmonth + Psdow + Pgmonth* year + Pygroup * month +

pggroup * year + Pogroup * dow + Pjpgroup
* period

where /og(\;) = AGI ED visit rate at time t, period = flood period (pre-flood=0, three-week
post-flood=1), group = exposure group (control group/0% flooded=0, flood group/=33%
flooded=1), and dow = day of week. Our effect estimate of interest, p1q, represents the
difference between the change in the AGI ED visit rate in the control (group=0) and the
flooded group (group=1) that is associated with hurricane flooding, based on previous
trends. If the rate ratio is above 1, then it can be translated into the percent increase
([RR-1]*100=percent increase) in AGI ED rate, based on 2016-2019 (i.e., pre-flood) trends
and controlling for AGI ED rate changes after the hurricane in unflooded areas (LaMorte
2018). To examine the combined effect of Hurricanes Matthew and Florence, we conducted
a random-effects meta-analysis of the rate ratios from the CITS analyses of Hurricanes
Matthew and Florence using the DerSimonian-Laird method (DerSimonian and Laird 1986;
Jackson et al. 2010).

We also assessed effect measure modification (EMM) on the multiplicative scale using
separate product-term interactions between covariates of interest (i.e., age category, race/
ethnicity, well water use, health insurance status, and rurality) with the flooded ZIP code
indicator variable (group) and the three-week post-hurricane period indicator variable
(e.g., group*period*race/ethnicity category). Population offsets were created by taking
the logarithm of the full population or stratum-specific population (by age category, race/
ethnicity, health insurance status) from the previously described ACS five-year population
estimates.

Sensitivity analyses

We conducted sensitivity analyses examining various flood exposure periods (i.e., AGI ED
visit rate in the 1, 2, 3, 4, and 5 weeks after each hurricane) and various cut points to
classify a ZIP code as flooded (i.e., 20%, 25%, 33%, 40%, 45%, 50% of the ZIP code
flooded). We also conducted separate analyses restricted to bacterial intestinal infections
and viral intestinal infections, as well as an overall pathogen-specific analysis where the
ICD-10 diagnostic codes indicated a specific bacteria, virus, or protozoa (e.g., Sa/lmonella,

Sci Total Environ. Author manuscript; available in PMC 2023 February 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Quist et al.

RESULTS:

Page 8

E. coli, Clostridium difficile, Giardia, Cryptosporidiosis, Norwalk agent, Rotavirus; see
Supplementary Table 1). To understand the effect of our control on our CITS results,

we conducted interrupted time series analyses (ITS, without a control) of the association
between various amounts of Matthew and Florence flooding and the change in three-week
post-hurricane AGI ED visit rate. We also conducted supplementary ITS analyses of
cumulative six-day hurricane-related precipitation and three-week AGI ED rate.

Because Hurricanes Matthew and Hermine occurred five weeks apart and Hermine may
have influenced the effect of Matthew, we conducted a sub-analysis where we included
AGI data during and after Hermine. As communities are often evacuated before large
hurricanes, especially before 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 them. Lastly, we examined model robustness by comparing the
results between quasi-Poisson, Poisson, and negative binomial models for the main analyses
(negative binomial models did not converge for most sub-analyses due to the small number
of cases). Robust standard errors were used to calculate 95% confidence intervals using the
sanawich package in R. All analyses were performed in R (\Version 3.6.2) (R: A language
and environment for statistical computing 2019).

In 2016-2019, there were 868,691 AGI ED visits in NC by residents with a NC billing ZIP
code. Overall, AGI ED visits were driven by seasonal patterns, with the highest number

of AGI-related visits during the winter months and lowest number during the fall months
(Supplementary Figure 1). During the three weeks after Hurricane Matthew, there were
330 AGI ED visits of patients from NC ZIP codes with a third or more of their area
flooded and 368 AGI ED visits of patients from similarly flooded NC ZIP codes after
Hurricane Florence. After Hurricane Matthew, 81 ZIP codes experienced >33% flooding
and 579 ZIP codes experienced no flooding, while after Hurricane Florence 95 ZIP codes
experienced =33% flooding and 367 ZIP codes experienced no flooding, based on the
flood extent data from NC DPS (Figure 2). Among all 473 ZIP codes that received any
flooding during Hurricane Matthew, the mean percentage of the ZIP code that flooded was
21.1% and the median was 13.3%, compared to Hurricane Florence, in which the mean of
the 685 flooded ZIP codes was 16.5% and the median was 8.6%. However, for our main
analyses, we excluded flooded ZIP codes with <33% flooding. Areas that flooded =233%
during Hurricanes Matthew and Florence were slightly more rural, had a higher hog density
and a larger proportion of White non-Hispanics, American Indians, and uninsured residents
compared to NC’s general population (Table 1). When examining the weekly precipitation
and weekly AGI rate over time, we observed higher levels of precipitation and higher AGI
ED visit rates in the weeks before Hurricane Matthew in areas that were heavily flooded
from Matthew (Figure 3). In comparison, we observed relatively lower levels of precipitation
and lower AGI visit rates in the weeks before Hurricane Florence.

We observed a 15% increase in AGI ED visit rate (rate ratio (RR)=1.15, 95% CI: 0.97, 1.32,
Table 2) after Hurricane Matthew and a 9% increase in AGI ED rate (RR=1.09, 95% CI:
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0.93, 1.24) after Hurricane Florence compared to the expected AGI ED rate based on 2016-
2019 trends, controlling for any AGI ED rate changes after the hurricanes in the unflooded
areas (Table 2). The CITS pooled rate ratio for Hurricanes Matthew and Florence together,
during the three weeks after each hurricane, was 1.11 (95% CI: 1.00, 1.23). When assessing
EMM by race, we consistently saw a small increase in AGI ED visit rate among Black
patients after both hurricanes compared to the expected rate had there not been a hurricane
(Matthew RR=1.09, 95% CI: 0.82, 1.36; Florence RR=1.17, 95% CI: 0.92, 1.41). Among
American Indians, we did not observe any increase in AGI ED visit rate after Hurricane
Matthew (RR=0.73, 95% CI: 0.21, 1.25), but we observed an 168% increase in AGl ED

rate (RR=2.68, 95% CI: 1.96, 3.41) after Hurricane Florence. However, this large increase in
AGI ED rate is based on only 34 AGI ED visits in flooded areas during the three weeks after
Florence among American Indian patients. The AGI ED visit rate among adults 65 and older
increased 9% (RR=1.09, 95% CI: 0.81, 1.38) after Hurricane Matthew and 31% (RR=1.31,
95% ClI: 1.06, 1.56) after Hurricane Florence. While the AGI ED rate among children under
age 5 increased slightly after Hurricane Matthew, we observed no effect after Hurricane
Florence among this group (although the number of cases in these groups was small, n=41
and 35, respectively, and the confidence intervals of the rate ratios were wide). We did not
observe strong EMM by rurality and health insurance, although we found a consistent 20%
increase in AGI ED visit rate after both hurricanes among those on public health insurance.
While we observed a 10-15% increase in AGI ED rate after the hurricanes in areas where
the majority of residents are on private well water, these results were not consistently larger
than the increase of AGI ED rate in areas with a small proportion of residents on private well
water (Table 2).

When the CITS analyses were restricted to bacterial intestinal infection ED visits, we saw an
85% increase in AGI ED visit rate after Hurricane Florence (RR=1.85, 95% CI: 1.37, 2.34),
but a slight, albeit highly imprecise, decrease after Hurricane Matthew (RR=0.75, 95% CI:
0.06, 1.45). We did not observe any changes in viral intestinal infection ED visit rate after
either hurricanes (Matthew: RR=1.15, 95%CI1=0.54,1.76; Florence: RR=1.05, 95%CI=0.47,
1.63). There were not enough cases during 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 ZIP code flooded. The increase in AGI ED visit rate after Hurricane Matthew increased
steadily as the percent of ZIP code flooded increased (Figure 4a). For Hurricane Florence,
the effect was largest in magnitude among residents in =233% and =40% flooded ZIP codes
but did not show a monotonic trend. As the cut point for percent of ZIP code flooded
increased, the number of ZIP codes and of AGI ED visits in ZIP codes designated as flooded
decreased and the confidence intervals increased. For Hurricane Florence, the increase in
AGI ED visit rate in ZIP codes >33% flooded was strongest during the first week following
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 AGI ED rate after Hurricane Matthew
was lowest during the first week (RR=1.01, 95% CI: 0.72, 1.30) and showed no clear
relationship with flood exposure period (Figure 4b). We also observed a very strong increase
in bacterial AGI during the first week after Hurricane Florence in ZIP codes with a third
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or more of the area flooded, but this was based on only 15 bacterial AGI ED visits in the
flooded areas during the week (RR=3.41, 95% ClI: 2.75, 4.06; data not shown).

The ITS results by flood category illustrate that during the three weeks after Hurricane
Matthew, the AGI ED visit rate was significantly higher than predicted in areas with 0%
of the ZIP code flooded (control areas for CITS), areas with less than 10% of the ZIP
code flooded, and areas with 33-59% of the ZIP code flooded (Figure 5). However, after
Hurricane Florence, the AGI ED rate increased as percent flooding increased after 33%
flooding, with no substantial increase in areas with 0-32% flooding.

Our main results were much stronger when we examined the association between =33%
hurricane flooding and AGI without a control group (ITS), with a rate ratio of 1.95 (95%
Cl: 1.69, 2.20) after Hurricane Matthew (compared to CITS RR=1.15, 95% CI: 0.97,
1.32) and a rate ratio of 1.25 (95% CI: 1.02, 1.48) after Hurricane Florence (compared

to CITS RR=1.09, 95% CI: 0.93, 1.24). In our supplementary ITS analyses of cumulative
six-day hurricane-related precipitation and three-week AGI ED visit rate, we found the
strongest effect in areas that received rain in the lowest quartile (0-6.5 inches) of total
Hurricane Matthew precipitation (although effects were seen in every quartile of rainfall
during Matthew) (Supplementary Table 3). However, the effects of the total rain received
during Hurricane Florence on AGI were mostly null. When we included the five-week
extremely wet period before Hurricane Matthew (which may itself have caused increased
AGI) in the main CITS analysis, the association during the three weeks after Hurricane
Matthew attenuated to a weak 4% increase in AGI ED rate in areas =33% flooded (RR=1.04,
95% Cl: 0.87, 1.21).

The results from the sensitivity analysis excluding mandatorily evacuated counties were
slightly stronger than our main results (RR=1.23, 95% CI: 1.09, 1.36 for Hurricane Florence,
data not shown). Results were very similar overall when we conducted the main analysis
using Poisson, quasi-Poisson, and negative binomial models (Supplementary Table 2).
However, the negative binomial models were unstable when examining EMM and we opted
against the Poisson models because of the overdispersion of the count data (Ver Hoef and
Boveng 2007).

DISCUSSION:

We observed an 11% increase in all-cause AGI ED visit rate during the three weeks

after Hurricanes Matthew and Florence struck NC in ZIP codes with at least a third of
their area flooded compared to the predicted rates in these areas had these hurricanes not
occurred, controlling for any AGI ED visit rate change in unflooded control areas after the
hurricanes. We consistently observed an increase in AGI ED rate after Hurricane Florence
in our sensitivity analyses, while the effect of Hurricane Matthew on increased AGI was
less consistent in these sensitivity analyses. During the first week after the hurricanes, we
observed a 20% increase in AGI ED visit rate after Hurricane Florence, but no increase after
Hurricane Matthew. After Hurricane Florence, the increase in AGI ED rate was strongest
among American Indian and Black patients and among adults aged 65 and older. When
restricted to bacterial enteric infection ED visits, we found an 85% increase in bacterial
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AGI ED visit rate after Hurricane Florence, but we observed no increase after Hurricane
Matthew (although these estimates were based on only 27 and 17 cases of bacterial AGI
visits in areas =233% flooded during the three weeks after Hurricanes Florence and Matthew,
respectively). While the increase in all-cause AGI ED rate during the three weeks after
Hurricanes Matthew (15% increase) and Florence (9% increase) were similar, our sensitivity
analyses highlight some of the differences between the storms’ effects.

Differences between the storms’ antecedent rainfall and overall storm rainfall may be
responsible for the discrepancy in findings between Hurricanes Matthew and Florence,
particularly in the bacterial AGI analysis and the analysis with a one-week exposure period
where we observed strong associations in each after Hurricane Florence and no association
after Hurricane Matthew. Hurricane Matthew struck NC shortly after other heavy rain events
while a relatively dry period preceded Hurricane Florence. These differences in antecedent
rainfall and AGI ED visit rate increase may be explained by the concentration-dilution
hypothesis, which is supported by most studies on extreme rain in relation to diarrhea,
according to a 2020 meta-analysis (Kraay et al. 2020). The concentration-dilution 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 incidence (Kraay et

al. 2020; Levy et al. 2016). However, heavy precipitation after a wet period often dilutes
pathogen concentration in surface water, decreasing AGI incidence (Kraay et al. 2020).

This may explain the null association between Hurricane Matthew flooding and bacterial
AGI ED visits, as two very heavy rain events affected similar areas of NC five weeks

and nine days prior to Hurricane Matthew, while little rain fell during the two months
before Hurricane Florence (Figure 3). Hurricane Florence was also substantially wetter than
Hurricane Matthew, with Florence’s maximum rainfall almost double Matthew’s maximum
rainfall (Stewart and Berg 2019; Stewart 2017). The consistency of the Hurricane Florence
effect across different models and the strong effect for bacterial AGI suggest that the
association we observed is not due to chance or bias and is likely caused by an increase in
waterborne bacteria after Florence. Our confidence in the observed effects during the three
weeks after Hurricane Matthew is tempered by the null results for the one-week analysis and
bacterial AGI analysis, although these null results may be caused by a dilution effect.

Hurricanes Matthew and Florence drenched most of NC, and many ZIP codes that did

not flood (our control areas) still received heavy precipitation above the ZIP codes’ 99t
percentile of daily precipitation (see Figure 3). Heavy rain above the 99t percentile of

an area’s precipitation has been associated with AGlI, regardless of flooding (Bush et al.
2014; Drayna et al. 2010; Guzman Herrador et al. 2015; Kraay et al. 2020; Levy et al.
2016; Tornevi et al. 2015). Thus, our CITS analyses could only examine the effect of
heavy flooding after hurricanes compared to areas that received heavy rain but no flooding.
In our supplementary ITS analyses of cumulative six-day hurricane-related precipitation
and AGI ED visit rate, we observed strong effects in ZIP codes that received rain in the
lowest quartile. This association may also have been related to rain during the weeks before
Hurricane Matthew, which occurred in areas that were both flooded and not flooded by

the hurricane (Figure 3). The effects from total rain received during Hurricane Florence

on AGI were mostly null, possibly indicating that heavy rain in the control areas were not
reducing the association between hurricane flooding and AGI during Hurricane Florence as
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they were for Hurricane Matthew in the CITS analyses. 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. The stronger ITS
results of hurricane flooding and AGI ED visit rate may be a more accurate representation of
the effect of the hurricane on AGI rates.

Our main analyses used CITS, as it controls for both time-varying and time-invariant
confounders when the pre-event characteristics between the control area and exposed area
are comparable (Bernal et al. 2017; Linden 2017). Despite some demographic differences
between groups, the control group was able to adjust for temporal factors to examine the
effect of flooding specifically compared to areas with no flooding, but possibly with heavy
rain (see Supplementary Tables 4 and 5). In addition to the robust CITS methods, this study
also benefits from inclusion of two different severe hurricanes, with varying amounts of
rainfall and different pre-hurricane conditions, that affected similar areas. Most studies on
this topic either examine many heavy rain/flooding events or a single hurricane (Drayna

et al. 2010; Gleason and Fagliano 2017; Jagai et al. 2015; Lee et al. 2019; Lin et al.

2015; Setzer and Domino 2004; Soneja et al. 2016). However, to focus on the hurricanes
individually, we removed data around other large hurricanes from the analyses. As Hurricane
Hermine hit NC five weeks before Hurricane Matthew, we excluded AGI data from the

five weeks before Matthew in attempt to isolate the independent effect of Matthew. We
chose to examine Hurricanes Matthew and Florence and not Hermine because Matthew and
Florence were by far the largest and deadliest hurricanes to strike NC in recent years. While
restricting data from time series analysis is not ideal, storms occasionally occur shortly after
another.

Our results are generally consistent with other U.S.-based studies that reported a small
increase in AGI rate after flooding, although many of these studies examined less severe
flooding (Centers for Disease Control and Prevention (CDC) 2000; Levy et al. 2016; Lin et
al. 2019; Wade et al. 2004, 2014). A recent review found that 76% of 25 published statistical
analyses on flooding and diarrhea reported a significant positive association, especially
when the flooding followed a dry period (Levy et al. 2016). A case-crossover study in China
found an increase in reported infectious cases of diarrhea in the few days after flooding,
with the strongest association two days after the flood in Fuyang (about 17 inches of
precipitation) and five days after the flood in Bozhou (about 11 inches of precipitation)(Ding
et al. 2013). A case-crossover study in Massachusetts, 2003—-2007, found flooding to be
associated with increased gastrointestinal illness-related emergency room visits 0—4 days
after flooding (Wade et al. 2014). The researchers attributed about 7% of these visits to the
flooding and hypothesized that these flood-related 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 found an increase in Clostridium difficile infections in the 7-13 days
after flooding (Lin et al. 2015). In our sub-analysis of bacterial AGI ED visits, 80% of the
bacterial AGI ED visits after Hurricane Florence were related to C. difficile. While often
nosocomial infections, C. difficile infections may be linked to flooding and exposure to hogs
and hog manure (Keessen et al. 2013; Lin et al. 2015). As we saw the largest increase in
bacterial AGI ED visits during the first week after Hurricane Florence in ZIP codes flooded
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>33% (although based on 15 cases during this week), we hypothesize that this immediate
effect is likely due to direct contact with bacteria-contaminated water.

To the best of our knowledge, no other studies have examined the effect of hurricane
flooding and AGI in NC aside from Setzer and Domino, who were limited by county-month-
level data and who assessed exposure to Hurricane Floyd (1999) via the Federal Emergency
Management Agency’s (FEMA) assessment of socioeconomic impact of Floyd instead of
flooding (Setzer and Domino 2004). They observed a small increase in 7. gondii- and
adenovirus-related outpatient visits after Hurricane Floyd, although these pathogens are
primarily spread by meat and person-to-person contact, respectively. They also found an
increase in visits for ill-defined intestinal infections in counties severely and moderately
affected by the hurricane. Our study builds on the study by Setzer and Domino by using
finer resolution data and more robust analytic methods.

Our finding of increased AGI ED visit rates after hurricane flooding is further supported by
studies of post-hurricane water contamination data. One study found elevated concentrations
of E. coli, dissolved organic nitrogen, dissolved organic carbon, and phosphate in rivers after
Hurricane Matthew during the 2-3 weeks when rivers were above flood stage compared to
below flood stage (Humphrey et al. 2019). Another study found concentrations of £. coli
and Salmonella Typhimurium in surface waters to be a hundred times greater after Hurricane
Florence than after Hurricane Michael (a hurricane with significantly less rain that struck
NC four weeks after Florence) (Kisling et al. 2019). These bacteria may directly cause
bacterial enteric infection or are associated with the presence of other bacteria that may
cause AGI.

This study uses all-cause AGI ED visits as the main outcome, which is one of the broadest
indicators of health effects that arise from waterborne pathogens (Messner et al. 2006). This
broad AGI case definition enabled us to have a sufficient sample size for our sub-analyses
while also capturing the large proportion of AGI cases that lacked pathogen-specific details
on the discharge record. However, AGI has many possible etiologies and comorbidities,
including causes unrelated to waterborne pathogens. Our sensitivity analyses restricted to
bacterial and viral AGI ED visits attempt to address this limitation. These analyses were
limited by the small number of bacterial and viral AGI ED visits in flooded areas during the
three weeks after the storm, which additionally precluded other agent-specific sub-analyses.
We were unable to consider individual pathogens because many AGl-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 in the diagnosis code on
the discharge record (Scallan et al. 2018). Additionally, most AGI is self-limiting and does
not require treatment at a health facility. Our outcome data consist only of AGI episodes
that resulted in ED visits, which are expected to represent a fairly small proportion of total
AGI in the population, suggesting that the true effects may be underestimated if AGI ED
visits are an unbiased estimate of true AGI in the community (Mead et al. 1999). One U.S.
population-based study projected that only about 20% of people with acute diarrheal illness
sought medical care and 6.4% visited an emergency department (Jones et al. 2007).
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We did not see consistent patterns between hurricanes in our sub-analyses of various racial
and ethnic groups (aside from a constant increase in AGl among Black patients), but the
differences may be related to total storm rainfall, antecedent rainfall, small sample size, and
the large amount of missing race data in NC DETECT in 2016. Additionally, it is unknown
how frequently the NC DETECT race and ethnicity data are self-reported or are assumed by
receptionists or clinicians. Moreover, NC DETECT improved their race variable collection
practices in 2016, so race analyses of Hurricane Matthew may be less accurate. While 14.3%
of all ED visits were missing a race classification in 2016, this decreased to about 1.5% in
2017-2019. Most of the missing race data were concentrated in central and western NC,
control areas that were unaffected by the hurricanes. In supplementary analyses, we used
multiple imputation to impute missing race, and we obtained similar results (Supplementary
Table 6). Although the race data in this study are imperfect, we include them in our analyses
as a proxy for various unidentified economic, historical, behavioral, and environmental
factors (Lin and Kelsey 2000; VanderWeele and Robinson 2014).

While several studies find AGI incidence to be higher among White non-Hispanics than
Hispanic or Black people (Jones et al. 2007; Lee et al. 2019; Roy et al. 2006; Soneja et

al. 2016; White et al. 2009), other studies have found no difference by race (Gleason and
Fagliano 2017) or higher rates of diarrhea-related hospitalization among Black and Hispanic
children compared to non-Hispanic Whites (Malek et al. 2006). The racial differences we
observed in the relationship between hurricane flooding and AGI ED visit rate are likely due
to racial disparities in income, wealth, and healthcare access, which are caused by structural
racism, white supremacy culture, discriminatory policies, and historical differences (Gravlee
2009; Lin and Kelsey 2000). People of color and low-income residents have been—and
are—regularly left to settle on the least desirable land, whether flood-prone, toxin-filled, or
nonarable. For example, the first U.S. town incorporated by Black residents, Princeville, NC,
was floodplain land unwanted by Whites that has since been destroyed multiple times from
hurricane flooding (Kendall 2007). For centuries, Native Americans continued to lose their
land and were killed or forced (or pressured) to relocate to less desirable land. Industrial

hog operations in NC expanded during the 1990s and early 2000s in flood-prone areas
heavily populated by Black and Native American residents (Wing and Johnston 2014)—the
same areas where many enslaved Blacks resided in the 18t and 19t centuries (MacNell
2015). As we observed that hurricane flooded areas had a higher hog density than unflooded
areas, and as bacterial AGI ED visits like those related to C. difficile may be linked to hog
manure (Keessen et al. 2013), the increase in AGI rate in flooded areas after Hurricanes
Matthew and Florence may be related to hurricane-related runoff from hog CAFOs. Black
communities have also historically been systematically excluded from regulated public water
supplies (MacDonald Gibson and Pieper 2017). Additionally, rural communities in eastern
NC frequently have poor healthcare access and have a high percent of uninsured residents,
which means reduced access to preventative care and increased risk for health problems
(Hardy; North Carolina Institute of Medicine 2018). We observed such differences in our
data as the ED rate (total ED visits/population of subgroup) was higher for people on

public insurance than people on private insurance and higher among American Indian and
Black patients compared to White non-Hispanic patients (see Supplementary Table 7). Other
studies have found Black Americans to be less likely to use primary care and more likely
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to use EDs than White Americans, but these care disparities are greatly reduced when
accounting for medical mistrust (Arnett et al. 2016; LaCalle and Rabin 2010). Several
studies have also found Hispanic individuals to be less likely than non-Hispanic White
individuals to use EDs, due to lack of trust and fear of deportation, which may account for
the low ED rate we observed among Hispanics (Allen and Cummings 2016; Beniflah et al.
2013; Maldonado et al. 2013).

This study’s strengths include its robust CITS methods to control for time-invariant and
time varying confounders, its use of four years of recent data, and its sensitivity analyses.
However, we were limited by our data’s geographic specificity, which indicate the ZIP code
of the patient’s billing address but do not identify the ED’s location or whether the patient
was displaced prior to or during the hurricane. The data does not reveal whether patients
with AGI ED diagnostic codes and ZIP codes that were flooded had evacuated the area
before the hurricane and had no exposure to floodwater or had stayed in the area and were
directly or indirectly exposed to floodwaters. Our sensitivity analysis that excluded counties
with mandatory evacuation orders during hurricanes were slightly stronger than our main
results, suggesting that displacement may only slightly attenuate the observed association
between hurricane flooding and AGI ED rate.

Conclusions

While some studies have examined the association between rainfall or flooding and AGl,
very few have focused on hurricanes, which often produce particularly extreme rainfall that
can contaminate surface water. Hurricanes Matthew and Florence were both powerful storms
with record-breaking flooding. Overall, we found an 11% increase in AGI ED visit rate

in ZIP codes that were a third or more flooded compared to the expected AGI ED rates

in the ZIP codes had the hurricanes no occurred, controlling for any change in AGI ED

visit rate in unflood areas that may have received heavy rain. This effect was larger among
Black and American Indian patients following Hurricane Florence. Flooded areas also had

a higher density of hogs than did unflooded areas, and the flooding of large hog manure
lagoons and hurricane-related runoff from hog CAFOs may spread pathogens that can cause
AGI. We also observed a stronger effect between hurricane flooding and bacterial intestinal
infection ED visits after Hurricane Florence, but no apparent effect after Hurricane Matthew,
which may be due to the wet period that preceded Matthew and the dry period that preceded
Florence.

ZIP 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 three weeks after these large hurricanes may be the same people who
were also dealing with damage to their homes, relocation, loss of belongings, family

harms, community damage, and/or shock from the ongoing disaster. Climate change will
continue to bring more frequent and intense disasters; the disaster context and related

mental health impacts are co-morbidities to the environmental health effects—such as AGI
—resulting from disasters. As flood-prone regions are often disproportionally lower income,
more rural, and with higher percent people of color, flooding events and subsequent health
consequences (including but not limited to AGI) are manifestations of historical and present-
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day environmental racism. State, local, and community interventions should consider these
equity issues when acting to prevent and respond to such disasters.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Gastrointestinal-related emergency department visits may increase after
hurricanes
. Prior rain may influence effect of hurricane flooding on gastrointestinal
illness
. American Indian and Black residents are disproportionately affected by
hurricanes
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Figure 1.
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Summary of controlled interrupted time series analysis, including three-week exposure
periods of interest (hashed rectangle), 5-week washout periods after the exposure periods
(brackets with dotted lines), and excluded periods for other large hurricanes (brackets with

solid lines).
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A) Hurricane Matthew

Matthew Flooding

No Flooding
233% Flooding

B) Hurricane Florence

Florence Flooding

No Flooding
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Figure 2.

Maps of A) Hurricane Matthew flood extent and Hurricane Matthew flooded ZIP codes (at
least one third of the ZIP code area flooded after the 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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Figure 3.
Maximum precipitation and AGI ED visit rate per 10,000 people by week by flooding

category before and after Hurricanes Matthew and Florence. AGI ED visit rate per 10,000
from AGI ED visit data from 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, with Hurricane Hermine (September 3, 2016) indicated in a vertical grey
dashed line.
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Figure 4.

Rate ratios and 95% confidence intervals for controlled interrupted time series models for
Hurricanes Matthew and Florence, with A) various flooding cut points and B) various
exposure periods. Flooding cut points (above which ZIP code is categorized as flooded)
range from 20% of the ZIP code flooded from the hurricane to 50% 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 exposure 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: 20%: 1039, 25%: 680, 30%: 449, 33%: 368, 40%:
265, 45%: 149, 50%: 123. Number of AGI ED visits in ZIP codes flooded =33% during the
various flood exposure periods: Matthew: 1 week: 86, 2 weeks: 211, 3 weeks: 330, 4 weeks:
421, 5 weeks: 539. Florence: 1 week: 152, 2 weeks: 255, 3 weeks: 368, 4 weeks: 485, 5
weeks: 598.
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Figure 5.

The association between various amounts of flooding and three-week AGI ED rate from
interrupted time series (ITS, no control group) analyses for Hurricanes Matthew and
Florence. Number of AGI ED visits during the three weeks after hurricane in ZIP codes
designated as flooded: Matthew: 0%: 6173, 1-9%: 1850, 10-19%: 1068, 20-32%: 704,
33-59%: 281, =60%: 49. Florence: 0%: 3721, 1-9%: 5142, 10-19%: 1645, 20-32%: 671,
33-59%: 300, =60%: 68.
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Table 2.

The association between Hurricanes Matthew and Florence flooding and AGI, main effect and effect measure
modification stratum-specific rate ratios, calculated with controlled interrupted time series. Flood exposed
areas were ZIP codes with a third or more of their area flooded and control areas were ZIP codes with

no hurricane flooding. A three-week exposure period was used for these analyses, starting the day that the
hurricane struck NC. The sample size (n) reported is the number of AGI ED visits during the three weeks after
the hurricane in ZIP codes flooded >33%. The outcome of all-cause AGI ED visits was used for all analyses
except the pathogen-specific AGI sub-analyses, where we restricted to bacterial AGI, viral AGlI, or all bacterial
and viral and protozoal AGI.

Hurricane Matthew ncases Hurricane Florence n cases

Main result 1.15 (0.97, 1.32) 330 1.09 (0.93, 1.24) 368
Effect measure modification:
Race

American Indian 0.73(0.21, 1.25) 20 2.68 (1.96, 3.41) 34

Black 1.09 (0.82, 1.36) 84 1.17 (0.92, 1.41) 102

Non-Hispanic White 1.10 (0.93, 1.28) 201 0.95(0.78, 1.13) 207

Other 1.01 (0.50, 1.51) 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 5-17 1.39 (1.00, 1.77) 32 0.78 (0.35, 1.22) 23

Age 18-64 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 (1.03, 1.40) 206

Self-pay/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 (0.83, 1.35) 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 1.12 (0.93, 1.32) 163 1.16 (0.97, 1.35) 174

25-50% on well water 1.43 (1.20, 1.66) 67 0.91 (0.64, 1.18) 88

>50% on well water 1.10 (0.86, 1.33) 86 1.15 (0.91, 1.39) 83
Pathogen-specific AGI

Bacterial 0.75 (0.06, 1.45) 17 1.85 (1.37, 2.34) 27

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)
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