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Abstract

Objectives—Eosinophilic esophagitis (EOE) is an increasingly prevalent chronic disease arising
from an allergy/immune-mediated process. Generally, the risk of atopic disease differs in rural and
urban environments. The relationship between population density and EOE is unknown. Our aim
was to assess the relationship between EoE and population density.

Methods—: We conducted a cross-sectional, case-control study of patients with esophageal
biopsies in a U.S. national pathology database between January 2009 and June 2012 to assess the
relationship between population density and EoE. Using Geographic Information Systems (GIS),
the population density (individuals/mile2) was determined for each patient zip code. The odds of
esophageal eosinophilia and EoE were estimated for each quintile of population density and
adjusted for potential confounders. Sensitivity analyses were conducted with varying case
definitions and to evaluate the potential for bias from endoscopy volume and patient factors.
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Results—Of 292,621 unique patients in the source population, 89,754 had normal esophageal
biopsies and 14,381 had esophageal eosinophilia with =15 eosinophils per high-power field (eos/
hpf). The odds of esophageal eosinophilia increased with decreasing population density (p for
trend < 0.001). Compared to those in the highest quintile of population density, odds of
esophageal eosinophilia were significantly higher amongst those in the lowest quintile of
population density (aOR 1.27, 95% CI: 1.18, 1.36). A similar dose-response trend was observed
across case definitions with odds of EoE increased in the lowest population density quintile (aOR
1.59, 95% CI: 1.45-1.76). Estimates were robust to sensitivity analyses.

Conclusions—Population density is strongly and inversely associated with esophageal
eosinophilia and EoE. This association is robust to varying case definitions and adjustment factors.
Environmental exposures more prominent in rural areas may be relevant to the pathogenesis of
EoE.

Keywords
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Epidemiology

Introduction

Eosinophilic esophagitis (EOE) is a chronic esophageal disease characterized by dense
esophageal eosinophilia with clinical symptoms of esophageal dysfunction in the absence of
other etiologies (1). EOE is one cause of esophageal eosinophilia, which is a broader term for
the histopathologic finding of eosinophils infiltrating the esophageal mucosa, and for which
an etiology should be determined (2). While the pathogenesis of EoE is incompletely
understood, the underlying mechanism of disease is thought to be immune- or allergen-
mediated (3, 4). Individuals with EoE often have concomitant atopy (5-10), there can be
seasonal variation in EoE diagnosis (11), and experimental EoE can be induced in murine
models with antigen challenge (12, 13). In humans, however, the initial allergen exposure
that elicits disease development can rarely be identified (14), and risk factors for the
development of EOE have yet to be fully elucidated.

Because EOE is a newly recognized disease with a markedly increasing incidence (15, 16),
changes in environmental factors, rather than changes in genetics, likely explain the
evolving epidemiology. In other allergic and autoimmune conditions such as eczema,
multiple sclerosis, and inflammatory bowel disease, geographical factors may impact the
observed incidence and prevalence of disease (17-20). In EoE, environmental factors such as
Helicabacter pylori (21) or climate (22) have been shown to impact the prevalence of EoE.
A prior survey of physicians suggested that EOE might be more prevalent in rural areas (6).
Geographic differences in development of EOE may also provide etiologic clues for EoE
pathogenesis. However geographic variation in EOE has not been explored in detail (10, 23,
24), and data from single centers with variable referral patterns cannot reliably detect such
geographic variations.

The aim of this study was to use a large national pathology database to estimate the
association between population density, as a proxy for rural versus urban residence, and
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EoE. We hypothesized that population density would be associated with esophageal
eosinophilia and EoE.

Data sources and case definitions

We conducted a cross-sectional, case-control study of patients with esophageal biopsies
examined between January 2009 and June 2012 by pathologists at Miraca Life Sciences, a
specialized pathology laboratory serving outpatient endoscopy and surgery centers
throughout the United States. Details of pathology protocols have been previously reported
(21, 25). In brief, samples from 43 states, DC, and Puerto Rico were processed centrally in
one of three laboratories (Irving, Texas; Phoenix, Arizona; Boston, Massachusetts) with
identical sectioning and staining procedures. Sub-specialty trained gastrointestinal
pathologists applied standardized criteria for diagnoses (21, 25, 26). A central database
contained biopsy reports, demographic information (patient age, sex, and zip code of
residence), indication for esophagogastroduodenoscopy, and zip code location of the
gastroenterology practice where the procedure was performed. The University of North
Carolina Institutional Review Board approved the study.

For this study, we constructed a de-identified database of pre-existing pathology records
from 292,621 unique patients representing all esophageal biopsies examined between
January 2009 and June 2012. Next, community—level data, including the number of persons
living in each zip code and information on the racial make-up of zip codes, were obtained
for 2010 from the United States Census Bureau (27). Combining these data with geographic
data, we calculated population density in each zip code unit by dividing the number of
individuals living in each zip code unit by the total area (miles?) within that zip code unit in
geographic information systems (GIS ArcMap; version 9.3; ESRI Inc., Redlands, CA).
Population density information was then linked to patient-level data in the pathology
database using the residential zip code. We used population density rather than the U.S.
Census Bureau urban/rural definition (a cut-point of 1,000 individuals/mile?) (2) to
characterize population density with greater granularity than this simple dichotomization
would provide.

To characterize population density into interpretable units of change for analyses, we
divided the distribution of population into quintiles. We assigned latitude and longitude
coordinates to each patient endoscopy center, using the center of the reported zip code as a
proxy for geographic location. We then calculated the distance traveled by each patient to
the endoscopy center. We restricted our study population to patients residing in the United
States, excluding patients residing in Puerto Rico (n=775), where zip code-based distances
from residence to endoscopy center could not be extrapolated in GIS. We further excluded
from analyses any patients with missing zip codes (n=11) or patients living in zip codes for
which we were missing any census information (n=8,649). Missing data resulted in fewer
than 3% of the study population to be excluded from analysis.
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Case and control characterization

Patients with esophageal eosinophilia were defined as those with =15 eosinophils per high
power field (eos/hpf; 400x magnification with 22mm oculars; hpf area = 0.237mm?) on any
esophageal biopsy. Because of the standardized pathology coding, these subjects could be
readily identified in the database, and the level of esophageal eosinophilia recorded. We
excluded subjects with esophageal eosinophilia who had accompanying histologic findings
of candidal or viral esophagitis. Next, we applied increasingly stringent criteria to
approximate patient disease status. Patients with esophageal eosinophilia were categorized
by density of eosinophils, specifically =15 eos/hpf, =50 eos/hpf, and =100 eos/hpf.

For the eosinophilic esophagitis case definition, we selected three increasingly stringent and
specific definitions: 1) presence of =15 eos/hpf and documentation of dysphagia; 2)
presence of =15 eos/hpf, documentation of dysphagia, and exclusion of patients with clinical
or histologic data suggesting differential diagnoses (reflux/heartburn symptoms, reflux
esophagitis, Barrett's esophageal on biopsy, inflammatory bowel disease, and eosinophilic
gastroenteritis); 3) presence of =15 eos/hpf, documentation of dysphagia, exclusion of the
above differential diagnoses, and presence of eosinophilic microabscesses in the esophageal
epithelium (defined as clusters of >4 contiguous eosinophils) (28). The EoE case definitions
were created in this way because of limited clinical information in our database. While
guidelines define EoE as symptoms of esophageal dysfunction, = 15 eos/hpf, and exclusion
of other competing conditions,(1) we could not fully evaluate the last criterion. Therefore,
the above definitions allowed us to assess whether the strength of the observed associations
would increase with increasing case definition specificity.

For the control group, we selected patients with histologically normal esophageal biopsies
with no indication of a history of esophageal eosinophilia or EOE. Patients were identified as
histologically normal if there was no evidence of inflammation of any type, mucosal
disruption, infection, dysplasia, or neoplasia in the squamous epithelium.

Statistical analysis

Primary analyses—We first described the distribution of demographic characteristics for
patients with normal biopsies and those with esophageal eosinophilia (=15 eos/hpf). We then
compared the distribution of demographic and disease characteristics for patients at the
lowest (“rural”) and highest (“urban”) quintiles of population density. Specifically, we
assessed for differences in sex, clinical symptoms (dysphagia, heartburn, chest pain,
abdominal pain/dyspepsia, nausea/vomiting, or weight loss), histological features
(eosinophil counts and microabscesses), distance traveled for endoscopy, and proportion of
White subjects in a zip code. We used a binomial test for difference in proportions and the
Student t-test to assess for differences in means. P values of < 0.05 were considered as
statistically significant.

We used logistic regression to estimate the relationship between population density and
levels of esophageal eosinophilia or eosinophilic esophagitis cases definitions. Specifically,
we estimated the odds of disease at each quintile of population density (individuals/miles?)
as compared to the lowest quintile of population density and assessed for any trend in
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response at increasing levels of population density. We assessed for possible collinearity
between distance traveled to endoscopy center and population density to inform selection of
covariates for inclusion in multiple logistic regression models. Models were adjusted for the
following potential confounders: age (continuous), sex (male, female), race distribution
(continuous measure of proportion White in zip code of residence), and estimated distance
traveled for endoscopy (quintiles). Because we had previously identified an association
between climate and EoE (22), we also conducted a sensitivity analysis where we adjusted
on climate, as defined and described previously (22).

To account for potential residual within-group correlation that can occur when exposure
(e.g. population density) is assigned at the group level, we also conducted analyses using
generalized estimating equations (GEES). Because there was little residual within-group
correlation in the matrix and GEEs produced nearly identical results to logistic regression
(data not shown), we present results of the logistic regression analyses.

Mapping—To assess adequacy of representation of patients throughout the Unites States,
we first examined the geographical distribution of patients from which biopsies were
obtained. Next, we mapped the predicted the odds of esophageal eosinophilia (=15 eso/hpf)
across the United States using the results obtained from continuous predictor models for
population density. Based on visual inspection of smoothed plots we determined that a linear
approximation was appropriate across the data range. By mapping relative disease odds we
were able to evaluate the presence of geographic disease clustering. The data were mapped
in GIS using a continuous color scale with red indicating higher disease odds and blue
indicating lower disease odds.

Sensitivity analyses: Given the potential that diagnosis of EOE in rural areas could reflect,
at least in part, an artifact of volume of EGD performance, we conducted additional
sensitivity analyses. First, we assessed the correlation between EGD frequency and
population density. Next, we adjusted for the number of endoscopies in the database
conducted at a given endoscopy center. Then, to evaluate the potential that patients from
rural areas were more symptomatic (for example, due to limited access to care), we assessed
whether the proportion of normal biopsies was different when stratifying by population
density quintile. Finally, we repeated the analysis with another disease condition as the
comparator group. Specifically, we evaluated whether there were differences in EoE
diagnosis by population density as compared to cases of reflux esophagitis, as defined on
esophageal biopsy by a mixed active/chronic inflammatory pattern with basal hyperplasia.
Reflux esophagitis was chosen because there was no a priori reason that this should be
impacted by population density. Therefore, if the estimates from the primary analysis were
biased by patient or endoscopy center factors, we would expect the comparison of EoE to
reflux esophagitis would generate a null result. All sensitivity analyses were conducted
using the first EOE case definition listed above of esophageal eosinophilia of =15 eos/hpf,
with symptoms of dysphagia.
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Primary analyses

The final study sample included 89,754 patients with normal biopsies and 14,381 patients
with esophageal eosinophilia. Examination of demographic and clinical features for the
study population indicated that patients with esophageal eosinophilia were typically
younger, more commonly male, and had a higher proportion of dysphagia compared with
subjects with normal esophageal biopsies (Table 1). A higher proportion of patients with
normal esophageal biopsies had documentation of heartburn, weight loss, and abdominal
pain/dyspepsia. The proportion of the population that was White was similar between the
groups, as was the mean distance travelled to an endoscopy center. The geographical
representation of the distribution of patient zip codes revealed that patients with esophageal
biopsies were distributed throughout the Unites States, with both rural and urban geographic
areas represented (Figure 1).

When patients residing in the most populous locations (highest quintile — 3,745-144,333
persons/sg. mile) were compared to patients residing in the least populous locations (lowest
quintile - 0-251 persons/sg. mile), there were differences in some patient characteristics
(Table 2). Patients residing in rural environments were slightly older and more commonly
had dysphagia. The distance traveled to endoscopy center was also greater for these patients.
Patients residing in highly populated locations were more likely to have abdominal pain/
dyspepsia.

Population density was inversely associated with both esophageal eosinophilia and our case
definitions of eosinophilic esophagitis. Specifically, as population density decreased, the
odds of disease were significantly increased (p for trend <0.001) (Tables 3 and 4). For
example, for eosinophilic esophagitis defined as the presence of =15 eos/hpf with dysphagia,
the odds of disease were 59 percent more (aOR 1.59, 95% CI: 1.45, 1.76) among those at the
lowest population density as compared to patients residing in the highest population density
(Table 3).

Furthermore, with higher levels of esophageal eosinophilia, the observed inverse
relationship strengthened (Table 4). For example, those with esophageal eosinophilia =15
eos/hpf had 27 percent higher odds of disease (aOR 1.27; 95% CI: 1.18-1.36) among the
lowest compared to the highest quintile of population density, but those with esophageal
eosinophilia =100 eos/hpf had 51 percent higher odds (aOR 1.51; 95% ClI: 1.14-1.99).

Mapping the predicted odds, from multivariate analyses, for esophageal eosinophilia (=15
eos/hpf) as a function of population density for each zip code unit in the Unites States,
identified areas of disease clustering in the western and central portions of the country
(shaded in red). The extreme eastern portion of the country indicated relatively lower odds
of disease (shaded in blue) (Figure 2). The above estimates from the primarily analyses did
not change substantially after also adjusting for climate zone (Supplemental Table 1).

Sensitivity analyses—While there was a minor increase in the proportion of normal
biopsies in the highest population density quintile, sensitivity analyses did not appreciably
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change the primary results (Supplemental Table 1). There was no evidence of an association
between EGD volume and population density (Spearman's rho = —0.003, p=0.11). Results
were also robust after evaluating for the potential for confounding by EGD frequency
(Supplemental Table 1). In addition, the observed trend was unchanged when using reflux
esophagitis as the comparator population.

Discussion

While the allergen-mediated pathogenesis of EoE is starting to be elucidated (3, 4), the
specific risk factors that may predispose to or trigger the disease are poorly understood. EoE
is becoming increasingly more common (15, 16, 29), but the relative rarity of the disease
creates challenges for studying etiologic mechanisms as most studies may be either
underpowered or subject to the biases inherent to hospital-based studies arising from a single
center. In the present study we used a large, national pathology database to assess the
relationship between population density, an exposure chosen to reflect urban or rural status,
and the prevalence of esophageal eosinophilia, both as an eosinophil cell count alone and
incorporating clinical findings to approximate a case definition of EoE. The results indicate
a strong inverse association between population density and development of esophageal
eosinophilia or eosinophilic esophagitis; those living in rural areas with a low population
density had higher odds of having disease.

How can this result be interpreted in the context of what is known about EoE and other
atopic diseases? With the exception of one prior physician survey which found that cases of
EoE were more common in some rural areas (6), a recent study detecting no difference in
the frequency of EoE diagnosis in urban or rural settings using a 1,000 person/square mile
cut-point for rural versus urban status (30), and an abstract from a single center showing
more EOE cases from rural areas than urban areas (23), this association has not been
previously described in the EoE literature. In some respects, this finding is counterintuitive.
Subjects in less populous areas have to travel further to obtain care, so one might expect a
priori that diagnosed cases would be less common in rural areas, even if the true population
prevalence was not associated with rural status. Additionally, the hygiene hypothesis (31-34)
might suggest that the chances of developing an atopic disease in a rural setting would be
less, because increased exposure to environmental pathogens and allergens may cause
increased immune tolerance compared to what is encountered in urban settings. However,
the epidemiologic evidence to support this supposition is mixed (35-37), and definitions of
urban/rural status are not always consistent (38).

Our finding is intriguing, however, as it can be used to generate hypotheses about
environmental triggers that may offer an improved understanding of the etiologic
mechanisms for disease development. Population density may serve as a proxy measure for
other exposures of interest. For example, less populous regions may have higher exposures
to agricultural application of pesticides or herbicides, higher density of livestock, higher
exposure to plant-based allergens (39), or differences in exposure to particulate matter (size
and species) (40-43). For example, particulate matter (PM) in rural areas is more likely to be
coarse (e.g. PM aerodynamic size between 2.5 and 10 micrometers), which typically arises
from soil and road dust, whereas finer particulate matter (PM <2.5) is typically associated
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with industrial areas and areas of higher population density (40). Coarse PM has been
associated with respiratory and cardiovascular disease and can induce oxidative stress and
inflammation(41-43). It is unknown whether PM or other environmental exposures could
explain geographical differences observed in EoE, but this is something that could be
studied both in animal models and further epidemiologic studies.

Another area for further exploration is assessing whether the associations observed are
evident in both the pediatric and adult populations. In the present study, only 3% of the
biopsies were obtained from individuals <18 years of age. We attempted to evaluate whether
the association between population density and EoE persisted in the pediatric population and
found that the magnitude of the estimates were unchanged, but that the confidence intervals
were wide, reflecting a lack of power to determine age-based differences in these data.

It is important to acknowledge possible limitations in this study. First is the potential for
misclassification of disease status. Because the data source was a pathologic database,
clinical information is limited. Additionally, while we know these patients had esophageal
eosinophilia, we are unable to know whether they met consensus diagnostic guidelines for
EOE (2) or if PPI-responsive esophageal eosinophilia was excluded (2, 44). For this reason,
we specially constructed the study to assess the association of esophageal eosinophilia with
population density, but performed additional analyses examining not only increasingly
higher eosinophil counts, but a number of different EOE case definitions that approximate
the clinical diagnosis. Any misclassification that did occur is likely to be non-differential
with respect to population density and thus could bias estimates toward the null. Moreover,
the increasing magnitude of estimates with increasingly stringent case definitions supports
the robustness of study results despite the potential for misclassification.

A related limitation is that the data include patient zip code of residence only and therefore
there is a potential for misclassification of population density as well. The population
density of residence represented an average across the zip code of residence. This may or
may not accurately reflect the population density of the patient's resident address. However,
in this situation as well, any misclassification of exposure status is also likely to be non-
differential and could bias estimates toward the null.

Other limitations include the possibility of confounding. We were only able to use zip code
level data to characterize race and race could be a confounder in the association between
factors related to geographic location and esophageal eosinophilia. However, inclusion of
zip code level race in the adjusted analyses did not substantively change the estimates. Our
data also included the patient residence as reported at the time of endoscopy. For prevalent
EOE cases, the zip code of residence at the time of endoscopy may not reflect the zip code at
time of disease onset. This could contribute to non-differential, mischaracterization of
geographic density and thus an attenuation of study estimates. Additionally, although Miraca
Life Sciences provides pathology services to a wide range of outpatient endoscopy and
surgical centers across the United States, the results of this study may not be generalizable to
all patients undergoing endoscopy. Finally, it is not possible to draw conclusions about
causality from this association.
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Despite these limitations, the study has substantial strengths. We used a large data source
with cases from throughout the country. This allowed analysis of one of the largest cohorts
of patients with esophageal eosinophilia yet presented in the literature, with a well-matched
control group of patients with normal esophageal biopsies. The granularity of the pathologic
data, in combination with the breadth of geographic data, makes this a unique resource to
investigate questions that cannot be effectively answered at the single, or even multi-center,
level. We also conducted analyses for both esophageal eosinophilia and for EOE case
definitions. That our results were consistent across all case definitions, and were stronger
with increasingly stringent definitions, lend credence to the results. The large number of
subjects included in this study also allowed us to control for multiple potential confounders,
including distance traveled to the endoscopy center, a proxy measure of access to health care
services. Results were also robust to several sensitivity analyses which evaluated the
potential for confounding by both endoscopy center volume and patient-related factors.
There was also no evidence to support confounding by climate zone. To our knowledge, this
is the first study in the EOE literature that has used GIS analysis techniques.

In conclusion, using carefully characterized histologic data collected from outpatient
endoscopy centers from throughout the United States, in combination with GIS and
epidemiologic methods, we found that population density is strongly and inversely
associated with both esophageal eosinophilia and EoE, with these conditions being more
common in rural areas. In addition, this association was robust to sensitivity analyses
exploring varying case definitions. Environmental exposures in rural areas may be key in the
pathogenesis of EoE. Exploration of these factors may yield an improved understanding of
the mechanisms for development of EoE.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Residential locations of patients receiving upper endoscopy with esophageal biopsy from

2009 to 2012 in the U.S. Note that exact locations have been altered slightly to preserve
confidentiality.
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aOR: I .
1.00 1.67

Figure 2.
Predicted adjusted OR for eosinophilic esophagitis in each U.S. zip code. Increased odds are

colored red, and decreased odds are colored blue. Zip codes with missing population density
data are displayed in grey.
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