ORIGINAL CONTRIBUTIONS

nature publishing group

Esophageal Eosinophilia is Increased in Rural Areas
With Low Population Density: Results From a National
Pathology Database

Elizabeth T. Jensen, PhD!?, Kate Hoffman, PhD, MSES, MPA?, Nicholas J. Shaheen, MD, MPH!3, Robert M. Genta, MD*>® and
Evan S. Dellon, MD, MPH?36

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 US
national pathology database between January 2009 and June 2012 to assess the relationship between
population density and EoE. Using geographic information systems, the population density (individuals
per square mile) 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.

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. The odds of having
esophageal eosinophilia increased with decreasing population density (P for trend <0.001). Compared
with those in the highest quintile of population density, odds of having esophageal eosinophilia were
significantly higher among those in the lowest quintile of population density (adjusted odds ratio
(aOR) 1.27, 95% confidence interval (Cl): 1.18, 1.36). A similar dose-response trend was observed
across case definitions with increased odds of EoE 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
that are more prominent in rural areas may be relevant to the pathogenesis of EoE.

SUPPLEMENTARY MATERIAL is linked to the online version of the paper at http://www.nature.com/ajg

Am ] Gastroenterol advance online publication, 25 March 2014; doi:10.1038/ajg.2014.47

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). Although 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 a
seasonal variation in EoE diagnosis (11), and experimental EoE
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can be induced in murine models with antigen challenge (12,13).
In humans, however, the initial allergen exposure that elicits dis-
ease development can rarely be identified (14), and risk factors for
the development of EoE have yet to be fully elucidated.

As 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, multi-
ple sclerosis, and inflammatory bowel disease, geographic factors
may have an impact on the observed incidence and prevalence of
disease (17-20). In EoE, environmental factors such as Helicobacter
pylori (21) or climate (22) have been shown to have an impact on
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 data-
base to estimate the association between population density, as a
proxy for rural vs. urban residence, and EoE. We hypothesized
that population density would be associated with esophageal eosi-
nophilia and EoE.

METHODS
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 pro-
tocols 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; and
Boston, Massachusetts) with identical sectioning and staining pro-
cedures. Subspecialty-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 esophagogastrodu-
odenoscopy (EGD), 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 repre-
senting 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
makeup of zip codes, were obtained for 2010 from the US Census
Bureau (27). Combining these data with geographic data, we cal-
culated population density in each zip code unit by dividing the
number of individuals living in each zip code unit by the total area
(mile?) within that zip code unit in geographic information systems
(GIS ArcMap; version 9.3; ESRI, Redlands, CA). Population density
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information was then linked to patient-level data in the pathol-
ogy database using the residential zip code. We used population
density rather than the US Census Bureau urban/rural definition
(a cut-point of 1,000 individuals per square mile) (2) to charac-
terize 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, exclud-
ing patients residing in Puerto Rico (n="775), where zip code-based
distances from residence to endoscopy center could not be extrap-
olated in GIS. We further excluded from the analyses any patient
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 less than 3% of the study population being
excluded from analysis.

Case and control characterization

Patients with esophageal eosinophilia were defined as those
with >15 eosinophils per high-power field (eos/hpf; x400
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 catego-
rized by density of eosinophils, specifically 215 eos/hpf, 250 eos/
hpf, and 2100 eos/hpf.

For the EoE case definition, we selected three increasingly
stringent and specific definitions: (i) presence of 215 eos/hpf and
documentation of dysphagia; (ii) presence of 215 eos/hpf, docu-
mentation of dysphagia, and exclusion of patients with clinical or
histologic data suggesting differential diagnoses (reflux/heartburn
symptoms, reflux esophagitis, Barretts esophageal on biopsy,
inflammatory bowel disease, and eosinophilic gastroenteritis);
and (iii) presence of >15eos/hpf, documentation of dysphagia,
exclusion of the above differential diagnoses, and presence of eosi-
nophilic microabscesses in the esophageal epithelium (defined
as clusters of more than or equal to four contiguous eosinophils)
(28). The EoE case definitions were created in this way because of
limited clinical information in our database. Although guidelines
define EoE as a condition with symptoms of esophageal dysfunc-
tion, >15eos/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 defini-
tion specificity.

For the control group, we selected patients with histologically
normal esophageal biopsies with no indication of a history of
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esophageal eosinophilia or EoE. Patients were identified as histo-
logically 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 demo-
graphic characteristics for patients with normal biopsies and those
with esophageal eosinophilia (=15eos/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), histologic fea-
tures (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’s 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 EoE
case definitions. Specifically, we estimated the odds of having dis-
ease at each quintile of population density (individuals per square
mile) as compared with the lowest quintile of population den-
sity and assessed for any trend in response to 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 distribu-
tion (continuous measure of proportion White in zip code of resi-
dence), and estimated distance traveled for endoscopy (quintiles).
As we had previously identified an association between climate
and EoE (22), we also conducted a sensitivity analysis where we
adjusted for climate, as defined and described previously (22).

To account for potential residual within-group correlations that
can occur when exposure (e.g., population density) is assigned
at the group level, we also conducted analyses using generalized
estimating equations. As there was little residual within-group
correlation in the matrix and generalized estimating equations
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 across
the Unites States, we first examined the geographic distribution of
patients from whom biopsies were obtained. Next, we mapped the
predicted odds of having esophageal eosinophilia (=15 eso/hpf)
across the United States using the results obtained from con-
tinuous predictor models for population density. On the basis of
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.
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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 endo-
scopies in the database conducted at a given endoscopy center.
Then, to evaluate the potential that patients from rural areas were
more symptomatic (e.g., 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 with 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 for
it to be affected by population density. Therefore, if the estimates
from the primary analysis were biased by patient or endoscopy
center factors, we would expect that the comparison of EoE with
reflux esophagitis would generate a null result. All sensitivity
analyses were conducted using the first EoE case definition listed
above of an esophageal eosinophilia of >15eos/hpf with symp-
toms of dysphagia.

RESULTS

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 typi-
cally younger, more commonly male, and had a higher propor-
tion 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 popula-
tion that was White was similar between the groups, as was the
mean distance traveled to an endoscopy center. The geographic
representation of the distribution of patient zip codes revealed
that patients with esophageal biopsies were distributed across the
Unites States, with both rural and urban geographic areas repre-
sented (Figure 1).

When patients residing in the most populous locations (highest
quintile: 3,745-144,333 persons per square mile) were compared
with patients residing in the least populous locations (lowest quin-
tile: 0-251 persons per square mile), there were differences in some
patient characteristics (Table 2). Patients residing in rural environ-
ments 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 esopha-
geal eosinophilia and our case definitions of EoE. Specifically, as
population density decreased, the odds of having disease were
significantly increased (P for trend <0.001; Tables 3 and 4). For
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Table 1. Demographic characteristics, clinical symptoms, and
histological features of patients with esophageal biopsies

Normal esopha- Esophageal
geal biopsies eosinophilia®
(n=89,754) (n=14,381)
Demographic characteristic
Age (years) meanzs.d. (IQR) 53.8+17.1 45.0+16.2
(43.6-66.2) (33.5-55.8)
Male n (%) 31,297 (34.9) 9,215 (64.1)
Clinical symptoms/EGD indications, n (%)
Dysphagia/odynophagia 23,098 (25.7) 7,725 (53.7)
Heartburn 45,595 (50.8) 5,935 (41.3)
Chest pain 5,438 (6.1) 478 (3.3)
Abdominal pain/dyspepsia 36,108 (40.2) 3,671 (25.5)
Nausea/vomiting 7,524 (8.4) 837 (5.8)
Weight loss 2,739 (3.1) 227 (1.6)
Suspected EoE 18,212 (20.3) 6,580 (45.8)
Histological features
Maximum eosinophil count, 0+0.1 (0.0-0.0) 37.0+£24.1
mean=s.d. (IQR) (20.0-50.0)
Eo(s(;n)ophil microabscesses, 0(0.0) 3,402 (23.7)
n(%

Population density by zip code unit®

4,457.2+12,642.0
(414.4-3,304.8)

Population density persons
per mile?, mean+s.d. (IQR)

3,103.4+9,110.0
(360.2-2,951.6)

Population reporting White 76.9+19.6 79.6+£16.6

race—mean=s.d. (IQR) (70.0-90.0) (70.0-90.0)
Zip code-level data

Distance traveled (miles) for 16.1+78.9 18.4+£92.6

endoscopy, mean+s.d. (IQR) (4.0-13.6) (4.3-14.5)

EGD, esophagogastroduodenoscopy; IQR, interquartile range.

aPatients with esophageal eosinophilia on esophageal biopsy with a maximum
count of 215 eos/hpf.

®Obtained from linkage to 2010 US Census data.
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example, for EoE defined as the presence of 215 eos/hpf with dys-
phagia, the odds of having disease were 59% more (adjusted odds
ratio (aOR) 1.59, 95% confidence interval: 1.45, 1.76) among those
at the lowest population density as compared with patients resid-
ing 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 215 eos/hpfhad 27% higher odds
of having disease (aOR 1.27; 95% confidence interval: 1.18-1.36)
among the lowest compared with the highest quintile of population
density, but those with esophageal eosinophilia 2100 eos/hpf had
51% higher odds (aOR 1.51; 95% confidence interval: 1.14-1.99).

Mapping the predicted odds, from multivariate analyses, for
esophageal eosinophilia (=15eo0s/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 region of the country indicated
relatively lower odds of disease (shaded in blue; Figure 2). The above
estimates from the primary analyses did not change substantially even
after adjusting for climate zone (Supplementary Table S1 online).

Sensitivity analyses

Although there was a minor increase in the proportion of nor-
mal biopsies in the highest population density quintile, sensitivity
analyses did not appreciably change the primary results (Supple-
mentary Table S1 online). There was no evidence of an associa-
tion between EGD volume and population density (Spearman’s
p=—0.003, P=0.11). Results were also robust after evaluating for
the potential for confounding by EGD frequency (Supplementary
Table S1 online). In addition, the observed trend was unchanged
when using reflux esophagitis as the comparator population.

DISCUSSION

Although the allergen-mediated pathogenesis of EoE is beginning
to be elucidated (3,4), the specific risk factors that may predispose
to or trigger the disease are poorly understood. EoE is becoming

. g
e .
LR L

Figure 1. Residential locations of patients receiving upper endoscopy with esophageal biopsy from 2009 to 2012 in the United States. Note that exact

locations have been altered slightly to preserve confidentiality.
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Table 2. Characteristics of high vs. low population density cases of esophageal eosinophilia (>15 eos/hpf)?

Rural cases (n=2,905) Urban cases (n=2,667) P

Characteristic

Age (years) mean=s.d. (IQR) 45.8+16.2 (34.5-56.8) 43.1+16.3 (30.9-54.5) <0.001

Male, n (%) 1860 (64.0) 1708 (64.0) 0.99
Clinical symptoms/EGD indications, n (%)

Dysphagia/odynophagia 1,714 (59.0) 1,254 (47.0) <0.001

Heartburn 1,200 (41.3) 1,136 (42.6) 0.33

Chest pain 99 (3.4) 87 (3.3) 0.76

Abdominal pain/dyspepsia 720 (24.8) 781 (29.3) <0.001

Nausea/vomiting 169 (5.8) 157 (5.9) 0.91

Weight loss 50 (1.7) 41 (1.5) 0.59
Histological features

Maximum eosinophil count, mean+s.d. (IQR) 37+24 (20-50) 36+24 (20-49) 0.61

Eosinophil microabscesses 671 (23.6) 630 (23.1) 0.64
Population density by zip code unit°

Population density persons per mile?, mean=s.d. (IQR) 105.9+70.3 (44.8-159.9) 11,693.4+18,901.0 (4,440.5- <0.001

7,716.1)

Population reporting White race, mean+s.d. (IQR) 86.4+13.1(81.3-95.6) 69.0+£19.3(60.2-82.9) <0.001
Zip code level-data

Distance traveled for endoscopy (miles), mean+s.d. (IQR) 35.4+127.8 (11.5-30.3) 13.1+96.4 (2.8-8.9) <0.001

EGD, esophagogastroduodenoscopy; IQR, interquartile range.
aLow represents lowest quintile of population distribution, high represents highest quintile.
"Obtained from linkage to 2010 US Census.

Table 3. Association between population density and case definitions of increasing specificity for eosinophilic esophagitis

Esophageal eosinophilia and exclusion of
competing conditions? (n=3,905)°

Esophageal eosinophilia, exclusions of
competing conditions, and eosinophilic
microabscesses (n=1,337)°

Esophageal eosinophilia® with dysphagia
(n=7,128)°

Population density?

OR (95% CI)

aORe (95% CI)

OR (95% CI)

aORe (95% Cl)

OR (95% CI)

aORe (95% Cl)

0-251 1.63 (1.50, 1.76) 1.59 (1.45, 1.76) 1.48(1.33, 1.65) 1.41 (1.24, 1.60) 1.563 (1.27, 1.83) 1.41(1.14, 1.76)
252-820 1.57 (1.45, 1.70) 1.48(1.35, 1.61) 1.48(1.33, 1.64) 1.37(1.21, 1.54) 1.65(1.38, 1.97) 1.54 (1.26, 1.88)
821-1,937 1.35(1.25, 1.47) 1.26 (1.16, 1.37) 1.28 (1.15, 1.42) 1.17 (1.05, 1.31) 1.45(1.22, 1.75) 1.34(1.11, 1.62)
1,938-3,744 1.34 (1.23, 1.45) 1.26 (1.15, 1.37) 1.31(1.18, 1.46) 1.21 (1.09, 1.35) 1.37 (1.14, 1.64) 1.25(1.04, 1.51)
3,745-144,333 Reference Reference Reference Reference Reference Reference

P for trend <0.001 <0.001 <0.001 <0.001 0.016 <0.001

aOR, adjusted odds ratio; Cl, confidence interval; OR, odds ratio.

aPersons per square mile.

b>15eo0s/hpf.

°Number of patients meeting case group definition.

d9Competing conditions for esophageal eosinophilia included reflux/heartburn symptoms, reflux esophagitis, Barrett's esophagus on biopsy, inflammatory bowel disease,
and eosinophilic gastroenteritis.

eAdjusted for age, sex, distance patient traveled to endoscopy site, and the proportion in the population in each zip code that reported White race.

increasingly more common (15,16,29), but the relative rarity of =~ 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

the disease creates challenges for studying etiologic mechanisms
as most studies may be either underpowered or subject to the
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Table 4. Association between population density and increasing levels of esophageal eosinophilia

Population density®

>15eos/hpf (n=14,381)*

OR (95% CI)

aOR* (95% CI)

>50 eos/hpf (n=3,783)?

OR (95% CI)

1-251 1.28 (1.21, 1.36) 1.27 (1.18, 1.36) 1.38 (1.24, 1.54)
252-820 1.27 (1.20, 1.34) 1.22 (1.15, 1.30) 1.36 (1.22, 1.51)
821-1,937 1.20(1.13, 1.27) 1.15(1.08, 1.22) 1.34 (1.20, 1.48)
1,938-3,744 1.20(1.13, 1.27) 1.15(1.08, 1.22) 1.28(1.15, 1.42)
3,745-144,333 Reference Reference Reference
Pfor trend <0.001 <0.001 <0.001

a0Re (95% Cl)
1.45(1.27, 1.65)
1.41 (1.25, 1.58)
1.33(1.19, 1.49)
1.23(1.10, 1.38)
Reference

<0.001

>100 eos/hpf (n1=823)°

OR (95% CI)
1.36 (1.08, 1.72)
1.39(1.11, 1.75)
1.52 (1.23, 1.89)
1.41(1.12, 1.76)

Reference

0.016

aORe (95% CI)
1.51 (1.14, 1.99)
1.57 (1.22, 2.03)
1.60 (1.26, 2.02)
1.39(1.10, 1.75)
Reference

0.003

aOR, adjusted odds ratio; Cl, confidence interval; OR, odds ratio.
2Number of patients meeting case group definition.
Persons per square mile.

°Adjusted for age, sex, distance patient traveled to endoscopy site, and the proportion in the population in each zip code that reported white race.

aOR:
1.00

Figure 2. Predicted adjusted odds ratio (OR) for eosinophilic esophagitis (EoE) in each US zip code. Increased odds are colored red, and decreased odds
are colored blue. Zip codes with missing population density data are displayed in gray. aOR, adjusted odds ratio.

exposure chosen to reflect urban or rural status, and the preva-
lence 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 eosi-
nophilia or EoE; 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 per square mile cutoff point for rural
vs. urban status (30), and an abstract from a single center show-
ing 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
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rural areas even if the true population prevalence was not associ-
ated with rural status. In addition, the hygiene hypothesis (31-34)
may suggest that the chances of developing an atopic disease in a
rural setting would be less, because increased exposure to envi-
ronmental pathogens and allergens may cause increased immune
tolerance compared with 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 gener-
ate 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 exposure to agricultural application of pesticides
or herbicides, higher density of livestock, higher exposure to plant-
based allergens (39), or differences in exposure to particulate mat-
ter (PM; size and species) (40-43). For example, PM in rural areas
is more likely to be coarse (e.g., PM aerodynamic size between 2.5
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and 10 um), which typically arises from soil and road dust, whereas
finer PM(<2.5um) is typically associated with industrial areas and
areas of higher population density (40). Coarse PM has been asso-
ciated 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 geographic
differences observed in EoE, but this is something that could be
studied both in animal models and in further epidemiologic stud-
ies.

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 eval-
uate whether the association between population density and EoE
persisted in the pediatric population and found that the magnitude
of the estimates was unchanged but that the confidence intervals
were wide, reflecting a lack of power in determining age-based dif-
ferences in these data.

It is important to acknowledge possible limitations in this study.
First is the potential for misclassification of disease status. As the
data source was a pathologic database, clinical information was
limited. In addition, although we know that these patients had
esophageal eosinophilia, we were unable to determine whether
they met consensus diagnostic guidelines for EoE (2) or whether
proton pump inhibitor-responsive esophageal eosinophilia was
excluded (2,44). For this reason, we specially constructed the study
to assess the association of esophageal eosinophilia with popula-
tion density, and performed additional analyses examining not
only increasingly higher eosinophil counts but also a number of
different EoE case definitions that approximate the clinical diag-
nosis. Any misclassification that did occur is likely to be nondif-
ferential 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 misclassifica-
tion.

A related limitation is that the data include patient zip code of
residence only and therefore there is a potential for misclassifica-
tion of population density as well. The population density of resi-
dence 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 nondifferen-
tial 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, which
could be a confounder in the association between factors related to
geographic location and esophageal eosinophilia. However, inclu-
sion of zip code-level race in the adjusted analyses did not substan-
tively change the estimates. Our data also included the patients’
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 the time of disease onset. This could contrib-
ute to nondifferential, mischaracterization of geographic density
and thus to an attenuation of study estimates. In addition, although

© 2014 by the American College of Gastroenterology
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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 conclu-
sions about causality from this association.

Despite these limitations, the study has substantial strengths.
We used a large data source with cases from across the country.
This allowed analysis of one of the largest cohorts of patients with
esophageal eosinophilia presented in the literature to date, 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 multicenter, level. We also conducted analyses for
both esophageal eosinophilia and for EoE case definitions. The fact
that our results were consistent across all case definitions and were
stronger with increasingly stringent definitions lends credence to
the results. The large number of subjects included in this study also
allowed us to control for multiple potential confounders, includ-
ing 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 confound-
ing 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 col-
lected from outpatient endoscopy centers from across 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 defini-
tions. 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.
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Study Highlights

WHAT IS CURRENT KNOWLEDGE

Eosinophilic esophagitis (EoE) is an immune-mediated
disease, but risk factors for the development of EoE have
yet to be fully elucidated.

The risk of other atopic diseases differs in rural and urban
environments.

Geographic differences in development of EoE may provide
etiologic clues for EoE pathogenesis, but the relationship
between population density and EoE is unknown.

WHAT IS NEW HERE

Population density was strongly and inversely associated
with both esophageal eosinophilia and EoE, with these
conditions being more common in rural areas.

With higher levels of esophageal eosinophilia, the observed
inverse relationship strengthened.

A similar dose-response trend was observed across EoE
case definitions with odds of having EoE reduced in areas
of high population density.
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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 differsin 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 biopsiesin 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
(individual s/mile”) was determined for each patient zip code. The odds of esophageal eosinophiliaand
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.

Results: Of 292,621 unique patients in the source population, 89,754 had normal esophageal biopsies and
14,381 had esophagea eosinophiliawith =15 eosinophils per high-power field (eos/hpf). The odds of
esophagea eosinophiliaincreased with decreasing population density (p for trend < 0.001). Compared to
those in the highest quintile of population density, odds of esophageal eosinophiliawere 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% Cl: 1.45-1.76). Estimates were robust to sensitivity analyses.

Conclusions: Population density is strongly and inversely associated with esophageal eosinophiliaand
EoE. Thisassociation isrobust to varying case definitions and adjustment factors. Environmental

exposures more prominent in rural areas may be relevant to the pathogenesis of EoE.
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I ntroduction:

Eosinophilic esophagitis (EOE) is a chronic esophageal disease characterized by dense esophageal
eosinophiliawith clinical symptoms of esophageal dysfunction in the absence of other etiologies (1). EoE
is one cause of esophageal eosinophilia, which is abroader term for the histopathol ogic finding of
eosinophilsinfiltrating the esophageal mucosa, and for which an etiology should be determined (2).
While the pathogenesis of EoE isincompletely understood, the underlying mechanism of diseaseis
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 beinduced in
murine models with antigen challenge (12, 13). In humans, however, theinitial alergen 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),
changesin environmental factors, rather than changesin 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 Helicobacter 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 differencesin development of EOE may also provide
etiologic cluesfor 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 alarge national pathology database to estimate the association
between popul ation density, as a proxy for rura versus urban residence, and EOE. We hypothesized that

population density would be associated with esophageal eosinophiliaand EoE.



M ethods:
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
gastrointestina pathologists applied standardized criteriafor 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 personsliving 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 datain the pathol ogy
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
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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 travel ed 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 patientsliving 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.

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 eosinophiliarecorded. We excluded subjects with esophageal eosinophilia
who had accompanying histologic findings of candidal or vira esophagitis. Next, we applied increasingly
stringent criteria to approximate patient disease status. Patients with esophageal eosinophiliawere
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 215 eos/hpf and documentation of dysphagia; 2) presence of 215
eos/hpf, documentation of dysphagia, and exclusion of patients with clinical or histologic data suggesting
differentia diagnoses (reflux/heartburn symptoms, reflux esophagitis, Barrett’s esophageal on biopsy,
inflammatory bowel disease, and eosinophilic gastroenteritis); 3) presence of 215 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 eosinophiliaor EOE. Patients were identified as histologically
normal if there was no evidence of inflammation of any type, mucosal disruption, infection, dysplasia, or

neoplasiain the squamous epithelium.

Satistical analysis

Primary analyses. We first described the distribution of demographic characteristics for patients

with normal biopsies and those with esophageal eosinophilia (215 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 differencesin sex, clinica
symptoms (dysphagia, heartburn, chest pain, abdominal pain/dyspepsia, nausea/vomiting, or weight 10ss),
histological features (eosinophil counts and microabscesses), distance traveled for endoscopy, and
proportion of White subjectsin azip code. We used abinomial test for difference in proportions and the
Student t-test to assess for differencesin means. P values of < 0.05 were considered as statistically
significant.

We used logistic regression to estimate the rel ationship between population density and levels of
esophagea 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 response at increasing levels of population density. We
assessed for possible collinearity between distance travel ed 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 previoudly identified an association between climate and EoE
(22), we also conducted a sensitivity analysis where we adjusted on climate, as defined and described
previoudy (22).

To account for potential residua within-group correlation that can occur when exposure (e.g.
population density) is assigned at the group level, we aso conducted analyses using generalized
estimating equations (GEES). Because there was little residual within-group correlation in the matrix and
GEEs produced nearly identical resultsto 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 datarange. By
mapping relative disease odds we were able to eval uate 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.

Sengitivity analyses: Given the potential that diagnosis of EoE in rura areas could reflect, at |east
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 endoscopiesin the database conducted at a given endoscopy center. Then, to evaluate the
potential that patients from rural areas were more symptomatic (for example, dueto limited access to
care), we assessed whether the proportion of nhormal biopsies was different when stratifying by population
density quintile. Finally, we repeated the analysis with another disease condition as the comparator
group. Specificaly, we evaluated whether there were differences in EoE diagnosis by population density
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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 anull result. All sensitivity analyses were conducted using the

first EOE case definition listed above of esophageal eosinophilia of 215 eos/hpf, with symptoms of

dysphagia.

Results:
Primary analyses

The fina study sample included 89,754 patients with normal biopsies and 14,381 patients with
esophagea eosinophilia. Examination of demographic and clinical features for the study population
indicated that patients with esophageal eosinophiliawere 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 popul ous locations (lowest quintile - O-
251 persong/sg. mile), there were differencesin some patient characteristics (Table 2). Patientsresiding
in rura 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 |ocations 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 215 eos/hpf with dysphagia, the odds of disease were 59 percent
more (a0OR 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 afunction 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 inred). 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).

Sengitivity analyses

While there was a minor increase in the proportion of normal biopsiesin the highest population
density quintile, sensitivity analyses did not appreciably 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). Resultswere 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 alergen-mediated pathogenesis of EoOE is starting to be elucidated (3, 4), the specific
risk factorsthat 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 etiol ogic 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 alarge,
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 alow 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 rura areas (6), arecent 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 rura areas than urban areas (23), this
association has not been previously described in the EoE literature. In some respects, thisfinding is
counterintuitive. Subjectsin 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 arural setting would be less, because increased exposure to
environmenta 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).
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Our finding isintriguing, however, asit 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 differencesin exposure to
particulate matter (size and species) (40-43). For example, particulate matter (PM) in rural areasis 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 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 thisis
something that could be studied both in animal models and further epidemiologic studies.

Another areafor further exploration is ng 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 popul ation
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 alack of power to determine age-based
differencesin these data.

It isimportant to acknowledge possible limitationsin this study. First isthe potential for
misclassification of disease status. Because the data source was a pathol ogic database, clinical
information islimited. 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
esophagea eosinophiliawas excluded (2, 44). For thisreason, we specialy constructed the study to
assess the association of esophageal eosinophiliawith population density, but performed additional
analyses examining not only increasingly higher eosinophil counts, but a number of different EOE case
definitions that approximate the clinica diagnosis. Any misclassification that did occur islikely to be
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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 datainclude patient zip code of residence only and therefore there
isapotentia for misclassification of population density aswell. 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 statusis 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
datato 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 racein 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 awide range of outpatient endoscopy and
surgical centers across the United States, the results of this study may not be generalizableto all patients
undergoing endoscopy. Finally, itisnot possible to draw conclusions about causality from this
associ ation.

Despite these limitations, the study has substantial strengths. We used alarge data source with
cases from throughout the country. This allowed analysis of one of the largest cohorts of patients with
esophagea eosinophiliayet 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 a so conducted analyses for both esophageal eosinophilia
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and for EOE case definitions. That our results were consistent across al 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 a so no evidence to support confounding by climate
zone. To our knowledge, thisisthefirst 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 eosinophiliaand
EoE, with these conditions being more common in rural areas. In addition, this association was robust to
sengitivity analyses exploring varying case definitions. Environmental exposuresin 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.
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Table 1. Demographic characteristics, clinical symptoms, and histological features of patients with esophageal biopsies
Normal esophageal

biopsies Esophageal eosinophilia®
(n =89,754) (n =14,381)
Demographic characteristic
Age (yrs) mean + SD (IQR) 53.8 +17.1 (43.6-66.2) 45.0 +16.2 (33.5-55.8)
Male n (%) 31,297 (34.9) 9,215 (64.1)
Clinical symptoms/EGD indications — n (%)
Dysphagia/odynophagia 23,098 (25.7) 7,725 (53.7)
Heartburn 45,595 (50.8) 5,935 (41.3)
Chest pain 5,438 (6.1) 478 (3.3)
Abdominal pain/dyspepsia 36,108 (40.2) 3,671 (25.5)
Nausea/vomiting 7,524 (8.4) 837 (5.8)
Weight loss 2,739 (3.1) 227 (1.6)
Suspected EoE 18,212 (20.3) 6,580 (45.8)
Histological features
Maximum eosinophil count, mean = SD (IQR) 0+ 0.1 (0.0-0.0) 37.0 £ 24.1 (20.0-50.0)
Eosinophil microabscesses n (%) 0 (0.0) 3,402 (23.7)
Population density by zip code unit®
Population density persons/mi® - mean + SD (IQR)  4,457.2 +12,642.0 (414.4- 3,103.4 £9,110.0 (360.2-
3,304.8) 2,951.6)
Population reporting white race - mean % + SD 76.9 £19.6 (70.0-90.0) 79.6 £16.6 (70.0-90.0)
IQR
Zip code level data (1R
Distance traveled (miles) for endoscopy® mean + 16.1 £78.9 (4.0-13.6) 18.4 £92.6 (4.3-14.5)
SD (IQR)

& Patients with esophageal eosinophilia on esophageal biopsy with a maximum count of > 15 eos/hpf
® Obtained from linkage to 2010 U.S. Census data



Table 2. Characteristics of high vs low population density cases of esophageal eosinophilia (= 15 eos/hpf)

Rural cases Urban cases p
(n =2,905) (n =2,667)
Characteristic
Age (yrs) mean + SD (IQR) 45.8 £16.2 (34.5-56.8) 43.1 £16.3 (30.9-54.5) <0.001
Male n (%) 1860 (64.0) 1708 (64.0) 0.99
Clinical symptoms/EGD indications n (%)
Dysphagia/odynophagia 1714 (59.0) 1254 (47.0) <0.001
Heartburn 1200 (41.3) 1136 (42.6) 0.33
Chest pain 99 (3.4) 87 (3.3) 0.76
Abdominal pain/dyspepsia 720 (24.8) 781 (29.3) <0.001
Nausea/vomiting 169 (5.8) 157 (5.9) 0.91
Weight loss 50 (1.7) 41 (1.5) 0.59
Histological features
Maximum eosinophil count, mean = SD (IQR) 37 £24 (20-50) 36 £24 (20-49) 0.61
Eosinophil microabscesses 671 (23.6) 630 (23.1) 0.64
Population density by zip code unit®
Population density persons/mi* - mean + SD (IQR) 105.9 + 70.3 (44.8-159.9) 11,693.4 + 18,901.0 <0.001
(4,440.5-7,716.1)
Population reporting white race - mean % + SD (IQR) 86.4 +£ 13.1(81.3-95.6) 69.0 £19.3(60.2-82.9) <0.001
Zip code level data
Distance traveled for endoscopy (miles) mean + SD (IQR)° 35.4 +127.8 (11.5-30.3) 13.1 £96.4 (2.8-8.9) <0.001

% Low represents lowest quintile of population distribution, high represents highest quintile.

® Obtained from linkage to 2010 U.S. Census
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Table 3: Association between population density and case definitions of increasing specificity for eosinophilic esophagitis

Esophageal eosinophilia® with

Esophageal eosinophilia and

Esophageal eosinophilia, exclusions

dysphagia exclusion of competing conditions® of competing conditions, and
eosinophilic microabscesses
(n=7,128)° (n=3,905)° (n=1,337)°
ggﬁ:i't";‘/ﬁ'on OR(95% Cl)  aOR" (95% CI) OR(95% Cl)  aOR® (95% CI) OR (95% Cl) aOR‘ (95% Cl)
0-251 1.63(1.50, 1.76) 1.59 (1.45, 1.76) 1.48 (1.33,1.65) 1.41 (1.24, 1.60) 1.53(1.27,1.83) 1.41(1.14,1.76)
252-820 1.57(1.45,1.70) 1.48(1.35,1.61) 1.48 (1.33,1.64) 1.37 (1.21, 1.54) 1.65(1.38,1.97) 1.54(1.26, 1.88)
821-1,937 1.35(1.25,1.47) 1.26(1.16, 1.37) 1.28 (1.15,1.42) 1.17 (1.05, 1.31) 1.45(1.22,1.75) 1.34(1.11, 1.62)
1,938-3,744 1.34(1.23,1.45) 1.26(1.15,1.37) 1.31(1.18,1.46) 1.21(1.09, 1.35) 1.37 (1.14,1.64) 1.25(1.04,1.51)
3,745-144,333 Referent Referent Referent Referent Referent Referent
p for trend <0.001 <0.001 <0.001 <0.001 0.016 <0.001

4>15 eos/hpf

® Competing conditions for esophageal eosinophilia included reflux/heartburn symptoms, reflux esophagitis, Barrett’s esophagus on
biopsy, inflammatory bowel disease, and eosinophilic gastroenteritis

¢ Persons per square mile

4 Adjusted for age, sex, distance patient traveled to endoscopy site, and the proportion in the population in each zip code that
reported White race

®Number of patients meeting case group definition
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Table 4: Association between population density and increasing levels of esophageal eosinophilia

Population
density®

> 15 eos/hpf
(n=14,381)°

> 50 eos/hpf
(n=3,783)°

> 100 eos/hpf
(n=823)°

OR (95% Cl)

aOR" (95% ClI)

OR (95% Cl)

aOR" (95% ClI)

OR (95% Cl)

aOR" (95% ClI)

1-251

252-820
821-1,937
1,938-3,744
3,745-144,333
p for trend

1.28 (1.21, 1.36)
1.27 (1.20, 1.34)
1.20 (.13, 1.27)
1.20 (1.13, 1.27)
Referent
<0.001

1.27 (1.18, 1.36)
1.22 (1.15, 1.30)
1.15(1.08, 1.22)
1.15(1.08, 1.22)
Referent
<0.001

1.38 (1.24, 1.54)
1.36 (1.22, 1.51)
1.34 (1.20, 1.48)
1.28 (1.15, 1.42)
Referent
<0.001

1.45 (1.27, 1.65)
1.41 (1.25, 1.58)
1.33(1.19, 1.49)
1.23 (1.10, 1.38)
Referent
<0.001

1.36 (1.08, 1.72)
1.39(1.11, 1.75)
1.52 (1.23, 1.89)
1.41 (1.12, 1.76)
Referent
0.016

1.51 (1.14, 1.99)
1.57 (1.22, 2.03)
1.60 (1.26, 2.02)
1.39 (1.10, 1.75)
Referent
0.003

@Persons per square mile
® Adjusted for age, sex, distance patient traveled to endoscopy site, and the proportion in the population in each zip code that

reported white race

“Number of patients meeting case group definition
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Figurelegends
Figure 1: Residential locations of patients receiving upper endoscopy with esophageal biopsy from 2009

to 2012 inthe U.S. Notethat exact locations have been altered dightly to preserve confidentiality.

Figure2: Predicted adjusted OR for eosinophilic esophagitisin 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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Study highlights

What is current knowledge?

Eosinophilic esophagitis (EOE) is an immune-mediated disease, but risk factors for the
development of EoE have yet to be fully elucidated.

Therisk of other atopic diseases differsin rural and urban environments.

Geographic differencesin development of EOE may provide etiologic clues for EOE pathogenesis,

but the relationship between population density and EOE is unknown.

What is new here?

Population density was strongly and inversely associated with both esophagea eosinophilia and
EoE, with these conditions being more common in rural areas.

With higher levels of esophageal eosinophilia, the observed inverse relationship strengthened.
A similar dose-response trend was observed across EOE case definitions with odds of EoE

reduced in areas of high population density.
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Supplemental Table 1. Sensitivity analyses for population density and eosinophilic esophagitis®

Primary analysis Adjusted for EoE vsreflux  Adjusted for EGD Proportion with

. result climate esophagitis volume normal biopsies
Population

density” aOR aOR aOR aOR (%)

(95% CI)° (95% CI)° (95% CI)° (95% CI)'

1-251 1.59 (1.45, 1.76) 1.63 (1.48, 1.80) 1.34 (1.22, 1.48) 1.55(1.40, 1.71) 29.1

252-820 1.48 (1.35, 1.61) 1.53 (1.40, 1.67) 1.39 (1.27, 1.51) 1.47 (1.35, 1.61) 30.7

821-1,937 1.26 (1.16, 1.37) 1.29 (1.19, 1.41) 1.30 (1.20 1.42) 1.27 (1.17, 1.39) 31.9

1,938-3,744 1.26 (1.15, 1.37) 1.28 (1.18, 1.39) 1.19 (1.09, 1.29) 1.28 (1.17, 1.39) 31.6

3,745-144,333 Referent Referent Referent Referent 34.2

4 Defined as esophageal eosinophilia (=15 eos/hpf) with dysphagia
® Persons per square mile

¢ Adjusting for age, sex, distance patient traveled to endoscopy site, and the proportion in the population in each zip code that
reported White race

4Same case definition and adjustment factors as for the primary analysis, but now also adjusting for residential climate zone

¢ Same case definition and adjustment factors as for the primary analysis, but using comparator group of reflux esophagitis (as
defined on esophageal biopsy by a mixed active/chronic inflammatory pattern with basal hyperplasia)

" Same case definition and adjustment factors as for the primary analysis, but now also adjusting for the number of endoscopies in
the database performed at the endoscopy center where the patient sought services
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