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Background: Air pollution, including particulate matter smaller than 10 (PMyq)
and 2.5 (PM,5) um, increases the risk for heart and lung diseases, including
asthma, but has not been extensively studied as a possible etiology in
eosinophilic esophagitis (EoE). We aimed to estimate the associations
between exposure to PM, s or PM;g and EoE.

Methods: In this case-control study, using a large national pathology database
of esophageal biopsies, EOE cases were defined by having biopsies with >15
eosinophils per high-powered field in the absence of other histopathologic
causes. Controls were all other patients with esophageal biopsies. Patient
residential addresses were geocoded and exposure to PM, s and PM,q were
estimated using National Emissions Inventory data at the county level for a 5-
year period including the biopsy. We estimated the odds ratios (OR) for EoE
as a function of PM, 5 or PM;g exposure in tons emitted per year air using
mixed logistic regression models adjusted for individual- and census tract-
level characteristics.

Results: Among 12,062 EoE cases and 229,397 non-EoE controls, the
unadjusted OR for PM, s was 1.12 (0.99-1.25) and the adjusted OR was 1.10
(95% Cl, 0.99-1.23). The unadjusted OR for PM;qo was 1.04 (1.00-1.07) and
the adjusted odds ratio was 1.02 (95% CI, 0.99-1.06).

Discussion: Exposure to higher levels of PMys and PM;; was modestly
associated with EoE case status but the association was attenuated by
adjusting for potential confounders. The findings suggest any etiologic role
for these particulates in EoE would be of small magnitude.
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Eosinophilic esophagitis (EoE) is a chronic, immune-
mediated condition characterized by symptoms of esophageal
dysfunction and infiltration of eosinophils in the esophagus
(1). The incidence and prevalence of EoE have been increasing
over the past few decades at a rate that outpaces what could
likely be explained from increased recognition or increased
endoscopy and biopsy rates (2-7). For example, a population-
based analysis in Denmark found a nearly 20-fold increase in
EoE incidence between 1997 and 2012, with only a 2-fold
increase in the esophageal biopsy rate over that same time (5).
Although there are known genetic factors that predispose
certain individuals to develop EoE, this rapid rise in EoE likely
implicates environmental factors as driving the epidemiologic
trends (6, 8).

With EoE etiology yet to be fully elucidated, research into
environmental risk factors often has stemmed from what is
known about other allergic and autoimmune disorders (6).
However, there are few studies detailing environmental risk
factors in EoE (9-12). Of note, lower population density
(13) and worse environmental quality have been shown to
), but the
reasons for this are unknown. In this context, the role of

be associated with higher EoE prevalence (

air quality warrants further investigation, both because

current evidence points to a potentially complex

relationship between air quality and EoE risk and outcomes

(14,

particulate matter (PM) concentration, have been shown to

) and because certain air quality measures, such as

be associated with other allergic conditions, such as asthma
(16-18).
pollutants found in the air, the concentration of which is
). PM less
than 10 micrometers in aerodynamic diameter (PM;,) is

PM comprises a mixture of solid and liquid
routinely measured for two size thresholds (
inhalable and commonly includes dust from industrial and

). PMs 5
is less than 2.5 micrometers in aerodynamic diameter and

agricultural sites, pollen, and bacterial fragments (

often includes emissions from combustion of fuels (19).
The of PM often differ in rural and urban
environments. PM2.5 and PM10 have well-studied adverse
impacts on respiratory and cardiovascular morbidity and

sources

mortality (20-
PM,
understood. An umbrella review of meta-analyses of the

), but the gastrointestinal health impacts of

and potential differences by size, are less well
impacts of air pollution on digestive diseases found some
evidence of an association with PM2.5 and colorectal

cancer, chronic liver disease, and liver cancer, but no
association with esophageal, gastric, or pancreatic cancer
(23). The quality of evidence, however, was considered low
to moderate, however, and analysis of PM;, was lacking
(23). The aim of this study was to examine whether living
with  higher of PM was

associated with increased risk for EoE. Specifically, we

in counties concentrations

investigated this association for PM,s and PM,, emissions

and hypothesized that higher emissions would be associated
with increased odds of EoE.
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Study design and data sources

We conducted a case-control study of patients who underwent
upper endoscopy and had esophageal biopsies examined by
pathologists at Inform Diagnostics, a pathology laboratory that
processes samples from outpatient endoscopy centers across the
United States. Biopsies are processed at one of the company’s
three US-based laboratories (Irving, TX; Phoenix, AZ; Boston,
MA) and examined by subspecialty-trained gastrointestinal
pathologists using standardized procedures and diagnostic
criteria. A detailed explanation of the pathologic examination
). This
study was deemed exempt from ongoing review by the

protocols has been described previously (9, 10, 12-14,

University of North Carolina Institutional Review Board.

We constructed a database from 701,620 first esophageal
biopsies, successfully geocoded 694,626 (99.0%) to United States
census tracts, and linked census demographic information to
histopathology findings. We geocoded the address data using R
(Version 4.1.1, sf package 1.0-16) and linked this to the most
recent American Communities Survey (every five years) at the
time of biopsy at a census tract-level based on patient residential
address. Among the geocoded participants we included 250,401
with biopsies from January 1, 2012 to December 31, 2014 to
match the timeframe of exposure data, and limited to 246,950
within the continental United States, including the District of
Columbia. We excluded those with missing exposure estimates
(2.2%) for any of the five years before case or control definition
to yield 241,459 included participants.

Case and control populations

EoE cases were defined as patients with >15 eosinophils per
high-power field (eos/hpf; 400x magnification with 22 mm
oculars; hpf area of 0.237 mm?®) on esophageal biopsy, in the
absence of other histopathologic causes of eosinophilia (1).
Cases were readily identified due to the standardized coding
used during pathologic examination, as previously described (9,

, 12-14, 24). The control group was all patients with
esophageal biopsies without EoE. Case definition for incidence
was limited by the possibility of having a previous diagnosis of
EoE on an outside endoscopy and having uncontrolled EoE on
the initial endoscopy in our data.

Air pollutant exposure metrics

The National Emissions Inventory (NEI) (

)
is a comprehensive summary of air emissions data compiled from
multiple sources (primarily state, local, and tribal air pollution
control agencies, along with other EPA emissions programs).
Major sources for emissions include stationary sources (e.g.,
electricity generating units, roads), mobile sources (e.g., on-road


https://www.epa.gov/air-emissions-inventories/national-emissions-inventory-nei
https://www.epa.gov/air-emissions-inventories/national-emissions-inventory-nei
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vehicles, aircraft), fires (e.g., wildfires), and naturally occurring
emissions (e.g., vegetation). Emissions are reported in the NEI
per source category in tons per year, and NEIs are released on a
three-year schedule. For our analysis, we utilized NEIs for 2008,
2011, and 2014 to best correspond to the pathology data years.
Emissions were summed across sources to get an estimate of
total emissions in tons for each county; we then used linear
interpolation to estimate values for intervening vyears,
designating values as missing if two or more of the NEIs
reported the county as missing data. Exposure data were
averaged over a 5-year lag from case or control occurrence
inclusive of the occurrence year. In consideration of possible
confounding due to demographic factors and for adjusted
modeling approaches, we linked census tract-level at the year of
case or control outcome to demographic and economic data,
including age, sex, race, ethnicity, income characteristics, and
population density from the United States Census or American

Community Survey to the exposure and outcome data.

Statistical analyses

We described, using mean (standard deviation) or median
(interquartile range) for continuous variables and number and
percent for categorical variables, the distribution of individual-
and census tract-level demographic characteristics, and pollutant
emissions of the cases, controls, and overall population. We
performed tabular analysis of differences between cases and
control. We performed mixed effects logistic regression with
nested random effects for census tract areas within counties for
the unadjusted and adjusted odds ratios (OR) and 95%
confidence intervals (CIs). ORs were reported per additional ton
emitted per year. To address possible collinearity in census tract
characteristics as adjustment variables, the variables were
simplified using principal components analysis. The population
density was always included in adjusted estimates, as were sex
and age, and then principal components were added by stepwise
forward selection with a retention threshold of p less than 0.2.

Geographical visualization

For EoE case control status the kernel density using a bivariate
normal distribution was estimated to use roughly 100-by-100-mile
areas, with the density categorized into deciles. These methods
were used to show patterns in case-control status without
identifying individual geographical information. For PM,s and
PM, levels in tons emitted per year from the NEI this was
visualized as a choropleth plot by county.

), 12,062 EoE cases and
229,397 non-EoE controls were included in analyses. Compared

From the registry participants (

with controls, cases were more commonly male (62.2% vs.
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42.4%), were younger (43.8 vs. 56.3 years old) and lived in
more economically advantaged neighborhoods ($67,513.43 wvs.
$62,704.86 median family income). Overall neighborhood
differences were small in magnitude between cases and controls
( ) with the notable exception of census tract population
density. Population density, as previously observed (13), was
31.4% lower among the EoE cases.

The estimated geographic distributions of the EoE cases and
controls showed a moderate predisposition of cases to less dense
locations ( -C) The overall distribution of exposure
to the size-classes of particulate matter of interest was low,
with most participants exposed to less than EPA recommended
limits of both PM,s; and PM;, ( ) The 2010
geographic distributions of the primary exposures, PM, s and
PM;, levels by county, are graphically represented in

,C, where notable heterogeneity by county is
observed. Much more subtle changes over the course of the
seven years of exposure history for the cohort are shown in

In analysis only adjusted with random effects for clustering
within counties and census tracts, case status had a small
positive association with case vs. control status for PM, s (OR,
1.12, 95% CI: 0.99-1.25, and a smaller but more precise
association for PM;, (OR, 1.04, 95% CI: 1.00-1.07) when
assessing odds ratio per ton additional estimated particulate
pollution per year by county among the 239,361 without any
missing covariates. However, after adjusting for age, sex, census
tract population density, and the one principal component of
other census-tract demographic characteristics retained based on
our selection threshold, both the associations between case vs.
control status for PM, 5 exposure (aOR 1.10, 95% CI: 0.99-1.23),
and PM;, exposure (aOR 1.02 95% CI: 0.99-1.06) were
moderated. Retention of the first two principle components only

minimally affected the OR estimates.

With investigations into the evolving epidemiology of EoE
suggesting an environmental role in disease development,
studies of specific environmental risk factors are needed to
better understand EoE pathogenesis (6). In this study of the
association between exposure to PM and EoE, we found that
exposure to higher levels of both PM;, and PM, 5 was associated
with EoE case status, but this association was of modest
magnitude and was attenuated with adjustment. The findings
suggest any etiologic role for these particulates in EoE is of
small magnitude and does not explain the sharp increase in EoE
incidence seen in the past several decades. However, if only
certain components of PM contribute to EoE development,
aggregation would dilute potentially stronger associations. Thus,
the modest association seen in our study should not preclude
future investigation of the potential role of air pollution in EoE
etiology but does suggest there are other environmental sources
that likely have played a larger role in the population-level

increase in EoE.
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TABLE 1 Descriptive statistics of the 241,459 included participants with esophageal biopsies reported, characteristics of their census tract of residence
at the time of the biopsy, and the estimated five-year particulate matter exposure characteristics of their home address.

All registry
participants

(N =626,929)

Participants in
included time
window
(N =250,401)

Participants also

in contiguous
48 states
(N =246,950)

Participants also
with non-missing

exposure
(N = 241,459)

Individual demographic characteristics:

Age at biopsy—Mean (SD)

55.86 (16.29)

55.73 (16.41)

55.71 (16.44)

55.70 (16.47)

Male sex assigned at birth—N (%)

277,291 (44.27)

108,957 (43.51)

107,313 (43.46)

104,777 (43.39)

Female sex assigned at birth—N (%)

349,057 (55.73)

141,444 (56.49)

139,637 (56.54)

136,682 (56.61)

Census tract demographic characteristics:

Median age—Mean (SD) 40.17 (8.44) 40.26 (8.46) 40.29 (8.48) 40.24 (8.52)
Percent male sex—Mean (SD) 0.49 (0.04) 0.49 (0.04) 0.49 (0.04) 0.49 (0.04)
Percent White race—Mean (SD) 0.78 (0.21) 0.78 (0.21) 0.79 (0.20) 0.78 (0.20)
Percent Black or African American race—Mean (SD) 0.09 (0.15) 0.09 (0.15) 0.09 (0.15) 0.09 (0.16)
Percent American Indian or Alaska Native race—Mean (SD) 0.01 (0.03) 0.01 (0.03) 0.01 (0.02) 0.01 (0.02)
Percent Asian race—Mean (SD) 0.05 (0.09) 0.05 (0.09) 0.05 (0.08) 0.05 (0.08)
Percent Hawaiian or other Pacific Islander race—Mean (SD) 0.00 (0.01) 0.00 (0.01) 0.00 (0.01) 0.00 (0.01)
Percent other race—Mean (SD) 0.04 (0.08) 0.04 (0.07) 0.04 (0.07) 0.04 (0.07)
Percent multiple races—Mean (SD) 0.03 (0.03) 0.03 (0.03) 0.03 (0.02) 0.03 (0.02)
Percent Hispanic or Latino—Mean (SD) 0.16 (0.20) 0.16 (0.21) 0.17 (0.21) 0.17 (0.21)
Census tract economic characteristics:

Population density—Mean (SD) 2.38 (6.96) 2.51 (7.15) 2.50 (7.18) 2.54 (7.25)

Median move-in year—Mean (SD)

2,002.21 (3.74)

2,002.49 (3.24)

2,002.52 (3.16)

2,002.56 (3.15)"

Median family income—Mean (SD)

64,290.18 (29,238.51)

63,652.70 (29,102.04)

63,421.65 (29,089.81)

62,945.03 (28,832.49)

Percent of households below poverty line—Mean (SD)

0.12 (0.09)

0.12 (0.10)

0.12 (0.10)

0.13 (0.10)

Exposure characteristics:

Five-year mean PM,, at home address in tons/year

17.14 (18.18)

16.52 (15.86)

16.54 (15.96)

16.54 (15.96)

Five-year mean PM, 5 at home address in tons/year

4.87 (4.25)

4.75 (3.86)

4.76 (3.87)

4.76 (3.87)

"Missing in 0.9%.

TABLE 2 Descriptive statistics and single-variable p values for the case control odds ratio for characteristics of participants’ home address among the
241,459 included participants.

EoE cases Non-EoE controls | p for case-control

(N =12,062) (N =229,397) odds ratio”
Individual demographic characteristics:
Age at biopsy—Mean (SD) 44.78 (16.47) 56.27 (16.27) <0.01
Male sex assigned at birth—N (%) 7,503 (62.20) 97,274 (42.40) <0.01
Female sex assigned at birth—N (%) 4,559 (37.80) 132,123 (57.60) <0.01
Census tract demographic characteristics:
Median age—Mean (SD) 39.63 (7.53) 40.27 (8.57) <0.01
Percent male sex—Mean (SD) 48.99 (3.50) 48.85 (3.75) 0.08
Percent White race—Mean (SD) 80.69 (16.70) 78.22 (20.16) <0.01
Percent Black or African American race—Mean (SD) 8.04 (13.09) 9.33 (15.72) <0.01
Percent American Indian or Alaska Native race—Mean (SD) 0.65 (1.43) 0.71 (2.48) <0.01
Percent Asian race—Mean (SD) 4.57 (7.13) 4.81 (8.45) 0.37
Percent Hawaiian or other Pacific Islander race—Mean (SD) 0.13 (0.58) 0.12 (0.54) 0.87
Percent other race—Mean (SD) 3.18 (5.49) 4.10 (7.31) <0.01
Percent multiple races—Mean (SD) 2.72 (2.36) 2.71 (2.43) 0.77
Percent Hispanic or Latino—Mean (SD) 14.27 (17.80) 16.83 (21.04) <0.01
Census tract economic characteristics:
Population density—Mean (SD) 1.77 (4.90) 2.58 (7.35) <0.01
Median move-in year—Mean (SD) 2,002.74 (3.10) 2,002.55 (3.15) <0.01
Median family income in contemporary US dollars—Mean (SD) 67,513.43 (29,345.90) 62,704.86 (28,785.26) <0.01
Percent of households below poverty line—Mean (SD) 11.02 (8.57) 12.60 (9.63) <0.01
Exposure characteristics:
Five-year mean PM,, at home address in tons/year 17.76 (16.79) 16.48 (15.92) 0.03
Five-year mean PM, 5 at home address in tons/year 4.99 (4.09) 4.75 (3.86) 0.08

US, United States. "Wald test for logistic regression model term estimated with iteratively reweighted least squares.
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FIGURE 1

(A) Choropleth map of the estimated density of upper endoscopy biopsies with eosinophilic esophagitis (cases) by Gaussian kernel density estimate
with approximately 100-by-100-mile quantiles. (B) Choropleth map of the estimated density of upper endoscopy biopsies without eosinophilic
esophagitis (controls) by Gaussian kernel density estimate with approximately 100-by-100-mile quantiles. (C) Choropleth map of the difference
in quintile of estimated density between upper endoscopy biopsies with and without eosinophilic esophagitis by Gaussian kernel density estimate
with approximately 100-by-100-mile quantiles.
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FIGURE 2

(A) Histogram of the primary exposures as the mean of estimated PM;q and PM, 5 levels in tons emitted per year averaging values in the in the same
county for the biopsy year and the four previous years. (B) Choropleth map of the estimated 2010 PM, 5 estimates by year and contiguous United
States county in tons emitted per year. (C) Choropleth map of the estimated 2010 PMy, estimates by year and contiguous United States county in
tons emitted per year.
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Prior research using the same national pathology database that
found EoE to be inversely associated with the air domain of the
EPA’s Environmental Quality Index (14), of which PM, 5 and PM,
are components (25). Regarding PM, s, there is evidence that EoE is
inversely associated with population density (13). Given that PM, 5
concentrations are generally lower in rural/low population-density
), the
known rural predisposition of EoE does align with that as a possible

compared to urban/high population-density areas (26,

cause. However, adjustment for this made only a modest difference,
potentially due to heterogeneity in PM, 5 concentration across rural
areas, due to the relevance of anthropogenic and natural pollution
sources and exacerbating or mitigating factors other than
population density (27-29). We are aware of one additional study
examining PM, s and EoE, albeit with a focus on EoE symptoms as
opposed to prevalence (15). This case-crossover study of patients in
a single state by May Maestas and colleagues found that exposure
to elevated PM, 5 concentrations was associated with increased odds
of emergency department visits for EoE symptoms, such as chest
pain, dysphagia, and food impaction, though the possibility for
confounding for cardiovascular or asthma presentations remained
as well (15).

The study of the association between PM;, and EoE or risk
factors for EoE has been limited. PM;, is thought to make up a
larger proportion of PM in rural than urban areas, in general
(30), which could help explain the positive association we found
between PM;, and EoE, a condition with higher prevalence in
areas with lower population density (13). However, more
research is needed to better understand what feature of PM,,
such as size/mass or a specific component, contributes to its
positive association with EoE, and where, geographically, it may
be more prevalent due to natural or anthropogenic sources.
These findings suggest that future studies should continue to
examine specific sources of air pollution or sizes of PM, as
opposed to aggregating results across air pollution types.

Given the pro-inflammatory response elicited by exposure to air
pollution, including PM, and the link between air pollution and
asthma (31, 32), we had hypothesized the positive association
between PM;, and EoE seen in our study, but did not necessarily
expect a less prominent association between PM, s and EoE. Data
on air pollution’s effects on eosinophils, particularly in the
esophagus, are scarce, but some data indicate exposure to pollution
can be associated with eosinophilic inflammation and trafficking of
eosinophils from the blood to the respiratory tract (31). One
potential explanation for the variation in esophageal eosinophilic
inflammation seen in our study in response to PM,s vs. PM;,
exposure could be that PM;, generally is deposited in the upper
respiratory tract, while PM,s generally is able to reach lower
within the lungs (30, 33-35). Clearance of PM can vary by particle
size and location, among other factors, with larger particles more
rapidly cleared via mucociliary clearance (MCC) to the throat,
compared with smaller particles that often take longer to clear via
MCC or, if they reach the alveoli, can be cleared via other
mechanisms that may not lead to esophageal PM exposure (33, 36,

). While the mechanism and timeliness of clearance of PM is
complex and influenced by additional factors such as particle
density and solubility, as well as PM-induced damage to the
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airway (34-36, 38), it is possible that a greater proportion of these
larger PM;, particles could contact the esophagus via swallowing
of particles deposited or cleared into the oral cavity. Thus, the
degree of immunologic response in the esophagus may differ for
PM,o vs. PM, s, but further studies are needed to understand the
degree to which the esophagus is exposed to PM, including
specific components of PM, as well as mechanisms of recruitment
of eosinophils to different tissues in response to PM exposure.
There are limitations to our study. Given that there is typically
an extended period between EoE symptom onset and diagnosis
and wide inter-patient variation in the length of time (39),
attempting to evaluate a shorter-term exposure period based on
symptom onset would likely result in exposure misclassification.
Therefore, our results should be interpreted in the context of
cumulative, elevated PM exposure over an extended period. Our
use of a patient’s address at the time of their biopsy to estimate
PM exposure would not account for patients moving across
census tracts during the five years before their biopsy or time
spent in other census tracts, such as for work, which could result
in misclassification of PM exposure levels. Additionally, we use
ambient metrics for PM exposure as a proxy for individual-level
exposures which does not account for individual-level behaviors,
such as time spent outdoors, smoking or living with a smoker,
that
PM exposure, which is another potential source of exposure

and use of air filtration devices, influence individual
misclassification. The misclassification may be dependent on
relevant individual-level measured and unmeasured covariates,
such as age and socioeconomic status, with a lack of available
data preventing us from assessing the potential impact of this
source of bias. Although we adjusted for selected individual- and
census tract-level characteristics, residual confounding is possible,
particularly from unmeasured covariates, such as individual
socioeconomic status and mobility, respiratory comorbidities, etc.
Furthermore, we cannot be certain whether EoE cases are incident
or prevalent, which is a limitation of our pathology database that
does not allow us to establish the temporality of PM exposure and
EoE development. Based on these limitations, our data are not
sufficient to establish causality. Our study has several strengths as
well, including our use of a large database which includes
esophageal biopsies from across the country. Our ability to select
controls from this population of patients with esophageal biopsies
is a strength in that this is the population from which cases are
most likely to arise. Additionally, we have confidence in the
validity of our exposure and outcome measurements as the
pathology results were derived through consistent, well-defined
protocols across samples, and the PM metrics are from federal
resources involving numerous quality checks.

In conclusion, we found that exposure to ambient PM, 5 and
PM;, concentrations is positively if moderately associated with
EoE case status in study of a large, national pathology database.
The association could be a direct effect of particulate matter,
could be an indirect effect either through causation or increase
diagnosis, and the associations include the null value after
adjustment. A large effect of particulate air pollution to cause the
epidemic increase in EoE that has occurred in recent decades is
not well supported by these data. However, further investigation
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of the potential role of specific components of air pollution as well
as additional sources of environmental exposures, such as water,
processed foods, etc. is warranted, particularly if longitudinal data
are available. Our results and methods can serve as a tool to
continue investigations into environmental underpinnings of
EoE etiology.

The datasets presented in this article are not readily available
because the data are not publicly available due to restrictions from
the data owner. Requests to access the datasets should be directed
to evan_dellon@med.unc.edu.

The studies involving humans were approved by University of
North Carolina Institutional Review Board. The studies were
local
institutional requirements. The ethics committee/institutional

conducted in accordance with the legislation and
review board waived the requirement of written informed consent
for participation from the participants or the participants’ legal
guardians/next of kin because This was a retrospective database
study with hundreds of thousands of subjects which would make
obtaining informed consent not possible and the study was low

risk (only breach of confidentiality).

NA: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Writing - original draft, Writing -
review & editing. CC: Conceptualization, Data curation, Formal
analysis, Investigation, Methodology, Writing - original draft,
Writing - review & editing. KR: Conceptualization, Investigation,
Methodology, Supervision, Writing - review & editing. CG:
Investigation, Methodology, Writing - review & editing. KH:
Data curation, Investigation, Methodology, Writing - review &
editing. KT: Data curation, Investigation, Methodology, Writing —
review & editing. RG: Data curation, Investigation, Methodology,
Writing - review & editing. EJ: Conceptualization, Investigation,
Methodology, Writing - review & editing. ED: Conceptualization,
Data curation, Investigation, Methodology, Supervision, Writing —

original draft, Writing - review & editing.

The author(s) declare that financial support was received for
the research and/or publication of this article. This study was
supported in part by NIH award T32 DK007634.

Frontiers in

10.3389/falgy.2025.1675928

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of
artificial intelligence and reasonable efforts have been made to
ensure accuracy, including review by the authors wherever
possible. If you identify any issues, please contact us.

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

The views expressed in this manuscript are those of the
authors and do not necessarily reflect the views or policies of
the US Environmental Protection Agency. Mention of trade
names or commercial products does not constitute endorsement
or recommendation for use.

The Supplementary Material for this article can be found
online at:

SUPPLEMENT FIGURE 1
Choropleth map of the estimated mean PM2.5 levels by year and
contiguous United States county in tons emitted per year.

SUPPLEMENTAL FIGURE 2
Choropleth map of the estimated mean PM10 levels by year and contiguous
United States county in tons emitted per year.


mailto:evan_dellon@med.unc.edu
https://www.frontiersin.org/articles/10.3389/falgy.2025.1675928/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/falgy.2025.1675928/full#supplementary-material

Albaneze et al.

1. Dellon ES, Liacouras CA, Molina-Infante J, Furuta GT, Spergel M, Zevit N, et al.
Updated international consensus diagnostic criteria for eosinophilic esophagitis:
proceedings of the AGREE conference. Gastroenterology. (2018) 155(4):1022-33.¢10.
doi: 10.1053/j.gastro.2018.07.009

2. Dellon ES, Hirano I. Epidemiology and natural history of eosinophilic esophagitis.
Gastroenterology. (2018) 154(2):319-32.e3. doi: 10.1053/j.gastro.2017.06.067

3. Navarro P, Arias A, Arias-Gonzilez L, Laserna-Mendieta EJ, Ruiz-Ponce M,
Lucendo AJ. Systematic review with meta-analysis: the growing incidence and
prevalence of eosinophilic oesophagitis in children and adults in population-based
studies. Aliment Pharmacol Ther. (2019) 49(9):1116-25. doi: 10.1111/apt.15231

4. Moawad FJ. Eosinophilic esophagitis: incidence and prevalence. Gastrointest
Endosc Clin N Am. (2018) 28(1):15-25. doi: 10.1016/j.giec.2017.07.001

5. Dellon ES, Erichsen R, Baron JA, Shaheen NJ, Vyberg M, Sorensen HT, et al. The
increasing incidence and prevalence of eosinophilic oesophagitis outpaces changes in
endoscopic and biopsy practice: national population-based estimates from Denmark.
Aliment Pharmacol Ther. (2015) 41(7):662-70. doi: 10.1111/apt.13129

6. Jensen ET, Dellon ES. Environmental factors and eosinophilic esophagitis.
J Allergy Clin Immunol. (2018) 142(1):32-40. doi: 10.1016/j.jaci.2018.04.015

7. Thel HL, Anderson C, Xue AZ, Jensen ET, Dellon ES. Prevalence and costs of
eosinophilic esophagitis in the United States. Clin Gastroenterol Hepatol. (2024)
23(2):272-280.e8. doi: 10.1016/j.cgh.2024.09.031

8. O’Shea KM, Aceves SS, Dellon ES, Gupta SK, Spergel JM, Furuta GT, et al.
Pathophysiology ~ of  eosinophilic ~ esophagitis. ~ Gastroenterology. ~ (2018)
154(2):333-45. doi: 10.1053/j.gastro.2017.06.065

9. Hurrell JM, Genta RM, Dellon ES. Prevalence of esophageal eosinophilia varies
by climate zone in the United States. Am ] Gastroenterol. (2012) 107(5):698-706.
doi: 10.1038/ajg.2012.6

10. Jensen ET, Shah ND, Hoffman K, Sonnenberg A, Genta RM, Dellon ES.
Seasonal variation in detection of oesophageal eosinophilia and eosinophilic
oesophagitis. Aliment Pharmacol Ther. (2015) 42(4):461-9. doi: 10.1111/apt.13273

11. Corder SR, Tappata M, Shaheen O, Cotton CC, Jensen ET, Dellon ES.
Relationship between housing components and development of eosinophilic
esophagitis. Dig Dis Sci. (2020) 65(12):3624-30. doi: 10.1007/s10620-020-06063-2

12. Cotton CC, Jensen ET, Hoffman K, Green DJ, Tapia AL, Turner KO, et al.
Proximity to swine farming operations as a risk factor for eosinophilic esophagitis.
JPGN Rep. (2023) 4(4):e391. doi: 10.1097/PG9.0000000000000391

13. Jensen ET, Hoffman K, Shaheen NJ, Genta RM, Dellon ES. Esophageal
eosinophilia is increased in rural areas with low population density: results from a
national pathology database. Am ] Gastroenterol. (2014) 109(5):668-75. doi: 10.
1038/2jg.2014.47

14. Nance D, Rappazzo KM, Jensen ET, Hoffman K, Cotton CC, Krajewski AK,
et al. Increased risk of eosinophilic esophagitis with poor environmental quality as
measured by the environmental quality index. Dis Esophagus. (2021) 34(12):
doab041. doi: 10.1093/dote/doab041

15. May Maestas M, Perry KD, Smith K, Firszt R, Allen-Brady K, Robson J, et al.
Food impactions in eosinophilic esophagitis and acute exposures to fine particulate
pollution. Allergy. (2019) 74(12):2529-30. doi: 10.1111/all.13932

16. Mukharesh L, Phipatanakul W, Gaffin JM. Air pollution and childhood asthma.
Curr Opin Allergy Clin Immunol. (2023) 23(2):100-10. doi: 10.1097/ACL
0000000000000881

17. Holtjer JCS, Bloemsma LD, Beijers RJHC, Cornelissen MEB, Hilvering B,
Houweling L, et al. Identifying risk factors for COPD and adult-onset asthma: an
umbrella review. Eur Respir Rev. (2023) 32(168):230009. doi: 10.1183/16000617.0009-2023

18. de Bont J, Jaganathan S, Dahlquist M, Persson A, Stafoggia M, Ljungman P.
Ambient air pollution and cardiovascular diseases: an umbrella review of
systematic reviews and meta-analyses. ] Intern Med. (2022) 291(6):779-800.
doi: 10.1111/joim.13467

19. California Air Resources Board. Inhalable particulate matter and health (PM2.5
and PM10) (n.d.). Available online at: https://ww2.arb.ca.gov/resources/inhalable-
particulate-matter-and-health#:~:text=PM2.5%20is%20more%20likely,tissue%
20damage%2C%20and%20lung%20inflammation (Accessed December 30, 2023).

20. Anderson JO, Thundiyil JG, Stolbach A. Clearing the air: a review of the effects
of particulate matter air pollution on human health. ] Med Toxicol. (2012)
8(2):166-75. doi: 10.1007/s13181-011-0203-1

Frontiers in

08

10.3389/falgy.2025.1675928

21. Chen J, Hoek G. Long-term exposure to PM and all-cause and cause-specific
mortality: a systematic review and meta-analysis. Environ Int. (2020) 143:105974.
doi: 10.1016/j.envint.2020.105974

22. Orellano P, Reynoso J, Quaranta N, Bardach A, Ciapponi A. Short-term
exposure to particulate matter (PM10 and PM2.5), nitrogen dioxide (NO2), and
ozone (03) and all-cause and cause-specific mortality: systematic review and meta-
analysis. Environ Int. (2020) 142:105876. doi: 10.1016/j.envint.2020.105876

23. Zhao H, Zheng X, Lin G, Wang X, Lu H, Xie P, et al. Effects of air pollution on
the development and progression of digestive diseases: an umbrella review of
systematic reviews and meta-analyses. BMC Public Health. (2025) 25(1):183.
doi: 10.1186/s12889-024-21257-3

24. Dellon ES, Peery AF, Shaheen NJ, Morgan DR, Hurrell JM, Lash RH, et al.
Inverse association of esophageal eosinophilia with Helicobacter pylori based on
analysis of a US pathology database. Gastroenterology. (2011) 141(5):1586-92.
doi: 10.1053/j.gastr0.2011.06.081

25. Lobdell DT, Jagai J, Messer LC, Rappazzo K, Grabich S, Gray CL, et al.
Environmental Quality Index Overview Report. U. S. Environmental Protection
Agency, Office of Research and Development. (2014).

26. Strosnider H, Kennedy C, Monti M, Yip F. Rural and urban differences in
air quality, 2008-2012, and community drinking water quality, 2010-2015—
United States. MMWR Surveill Summ. (2017) 66(13):1-10. doi: 10.15585/mmwr.
s$6613al

27. Xu X, Shi K, Huang Z, Shen J. What factors dominate the change of PM. Int
] Environ Res Public Health. (2023) 20(3):2282. doi: 10.3390/ijerph20032282

28. Lunderberg DM, Liang Y, Singer BC, Apte JS, Nazaroff WW, Goldstein AH.
Assessing residential PM2.5 concentrations and infiltration factors with high
spatiotemporal resolution using crowdsourced sensors. Proc Natl Acad Sci U S A.
(2023) 120(50):€2308832120. doi: 10.1073/pnas.2308832120

29. Sun R, Zhou Y, Wu J, Gong Z. Influencing factors of PM2.5 pollution: disaster
points of meteorological factors. Int | Environ Res Public Health. (2019) 16(20):3891.
doi: 10.3390/ijerph16203891

30. Sack CS, Kaufman JD. Rural PM10 and respiratory health. Ann Am Thorac Soc.
(2018) 15(8):915-6. doi: 10.1513/AnnalsATS.201806-363ED

31. Glencross DA, Ho TR, Camifia N, Hawrylowicz CM, Pfeffer PE. Air pollution
and its effects on the immune system. Free Radic Biol Med. (2020) 151:56-68. doi: 10.
1016/j.freeradbiomed.2020.01.179

32. Marin-Palma D, Fernandez GJ, Ruiz-Saenz ], Taborda NA, Rugeles MT,
Hernandez JC. Particulate matter impairs immune system function by up-
regulating inflammatory pathways and decreasing pathogen response gene
expression. Sci Rep. (2023) 13(1):12773. doi: 10.1038/s41598-023-39921-w

33. Thomas RJ. Particle size and pathogenicity in the respiratory tract. Virulence.
(2013) 4(8):847-58. doi: 10.4161/viru.27172

34. Smyth T, Georas SN. Effects of ozone and particulate matter on airway
epithelial barrier structure and function: a review of. Inhal Toxicol. (2021)
33(5):177-92. doi: 10.1080/08958378.2021.1956021

35. Deng Q, Deng L, Miao Y, Guo X, Li Y. Particle deposition in the human lung:
health implications of particulate matter from different sources. Environ Res. (2019)
169:237-45. doi: 10.1016/j.envres.2018.11.014

36. Moller W, Haussinger K, Winkler-Heil R, Stahlhofen W, Meyer T, Hofmann W,
et al. Mucociliary and long-term particle clearance in the airways of healthy
nonsmoker subjects. J Appl Physiol 1985. (2004) 97(6):2200-6. doi: 10.1152/
japplphysiol.00970.2003

37. Rogers TD, Button B, Kelada SNP, Ostrowski LE, Livraghi-Butrico A, Gutay
MI, et al. Regional differences in mucociliary clearance in the upper
and lower airways. Front Physiol. (2022) 13:842592. doi: 10.3389/fphys.2022.
842592

38. Kayalar O, Rajabi H, Konyalilar N, Mortazavi D, Aksoy GT, Wang ], et al.
Impact of particulate air pollution on airway injury and epithelial plasticity;
underlying mechanisms. Front Immunol. (2024) 15:1324552. doi: 10.3389/fimmu.
2024.1324552

39. Reed CC, Koutlas NT, Robey BS, Hansen J, Dellon ES. Prolonged time to
diagnosis of eosinophilic esophagitis despite increasing knowledge of the
disease. Clin Gastroenterol Hepatol. (2018) 16(10):1667-9. doi: 10.1016/j.cgh.
2018.01.028


https://doi.org/10.1053/j.gastro.2018.07.009
https://doi.org/10.1053/j.gastro.2017.06.067
https://doi.org/10.1111/apt.15231
https://doi.org/10.1016/j.giec.2017.07.001
https://doi.org/10.1111/apt.13129
https://doi.org/10.1016/j.jaci.2018.04.015
https://doi.org/10.1016/j.cgh.2024.09.031
https://doi.org/10.1053/j.gastro.2017.06.065
https://doi.org/10.1038/ajg.2012.6
https://doi.org/10.1111/apt.13273
https://doi.org/10.1007/s10620-020-06063-2
https://doi.org/10.1097/PG9.0000000000000391
https://doi.org/10.1038/ajg.2014.47
https://doi.org/10.1038/ajg.2014.47
https://doi.org/10.1093/dote/doab041
https://doi.org/10.1111/all.13932
https://doi.org/10.1097/ACI.0000000000000881
https://doi.org/10.1097/ACI.0000000000000881
https://doi.org/10.1183/16000617.0009-2023
https://doi.org/10.1111/joim.13467
https://ww2.arb.ca.gov/resources/inhalable-particulate-matter-and-health#:~:text=PM2.5%20is%20more%20likely,tissue%20damage%2C%20and%20lung%20inflammation
https://ww2.arb.ca.gov/resources/inhalable-particulate-matter-and-health#:~:text=PM2.5%20is%20more%20likely,tissue%20damage%2C%20and%20lung%20inflammation
https://ww2.arb.ca.gov/resources/inhalable-particulate-matter-and-health#:~:text=PM2.5%20is%20more%20likely,tissue%20damage%2C%20and%20lung%20inflammation
https://doi.org/10.1007/s13181-011-0203-1
https://doi.org/10.1016/j.envint.2020.105974
https://doi.org/10.1016/j.envint.2020.105876
https://doi.org/10.1186/s12889-024-21257-3
https://doi.org/10.1053/j.gastro.2011.06.081
https://doi.org/10.15585/mmwr.ss6613a1
https://doi.org/10.15585/mmwr.ss6613a1
https://doi.org/10.3390/ijerph20032282
https://doi.org/10.1073/pnas.2308832120
https://doi.org/10.3390/ijerph16203891
https://doi.org/10.1513/AnnalsATS.201806-363ED
https://doi.org/10.1016/j.freeradbiomed.2020.01.179
https://doi.org/10.1016/j.freeradbiomed.2020.01.179
https://doi.org/10.1038/s41598-023-39921-w
https://doi.org/10.4161/viru.27172
https://doi.org/10.1080/08958378.2021.1956021
https://doi.org/10.1016/j.envres.2018.11.014
https://doi.org/10.1152/japplphysiol.00970.2003
https://doi.org/10.1152/japplphysiol.00970.2003
https://doi.org/10.3389/fphys.2022.842592
https://doi.org/10.3389/fphys.2022.842592
https://doi.org/10.3389/fimmu.2024.1324552
https://doi.org/10.3389/fimmu.2024.1324552
https://doi.org/10.1016/j.cgh.2018.01.028
https://doi.org/10.1016/j.cgh.2018.01.028

	Particulate matter as a possible risk factor for eosinophilic esophagitis
	Introduction
	Methods
	Study design and data sources
	Case and control populations
	Air pollutant exposure metrics
	Statistical analyses
	Geographical visualization

	Results
	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	Author disclaimer
	Supplementary material
	References


