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Abstract

Background: Esophageal adenocarcinoma (EAC) and squamous cell carcinoma (ESCC) follow
divergent incidence trajectories in the United States. Rising use of electronic nicotine delivery
systems (ENDS) and evolving demographic risk profiles may be reshaping these trends. We aimed
to characterize national incidence patterns of EAC and ESCC from 2000 through 2022 —stratified by
age, sex, and race/ethnicity —and to place these in the context of changing behavioral exposures.
Methods: We performed a retrospective cohort study using Surveillance, Epidemiology, and End
Results (SEER) 21 registry data (covering \~48% of the U.S. population). We included first-primary,
histologically confirmed EAC (ICD-O-3 codes 8140-8576) and ESCC (8050-8084) in individuals aged
> 15 years diagnosed between 2000 and 2022. Age-adjusted incidence rates (per 100,000 person-
years; 2000 U.S. standard) and annual percent changes (APCs) were estimated via Joinpoint
regression models. Results: A total of 90,290 EAC and 47,916 ESCC cases were identified. EAC
incidence increased from 2.3 to 2.8 per 100,000 (APC +0.90%; 95% CI, 0.45-1.35), with the largest
relative rises in ages 15-39 years (APC +1.50%) and among women (APC +2.65%). Non-Hispanic
Black and American Indian/Alaska Native populations experienced the most pronounced EAC
increases. Overall ESCC incidence declined (APC -0.78%; 95% CI, -1.10 to —0.46), though
Asian/Pacific Islander (+3.59%) and American Indian/Alaska Native (+1.58%) groups saw rising
rates. Conclusion: EAC incidence continues to climb—especially in younger adults, women, and
select racial/ethnic minorities—while ESCC declines are uneven. These histology-specific patterns
highlight the urgency of tailored prevention, targeted early-detection efforts, and mechanistic
studies on emerging exposures such as vaping.

Keywords: esophageal adenocarcinoma; squamous cell carcinoma; vaping; obesity; cancer
epidemiology

1. Introduction

Esophageal cancer remains a significant global health challenge, with two primary histologic
subtypes—adenocarcinoma (EAC) and squamous cell carcinoma (ESCC)—exhibiting divergent
etiologies, risk factors, and epidemiologic trajectories. In the United States, EAC incidence has risen
dramatically over the past five decades, whereas ESCC has declined, particularly in high-income
regions. Notably, EAC is now the predominant subtype among men in Western countries, accounting
for the bulk of new cases [1].

Risk Factors for EAC

Established risk factors for EAC include chronic gastroesophageal reflux disease (GERD), central
adiposity and overall obesity, male sex, and progression through Barrett’s esophagus [2]. Over the
last decade, electronic nicotine delivery systems (ENDS)—commonly known as vaping—have
surged in popularity among adolescents and young adults [3,27,28]. Although combustible tobacco
remains a potent carcinogen for both EAC and ESCC, this shift toward ENDS raises concern about
their potential oncogenicity. Early mechanistic studies demonstrate that ENDS aerosols —comprising
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nicotine, propylene glycol, glycerol, and flavoring agents—generate reactive aldehydes
(formaldehyde, acrolein), reactive oxygen species, and metal nanoparticles, which can induce
mucosal inflammation, oxidative DNA damage, and epithelial barrier disruption in the upper
aerodigestive tract [4-6,11,12,18,19]. Moreover, observational and experimental data link ENDS
exposure to epithelial barrier dysfunction and inflammation that could exacerbate reflux symptoms
and esophageal irritation, known precursors to Barrett’'s esophagus and EAC [7,12,21].

Risk Factors for ESCC

By contrast, ESCC remains strongly associated with combustible tobacco smoking, heavy
alcohol consumption, low socioeconomic status, nutritional deficiencies (micronutrient
insufficiency), and chronic mucosal injury (caustic ingestion, microbial dysbiosis) [8,15,20]. Although
historical declines in smoking and occupational inhalants have driven ESCC incidence downward,
emerging evidence suggests that these gains may be stagnating —or even reversing —in certain racial
and ethnic subgroups [23].

Given these divergent and evolving risk landscapes, and the paucity of studies that compare
EAC and ESCC trends in parallel —particularly among younger adults with rising ENDS exposure —
there is an urgent need to re-examine national incidence patterns in a stratified, granular manner [9].
Leveraging the SEER 21 database from 2000 to 2022, this study aims to characterize age-, sex-, and
race/ethnicity-specific incidence trends in EAC and ESCC, thereby informing targeted prevention
and early detection strategies in high-risk populations.

2. Materials and Methods

This retrospective, population-based cohort study used incidence data from the Surveillance,
Epidemiology, and End Results (SEER) 21 cancer registries, covering approximately 48% of the U.S.
population. We identified all first primary esophageal cancers diagnosed between January 1, 2000,
and December 31, 2022, via SEER*Stat v8.4.2, using International Classification of Diseases for
Oncology, Third Edition (ICD-O-3) histology codes: adenocarcinoma (codes 8140-8576) and
squamous cell carcinoma (codes 8050-8084). Cases with other histologies (small cell,
adenosquamous, or unspecified) were excluded.

For each subtype, we obtained annual age-adjusted incidence rates per 100,000 person-years,
standardized to the 2000 U.S. standard population. Rates were stratified by age group (15-39, 40-64,
65-74, 275 years), sex (male, female), and race/ethnicity (non-Hispanic White, non-Hispanic Black,
Hispanic, American Indian/Alaska Native, Asian/Pacific Islander).

We assessed temporal trends using Joinpoint Regression Program v4.9.1.0, calculating annual
percent change (APC) with 95% confidence intervals. The software identifies statistically significant
inflection points (joinpoints) in log-linear models of incidence over time, allowing quantification of
periods of acceleration or deceleration [29-31].

All analyses adhered to the Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) guidelines. Because SEER data are de-identified and publicly available, the
Albany Medical College Institutional Review Board determined this study exempt from human
subjects review.

3. Results

Table 1 shows the distribution of cases of EAC and ESCC by overall trends, age group, sex, and
race.

APC (Confidence Comparison
Covariate Subgroup Cases, No. (%) P-value
Interval) Group

Esophageal Adenocarcinoma (1=90,290)

Age Group 15-39 1,102 (1.22%) 1.50 (0.37 to 2.6) Ages 40-64 <.001
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40-64 35,186 (38.97%) 1.83 (14t02.3) Ages 65-74 0.0005
65-74 28,137 (31.16%) 3.95(3.7t04.2) Ages 75+ 0.22
75+ 25,865 (28.65%) 2.30(1.9t02.7) Ages 65-74 0.22
Sex Male 77,003 (85.28%) 2.51 (2.1t02.9) — —
Female 13,287 (14.72%) 2.65(24t02.9) Male 0
American Indian/ Non-Hispanic
Race 7,192 (8.0%) 5.39 (4.8 to 6.0) <.001
Alaska Native White
Asian or Non-Hispanic
118 (0.13%) 0.39 (-5.5 t0 6.6) 0.55
Pacific Islander White
Non-Hispanic
Black 1,559 (1.73%) 6.54 (5.5 t0 7.6) <.001
White
White 2,623 (2.92%) 3.11 (2.3 t0 3.9) — —
Non-Hispanic
Hispanic 78,364 (87.21%) 2.26 (2.0 to 2.5) <.001
White
Non-Hispanic
Other/Unknown 434 (0.61%) 0.56 White 0.45
Esophageal Squamous Cell Carcinoma (n=47,916)
Age Group 15-39 71 (0.15%) -0.9 (-1.8 t0 0.0) Ages 40-64 0.1902
40-64 18,248 (38.08%)  -0.53 (-0.71 to 0.35) Ages 65-74 <.001
65-74 15,022 (31.35%) 0.35 (-0.22 to 0.91) Ages 75+ 0.2421
-0.65 (-0.90 to -
75+ 14,380 (30.01%) Ages 65-74 <.001
0.40)
-0.43 (-0.61 to -
Sex Male 30,775 (64.23%) — —
0.24)
Female 17,141 (35.77%) -0.0 (-0.40 to 0.39) Male 0.9808
American Indian/ Non-Hispanic
Race 4,912 (10.32%) 158 (1.1 to 2.1) <.001
Alaska Native White
Asian or Non-Hispanic
3,875 (8.14%) 3.59 (3.0to 4.2) <.001
Pacific Islander White
Non-Hispanic
Black 11,652 (24.48%) -2.17 (24 to -1.9) <.001
White
-0.40 (-0.68 to -
White 27,155 (57.06%) — —
0.11)
Hispanic 71 (0.15%) -0.90 (-1.79 to 0.0) Ages 40-64 0.05
-0.53 (-0.71 to -
Other/Unknown 18,248 (38.08%) Ages 65-74 <.001
0.35)

3.1. Overall Trends

From 2000 to 2022, a total of 90,290 cases of esophageal adenocarcinoma (EAC) and 47,916 cases
of esophageal squamous cell carcinoma (ESCC) were identified in the SEER 21 registries. EAC

incidence increased modestly but consistently over the study period, with an average annual percent
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change (APC) of 0.90%. In contrast, ESCC incidence declined from 1.9 to 1.2 per 100,000, reflecting a
long-term downward trend. Figure 1 shows the cancer incidence rate per 100,000 people from 2000
to 2022 for esophageal adenocarcinoma and squamous cell carcinoma.

Overall Time Trend of Esophageal Adenocarcinoma

8 and Squamous Cell Carcinoma Incidence Rates
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Figure 1. Overall Time Trend of Esophageal Adenocarcinoma and Squamous Cell Carcinoma Incidence Rate.

3.2. Trends by Age

In EAC, the most pronounced increase was observed among adults aged 65-74 years (APC:
3.95%, 95% CI: 3.68—4.22), followed by individuals aged 75 and older (APC: 2.30%, 95% CI: 1.9-2.7).
Middle-aged adults (40-64) also showed a significant rise (APC: 1.83%, 95% CI: 1.4-2.27). Although
comprising only 1.22% of cases, young adults aged 15-39 experienced a significant relative increase
(APC: 1.5%, 95% CI: 0.37-2.64; P < .001). Figure 2A shows the esophageal adenocarcinoma incidence
rates by age.

ESCC trends were generally stable or declining across age groups. Adults aged 75+ exhibited the
steepest decline (APC: —0.65%, 95% CI: —0.90 to —0.40), while the 40-64 age group saw a more modest
but significant reduction (APC: —0.53%, 95% CI: -0.71 to —-0.35). Incidence among 15-39-year-olds
remained low and non-significantly decreased (APC: -0.9%, 95% CI: -1.79 to 0.0). Figure 2D
esophageal squamous cell carcinoma incidence rates by age.

3.3. Trends by Sex

Among EAC cases, men accounted for 85.28% of the total, with an APC of 2.51% (95% CI: 2.14—
2.87), while women —who comprised 14.72% —had a slightly higher APC of 2.65% (95% CI: 2.42-2.88;
P <.001). Figure 2B shows the esophageal adenocarcinoma incidence rates by sex.

In ESCC, male incidence declined significantly (APC: —0.43%, 95% CI: —0.61 to —0.24), while
female incidence remained stable (APC: 0.0%, 95% CI: —0.40 to 0.39; P = .98), reflecting a persistent
sex disparity in squamous cell burden. Figure 2E esophageal squamous cell carcinoma incidence rates
by age.

3.4. Trends by Race/Ethnicity

EAC incidence increased across all major racial groups. Black individuals had the highest APC
at 6.54% (95% CI: 5.46-7.64), followed by American Indian/Alaska Native (AI/AN) individuals (APC:
5.39%, 95% CI: 4.78-5.99). White individuals exhibited a moderate increase (APC: 3.11%, 95% CI:
2.33-3.89), and Hispanics, who represented the majority of EAC cases (87.21%), had an APC of 2.26%
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(95% CI: 2.02-2.51). The Asian/Pacific Islander group showed no significant change (APC: 0.39%, 95%
CI: -5.46 to 6.6). Figure 2C esophageal adenocarcinoma incidence rates by race.

In ESCC, trends varied widely by race. Black individuals experienced a substantial decline (APC:
-2.17%, 95% CI: —2.38 to —1.96), while White individuals showed a modest but significant reduction
(APC: -0.40%, 95% CI: —-0.68 to —0.11; P = .013). In contrast, both Asian/Pacific Islander (APC: 3.59%,
95% CI: 3.02-4.15) and AI/AN populations (APC: 1.58%, 95% CI: 1.12-2.05) experienced significant
increases. Figure 2F esophageal squamous cell carcinoma incidence rates by race.
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Figure 2. Time Trend of Esophageal Adenocarcinoma and Squamous Cell Carcinoma Incidence Rates by Age,
Sex, and Race. Esophageal adenocarcinoma incidence rates are shown by age (A), sex (B), and race (C).

Esophageal squamous cell carcinoma incidence rates are shown by age (D), sex (E), and race (F).

4. Discussion

This comprehensive SEER analysis delineates divergent epidemiologic trajectories for the two
principal histologic subtypes of esophageal cancer in the United States —esophageal adenocarcinoma
(EAC) and esophageal squamous cell carcinoma (ESCC) —and places these trends in the context of
evolving behavioral risk factors, notably tobacco smoking and electronic nicotine delivery system
(ENDS) use (“vaping”).

4.1. Persistent Rise of Esophageal Adenocarcinoma

4.1.1. Steady Increase Across Demographics

From 2000 to 2022, EAC incidence rose from 2.3 to 2.8 per 100,000 (APC +0.90%; 95% CI, 0.45—
1.35; P <.001), consistent with prior reports of rising EAC incidence in Western populations [1]. This
rise was ubiquitous across age, sex, and race strata, reflecting both legacy exposures (obesity, GERD,
Barrett’s esophagus) and emerging factors.

4.1.2. Acceleration in Older Adults

The steepest APCs occurred in older cohorts: 65-74 years (3.95%; 3.68—4.22) and =75 years (2.30%;
1.90-2.70), which likely reflects the cohort effect of long-term GERD and obesity trends that gained
momentum in the 1980s-1990s [13].

4.1.3. Early-Onset EAC

Although numerically small (1.22% of cases), EAC in adults aged 15-39 rose significantly (APC
+1.50%; 0.37-2.64; P < .001). This mirrors patterns seen for early-onset gastrointestinal cancers and
underscores the need to interrogate environmental and metabolic exposures that may accelerate
carcinogenesis in younger cohorts [9].

One persisting risk factor that may be contributing to rising early-onset EAC is the shifting
burden of excess adiposity in younger adults, as obesity rates among adults aged 18-35 have
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increased steadily in recent years [13]. Although EHR sampling percentages do not equate directly
to obesity prevalence, they highlight continued —and still substantial —representation of young
adults in obesity surveillance. Excess central adiposity increases intra-abdominal pressure and
promotes acid reflux, thereby exacerbating GERD and accelerating progression to Barrett’s
esophagus [14]. Moreover, obesity-related hormonal dysregulation (elevated leptin, reduced
adiponectin) and metabolic derangements create a pro-carcinogenic milieu that fosters the
transformation of metaplastic Barrett’s epithelium into EAC [15]. Together, these data underscore
how the obesity epidemic—whether measured by BMI prevalence or by continued high
representation in BMI datasets—may help drive the ongoing rise in early-onset EAC among
vulnerable young adults.

The rising popularity of glucagon-like peptide-1 (GLP-1) receptor agonists for obesity, diabetes,
and heart failure management offers a compelling opportunity to study longitudinal obesity trends,
as well as the broader impact on associated cancers like EAC. In the phase 3 STEP 1 trial, once-weekly
semaglutide 2.4 mg produced a mean weight loss of 14.9% at 68 weeks and was associated with
clinically meaningful improvements in obesity-related symptoms [16]. Likewise, daily liraglutide 3.0
mg yielded an average 8.0% weight reduction in adults with type 2 diabetes [17]. By decreasing
central adiposity and reflux, GLP-1 receptor agonists may disrupt the obesity-GERD-Barrett’s
esophagus cascade that predisposes to EAC. Future longitudinal studies should evaluate whether
widespread adoption of GLP-1 receptor agonists translates into measurable reductions in both
Barrett’s progression and EAC incidence.

4.1.4. Sex Convergence

Historically a male-predominant disease, EAC’s relative increase in women (APC +2.65%; 2.42—
2.88) now slightly outpaces that in men (2.51%; 2.14-2.87; P < .001). While male sex remains an
absolute risk factor —accounting for 85.3% of cases —this shift may reflect narrowing sex differences
in obesity prevalence and related metabolic risk [13] and escalating ENDS use among young females,
as female adolescents now consume flavored e-cigarettes at rates comparable to males [27,28].

4.1.5. Racial/Ethnic Disparities

EAC APCs were highest among non-Hispanic Black and American Indian/Alaska Native
persons in our analysis, paralleling social-group disparities described in other settings and
suggesting a need for stratified prevention and detection strategies [23].

4.2. Role of Tobacco and Vaping in EAC

Declining cigarettes but rising ENDS. Despite substantial declines in combustible smoking
prevalence in the U.S. over the past two decades, EAC continued to climb, indicating that non-
combustible exposures and other co-factors (notably obesity, GERD, and ENDS) are increasingly
relevant [1,10]. National surveys document a rise in adult e-cigarette use to ~6.5% by 2023 and
ongoing youth use driven by flavored products [10,27,28].

Plausible mechanisms. ENDS aerosols contain nicotine, propylene glycol, vegetable glycerin,
and flavoring agents that generate reactive aldehydes upon heating and can induce DNA damage,
oxidative stress, and barrier dysfunction—processes implicated in carcinogenesis and tissue
metaplasia [4-6,11,12,18,19,21]. Nicotine exposure can also influence esophageal physiology,
potentially worsening reflux and hindering mucosal healing [5,12]. These overlapping mechanisms —
when superimposed on obesity-related GERD —suggest that vaping is not an isolated cause but a
compounding factor in the multifaceted pathogenesis of EAC.
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4.3. Esophageal Squamous Cell Carcinoma: Uneven Decline

4.3.1. Overall Decrease

ESCC incidence declined from 1.9 to 1.2 per 100,000 (APC —0.78%; -1.02 to —0.54; P < .001),
paralleling tobacco control, reduced heavy alcohol consumption, and improved nutritional status in
many regions [8,15,23].

4.3.2. Subgroup Reversals

Declines in ESCC were uneven across racial demographics: non-Hispanic Black and non-
Hispanic White persons saw the largest drops, while Asian/Pacific Islander and AI/AN groups
experienced rising ESCC rates. These anomalies may reflect persistent or emerging risk factors—
continued use of traditional tobacco, alcohol, nutritional deficiencies, and occupational/combustion
exposures—and underscore the need for tailored prevention [20,23].

4.3.3. Young Adult ESCC

The 15-39 age group showed a non-significant decline (-0.90%; —1.79 to 0.00), but the persistence
of ESCC in younger cohorts underscores the necessity of targeted surveillance for alarm features and
sustained risk-reduction programs in subgroups with high exposure burdens [23].

4.4. Clinical and Public Health Implications

4.4.1. Integrated Cancer Prevention: Distinct Levers for EAC and ESCC

For EAC, pairing obesity management with GERD control is foundational. Central adiposity
elevates intra-abdominal pressure and acid exposure, accelerating the GERD-Barrett's—-EAC
continuum; clinically, this supports comprehensive weight-management programs (behavioral,
pharmacologic) integrated with reflux education and judicious acid suppression [2,13-17,24,25].
Given the rising prevalence of ENDS, prevention and cessation strategies tailored to young adults
should be embedded alongside obesity/GERD care, because ENDS aerosols deliver aldehydes and
oxidants that injure mucosa and may exacerbate reflux physiology [4-7,10-12,18,19,21].

For ESCC, the essentials remain tobacco and alcohol control, micronutrient sufficiency, and
reduction of combustion exposures. Evidence from IARC affirms alcohol’s causal role in ESCC,
supporting policies that reduce harmful drinking while maintaining robust tobacco control [15,35].

4.4.2. Tobacco, Vaping, and Alcohol Policy: Align Controls with Current Use

While cigarette smoking has declined, adult e-cigarette use has increased and remains highest
among 21-24-year-olds; youth use is concentrated in flavored products [10,27,28]. Federal
measures—Tobacco 21 and the FDA’s 2020 ENDS enforcement guidance —have created important
guardrails, but loopholes (e.g., disposables, some tank systems) and variable state/local rules limit
impact [26,33,34]. Policymakers should harmonize flavor restrictions across devices, strengthen retail
compliance, and fund cessation tailored to ENDS users, particularly young adults [26,33,34]. For
ESCC, renewed attention to alcohol-policy levers (pricing/taxation, availability, marketing limits) is
warranted where incidence declines have stalled [15].

4.4.3. Early Detection and Clinical Pathways: Target High-Risk Groups

Because EAC often arises from Barrett’s esophagus, early detection should be risk-based rather
than universal. The ACG 2022 guideline recommends targeted Barrett’s case-finding —especially men
with chronic GERD plus additional risk factors —and structured surveillance using validated grading
systems (e.g., Prague C & M) and dysplasia pathways [24,32]. Our observed increases among women
and specific racial/ethnic groups argue for locally calibrated algorithms that reflect regional
obesity/GERD patterns and tobacco/ENDS profiles, coupled with primary-care prompts and
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streamlined endoscopy access [24,25,32]. For ESCC, maintaining a low threshold for evaluation of
alarm features in high-exposure subgroups, and integrating cessation and nutritional supports into
primary care, remain pragmatic approaches [8,15,23].

4.4.4. Health Equity and Community Tailoring

Heterogeneous trajectories —steeper EAC increases in some Black and AI/AN populations and
uneven ESCC declines among Asian/Pacific Islander and AI/AN groups —underscore the need for
culturally and linguistically appropriate programs. Community-engaged vaping prevention, weight-
management, and navigation supports to reduce endoscopy barriers (transportation, time off work,
childcare) can improve reach. Equity metrics—screening completion, time-to-diagnosis, stage at
detection—should be incorporated into quality dashboards to ensure that gains are shared across
groups [23-25].

4.5. Health-System Implementation Priorities

4.5.1. Primary-Care Enablement and Risk Capture

Most at-risk patients present in primary care. EHRs should include structured fields for GERD
duration, tobacco/ENDS use, and central adiposity, linked to decision support that flags candidates
for Barrett’s case-finding and auto-populates referral order sets with biopsy/surveillance standards
[24,25,32]. Embedding tobacco and ENDS cessation orders (including pharmacotherapy) during
GERD care exploits teachable moments [10,27,28].

4.5.2. Endoscopy Quality and Capacity

If risk-based case-finding expands, endoscopy units should plan for capacity and quality
safeguards: standardized indications, adherence to Prague C & M and ACG/ASGE protocols, and
tracking of key indicators (biopsy adequacy, dysplasia adjudication, interval adherence) [24,25,32].
In low-access regions, partnerships with regional centers and, where feasible, validated non-
endoscopic cell-collection tools for triage may smooth demand (pending local validation).

4.5.3. Clinical Integration of Prevention

Systems can align incentives by combining reflux, weight, and tobacco/ENDS services into
integrated pathways with shared outcomes (symptom control, quit rates, weight loss). Coverage for
evidence-based weight management and cessation pharmacotherapy should be standardized,
particularly for young adults, who anchor current ENDS use [10,27,28].

4.6. Policy and Regulatory Considerations

4.6.1. Tobacco and ENDS

Given rising adult ENDS use and persistent youth flavor-driven demand, comprehensive
approaches that harmonize flavor restrictions across ENDS device categories, strengthen age-
verification and retail compliance, and fund cessation tailored to e-cigarette users are warranted
[26,33,34]. Extending Tobacco 21 enforcement with routine compliance checks can slow initiation
among late adolescents and young adults [26,34]. Tobacco taxes and mass-media campaigns remain
cost-effective levers for combustible tobacco—relevant to both EAC and ESCC risk [1,15].

4.6.2. Alcohol and ESCC

In jurisdictions with stagnant ESCC declines or rising incidence, policymakers should revisit
alcohol pricing (taxation), availability, and marketing restrictions—the highest-yield levers in
international evidence—to reduce harmful drinking, paired with clinical screening and brief
interventions [15].
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4.6.3. Occupational and Environmental Exposures

For communities with combustion exposures (e.g., biomass/wood smoke) or polycyclic aromatic
hydrocarbons, targeted workplace controls, clean-cookstove initiatives, and exposure monitoring can
reduce ESCC-relevant carcinogens, requiring cross-sector coordination.

4.7. Research Directions

4.7.1. Linkage Studies Tying Incidence to Individual Exposure

Next steps include linking cancer registry data with individual-level exposure datasets (e.g.,
NHIS, NHANES, and PATH) to quantify risks attributable to ENDS, combustible tobacco, alcohol,
obesity, and GERD, moving beyond ecological inference [1,8-10,27,28]. These linkages can test
whether ENDS intensity, flavor category, and device type track with Barrett’'s and EAC after
accounting for obesity and reflux.

4.7.2. Natural Experiments in Policy

The U.S. offers “natural experiments” —Tobacco 21, the 2020 ENDS enforcement guidance, and
evolving state/local flavor bans. Rigorous quasi-experimental designs (interrupted time-series,
difference-in-differences) can evaluate whether these rules alter ENDS initiation/persistence and,
over longer windows, bend esophageal-cancer incidence curves (especially in younger cohorts)
[26,33,34].

4.7.3. Mechanistic and Molecular Epidemiology

Mutational signature studies can test whether aldehyde/oxidant exposures from ENDS aerosols
leave distinct patterns in EAC compared with tobacco-associated or reflux-dominant tumors. Paired
tissue and exhaled-breath condensate studies could identify exposure biomarkers to enrich early-
detection cohorts [4-6,11,12,18,19,21].

4.7.4. Early Detection Innovation and Care-Path Trials

Prospective trials should evaluate risk-stratified Barrett’s case-finding in primary care—
comparing standard referral with EHR-embedded prompts and nurse-led navigation—and track
yield, dysplasia detection, and time-to-treatment [24,25,32]. Pragmatic studies can compare
surveillance intervals and biopsy protocols within guideline ranges to optimize value.

4.7.5. Obesity and Reflux Interventions

Given the plausibility that central adiposity drives reflux and Barrett’s, weight-loss
interventions —including GLP-1 receptor agonists used at scale—should be studied for intermediate
endpoints (acid exposure, Barrett’s regression) and hard outcomes (EAC incidence) using pragmatic
registries and claims cohorts [13-17].

4.7.6. Equity-Focused Implementation Science

Because our data reveal subpopulation heterogeneity, implementation trials should test
culturally tailored vaping prevention, community health worker navigation for Barrett's case-
finding, and alcohol brief-intervention programs where trends are unfavorable, with outcomes
including reach, uptake, and time-to-diagnosis [23-25,27,28].

4.8. Health-System Quality Metrics

To translate prevention and early detection into measurable gains, systems should adopt a
concise set of indicators: (1) documentation rates of GERD duration, BMI/waist, and tobacco/ENDS
status in primary care; (2) appropriate Barrett’s referrals per ACG criteria; (3) endoscopy quality
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(Prague C & M use, adherence to biopsy/surveillance protocols, dysplasia adjudication); (4) time from
referral to endoscopy; (5) quit-rate tracking for tobacco/ENDS programs; and (6) equity metrics
(completion rates by race/ethnicity and rurality) [24,25,32].

4.9. Strengths and Limitations

A principal strength of this analysis is the use of SEER-21 coverage (~48% of the U.S. population)
over a 23-year window, enabling stable APC estimates across age, sex, and race/ethnicity. Findings
are consistent with national exposure trends —declining cigarettes, rising adult ENDS use —and align
with current guideline frameworks for early detection [1,10,24,25,27,28,32]. Limitations include the
ecologic design (precluding individual-level exposure inference), potential histology
misclassification over time, and lack of individual risk-factor data (obesity, GERD severity, detailed
tobacco/ENDS/alcohol patterns). Future linkage studies are needed to address these gaps (see
Research Directions) [29-31].

4.10. Policy Summary

These SEER-based trends argue for dual-track prevention: (1) EAC—integrate weight
management and GERD care with ENDS prevention and cessation tailored to young adults; (2)
ESCC—sustain and strengthen tobacco and alcohol control, with targeted efforts in subgroups where
declines have stalled. Implement risk-based Barrett’s case-finding per ACG, invest in endoscopy
quality capacity, and adopt equity metrics to ensure reach. At the regulatory level, harmonize flavor
restrictions across ENDS device types, enforce Tobacco 21 compliance, and support alcohol-policy
levers where ESCC risk remains high [1,10,15,24-26,33-35].
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Abbreviations

The following abbreviations are used in this manuscript:

ACG American College of Gastroenterology
AGA American Gastroenterological Association
AI/AN American Indian/Alaska Native
APC Annual Percent Change
ASGE American Society for Gastrointestinal Endoscopy
A/PI Asian/Pacific Islander
BE Barrett’s esophagus
BMI Body Mass Index
CI Confidence Interval
DOJ U.S. Department of Justice
EAC Esophageal Adenocarcinoma
EHR Electronic Health Record
ENDS Electronic Nicotine Delivery Systems (e-cigarettes/vaping)
ESCC Esophageal Squamous Cell Carcinoma
FDA U.S. Food and Drug Administration
GERD Gastroesophageal Reflux Disease
GLP-1RA Glucagon-Like Peptide-1 Receptor Agonist
IARC International Agency for Research on Cancer
ICD-0-3 International Classification of Diseases for Oncology, 3rd Edition
MMWR Morbidity and Mortality Weekly Report
NCI National Cancer Institute
NHANES National Health and Nutrition Examination Survey
NHIS National Health Interview Survey
NYTS National Youth Tobacco Survey
Prague C & M Circumferential and Maximal Extent Criteria (for Barrett’s)
SEER Surveillance, Epidemiology, and End Results
STROBE Strengthening the Reporting of Observational Studies in Epidemiology
ULN Upper Limit of Normal
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