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Molecular Diagnostics in Barrett's Esophagus: Bridging
Endoscopy and Cellular Pathobiology to Detect
Early Esophageal Adenocarcinoma
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Abstract

Esophageal adenocarcinoma (EAC) is among the most lethal gas-
trointestinal malignancies, and its incidence has risen markedly in
Western populations over the last 50 years. Barrett’s esophagus (BE),
the intestinal-type metaplasia that replaces the distal esophageal
squamous mucosa, is the only known precursor of EAC and under-
pins current early-detection practice. Current surveillance—periodic
endoscopy with random four-quadrant (Seattle protocol) biopsies
graded for dysplasia—has two well-characterized limitations: for-
ceps biopsies sample only a small portion of the metaplastic surface,
and histopathological diagnosis of dysplasia, particularly low-grade
dysplasia, has considerable interobserver variability. These limita-
tions have prompted molecular approaches to risk stratification. This
narrative review links the cellular and molecular pathobiology of
the Barrett’s-to-EAC sequence with diagnostic approaches for risk
stratification and early detection. We first summarize the genomic ar-
chitecture of progression—TP53 loss and clonal expansion in a sub-
set of progressing Barrett’s lesions, often preceding whole-genome
doubling, together with epigenetic dysregulation and late oncogene
amplification—along with evidence that BE is derived from gastric
cardia progenitors at the single-cell level. We then review tissue-
based adjuncts that provide objective information from the biopsy:
p53 immunohistochemistry, multiplexed tissue systems pathology
(the TSP-9/TissueCypher assay), and wide-area transepithelial sam-
pling with computer-assisted three-dimensional analysis (WATS3D).
We also appraise non-endoscopic molecular cell-collection devices
used to triage patients for endoscopy: the Cytosponge coupled with
trefoil factor 3, and the encapsulated balloon (EsoCheck) coupled
with a methylated DNA panel (EsoGuard; methylated vimentin and
cyclin Al). Finally, we consider liquid biopsy based on circulating
cell-free DNA methylation, with artificial intelligence as a computa-
tional adjunct. Together, these modalities may convert the qualitative,
observer-dependent question “Is there dysplasia?” into a quantitative
assessment of an individual’s risk of progression. We examine where
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the evidence is strongest, where it remains preliminary, and how these
tools could be combined into a risk-aligned surveillance model that
detects EAC at a curable stage while reducing unnecessary proce-
dures for patients at low risk.

Keywords: Barrett’s esophagus; Esophageal adenocarcinoma; Mo-
lecular diagnostics; DNA methylation; Risk stratification

Introduction

Esophageal adenocarcinoma (EAC) is a lethal malignancy and
increasingly burdensome globally. Global estimates place es-
ophageal cancer among the leading causes of cancer mortality,
with the adenocarcinoma subtype now predominating in high-
income Western countries after a multi-fold rise since the 1970s
[1]. Five-year survival is poor because patients typically present
with dysphagia or weight loss only after the tumor has invaded
deeply or metastasized, and the single clearest opportunity to
change this trajectory is to detect neoplasia at a pre-invasive or
intramucosal stage, when endoscopic eradication is curative.

Barrett’s esophagus (BE)—the replacement of the normal
stratified squamous lining of the distal esophagus by columnar,
intestinal-type epithelium in response to chronic gastroesopha-
geal reflux—is the only established precursor lesion for EAC
and therefore the biological basis of early-detection programs
[2]. Malignant transformation is represented as a stepwise
metaplasia—dysplasia—adenocarcinoma sequence. The abso-
lute risk of progression is low for any one patient: a nation-
wide, population-based cohort estimated the annual incidence
of EAC in patients with BE at approximately 0.12%, an order
of magnitude lower than the figure used historically to justify
rigorous surveillance [2]. Because progression is rare, surveil-
lance exposes a large population to repeated procedures to
identify relatively few progressors. The clinical task is there-
fore not simply to diagnose BE, but to identify which patients
are likely to progress.

Professional societies on both sides of the Atlantic rec-
ommend endoscopic surveillance of patients with BE, using
high-definition white-light endoscopy with virtual chromoen-
doscopy and systematic four-quadrant biopsies at defined
intervals—the Seattle protocol—in addition to targeted sam-
pling of any visible lesion [3, 4]. Surveillance is based on two
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sequential judgments, and both have limitations. The first is
spatial: random forceps biopsies sample only a small frac-
tion of the Barrett’s surface area, so focal dysplasia or early
cancer can be missed entirely. The second is interpretive: the
histopathological classification of dysplasia, particularly the
distinction between reactive changes and low-grade dyspla-
sia (LGD), has considerable interobserver disagreement, and
many community diagnoses of LGD are downstaged on expert
review [5]. Together, these problems reduce the sensitivity and
reproducibility of morphology-based surveillance and have
prompted evaluation of objective, biologically based adjuncts.

These limitations have prompted development of molecu-
lar assays that characterize the cellular and genomic changes
underlying metaplasia rather than morphology alone. Cur-
rent guidelines reflect part of this change: the latest American
College of Gastroenterology guideline expanded permissible
screening to non-endoscopic methods [3], and an American
Gastroenterological Association clinical practice update rec-
ognized non-endoscopic cell-collection devices, wide-area
transepithelial sampling, and a tissue systems pathology pre-
diction assay as adjuncts to conventional practice [5]. This re-
view links the cellular origin and molecular progression of BE
to the clinical evidence for each diagnostic modality. It first
describes the Barrett’s-to-EAC sequence and then evaluates
how tissue-based, non-endoscopic, circulating, and computa-
tional approaches may complement endoscopy-guided histol-
ogy. The discussion also considers these technologies within
the change from primarily surgical treatment to endoscopic
and molecular management [6].

Methods

This is a narrative rather than a systematic review. PubMed/
MEDLINE was searched through August 14, 2026, for Eng-
lish-language articles. The structured update combined “Bar-
rett’s esophagus,” “esophageal adenocarcinoma,” “dysplasia,”
“surveillance,” and “screening” with modality- and mech-
anism-specific terms including “TP53 mutation,” “biallelic
TP53 loss,” “genome doubling,” “clonal evolution,” “epig-
enomics,” “DNA methylation,” “p53 immunohistochemis-
try,” “tissue systems pathology,” “TissueCypher,” “wide-area
transepithelial sampling,” “Cytosponge,” “trefoil factor 3,”
“EsoCheck,” “EsoGuard,” “cell-free DNA,” “artificial intel-
ligence,” “diagnostic accuracy,” “cost-effectiveness,” “imple-
mentation,” “race,” “ethnicity,” and “health equity.” Reference
lists of key studies, systematic reviews, and current society
guidelines were also examined. Open-access full text was pri-
oritized because of access constraints, while landmark stud-
ies, pivotal trials, systematic reviews and meta-analyses, and
current guidelines were preferentially included. Each newly
added reference was checked against PubMed, including its
digital object identifier (DOI) and PubMed identifier (PMID).
Selection was purposive rather than exhaustive, and no proto-
col, duplicate independent screening, formal risk-of-bias as-
sessment, or quantitative synthesis was undertaken. Because
one author performed study selection and interpretation, selec-
tion and confirmation bias remain possible.

Cellular and Molecular Pathobiology of the Bar-
rett’s—Adenocarcinoma Sequence

The biological basis of these assays can be considered through
two questions: where Barrett’s metaplasia originates and how
it progresses to cancer.

Cellular origin

The cell from which BE originates has long been debated.
Combining single-cell transcriptomics, methylation- and
chromatin-based lineage inference, somatic mutation analy-
sis, and organoid modeling, a global molecular-phenotyping
study concluded that Barrett’s epithelium is most similar to,
and most likely stems from, the gastric cardia, with the meta-
plastic program controlled by transcription factors such as
c-MYC and HNF4A [7]. The same study also proposed that
EAC might develop from undifferentiated Barrett’s cell types
without any pathologically identifiable dysplastic precursor—
an observation with important implications for early detection,
since it indicates that some cancers will develop without nec-
essarily passing through an easily biopsiable, morphologically
obvious intermediate. This recasting of BE away from a mere
histologic appearance and toward a definable cellular state is
precisely the orientation of molecular assays (Fig. 1).

Genomic evolution

Whole-genome sequencing of paired Barrett’s and adenocarci-
noma samples revealed that BE is polyclonal and can be widely
mutated even when non-dysplastic, with a mutational burden
approaching that of EAC [8]. As invasion develops, copy-num-
ber alterations increase and clonal heterogeneity persists; con-
sequently, the coding mutations in an EAC may overlap only
partly with those in immediately adjacent Barrett’s mucosa [8].
This spatial diversity provides a molecular explanation for sam-
pling error, because a forceps biopsy captures only one region
of a genetically heterogeneous field. Paired-exome analyses
showed that a TP53 mutation can be an early, clonally shared
event in some progressing lineages, including in some non-dys-
plastic epithelium, whereas oncogene amplification generally
occurs later [9]. This is not an obligatory sequence: TP53 altera-
tions are absent from many stable non-dysplastic segments, and
the clinically consequential event appears to be expansion of a
TP53-deficient clone with structural instability rather than any
TP53 mutation in isolation. In the paired-exome dataset, 62.5%
of EACs emerged after whole-genome doubling, supporting a
punctuated route in which TP53 loss, genome doubling, and
oncogene amplification can occur in succession [9]. The om-
ics literature adds transcriptomic, proteomic, epigenomic, and
microbiome layers to this genomic framework and shows that
TP53 loss, CDKN2A alteration, chromosomal instability, and
epigenetic remodeling occur with variable timing and combina-
tions [10]. EAC is characterized by copy-number alterations, a
high mutational load, and frequent co-amplification of recep-
tor tyrosine kinases, features that distinguish it from esophageal
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Barrett's esophagus to esophageal adenocarcinoma

Molecular events mapped to diagnostic modalities across screening, detection, risk stratification, and
monitoring
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Figure 1. The molecular natural history of the Barrett's esophagus-to-adenocarcinoma sequence (top: metaplasia of gastric-
cardia origin, with TP53 loss and clonal expansion in a subset of progressing lineages, often before whole-genome doubling,
followed by late oncogene amplification) mapped to the diagnostic modalities by stage (bottom: non-endoscopic cell collection
for screening; Al-assisted endoscopy and WATS3D for detection; p53 immunohistochemistry and tissue systems pathology for

risk stratification; and cell-free DNA for monitoring).

squamous carcinoma and have opened research into a putative
cancer stem-cell compartment [11].

Relation to biomarkers

Molecular abnormalities can precede the morphological
changes used in surveillance and may predict progression.
Genomic evaluation of non-dysplastic Barrett’s tissue could
identify patients at increased risk before dysplasia is recog-
nized histologically [12]. Expansion of TP53-deficient clones,
aneuploidy, epigenetic dysregulation, and clonal diversity are
recurrent but nonobligate routes to progression. Assays that
quantify these features may complement subjective histologi-
cal grading, but this requires prospective validation. The fol-
lowing sections review tissue-based, non-endoscopic, and cir-
culating approaches.

The Limits of Endoscopy-Guided Histopathol-
ogy and the First Molecular Adjunct

Advanced assays should be assessed against the limitations of
current surveillance because each addresses a different deficiency.

Sampling error and interobserver variability

The Seattle protocol, even when strictly adhered to, samples
only a small fraction of the Barrett’s surface, and adherence
in routine practice is frequently incomplete. Superimposed on
this spatial problem is a diagnostic one. The grading of dyspla-
sia is a subjective, morphology-based exercise with limited re-
producibility; the diagnosis of LGD in particular is unreliable,
and its predictive value for progression is weak when rendered
by generalist pathologists. A rigorous histological study con-
cluded that a panel of reproducible criteria—Iloss of surface
maturation, mucin depletion, nuclear enlargement, and in-
creased mitotic activity—could stratify patients with LGD into
meaningfully different risk groups, and that combining these
criteria with p53 immunohistochemistry improved the predic-
tion of progression [13]. The lesson is twofold: morphology
provides a genuine prognostic signal, but reliably extracting it
requires either strict criteria applied by experts or an objective
molecular overlay.

p53 immunohistochemistry

This widely available adjunct uses abnormal p53 expression
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as a surrogate for TP53 alteration. Overexpression or com-
plete loss can be assessed on routine biopsy sections. A sys-
tematic review and meta-analysis found a strong association
between aberrant p53 staining and neoplastic progression in
BE, supporting its use alongside dysplasia assessment [14].
British guidance and some expert frameworks consider p53
immunohistochemistry helpful, particularly when morphology
is equivocal, but major societies have not endorsed routine
biomarker-directed surveillance because clinical utility re-
mains insufficiently established [3, 4, 15]. The test is relatively
inexpensive and widely available. However, it evaluates one
pathway and retains the spatial sampling limitations of forceps
biopsy. A negative result cannot exclude progression because
TP53-driven evolution is not universal.

Tissue Systems Pathology and Wide-Area Sam-
pling: Objective Information From the Biopsy

p53 immunohistochemistry evaluates one molecular path-
way in a biopsy. Tissue systems pathology measures several
features within the same specimen, whereas wide-area tran-
sepithelial sampling with computer-assisted three-dimensional
analysis (WATS3D) increases the tissue area sampled.

Tissue systems pathology (the TSP-9/TissueCypher assay)

Using multiplexed immunofluorescence on a standard forma-
lin-fixed biopsy, this method quantifies a panel of epithelial
and stromal biomarkers, along with their morphometric fea-
tures, and integrates them, via a validated algorithm, into an in-
dividualized progression-risk score and class (low, intermedi-
ate, high). In a retrospective analysis of the screening cohort of
arandomized trial, the assay objectively risk-stratified patients
with LGD and, importantly, identified a substantial fraction of
true progressors among patients whom expert pathologists had
downstaged to non-dysplastic BE [16]. A pooled analysis of
international multicenter studies then showed that a high-risk
class was an independent predictor of progression to high-
grade dysplasia (HGD) or EAC, improving risk prediction
over clinical variables alone, with high specificity but only
moderate sensitivity [17]. Subsequent work established that
the assay predicts progression independently of standard clin-
icopathological variables and can flag high-risk patients even
within non-dysplastic BE, whose measured progression rate in
the high-risk class approached that of expert-confirmed LGD
[18]. In a head-to-head comparison against 30 pathologists
from five countries, the test detected progressors with higher
sensitivity than the average pathology review, suggesting that
it can partially compensate for the variability in LGD interpre-
tation [19]. Collectively, these studies position tissue systems
pathology as a means of upstaging surveillance for genuinely
high-risk patients while reassuring those at low risk—precisely
the discrimination that morphology alone struggles to provide.
The caveats are that sensitivity, while superior to generalist
review, is incomplete, and that most of the evidence derives
from retrospective cohorts.

WATS3D

Whereas tissue systems pathology extracts more information
from a single biopsy, WATS3D targets the complementary prob-
lem of spatial sampling. An abrasive brush collects a broad,
full-thickness (“transepithelial”) sample of the Barrett’s seg-
ment, which is then analyzed with computer-assisted three-di-
mensional reconstruction and neural-network-based flagging of
abnormal cells for pathologist review. Used as an adjunct to Se-
attle-protocol forceps biopsy, WATS3D increases the detection
of BE and of dysplasia: a systematic review and meta-analysis
reported a meaningful absolute increase in the yield of dyspla-
sia over forceps biopsy alone, although the authors appropri-
ately cautioned that the natural history and clinical significance
of dysplasia detected by WATS3D alone remain incompletely
defined [20]. Real-world data indicate that a positive WATS3D
result frequently changes management—prompting enrollment
in surveillance, escalation of surveillance frequency, initiation
or intensification of acid suppression, or referral for endoscopic
therapy [21]. WATS3D therefore broadens the spatial reach of
sampling but also introduces uncertainty about how to act on iso-
lated WATS3D-only findings. Both tissue-based strategies share
a defining feature: they still require an endoscopy. The following
section turns to tools designed to remove that requirement.

Non-Endoscopic Molecular Cell Collection:
Decoupling Screening From Endoscopy

The greatest structural limitation of endoscopic surveillance
is that it is resource-intensive, uncomfortable, and therefore
impractical as a population-screening instrument for a disease
whose precursor is common but whose progression is rare.
Non-endoscopic cell-collection devices, paired with molecular
readouts, are engineered to solve this by capturing esophageal
cells at the point of care and triaging patients to endoscopy
only when a molecular signal is positive.

The Cytosponge coupled with trefoil factor 3 (TFF3)

The Cytosponge is a compressed mesh sphere within a dis-
solvable capsule; the patient swallows it on a string, the cap-
sule dissolves in the stomach, and the expanded sponge is
withdrawn, collecting cells along the length of the esophagus.
The collected cells are stained for TFF3, a marker of intestinal
metaplasia. In the pragmatic, cluster-randomized BEST?3 trial
conducted in primary care, offering the Cytosponge-TFF3 test
to patients on long-term acid suppression increased the detec-
tion of BE roughly 10-fold compared with usual care over 12
months, and it also identified cases of dysplastic BE and ear-
ly cancer that would otherwise have gone undiagnosed [22].
Economic evaluation using trial data found the strategy to be
cost-effective relative to usual care, with the benefit concen-
trated among the minority of patients who harbor dysplasia or
early neoplasia [23]. However, cost-effectiveness is context-
dependent, and implementation requires device availability,
trained staff, a reliable laboratory pathway, and capacity for

4 Articles © The authors | Journal compilation © Cell Mol Med Res and Elmer Press Inc™ | = https://cmmr.elmerpub.com



Salman

Cell Mol Med Res. 2026;4(1):1-9

confirmatory endoscopy; false-positive results and incomplete
uptake can erode projected benefit.

The encapsulated balloon (EsoCheck) coupled with meth-
ylated DNA markers (EsoGuard)

A conceptually related but molecularly distinct approach com-
bines a swallowable, inflatable balloon that samples the distal
esophagus—and retracts into its capsule to protect the sample
from contamination—with an assay for aberrant DNA meth-
ylation. Genome-wide discovery work identified recurrent hy-
permethylation in BE and nominated a two-marker panel of
methylated vimentin (VIM) and cyclin A1 (CCNA1); in initial
studies, this panel distinguished BE-related metaplasia and
neoplasia from normal esophagus with high accuracy [24]. A
subsequent multicenter, prospective study using a next-genera-
tion device and a room-temperature-compatible assay reported
overall sensitivity and specificity of approximately 85% for
detecting BE, with detection of every cancer in the cohort and
high sensitivity even for short-segment and non-dysplastic dis-
ease [25]. This approach detects promoter hypermethylation
in defined genes rather than morphology and does not require
endoscopy for sample collection. As with Cytosponge-TFF3,
positive results require confirmatory endoscopy, and long-
term outcome data from screening programs are still maturing.

Liquid Biopsy, Computational Adjuncts, and
Integration Into Risk-Aligned Surveillance

Two other approaches extend diagnostic assessment beyond
cells collected directly from the esophagus.

Liquid biopsy

The analysis of circulating cell-free DNA (cfDNA) offers the
prospect of detecting and monitoring esophageal neoplasia
from a blood draw. Using genome-wide cfDNA methylation
profiling and computational deconvolution, investigators esti-
mated tumor fraction in the plasma of patients with EAC and
detected copy-number events in cancer-associated loci (MYC,
KRAS, EGFR, and NOTCH?2); however, elevated tumor frac-
tions and copy-number alterations were largely confined to
patients with metastatic disease, indicating that the sensitivity
required to detect pre-invasive BE or early EAC has not yet
been achieved [26]. Liquid biopsy is therefore best regarded,
at present, as a promising approach for monitoring therapy re-
sponse and for recurrence surveillance rather than for primary
early detection—but one whose epigenetic basis is fully con-
sistent with the mechanistic themes of this review.

Artificial intelligence (AI) as a computational adjunct

Machine learning is increasingly applied directly to endoscop-
ic images. A deep-learning computer-aided detection system

trained and validated on several independent datasets classified
images as neoplastic or non-dysplastic BE with high accuracy
and outperformed non-expert endoscopists in a benchmarking
exercise, while also localizing lesions to guide targeted biopsy
[27]. Although image-based Al operates on morphology rather
than molecules, it is a natural complement to molecular as-
says: computational detection can direct the endoscopist to the
highest-yield site for the tissue-based or non-endoscopic mo-
lecular tests described above, further tightening the connection
between where we look and what we measure.

Controversies in Molecular Progression: TP53
and Epigenomics

The apparent disagreement about when TP53 is altered reflects
differences in disease stage, assay sensitivity, biopsy location,
and the distinction between detecting any mutation and de-
tecting an expanding biallelic TP53-deficient clone. An early
sequencing study found TP53 mutations in nine of 21 EACs
(42.9%) but in none of 24 non-dysplastic BE samples, support-
ing a relatively late-event model [28]. By contrast, longitudinal
whole-genome sequencing of 427 samples from 40 progres-
sors and 40 non-progressors showed that acquisition and ex-
pansion of TP53-deficient populations with complex structural
variants and high-level amplifications could be detected up to
6 years before EAC [29]. These findings can be reconciled:
TP53 loss is early in some malignant lineages, but it is neither
universal nor uniformly detectable across non-dysplastic BE.
The combination of biallelic loss, clonal expansion, structural
complexity, and spatial extent is more informative than a TP53
mutation considered alone.

Epigenomic change provides a complementary route and
may identify high-risk fields in which TP53 alteration is absent
or undersampled. Promoter hypermethylation can silence tu-
mor-suppressor pathways, including CDKN2A (p16), RUNX3,
HPP1, and APC, while broader methylation patterns can distin-
guish progressors from stable nondysplastic BE. A systematic
review identified 42 candidate epigenetic markers across 14
studies but emphasized methodological heterogeneity, small
cohorts, and limited independent validation [30]. In a multi-
center, double-blinded study, an eight-marker methylation panel
achieved areas under the receiver operating characteristic curve
of 0.843 at 2 years and 0.829 at 4 years, although the retrospec-
tive design and need for external clinical-utility validation limit
routine use [31]. Thus, epigenomic markers clarify why a purely
TP53-centered model is incomplete, but they should be integrat-
ed with histology, genomic instability, and clinical factors rather
than treated as a replacement for them.

Potential integration

These modalities address different points in a proposed risk-
stratified pathway (Table 1) [14, 17-20, 22, 23,25-27, 32-34].
Non-endoscopic molecular cell collection could serve as an
initial triage step to identify who requires endoscopy. High-
definition endoscopy with selective Al support and, where

Articles © The authors | Journal compilation © Cell Mol Med Res and Elmer Press Inc™ | = https://cmmr.elmerpub.com 5



Molecular Diagnostics in Barrett’s Esophagus

Cell Mol Med Res. 2026;4(1):1-9

Table 1. Comparative Performance, Strengths, Limitations, and Current Clinical Role of Diagnostic Modalities in Barrett's Esopha-

gus and Early Esophageal Adenocarcinoma

Modality/sample Strength Main limitation Performance estimate Current role/access dE::l_ce
p53 IHC/biopsy Low-cost, widely Single pathway; retains Progression association ~Adjunct to expert [14,
available adjunct to biopsy-sampling and RR 14.25; standalone pathology; routine 32]
dysplasia interpretation ~ scoring variability sensitivity/specificity biomarker-directed
not established surveillance is not
recommended
TSP-9/ Objective nine- Proprietary centralized Pooled sensitivity Selective risk-stratification [17-19,
TissueCypher/ biomarker risk class assay; moderate sensitivity;  61%, specificity adjunct where available; 32,33]
FFPE biopsy with high NPV mainly retrospective or 81%, NPV 97% no current AGA
industry-associated evidence recommendation
WATS3D/brush Broad spatial sampling  Adjunct only; heterogeneous Incremental dysplasia ~ Adjunct to Seattle-protocol [20,
and incremental studies and uncertain yield 7.2%; standalone  biopsy where expertise 32]
dysplasia detection natural history of sensitivity/specificity exists; no current AGA
WATS3D-only dysplasia not established recommendation
Cytosponge- Scalable non- Positive tests require Pooled sensitivity Screening/triage in selected [22, 23,
TFF3/sponge endoscopic screening/  endoscopy; uptake, 81% and specificity systems; not a replacement 34|
triage with randomized laboratory pathways, 89% for BE of any for diagnostic endoscopy
and economic evidence and availability vary circumferential length
EsoCheck/ Rapid sampling with Commercial assay; Sensitivity 85%, Selected non-endoscopic [25]
EsoGuard/balloon methylated VIM and confirmatory endoscopy; specificity 85%; 18/18  screening/triage where
CCNA1 detection predominantly White cohort; cancers detected in 243  available; outcome
industry involvement evaluable participants  validation is needed
Liquid biopsy/ Minimally invasive Insufficient sensitivity for Signal mainly Research and response/ [26]
cfDNA and suitable for nondysplastic BE or early detected in metastatic ~ recurrence monitoring;
serial monitoring EAC; specialized analysis disease; early-disease  not primary BE screening
sensitivity/specificity
not established
Al CAD/ Real-time lesion Image-quality and external-  Validation dataset: Adjunct to high-quality [27]
endoscopic localization and validation dependence; sensitivity 90%, endoscopy; not a molecular
image or video targeted-biopsy support  workflow, regulatory, and specificity 88%, test or replacement for

training requirements

accuracy 89%

structured biopsy

Performance values are study- or meta-analysis-specific and should not be compared as if obtained in a single head-to-head population. AGA:
American Gastroenterological Association; BE: Barrett’s esophagus; CAD: computer-aided detection; cfDNA: cell-free DNA; EAC: esophageal ade-
nocarcinoma; FFPE: formalin-fixed paraffin-embedded; HGD: high-grade dysplasia; LGD: low-grade dysplasia; NPV: negative predictive value; RCT:
randomized controlled trial; TFF3: trefoil factor 3; WATS3D: wide-area transepithelial sampling with three-dimensional computer-assisted analysis.

appropriate, WATS3D could improve lesion localization and
spatial sampling. p53 immunohistochemistry or tissue systems
pathology could add objective risk information to convention-
al histology, and liquid biopsy may eventually provide a mini-
mally invasive monitoring method. This proposed pathway
does not replace high-quality endoscopy, structured Seattle-
protocol biopsy, or expert pathology review.

Implementation, Accessibility, and Equity

The tests reviewed here are at different stages of clinical ma-
turity. The 2025 American Gastroenterological Association
surveillance guideline made no recommendation for or against
WATS3D, p53 immunohistochemistry, or TissueCypher be-
cause evidence was insufficient to establish patient-important
benefit [32]. Accordingly, their current role is adjunctive and

context-dependent. p53 immunohistochemistry is relatively
inexpensive and can be performed in many pathology labora-
tories. In contrast, TissueCypher and methylated-DNA assays
depend on proprietary centralized testing and local reimburse-
ment; WATS3D requires dedicated sampling and processing;
non-endoscopic devices require trained staff and a pathway for
confirmatory endoscopy; and cfDNA profiling and Al systems
require specialized laboratory or digital infrastructure, qual-
ity control, and regulatory oversight. Cytosponge-TFF3 was
cost-effective in a United Kingdom trial-based model [23], but
transferability depends on disease prevalence, device and labo-
ratory prices, uptake, downstream endoscopy capacity, and the
health-system perspective.

Generalizability also remains uncertain. Many validation
cohorts were recruited in Western tertiary centers and were
predominantly male and non-Hispanic White; for example, the
prospective EsoCheck/EsoGuard study included case and con-
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trol groups that were 92% and 88% White, respectively [25].
In an ethnically diverse United States claims cohort of 12,693
patients with BE, progression estimates did not differ signifi-
cantly between White and non-White groups, but only 75 es-
ophageal cancers occurred. Lower household net worth was
also associated with prevalent cancer, indicating that socioeco-
nomic access may affect detection [35]. Prospective validation
should therefore prespecify performance by sex, race and eth-
nicity, geography, Barrett’s segment length, community versus
referral setting, and resource level. Without such evidence, a
test that performs well in a selected cohort may widen rather
than reduce disparities in early detection.

Limitations of the Study

Several limitations of this review should be acknowledged.
First, it is a narrative rather than a systematic review. Although
the search was broadened and updated, study selection and in-
terpretation were purposive and performed by one author with-
out a registered protocol, duplicate screening, or formal risk-
of-bias assessment; selection and confirmation bias therefore
cannot be excluded. Second, prioritizing open-access full text
because of access constraints may have omitted relevant pay-
walled primary studies. Third, evidence for several advanced
tests is dominated by retrospective cohorts, industry-associat-
ed validation studies, and trials conducted predominantly in
high-income, non-Hispanic White populations. Diagnostic es-
timates may also vary with disease prevalence, spectrum, sam-
ple adequacy, assay version, and the threshold selected. These
limitations restrict generalizability and leave comparative ef-
fectiveness, cost-effectiveness across health systems, optimal
test intervals, and patient-important outcomes incompletely
defined. Fourth, the field is advancing rapidly, and assay ver-
sions, marker panels, commercial availability, reimbursement,
and regulatory status continue to evolve; performance figures
should therefore be read as time-stamped estimates. Finally,
this review emphasizes diagnostic and risk-stratification per-
formance and does not systematically evaluate downstream
therapeutic efficacy or the psychological and economic harms
of false-positive and false-negative results.

Conclusion

BE is the recognized precursor used in current strategies for
early detection of EAC, but periodic endoscopy and subjec-
tive dysplasia grading remain limited by sampling error and
interobserver variability. Molecular studies refine rather than
replace the classic metaplasia—dysplasia—carcinoma model.
TP53 loss and clonal expansion can occur early in a subset
of progressing lineages and may precede whole-genome dou-
bling and oncogene amplification, but this route is not univer-
sal; epigenetic dysregulation, aneuploidy, and spatial clonal
diversity provide complementary signals of risk. p53 immu-
nohistochemistry and tissue systems pathology can add objec-
tivity to biopsy interpretation, WATS3D can broaden spatial
sampling, and non-endoscopic cell-collection devices can sup-

port screening or triage. Advanced biomarkers nevertheless re-
main adjuncts to high-quality endoscopy and expert pathology.
Whether a risk-aligned pathway improves outcomes will de-
pend on prospective clinical-utility evidence, implementation,
affordability, and performance across diverse populations.

Novelty of the Study

This review examines cellular and genomic progression in BE
alongside the clinical evidence for diagnostic testing. It relates
each modality to the problem it addresses: p53 immunohisto-
chemistry and tissue systems pathology add risk information to
biopsy interpretation; WATS3D and Al-assisted endoscopy ad-
dress lesion detection and sampling; non-endoscopic cell-col-
lection devices support screening or triage; and cfDNA is being
studied for monitoring. This organization separates established
adjunctive uses from approaches that still require clinical-utility
validation. It also examines how cost, infrastructure, and popu-
lation representation affect implementation. The combined bio-
logical and clinical appraisal may help clinicians interpret cur-
rent tools and identify priorities for further validation.
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