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Circulating tumor DNA (ctDNA) has emerged as a promising biomarker for the early
detection of esophageal cancer (EC), offering a minimally invasive means to assess
tumor-derived genomic and epigenomic alterations. This review synthesizes current
data on ctDNA biology, detection technologies, diagnostic performance, and clinical
applicability in both esophageal adenocarcinoma and squamous cell carcinoma. We
conducted a comprehensive literature review of PubMed-indexed studies on ctDNA
in EC, emphasizing recent (January 1, 2019—- December 31, 2024) findings,
systematic reviews, and meta-analyses. Key data on ctDNA characteristics,
diagnostic performance in both early-stage esophageal adenocarcinoma and
squamous cell carcinoma, and clinical outcomes were extracted. We also discuss
technical and clinical challenges in ctDNA assays and future perspectives for
integrating ctDNA evaluation into clinical practice. We highlight technological
innovations such as methylation profiling, fragmentomics, and ultrasensitive
sequencing, and compare ctDNA-based approaches to alternative non-
endoscopic modalities. While early studies report encouraging sensitivity and
specificity for ctDNA in high-risk populations, specifically with methylation assays,
current data remain limited by small sample sizes, retrospective design, low tumor
DNA abundance, and heterogeneity in assay methodology. Furthermore, the clinical
implementation of ctDNA-based screening must address population-level feasibility,
cost-effectiveness, and health equity. We conclude that ctDNA holds significant
potential for early EC detection but remains investigational pending validation in
large prospective cohorts.
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Introduction

Esophageal cancer (EC) is a highly aggressive malignancy with
poor overall survival, largely because most cases are diagnosed at
advanced stages. Globally, EC ranks among the top ten cancers in
both incidence and mortality (1). Despite therapeutic advances, the
prognosis remains grim: overall 5-year survival is only about 20%,
and falls below 10% in patients diagnosed with metastatic disease.
Early-stage EC is often asymptomatic or causes only mild,
nonspecific symptoms, leading to diagnostic delays (2). As a
result, the majority of patients present with locoregionally
advanced or metastatic tumors, which contributes to the high
mortality rate (3, 4). Early detection of EC is critical, as it offers
the opportunity for curative treatment (endoscopic therapy or
surgery) that may not otherwise be available in advanced stages.
For example, patients with tumors confined to the mucosa or
submucosa can achieve survival rates far exceeding those of
patients with advanced disease (5, 6). However, current early
detection strategies are limited. Upper endoscopy with biopsy is
the gold standard for diagnosing EC and its precursor lesions, but
endoscopic screening of at-risk populations, such as those with
Barrett’s esophagus or heavy tobacco/alcohol use in regions prone
to squamous cell carcinoma, is invasive, costly, and difficult to
implement for widespread screening (7, 8). Unlike some other
gastrointestinal malignancies, no blood-based biomarker is
available for the early diagnosis or screening of EC (9, 10). Serum
protein markers such as CEA or CA19-9 lack sensitivity and
specificity for esophageal malignancies. This creates an urgent
need for novel, non-invasive biomarkers that could aid in the
detection of early esophageal neoplasia.

Circulating tumor DNA (ctDNA) has emerged as a compelling
candidate in EC screening and detection. ctDNA refers to fragments
of tumor-derived DNA that circulate in the bloodstream as a subset
of the cell-free DNA (cfDNA) pool (7). These fragments carry
tumor-specific genetic and epigenetic alterations, such as somatic
mutations, copy number changes, and DNA methylation patterns,
mirroring the molecular profile of the cancer. Because ctDNA can
be sampled through a blood draw, it offers a non-invasive, real-time
window into the cancer status of a patient (11-13). In several
malignancies, ctDNA assays are already used clinically for mutation
testing, disease monitoring, and recurrence detection (14-19). In
EC, interest in ctDNA has grown as studies have begun to
demonstrate its potential utility in diagnosing tumors earlier,
monitoring treatment response, and detecting minimal residual
disease (20). Notably, ctDNA could fill the lack of a blood-based
biomarker for EC, complementing or potentially triaging the use of
endoscopy in screening and surveillance (21).

Objectives/methods

This review provides a comprehensive overview of the use of
ctDNA in serum plasma for early detection of EC. We first outline
the biological characteristics of ctDNA relevant to cancer detection.
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We then examine evidence for the clinical utility of ctDNA in
identifying early-stage EC and summarize findings from key
systematic reviews and meta-analyses. We discuss the technical
and clinical challenges of integrating ctDNA into standard of care
treatment of EC. Finally, we explore future perspectives on
improving ctDNA assays and integrating them into clinical
practice and standard of care, including screening high-risk
populations and implementing early intervention strategies. The
focus of this review is on early-stage detection and clinical utility
while also considering relevant technical advances. Evidence from
peer-reviewed studies is highlighted to inform the current state and
future direction of this rapidly evolving field. Figure 1 shows the
PRISMA Flow Diagram utilized for database and registry search of
relevant records pertinent to this review.

Biology and characteristics of ctDNA
Definition and origins

ctDNA is defined as the fraction of ¢fDNA in the bloodstream
that originates from cancer cells. Normal cfDNA is released
primarily from apoptosis and turnover of non-malignant cells, a
recognized phenomenon since the 1940s (22-25). In cancer
patients, a proportion of cfDNA fragments derive from tumor cell
apoptosis, necrosis, and active secretion, carrying tumor speciﬁc
alterations such as somatic mutations and methylation changes as
demonstrated by Stroun et al (7, 25). Importantly, ctDNA is present
in the bloodstream of patients with EC and other solid tumors,
though typically as a small fraction of total cfDNA, especially in
early-stage disease (26). Figure 2 shows an example of how ctDNA
may be released from esophageal adenocarcinoma (EAC) into
circulation. ctDNA concentrations and tumor fraction correlate
with disease burden where levels tend to be elevated in advanced EC
due to higher tumor turnover and levels tend to be lower,
sometimes below the detection threshold of standard assays, in
localized disease (27, 28).

Physical characteristics

ctDNA fragments are typically short with modal lengths around
134-145 base pairs (bp), compared to roughly 165 bp from healthy
cells (29). This difference in fragment size distribution is attributed
to the differing nuclease digestion patterns in apoptotic tumor cells.
The shift in fragment size distribution can be utilized in ctDNA
detection such as in fragmentomics. ctDNA is rapidly cleared from
circulation with a half-life ranging from minutes to a few hours due
to degradation by DNases and uptake by the liver, spleen, and
kidneys (30-33). This short half-life allows ctDNA to reflect real-
time tumor dynamics but also requires strict pre-analytical
handling. Blood must be collected in specialized tubes and
processed promptly to avoid contamination from lysed white
blood cells.
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FIGURE 1
PRISMA 2020 flow diagram of published works relating to ctDNA and esophageal cancer.
FIGURE 2
Release of ctDNA in esophageal adenocarcinoma.
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Genomic and epigenomic content

ctDNA carries tumor-specific mutations and epigenetic changes
reflective of its tissue origin (7). In EC, common genomic alterations
include mutations in TP53, found in both EAC and esophageal
squamous cell carcinoma (ESCC), as well as CDKN2A, SMAD4, and
NOTCHLI as seen in Figure 3 (34). In addition to genomic mutations,
esophageal tumors, particularly EAC, show widespread DNA
hypermethylation early in carcinogenesis (35). These epigenetic
alterations represent abundant, chemically stable markers in ctDNA,
making them ideal biomarkers for early detection (36, 37). For
example, methylation of tumor suppressor genes in EC such as
SEPTINY, TFPI2, FHIT, and RASSFIA have been studied as ctDNA
markers and utilized in multi-gene methylation panels, enhancing
sensitivity compared to single mutation assays (38, 39).

Detection technologies

Two major technological approaches are used to detect ctDNA:
polymerase chain reaction (PCR) and next-generation sequencing
(NGS) (40, 41). Figure 4 provides a visual comparison of digital
droplet PCR (ddPCR), Beads, Emulsion, Amplification, Magnetics/
Amplification Refractory Mutation System (BEAMing/ARMS)
PCR, and NGS. ddPCR or BEAMing/ARMS PCR techniques
allow quantification of known mutations or methylation sites
with single-base specificity, detecting mutant allele fractions as
low as 0.01% (42). However, this requires prior knowledge of the
tumor’s mutation profile, typically garnered from a tumor biopsy,
limiting utility in asymptomatic or screening contexts.

10.3389/fonc.2025.1622984

NGS-based methods, including targeted panels, whole-exome/
genome sequencing, and error-corrected sequencing techniques,
can identify a broad array of mutations or methylation changes
without prior knowledge of the tumor’s genotype (43, 44). While
NGS can detect ctDNA at mutant allele fractions around 0.1% or
lower, they are generally less sensitive than ddPCR but provide
richer molecular data including copy number variation,
fragmentation patterns, and methylome-wide changes, improving
sensitivity for detecting cancer-derived DNA (45). However,
broader sequencing with NGS may increase the risk of detecting
incidental findings from clonal hematopoiesis of indeterminate
potential (CHIP), confounding interpretation (46, 47).

Regardless of the method, a major limitation in early EC
detection is the low ctDNA levels, especially in early-stage ECs
with tumors less than 2 cm or T1 staging. One systematic review
noted minimal sensitivity for lesions less than 1 cm (48). Thus,
while ctDNA is an attractive biomarker, its effective use in early
detection requires ultrasensitive techniques and potential multi-
modality approaches such as combining genomic mutations,
methylation markers, and even protein markers to capture weak
ctDNA signals in early-stage EC.

Clinical utility of ctDNA in early
esophageal cancer detection

Detection of primary tumors

Multiple studies have demonstrated the feasibility of ctDNA as
a diagnostic biomarker in EC. Egyud et al. first reported successful

Types of Mutations in Esophageal Cancer

FIGURE 3
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Types of mutations seen in esophageal cancer: hypermethylation in adenocarcinoma, TP53, CDKN2A, SMAD4, and NOTCH1.
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Analytical methods used in ctDNA analysis: ddPCR, BEAMing/ARMS PCR, and NGS. BEAMing/ARMS PCR, Beads, Emulsion, Amplification, Magnetics/
Amplification Refractory Mutation System polymerase chain reaction; ddPCR, Digital droplet polymerase chain reaction; NGS, Next-generation

sequencing.

ctDNA detection in plasma from patients with EAC, laying down a
foundation as a proof of concept for further studies (49). More
recently, Min et al. summarized the role of ctDNA in distinguishing
EC from benign lesions with reasonable sensitivity and specificity
(50). A prospective study by Qin et al. evaluated a targeted five-gene
methylation panel, which detected ctDNA in EC with about 74%
sensitivity and 91% specificity, including roughly 43% of stage I and
64% of stage IT cases (51). A 2022 meta-analysis of ctDNA-based EC
diagnostic studies reported a pooled sensitivity of 71.0% (95%
confidence interval [CI] 55.7%-82.6%) and specificity of 98.6%
(95% CI 33.9%-99.9%), emphasizing its low false positive rate and
potential role as a screening tool in high-risk populations (21).
However, the moderate sensitivity in early-stage disease limits its
standalone utility. In clinical practice, ctDNA could be used to
prioritize high-risk individuals with Barrett’s esophagus, tylosis, or
heavy tobacco/alcohol use, expediting an endoscopic evaluation.

Performance in early-stage disease

ctDNA detection correlates strongly with tumor stage.
Advanced ECs, stages III-IV, reliably shed detectable ctDNA,
whereas early-stage tumors, stage I or carcinoma in situ, often fall
below detection thresholds. In a case-control study using
methylation sequencing, overall sensitivity was 75% for advanced
EC and 58.8% for stage 0-IT EC (52). Similarly, other methylation
classifiers showed sensitivity as low as 0%-20% in patients with
stage I EC, rising to 60%-75% in stage II EC (53).

A study by Liu et al. combined three-gene methylation markers,
SEPTINY, TFPI2, and FHIT, and reported an overall sensitivity of
75%-79% sensitivity for stage I-II ECs, representing an
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improvement over earlier studies and approaching the
performance of other minimally invasive tools such as
Cytosponge (53). Additionally, emerging multi-omic assays are
showing that integrating ¢cfDNA 5-hydroxymethylcytosine
(5hmC) with copy number analysis achieved a greater than 80%
sensitivity and 88% specificity in detecting ESCC, with potential to
identify high-grade dysplasias (45).

Comparisons to other modalities

ctDNA-based detection should be considered alongside other
emerging non-endoscopic approaches. One alternative in
development is targeted esophageal sampling, specifically the
Cytosponge, a minimally invasive device that samples esophageal
cells for molecular analysis in patients with Barrett’s esophagus.
While effective in detecting dysplasia via methylation markers,
Cytosponge is limited to adenocarcinoma and still requires
instrumentation. (54-56).

Breath testing for volatile organic compounds has shown
modest ability to detect EC but remains investigational at the
time of this review (57-59).

Other image-based modalities such as Al-assisted endoscopy,
confocal laser endomicroscopy, and endocytoscopy offer high-
resolution mucosal visualization. Other biomarkers such as
microRNAs and salivary biomarkers are under investigation (60).

In contrast, ctDNA offers a fully blood-based test with potential
to detect both EAC and ESCC, making it more universally
applicable. Several multi-cancer blood tests, such as CancerSEEK,
have begun including EC in its cancer detection assay. CancerSEEK
combined 16 gene mutations and 8 protein markers to achieve 69%-
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77% sensitivity for EC overall, but only 20% in stage I EC,
highlighting the continued challenge of early detection. Notably,
specificity exceeded 99%, and localizing the organ of origin by
machine learning suggests that positive results could direct follow-
up endoscopy for further evaluation (8). Future EC-specific ctDNA
tests may be combined with current standard of care diagnostics to
maximize both sensitivity and specificity.

Clinical outcomes and utility

The goal of earlier detection is improved patient outcomes.
While direct evidence of mortality reduction via ctDNA-based
screening is not yet available, early diagnosis consistently
correlates with better prognosis in analogous cancers such as
colorectal cancer (61). In EC, a shift from stage III to stage II at
diagnosis could allow for curative surgery in an otherwise
unresectable case.

ctDNA may also detect cancers prior to clinical symptoms. In a
small study by Nasrollahzadeh et al., TP53 mutations were found in
5 of 39 asymptomatic individuals, of which one was diagnosed with
ESCC 6 months later while the others remained cancer-free during
follow-up (47). This suggests ctDNA may capture early neoplastic
signals although distinguishing true positives from background
mutations like CHIP remains a challenge.

Beyond initial diagnosis, ctDNA has demonstrated clinical utility
in post-treatment surveillance. Patients who have undergone curative
esophagectomy or definitive chemoradiotherapy can be monitored
for continued undetectable ctDNA. The reappearance of ctDNA
typically precedes radiologic or symptomatic relapse by several
months, with one study reporting a median lead time of 4.1
months over routine imaging (27, 62-66). Such early detection of
recurrence could allow prompt intervention at a minimal disease
state, potentially improving outcomes. While surveillance differs from
initial screening, it reinforces the clinical utility of ctDNA as an early
warning tool in EC management.

In summary, ctDNA as a liquid biopsy represents a promising
tool for earlier detection of EC, with growing evidence supporting
its diagnostic accuracy and prognostic significance. However,
sensitivity limitations in stage 0-I remain a key barrier to
widespread clinical adoption. Survival impact is not fully
demonstrated as ctDNA screening is not standard of care.
Ongoing research is focused on improving assay sensitivity,
validating biomarkers prospectively, and defining ctDNA’s role
within multi-modal screening practices.

Stratification of ctDNA utility in
esophageal adenocarcinoma and
esophageal squamous cell carcinoma

EAC and ESCC differ markedly in their epidemiology, etiology,
and molecular landscape (Table 1). These differences also extend to
ctDNA characteristics through shedding behavior and mutational
profiles. Stratifying ctDNA applications by histologic subtype will
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TABLE 1 Features of EAC and ESCC.

Features EAC ESCC

Barrett’s
esophagus, GERD

Common
Risk Factors

Tobacco use, alcohol consumption,
dietary nitrosamines

North America

Epidemiology Asia, South America, Africa

and Europe
Squamous epithelium
Pathology replaced by Squamous dysplasia
columnar epithelium
Location Distal esophagus Proximal to middle esophagus
Genomic TP53, CDKN2A, TP53, KMT2D, NOTCHI, NFE2L2,
1
. KRAS, PIK3CA, PTEN, RB1, SOX2, PD-
Alterations . i i i
HER?2 amplifications L1 amplifications
tDNA G lly higher at
¢ . enerally fugher a Often lower at very early stages
Shedding early stages

Sensitivity of
ctDNA for
Early Detection

36%-47% 33%-50%

ctDNA, circulating tumor DNA; EAC, Esophageal adenocarcinoma; ESCC, Esophageal
squamous cell carcinoma; GERD, gastroesophageal reflux disease.

be important as emerging evidence suggests that optimal detection
may vary between EAC and ESCC.

Tumor biology, genomic profiles, and
ctDNA shedding

EAC is commonly seen in patients with Barrett’s esophagus and
chronic gastroesophageal reflux disease (GERD) whereas ESCC is
strongly associated with tobacco use, alcohol consumption, and
dietary exposures. EAC is more commonly observed in North
America and Europe while ESCC is more commonly observed in
Asia, South America, and Africa. Histologically, EAC tends to
invade the submucosa, while ESCC typically remains confined to
the mucosa.

Genomically, EAC more commonly harbors mutations in
KRAS, TP53, and CDKN2A and demonstrates higher HER2
expression. In comparison, ESCC shows a more distinct mutation
profile in KMT2D, NFE2L2, NOTCH1, PIK3CA, PTEN, RBI, SOX2,
and TP53, and demonstrates higher PD-L1 expression (67, 68).

These biological differences may influence ctDNA shedding as
EAC tumors are believed to shed ctDNA more abundantly than
ESCC tumors. This may be due to differences in vascular invasion
rates and tumor cell turnover. As a result, ctDNA-based detection
may be more sensitive for EAC. However, several studies have
shown modest differences in sensitivity between EAC and ESCC,
suggesting that additional factors such as assay design and disease
stage may also contribute to ctDNA detection sensitivity.

Clinical outcomes and utility

Targeted ctDNA panels have potential clinical utility when
applied to individuals at high risk for EAC or ESCC. However,
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targeted ctDNA studies often focus on predefined mutations and
may miss key driver mutations, leading to false negatives.

When stratified by histology, ctDNA sensitivity for early-stage
detection does not demonstrate significant differences between EAC
and ESCC (49, 62, 69-71). Regardless, the distinct molecular
profiles of these EC subtypes suggest that histology-specific or
multi-marker models may enhance performance and detection.
Integrating histology into machine learning models interpreting
ctDNA signals could further improve early detection.

Analysis of prior systematic reviews
and meta-analyses

Several systematic reviews and meta-analyses have synthesized
the growing evidence on ctDNA in EC, offering pooled estimates of
diagnostic performance, prognostic value, and assay variability.
Table 2 summarizes key findings, stratified where possible by
histology and clinical context.

In 2022, Chidambaram et al. conducted one of the first
comprehensive meta-analyses examining ctDNA in EC, including
15 studies (414 patients), of which 8 studies were utilized in a
pooled analysis (21). The authors reported a pooled diagnostic
sensitivity of 71.0% and specificity of 98.6% for ctDNA-based
detection of EC, combining various ctDNA assay types.
Sensitivity was markedly higher for detection of established
cancers than for post-treatment surveillance of recurrence. In
contrast, ctDNA used for post-treatment surveillance
demonstrated a pooled sensitivity of 48.9% and specificity of
95.5%, likely reflecting small-volume or local recurrences. ctDNA
performance improved when combined with imaging, supporting
its complementary role rather than standalone use, emphasizing the
need for assay standardization and clinical integration.

In 2024, Zhang et al. analyzed 13 studies (604 patients) to
evaluate the prognostic value of ctDNA in EC (72). The results
demonstrated ctDNA positivity was associated with worse
outcomes. The pooled hazard ratio (HR) for OS for ctDNA-
positive patients vs. negative was 3.65 (95% CI 1.97-6.75), while
HRs for disease-free survival/recurrence-free survival and
progression-free survival were 6.08 and 2.84, respectively.
Subgroup analyses by EAC and ESCC, timing of ctDNA detection
pre- or post-treatment, and assay method, confirmed these trends.
These findings suggest that detectable ctDNA reflects higher tumor
burden or early relapse, highlighting the prognostic weight a
positive result may carry. From an early detection standpoint,
these data highlight the importance of maintaining high
specificity to avoid unnecessary intervention or anxiety.

Other reviews

A 2023 systematic review by Bittla et al. evaluated ctDNA for
early cancer detection across multiple tumor types, providing
context relevant to EC despite not being tumor-specific (48). The
authors reported that ctDNA assays have limited utility for tumors
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less than 1 cm in size and emphasized that an effective early
screening test would need to detect tumors less than 5 mm in
size, which is below current detection thresholds. Reported values
for ctDNA-based detection across cancers ranged from 69%-98%
sensitivity and 99% specificity depending on tumor type and assay.
The authors concluded that ctDNA is currently more reliable as a
prognosis and disease monitoring tool than for primary early
detection given its strong correlation with outcomes and the
challenges in capturing the smallest tumors. These findings
reinforce the need for technologic improvements before ctDNA
can be widely utilized to screen asymptomatic individuals.

A 2024 narrative review by Xu et al. examined c¢fDNA
methylation assays, highlighting its promise as a non-invasive
method for early EC detection and its need for improved
sensitivity and validation (73). The authors noted that cfDNA
methylation assays mostly focused on Barrett’s esophagus
associated EAC with fewer data on ESCC. The review concluded
that cfDNA methylation detection holds significant potential as an
early EC detection test, aligning with current ctDNA
assay development.

Collectively, these systematic reviews support ctDNA as a
credible biomarker for both diagnosis and prognosis in EC.
However, they also consistently emphasize its limited sensitivity
for detecting the smallest or earliest-stage tumors. All reviews call
for larger prospective studies to validate the use of ctDNA in the
setting of EC screening or early diagnosis as existing evidence is
largely retrospective or observational in already-diagnosed patients.
The following section outlines the technical and clinical challenges
that need to be addressed to move ctDNA from a promising
research tool into a reliable screening tool.

Technical and clinical challenges

Implementing ctDNA-based early detection for EC faces several
technical and clinical challenges. These challenges must be
acknowledged and overcome to ensure ctDNA testing is accurate,
cost-effective, and clinically meaningful.

Sensitivity limitations and low tumor
shedding

The foremost technical challenge is the limited sensitivity of
ctDNA for detecting very small tumors or early-stage tumors.
Tumors under 1-2 c¢m in size or intra-mucosal lesions may shed
minimal ctDNA, falling below detection thresholds and evading
detection (21, 48). Even ultra-deep sequencing may fail to detect
tumors if only a limited number of tumor cells are undergoing
apoptosis and releasing DNA.

Improving sensitivity will likely require multi-modal
approaches, such as combining genomic mutations with
epigenomic and fragmentomic features, enriching tumor-specific
fragments by size or methylation, and applying advanced error-
correction techniques. For example, in stage 0/I ESCC, adding low-
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TABLE 2 Summary of systematic reviews and meta-analyses of EC stratified into EAC and ESCC.

Study (Year)

Chidambaram
et al. (2022) (21)

Zhang et al.
(16) (72)

Included
studies
(Patients)

15 studies (414
patients);

8in
meta-analysis

13 studies
(604 patients)

Context

Diagnosis &
surveillance
of EC

Prognostic value
of ctDNA in
EAC and ESCC

Sensitivity (%)

71.0% (95% CI
55.7%-82.6%)
(Diagnosis)

48.9% (95% CI
29.4%-

69.8%) (Surveillance)

Not reported
for diagnosis

Specificity (%)

98.6% (95% CI
33.9%-99.9%)
(Diagnosis)

95.5% (95% CI
90.6%-

97.9%) (Surveillance)

Not reported
for diagnosis

Not assessed

HR for OS: 3.65
(95% CI 1.97-
6.75)

HR for DFS/RFS:

6.08
HR for PFS: 2.84

OS/Cl/p-value

Not reported

OS significantly
worse in ctDNA-
positive patients
p < 0.001

across endpoints

OS (HR) - EAC

Not
reported separately

HR: 6.74 (95% CI:
3.50-12.98)

OS (HR) - ESCC

Not
reported separately

HR: 2.84 (95% CI:
1.26-6.42)

Key Findings

ctDNA shows moderate
sensitivity and high
specificity in EC diagnosis;
sensitivity lower in post-
treatment surveillance.
Detection improved when
combined with imaging.

ctDNA positivity predicts
worse outcomes in EC,
across histologic types and
treatment contexts. Stronger
prognostic effect in EAC
than ESCC.

Bittla et al.
(2023) (48)

14 studies
(multiple
cancer types)

Early cancer
detection (multi-
cancer context)

69%-98% (range
across tumor types)

~99%

Not assessed

Not reported

Not applicable

Not applicable

ctDNA highly specific but
sensitivity depends on tumor
type and size; limited utility
for tumors <1 cm. More
useful for monitoring and
prognosis than for screening.

Xu et al.
(2024) (73)

22 studies
(1,144 patients)

Prognostic value
of ctDNA in EC

Not reported
for diagnosis

Not reported
for diagnosis

3.87 (95% CI
2.86-5.23)

P <0.001

Not
reported separately

Not
reported separately

ctDNA positivity associated
with decreased OS and PFS
in EC patients. Both ddPCR
and NGS platforms effective
for ctDNA detection.
Highlights need for
standardization in ctDNA
analysis for

clinical application.

CI, Confidence interval; ctDNA, circulating tumor DNA; ddPCR, digital droplet PCR; DFS, Disease-free survival; EC, Esophageal cancer; EAC, Esophageal adenocarcinoma; ESCC, Esophageal squamous cell carcinoma; HR, Hazard ratio; NGS, Next-generation
sequencing; OS, Overall survival; PFS, Progression-free survival; RFS, Recurrence-free survival.
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pass whole-genome sequencing fragmentation features to 5hmC
profiling increased accuracy from 33% to 80% for carcinoma in situ,
demonstrating the promise of combined modalities (45).

False positives and specificity issues

While ctDNA assays generally have high analytical specificity,
biological false positives remain a major concern, particularly from
CHIP. As individuals age, more somatic mutations in genes such as
TP53, DNMT3A, and TET2 can shed mutated DNA into plasma,
mimicking tumor-derived mutations. In one study, 11% of individuals
without cancer had detectable cancer-like TP53 mutations in plasma,
even after filtering for known CHIP-associated mutations, and most
individuals did not develop any malignancy (46).

Distinguishing true tumor-derived ctDNA from CHIP-related
background noise is crucial to avoid unnecessary procedures or
anxiety. Approaches include sequencing matched white blood cells
to identify CHIP mutations and prioritizing methylation or
fragmentomic patterns that are more tumor-specific. Maintaining
near-100% specificity is essential for screening, even if it requires
sacrificing some sensitivity.

Tumor heterogeneity and assay design

ECs exhibit significant heterogeneity with different regions
harboring distinct mutations. A ctDNA assay that only targets a few
specific mutations may not detect a tumor lacking those mutations. For
example, a panel designed around common EAC mutations like TP53
or CDKN2A could miss detection of an ESCC that primarily has
NOTCHI or PIK3CA mutations, and vice versa (34, 74).

Broader NGS panels or non-targeted methods can capture a
wide array of possible tumor signals, but at the expense of higher
cost and complexity (75, 76). Another approach is a tumor-
informed strategy for high-risk patients, sequencing mutations
identified from the patient’s lesion or cancer (77). This has been
shown to greatly enhance detection of residual disease or recurrence
in EC (17, 27, 62-65), but is only applicable when a tumor sample
is available.

Standardization of techniques

A major challenge is the lack of standardization across ctDNA
platforms. As highlighted in the Chidambaram meta-analysis, no
studies have directly compared ddPCR and NGS head-to-head in
EC (21). NGS offers broad mutational coverage and discovery
power, while ddPCR may achieve superior sensitivity for known
mutations (42, 78). However, ddPCR requires individualized assay
design, limiting scalability.

A potential solution is a two-step model utilizing NGS for initial
profiling followed by patient-specific ddPCR for surveillance.
Regardless of platform, standardization in sample collection,
processing, and interpretation is essential. Efforts like the Plasma-
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Seq consortium (79) aim to establish shared protocols. Without
standardization, variability will hinder regulatory approval, clinical
adoption, and payer reimbursement, especially given the high cost
of advanced sequencing.

Cost-effectiveness and public health
feasibility

Cost remains a significant barrier to large-scale implementation
of ctDNA screening. High-sensitivity assays, particularly those
using ultra-deep sequencing or methylation profiling, often cost
several hundred dollars per test. Healthcare systems must weigh
these costs against demonstratable benefits in earlier EC detection
and improved outcomes. However, in the Endoscopic Screening for
Esophageal Cancer in China (ESECC) trial, a precision screening
strategy based on individualized risk stratification and targeted
endoscopy reduced the cost per detected case from approximately
$14,944 to $7,148-$11,537 in a high-risk Chinese population,
suggesting that a personalized approach may have feasible
economic benefits (80).

In the US, a recent cost-effectiveness analysis evaluated a multi-
cancer early detection (MCED) strategy incorporating cfDNA
methylation. The results showed an incremental cost-effectiveness
ratio (ICER) of $66,048 per quality-adjusted life year (QALY), well
within commonly accepted thresholds of less than $100,000 per
QALY. Although upfront testing costs were substantial, long-term
savings were projected due to a shift toward earlier-stage diagnoses,
reduced treatment intensity, and improved survival (81). While this
analysis utilized cfDNA methylation, the principle remains that
multi-modal approaches to EC screening may have feasible
economic benefits rather than ctDNA testing alone.

The cost of diagnostic upper endoscopy for EC ranges from
$1,000-$3,500 in the US depending on setting and insurance
coverage. Although endoscopy remains the gold standard for
diagnosis, it is invasive, resource-intensive, and often impractical
for large-scale screening of asymptomatic individuals. Additional
limitations include the need for scheduling, anesthesia, and
procedural risks. ctDNA offers a non-invasive alternative but
must demonstrate comparable or superior cost-effectiveness in
high-risk populations to justify widespread implementation.

The broader oncology literature supports the economic value of
early detection, as late-stage cancer care is often nearly twice as
expensive as early-stage treatment, with added burdens of
prolonged hospitalization and more aggressive therapy.

Infrastructure and system readiness also remain obstacles.
Widespread ctDNA screening would require standardized
protocols for blood collection, processing, sequencing, and
interpretation, elements that are not universally established yet.
Equitable deployment will additionally require addressing
disparities in diagnostic follow-up and access to endoscopy and
subspecialty care, particularly in underserved or resource-
limited settings.

In summary, while early modeling supports the cost-
effectiveness of ctDNA-based screening in high-risk groups,

frontiersin.org


https://doi.org/10.3389/fonc.2025.1622984
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Tai et al.

public health implementation will require further prospective
validation, infrastructure investment, and payer reimbursement
strategies to ensure sustainable adoption.

Clinical trial data and endpoints

Demonstrating clinical benefit is essential for adding ctDNA
screening or surveillance to standard of care. Evidence is needed to
show that ctDNA either detects cancers that would have been
missed by standard screening or detects them earlier, resulting in
improved outcomes. However, designing such trials is challenging.

For screening, a potential approach would be randomizing
high-risk individuals to receive ctDNA tests vs. no ctDNA tests
and undergoing endoscopic screening at pre-specified intervals for
both groups. Endpoints would include reduced incidence of
advanced EC in the ctDNA arm group. However, sample sizes
would have to be large given the relatively low incidence of EC in
the Western population. Focusing on high-risk groups such as
patients with Barrett’s esophagus, tobacco users/alcohol consumers,
and patients from high-incidence regions like East Asia may make
studies more feasible (82, 83).

Another clinical question is how to manage a positive ctDNA
result when endoscopy and imaging are negative as the positive
ctDNA could reflect early disease, or a false positive. Surveillance,
repeat testing, or empirical intervention may be considered, but one
would need to consider patient anxiety, risk, and costs involved.
Furthermore, some early EC may be indolent or detected later by
standard of care screening, raising concerns about lead-time bias.
Thus, demonstrating meaningful clinical endpoints is a challenge
that will require well-designed prospective studies.

Integration with existing pathways

Clinicians will need clear guidelines on how to interpret and act
on ctDNA results. For example, if a patient with known Barrett’s
esophagus develops a TP53-positive ctDNA signal, should this
prompt immediate endoscopic mucosal resection? In a post-
esophagectomy surveillance patient, how should ctDNA results
influence follow-up scheduling or initiation of therapy?

Early studies have shown that clinicians can use rising ctDNA
levels to predict recurrence and guide earlier intervention, but these
strategies remain investigational. Regulatory approvals and
insurance coverage will require demonstrated clinical validity and
utility as payers may not cover expensive ctDNA assays for early
detection purposes. Until then, ctDNA may serve best as a
complementary tool rather than a replacement for current
standard screening.

In summary, while ctDNA holds significant promise, several
technical hurdles and clinical challenges must be overcome.
Addressing low ctDNA levels in early-stage tumors, false positives
from CHIP, tumor heterogeneity, and the need for standardized,
cost-effective assays are important. Multi-modal strategies and
advanced sequencing methods may improve sensitivity while
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improved analysis can help distinguish true tumor signals from
background noise.

To translate ctDNA into a reliable screening tool, prospective
studies must demonstrate improved outcomes, not just earlier
detection. Public health implementation will also require
infrastructure investment, payer coverage, and clear clinical
guidelines. Continued research and validation will be essential to
realize ctDNA’s full potential in EC care.

Future perspectives and clinical
integration

Looking forward, the landscape of ctDNA in EC is likely to
evolve in three key areas: technological enhancements, large-scale
validation studies, and integration into multidisciplinary cancer
care. Below, we outline future directions and how ctDNA might be
incorporated into routine clinical practice.

Technological innovations

Continued advances in sequencing technologies and bioinformatics
are expected to improve the sensitivity of ctDNA assays. Ultrasensitive
error-corrected sequencing platforms, including CAPP-Seq, Safe-SeqS,
and tagged-amplicon deep sequencing, can reduce error noise and detect
mutant allele fractions below 0.01%, offering promise for early-stage EC
(84-86). In parallel, machine learning is being explored to interpret
cfDNA fragment characteristics, such as fragment size distributions
and end motifs, as another way to distinguish cancer-derived DNA
from normal cfDNA. Emerging research continues to support
combining multiple features, such as mutations, methylation patterns,
and fragmentation profiles, to ultimately improve detection sensitivity
and specificity. For example, integrating methylation markers with
fragmentation signatures and mutation data has achieved high
diagnostic accuracy in research settings (45).

In the future, a single blood test could perform targeted
sequencing for a panel of mutations, assess methylation, and
profile ctDNA to generate a unified EC risk score. In addition,
improvements in bioinformatics will help filter out CHIP-related
mutations and other false signals more effectively, possibly by
referencing large databases of common CHIP mutations and
typical error patterns. To make widespread use feasible,
technological advances must also focus on cost reduction and
workflow automation, key factors for population-level screening
beyond oncology specialty centers.

Multi-Cancer Early Detection and
Screening Programs

There is growing interest in ctDNA-based MCED tests to
identify EC as no established screening program exists outside of
high-risk populations. Tests like the Galleri assay, which uses
cfDNA methylation profiles, are being evaluated in prospective
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studies although specific performance for EC has not been
published. A potential future scenario could involve ctDNA
testing during routine check-ups for patients with high risk
factors such as chronic GERD or a history of tobacco and alcohol
use. A positive ctDNA result would trigger further evaluation with
endoscopy or imaging. Ongoing trials such as the PATHFINDER
study (87) are exploring the clinical implementation of such testing;
results will inform the feasibility, false positive rates, and stage
distribution of detected cancers.

Integration into clinical workflows

If validated, ctDNA testing could enhance several stages of EC
care. For high-risk patients with longstanding Barrett’s esophagus
or head and neck cancer survivors at risk for ESCC, periodic ctDNA
screening could complement standard surveillance. In newly-
diagnosed EC patients, a baseline ctDNA analysis could be
performed for both risk stratification and identification of
actionable mutations to track. During treatment, serial ctDNA
measurements may reflect tumor response and help guide therapy
adjustments (88).

For post-treatment, ctDNA monitoring every 3—6 months could
be integrated into follow-up guidelines to detect minimal residual
disease or early recurrence before radiographic or symptomatic
progression. As clinical adoption of ctDNA testing expands,
oncologists and gastroenterologists may become more confident
interpreting these results. Multidisciplinary tumor boards may
routinely review ctDNA results when making decisions about
surveillance plans or additional treatment.

Regulatory and economic consideration

To integrate ctDNA into clinical practice, tests will need
regulatory approval and guideline endorsement, requiring
demonstration of analytical and clinical validity. Economic
evaluations will need to show that ctDNA testing is cost-effective,
especially compared to endoscopy, in high-risk groups.

As technology improves, costs are expected to decrease, making
widespread ctDNA screening more economically feasible. However,
questions around incidental findings, such as detecting colorectal
cancer in an EC screening, informed consent, and follow-up
management will require ethical and logistical frameworks.
Additionally, clear reimbursement policies and equitable access
must be addressed to ensure responsible implementation.

The future of ctDNA in early EC detection is promising. For a
disease with no standardized screening protocol except in limited
high-risk groups, ctDNA-based approaches could be
transformative, enabling personalized, precision oncology through
detecting EC based on its unique molecular fingerprints even before
it causes a structural lesion visible on endoscopy. To reach that goal,
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ongoing research is focusing on maximizing detection of that first
sign of tumor DNA in the blood.

Divergent pathways in early
esophageal cancer detection: the role
of ctDNA and
esophagogastroduodenoscopy in
screening strategies

Esophagogastroduodenoscopy (EGD) remains the gold
standard for EC detection, offering direct visualization, biopsy,
and histological confirmation. However, it is invasive, expensive,
and impractical for mass screening. ctDNA, by contrast, offers a
non-invasive blood-based approach that can detect molecular traces
of cancer before clinical symptoms or visible lesions appear. It holds
promise for broader, earlier screening but remains a challenge
regarding sensitivity in very early-stage disease, standardization,
and cost-effectiveness. Emerging studies suggest ctDNA might
eventually complement or even reduce reliance on EGD for
screening high-risk populations. However, ctDNA is not currently
ready to replace EGD as a standalone diagnostic tool.

Conclusions

EC remains a formidable clinical challenge due to late-stage
diagnosis and poor prognosis, but the advent of ctDNA analysis
offers hope for changing that paradigm. ctDNA is a viable
biomarker for early detection of EC, demonstrating high
specificity for tumor presence and the capacity to non-invasively
detect a significant subset of early-stage tumors. Studies consistently
show that ctDNA positivity reflects tumor burden and is associated
with worse outcomes, highlighting its clinical significance. Modern
ctDNA assays, especially those leveraging tumor-specific
methylation patterns or patient-tailored mutation panels, have
pushed sensitivity to new heights, detecting about 70-75% of stage
I-1I EC in initial studies (53). This level of performance, while not
yet perfect, suggests that ctDNA could become a useful adjunct to
endoscopic screening and a tool for identifying asymptomatic
cancers at a curable stage.

Translating ctDNA early detection into routine clinical practice
requires surmounting key challenges. Technical improvements are
needed to ensure that microscopic tumors can be reliably detected,
minimizing false negatives without generating false positives from
background mutations. The current literature underscores a trade-
off between sensitivity and specificity that future assays must
balance. Moreover, standardized guidelines are needed to
determine how a positive ctDNA test should trigger confirmatory
diagnostics and influence management. Interdisciplinary
collaboration between oncologists, gastroenterologists, surgeons,
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and pathologists will be essential to integrate ctDNA testing
protocols in a manner that complements existing standards of care.

In conclusion, ctDNA-based early detection for EC is
approaching clinical reality, driven by rapid innovation and
expanding evidence. For a disease that has long lacked a
convenient screening method, ctDNA offers a minimally invasive
approach that could enable earlier diagnosis, personalized
treatment decisions, and improved outcomes. Ongoing large
prospective trials and real-world implementation studies are the
next steps to demonstrate that ctDNA testing could revolutionize
the proactive management of EC. Clinicians could detect EC at its
molecular inception and intervene when cure is achievable, shifting
the narrative of EC from late-stage discovery to early-stage
interception, ultimately changing the poor outcomes and statistics
that have plagued this disease for decades.

Author contributions

DT: Writing - original draft, Writing - review & editing,
Investigation, Formal analysis, Conceptualization, Methodology.
KL: Data curation, Methodology, Writing - review & editing,
Investigation, Writing — original draft, Formal analysis. PS:
Visualization, Writing — review & editing. DP: Visualization, Data
curation, Writing — review & editing. CC: Writing — review & editing.
SG: Writing - review & editing. GB: Writing — review & editing. DL:
Supervision, Conceptualization, Writing - review & editing. DC:
Conceptualization, Writing — review & editing, Supervision.

Funding

The author(s) declare that no financial support was received for
the research, and/or publication of this article.

References

1. Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer statistics, 2023. CA Cancer ]
Clin. (2023) 73:17-48. doi: 10.3322/caac.21763

2. Besharat S, Jabbari A, Semnani S, Keshtkar A, Marjani J. Inoperable esophageal
cancer and outcome of palliative care. World J Gastroenterol. (2008) 14:3725-8.
doi: 10.3748/wjg.14.3725

3. Zhao Q, Sun J, Zheng F, Dan H, Fu C, Sun H, et al. Accurate location describe and
management of lymph node recurrence after esophagectomy for thoracic esophageal
squamous cell carcinoma: a retrospective cohort study. Int J Surg. (2024) 110:3440-9.
doi: 10.1097/J59.0000000000001242

4. ZhuZJ,HuY, Zhao YF, Chen XZ, Chen LQ, Chen YT. Early recurrence and death
after esophagectomy in patients with esophageal squamous cell carcinoma. Ann Thorac
Surg. (2011) 91:1502-8. doi: 10.1016/j.athoracsur.2011.01.007

5. Tanaka T, Matono S, Mori N, Shirouzu K, Fujita H. T1 squamous cell carcinoma
of the esophagus: long-term outcomes and prognostic factors after esophagectomy.
Ann Surg Oncol. (2014) 21:932-8. doi: 10.1245/510434-013-3372-0

6. Leggett CL, Lewis JT, Wu TT, Schleck CD, Zinsmeister AR, Dunagan KT, et al.
Clinical and histologic determinants of mortality for patients with Barrett's esophagus-
related T1 esophageal adenocarcinoma. Clin Gastroenterol Hepatol. (2015) 13:658-64
el-3. doi: 10.1016/j.cgh.2014.08.016

7. Wan JCM, Massie C, Garcia-Corbacho J, Mouliere F, Brenton JD, Caldas C, et al.
Liquid biopsies come of age: towards implementation of circulating tumour DNA. Nat
Rev Cancer. (2017) 17:223-38. doi: 10.1038/nrc.2017.7

Frontiers in Oncology

10.3389/fonc.2025.1622984

Conflict of interest

DL reports institutional grants or contracts from AstraZeneca
and personal consulting fees from AbbVie, AstraZeneca, Bayer,
Boehringer Ingelheim, Coherus Biosciences, Eisai, Elevar
Therapeutics, Exelixis, Genentech, Jazz Pharmaceuticals, Merck,
Merus, Sumitomo Pharma, Transthera Sciences, and Trisalus Life
Sciences. None of the ctDNA assays or platforms specifically
discussed in this review are linked to the commercial entities with
which the author has disclosed financial relationships.

The remaining 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.

Generative Al statement

The author(s) declare that no Generative Al 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.

Publisher’s note

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.

8. Cohen JD, Li L, Wang Y, Thoburn C, Afsari B, Danilova L, et al. Detection and
localization of surgically resectable cancers with a multi-analyte blood test. Science.
(2018) 359:926-30. doi: 10.1126/science.aar3247

9. Battaglin F, Naseem M, Puccini A, Lenz HJ. Molecular biomarkers in gastro-
esophageal cancer: recent developments, current trends and future directions. Cancer
Cell Int. (2018) 18:99. doi: 10.1186/512935-018-0594-z

10. Tan C, Qian X, Guan Z, Yang B, Ge Y, Wang F, et al. Potential biomarkers for
esophageal cancer. Springerplus. (2016) 5:467. doi: 10.1186/s40064-016-2119-3

11. Campos-Carrillo A, Weitzel JN, Sahoo P, Rockne R, Mokhnatkin JV, Murtaza
M, et al. Circulating tumor DNA as an early cancer detection tool. Pharmacol Ther.
(2020) 207:107458. doi: 10.1016/j.pharmthera.2019.107458

12. Leers MPG. Circulating tumor DNA and their added value in molecular
oncology. Clin Chem Lab Med. (2020) 58:152-61. doi: 10.1515/cclm-2019-0436

13. Cheng ML, Pectasides E, Hanna GJ, Parsons HA, Choudhury AD, Oxnard GR.
Circulating tumor DNA in advanced solid tumors: Clinical relevance and future
directions. CA Cancer J Clin. (2021) 71:176-90. doi: 10.3322/caac.21650

14. Shields MD, Chen K, Dutcher G, Patel I, Pellini B. Making the rounds: exploring
the role of circulating tumor DNA (ctDNA) in non-small cell lung cancer. Int ] Mol Sci.
(2022) 23(16):9006. doi: 10.3390/ijms23169006

15. Zhang X, Zhang Y, Zhang S, Wang S, Yang P, Liu C. Investigate the application
of postoperative ctDNA-based molecular residual disease detection in monitoring

frontiersin.org


https://doi.org/10.3322/caac.21763
https://doi.org/10.3748/wjg.14.3725
https://doi.org/10.1097/JS9.0000000000001242
https://doi.org/10.1016/j.athoracsur.2011.01.007
https://doi.org/10.1245/s10434-013-3372-0
https://doi.org/10.1016/j.cgh.2014.08.016
https://doi.org/10.1038/nrc.2017.7
https://doi.org/10.1126/science.aar3247
https://doi.org/10.1186/s12935-018-0594-z
https://doi.org/10.1186/s40064-016-2119-3
https://doi.org/10.1016/j.pharmthera.2019.107458
https://doi.org/10.1515/cclm-2019-0436
https://doi.org/10.3322/caac.21650
https://doi.org/10.3390/ijms23169006
https://doi.org/10.3389/fonc.2025.1622984
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Tai et al.

tumor recurrence in patients with non-small cell lung cancer-A retrospective study of
ctDNA. Front Oncol. (2023) 13:1098128. doi: 10.3389/fonc.2023.1098128

16. Chidharla A, Rapoport E, Agarwal K, Madala S, Linares B, Sun W, et al.
Circulating tumor DNA as a minimal residual disease assessment and recurrence risk
in patients undergoing curative-intent resection with or without adjuvant
chemotherapy in colorectal cancer: A systematic review and meta-analysis. Int ] Mol
Sci. (2023) 24(12):10230. doi: 10.3390/ijms241210230

17. Tie J, Cohen JD, Wang Y, Christie M, Simons K, Lee M, et al. Circulating tumor
DNA analyses as markers of recurrence risk and benefit of adjuvant therapy for stage III
colon cancer. JAMA Oncol. (2019) 5:1710-7. doi: 10.1001/jamaoncol.2019.3616

18. Coombes RC, Page K, Salari R, Hastings RK, Armstrong A, Ahmed S, et al.
Personalized detection of circulating tumor DNA antedates breast cancer metastatic
recurrence. Clin Cancer Res. (2019) 25:4255-63. doi: 10.1158/1078-0432.CCR-18-3663

19. Miller E, Schwartzberg L. Precision medicine for breast cancer utilizing
circulating tumor DNA: it is in the blood. Curr Treat Options Oncol. (2020) 21:89.
doi: 10.1007/s11864-020-00783-3

20. Kosovec JE, Zaidi AH, Pounardjian TS, Jobe BA. The potential clinical utility of
circulating tumor DNA in esophageal adenocarcinoma: from early detection to
therapy. Front Oncol. (2018) 8:610. doi: 10.3389/fonc.2018.00610

21. Chidambaram S, Markar SR. Clinical utility and applicability of circulating
tumor DNA testing in esophageal cancer: a systematic review and meta-analysis. Dis
Esophagus. (2022) 35(2):doab046. doi: 10.1093/dote/doab046

22. Mandel P, Metais P. Nuclear acids in human blood plasma. C R Seances Soc Biol
Fil. (1948) 142:241-3.

23. Bendich A, Wilczok T, Borenfreund E. Circulating DNA as a possible factor in
oncogenesis. Science. (1965) 148:374-6. doi: 10.1126/science.148.3668.374

24. Leon SA, Shapiro B, Sklaroff DM, Yaros MJ. Free DNA in the serum of cancer
patients and the effect of therapy. Cancer Res. (1977) 37:646-50.

25. Stroun M, Anker P, Maurice P, Lyautey J, Lederrey C, Beljanski M. Neoplastic
characteristics of the DNA found in the plasma of cancer patients. Oncology. (1989)
46:318-22. doi: 10.1159/000226740

26. Neumann MHD, Bender S, Krahn T, Schlange T. ctDNA and CTCs in liquid
biopsy - current status and where we need to progress. Comput Struct Biotechnol J.
(2018) 16:190-5. doi: 10.1016/j.csbj.2018.05.002

27. Maron SB, Chase LM, Lomnicki S, Kochanny S, Moore KL, Joshi SS, et al.
Circulating tumor DNA sequencing analysis of gastroesophageal adenocarcinoma. Clin
Cancer Res. (2019) 25:7098-112. doi: 10.1158/1078-0432.CCR-19-1704

28. Fujisawa R, Iwaya T, Endo F, Idogawa M, Sasaki N, Hiraki H, et al. Early
dynamics of circulating tumor DNA predict chemotherapy responses for patients with
esophageal cancer. Carcinogenesis. (2021) 42:1239-49. doi: 10.1093/carcin/bgab088

29. Underhill HR, Kitzman JO, Hellwig S, Welker NC, Daza R, Baker DN, et al.
Fragment length of circulating tumor DNA. PloS Genet. (2016) 12:e1006162.
doi: 10.1371/journal.pgen.1006162

30. Yu SC, Lee SW, Jiang P, Leung TY, Chan KC, Chiu RW, et al. High-resolution
profiling of fetal DNA clearance from maternal plasma by massively parallel
sequencing. Clin Chem. (2013) 59:1228-37. doi: 10.1373/clinchem.2013.203679

31. Stephan F, Marsman G, Bakker LM, Bulder I, Stavenuiter F, Aarden LA, et al
Cooperation of factor VII-activating protease and serum DNase I in the release of nucleosomes
from necrotic cells. Arthritis Rheumatol. (2014) 66:686-93. doi: 10.1002/art.38265

32. Martin M, Leffler ], Smolag KI, Mytych J, Bjork A, Chaves LD, et al. Factor H
uptake regulates intracellular C3 activation during apoptosis and decreases the
inflammatory potential of nucleosomes. Cell Death Differ. (2016) 23:903-11.
doi: 10.1038/cdd.2015.164

33. Kustanovich A, Schwartz R, Peretz T, Grinshpun A. Life and death of circulating
cell-free DNA. Cancer Biol Ther. (2019) 20:1057-67. doi: 10.1080/
15384047.2019.1598759

34. Cancer Genome Atlas Research Network; Analysis Working Group; Asan
University; BC Cancer Agency; Brigham and Women’s Hospital; Broad Institute and
Brown University, et al. Integrated genomic characterization of oesophageal carcinoma.
Nature. (2017) 541:169-75. doi: 10.1038/nature20805

35. Park G, Park JK, Son DS, Shin SH, Kim YJ, Jeon HJ, et al. Utility of targeted deep
sequencing for detecting circulating tumor DNA in pancreatic cancer patients. Sci Rep.
(2018) 8:11631. doi: 10.1038/541598-018-30100-w

36. Widschwendter M, Jones A, Evans I, Reisel D, Dillner ], Sundstrom K, et al.
Epigenome-based cancer risk prediction: rationale, opportunities and challenges. Nat
Rev Clin Oncol. (2018) 15:292-309. doi: 10.1038/nrclinonc.2018.30

37. Soto ], Rodriguez-Antolin C, Vallespin E, de Castro Carpeno J, Ibanez de Caceres I.
The impact of next-generation sequencing on the DNA methylation-based translational
cancer research. Transl Res. (2016) 169:1-18 el. doi: 10.1016/j.trs.2015.11.003

38. SongL, Chen Y, Gong Y, Wan J, Guo S, Liu H, et al. Opportunistic screening and
survival prediction of digestive cancers by the combination of blood mSEPT9 with
protein markers. Ther Adv Med Oncol. (2020) 12:1758835920962966. doi: 10.1177/
1758835920962966

39. Zheng Y, Xing W, Bing W, Liu X, Liang G, Yuan D, et al. Detection of a novel
DNA methylation marker panel for esophageal cancer diagnosis using circulating
tumor DNA. BMC Cancer. (2024) 24:1578. doi: 10.1186/512885-024-13301-7

Frontiers in Oncology

13

10.3389/fonc.2025.1622984

40. Wang X, Xu Y, Liu R, Lai X, Liu Y, Wang S, et al. PEcnv: accurate and efficient
detection of copy number variations of various lengths. Brief Bioinform. (2022) 23(5):
bbac375. doi: 10.1093/bib/bbac375

41. Yin Y, Butler C, Zhang Q. Challenges in the application of NGS in the clinical
laboratory. Hum Immunol. (2021) 82:812-9. doi: 10.1016/j.humimm.2021.03.011

42. Wallander K, Haider Z, Jeggari A, Foroughi-Asl H, Gellerbring A, Lyander A,
et al. Sensitive detection of cell-free tumour DNA using optimised targeted sequencing
can predict prognosis in gastro-oesophageal cancer. Cancers (Basel). (2023) 15(4):1160.
doi: 10.3390/cancers15041160

43. van Velzen MJM, Creemers A, van den Ende T, Schokker S, Krausz S, Reinten
RJ, et al. Circulating tumor DNA predicts outcome in metastatic gastroesophageal
cancer. Gastric Cancer. (2022) 25:906-15. doi: 10.1007/s10120-022-01313-w

44. Eyck BM, Jansen MP, Noordman BJ], Atmodimedjo PN, van der Wilk BJ,
Martens JW, et al. Detection of circulating tumour DNA after neoadjuvant
chemoradiotherapy in patients with locally advanced oesophageal cancer. J Pathol.
(2023) 259:35-45. doi: 10.1002/path.v259.1

45. Lu D, Wu X, Wu W, Wu S, Li H, Zhang Y, et al. Plasma cell-free DNA 5-
hydroxymethylcytosine and whole-genome sequencing signatures for early detection of
esophageal cancer. Cell Death Dis. (2023) 14:843. doi: 10.1038/s41419-023-06329-3

46. Kuderer NM, Burton KA, Blau S, Rose AL, Parker S, Lyman GH, et al.
Comparison of 2 commercially available next-generation sequencing platforms in
oncology. JAMA Oncol. (2017) 3:996-8. doi: 10.1001/jamaoncol.2016.4983

47. Nasrollahzadeh D, Roshandel G, Delhomme TM, Avogbe PH, Foll M, Saidi F,
et al. TP53 targeted deep sequencing of cell-free DNA in esophageal squamous cell
carcinoma using low-quality serum: concordance with tumor mutation. Int J Mol Sci.
(2021) 22(11):5627. doi: 10.3390/ijms22115627

48. Bittla P, Kaur S, Sojitra V, Zahra A, Hutchinson J, Folawemi O, et al. Exploring
circulating tumor DNA (CtDNA) and its role in early detection of cancer: A systematic
review. Cureus. (2023) 15:e45784. doi: 10.7759/cureus.45784

49. Egyud M, Tejani M, Pennathur A, Luketich ], Sridhar P, Yamada E, et al. Detection of
circulating tumor DNA in plasma: A potential biomarker for esophageal adenocarcinoma.
Ann Thorac Surg. (2019) 108:343-9. doi: 10.1016/j.athoracsur.2019.04.004

50. Min J, Zhou H, Jiang S, Yu H. A review of circulating tumor DNA in the
diagnosis and monitoring of esophageal cancer. Med Sci Monit. (2022) 28:¢934106.
doi: 10.12659/MSM.934106

51. Qin Y, Wu CW, Taylor WR, Sawas T, Burger KN, Mahoney DW, et al.
Discovery, validation, and application of novel methylated DNA markers for
detection of esophageal cancer in plasma. Clin Cancer Res. (2019) 25:7396-404.
doi: 10.1158/1078-0432.CCR-19-0740

52. Qiao G, Zhuang W, Dong B, Li C, Xu J, Wang G, et al. Discovery and validation of
methylation signatures in circulating cell-fre DNA for early detection of esophageal
cancer: a case-control study. BMC Med. (2021) 19:243. doi: 10.1186/512916-021-02109-y

53. Liu MC, Oxnard GR, Klein EA, Swanton C, Seiden MV, Consortium C. Sensitive
and specific multi-cancer detection and localization using methylation signatures in
cell-free DNA. Ann Oncol. (2020) 31:745-59. doi: 10.1016/j.annonc.2020.02.011

54. Paterson AL, Gehrung M, Fitzgerald RC, O'Donovan M. Role of TFF3 as an
adjunct in the diagnosis of Barrett's esophagus using a minimally invasive esophageal
sampling device-The Cytosponge(TM). Diagn Cytopathol. (2020) 48:253-64.
doi: 10.1002/dc.24354

55. Fitzgerald RC, di Pietro M, O'Donovan M, Maroni R, Muldrew B, Debiram-
Beecham I, et al. Cytosponge-trefoil factor 3 versus usual care to identify Barrett's
oesophagus in a primary care setting: a multicentre, pragmatic, randomised controlled
trial. Lancet. (2020) 396:333-44. doi: 10.1016/S0140-6736(20)31099-0

56. Chettouh H, Mowforth O, Galeano-Dalmau N, Bezawada N, Ross-Innes C,
MacRae S, et al. Methylation panel is a diagnostic biomarker for Barrett's oesophagus in
endoscopic biopsies and non-endoscopic cytology specimens. Gut. (2018) 67:1942-9.
doi: 10.1136/gutjnl-2017-314026

57. Feinberg T, Alkoby-Meshulam L, Herbig J, Cancilla JC, Torrecilla JS, Gai Mor N,
et al. Cancerous glucose metabolism in lung cancer-evidence from exhaled breath
analysis. J Breath Res. (2016) 10:026012. doi: 10.1088/1752-7155/10/2/026012

58. Filipiak W, Mochalski P, Filipiak A, Ager C, Cumeras R, Davis CE, et al. A
compendium of volatile organic compounds (VOCs) released by human cell lines. Curr
Med Chem. (2016) 23:2112-31. doi: 10.2174/0929867323666160510122913

59. Kumar S, Huang J, Abbassi-Ghadi N, Mackenzie HA, Veselkov KA, Hoare JM,
et al. Mass spectrometric analysis of exhaled breath for the identification of volatile
organic compound biomarkers in esophageal and gastric adenocarcinoma. Ann Surg.
(2015) 262:981-90. doi: 10.1097/SLA.0000000000001101

60. Januszewicz W, Nowicki-Osuch K. Novel devices and biomarkers in screening
for esophageal squamous cell cancer. Best Pract Res Clin Gastroenterol. (2025)
75:102005. doi: 10.1016/j.bpg.2025.102005

61. Cardoso R, Guo F, Heisser T, De Schutter H, Van Damme N, Nilbert MC, et al.
Overall and stage-specific survival of patients with screen-detected colorectal cancer in

European countries: A population-based study in 9 countries. Lancet Reg Health Eur.
(2022) 21:100458. doi: 10.1016/j.Janepe.2022.100458

62. Ococks E, Frankell AM, Masque Soler N, Grehan N, Northrop A, Coles H, et al.
Longitudinal tracking of 97 esophageal adenocarcinomas using liquid biopsy sampling.
Ann Oncol. (2021) 32:522-32. doi: 10.1016/j.annonc.2020.12.010

frontiersin.org


https://doi.org/10.3389/fonc.2023.1098128
https://doi.org/10.3390/ijms241210230
https://doi.org/10.1001/jamaoncol.2019.3616
https://doi.org/10.1158/1078-0432.CCR-18-3663
https://doi.org/10.1007/s11864-020-00783-3
https://doi.org/10.3389/fonc.2018.00610
https://doi.org/10.1093/dote/doab046
https://doi.org/10.1126/science.148.3668.374
https://doi.org/10.1159/000226740
https://doi.org/10.1016/j.csbj.2018.05.002
https://doi.org/10.1158/1078-0432.CCR-19-1704
https://doi.org/10.1093/carcin/bgab088
https://doi.org/10.1371/journal.pgen.1006162
https://doi.org/10.1373/clinchem.2013.203679
https://doi.org/10.1002/art.38265
https://doi.org/10.1038/cdd.2015.164
https://doi.org/10.1080/15384047.2019.1598759
https://doi.org/10.1080/15384047.2019.1598759
https://doi.org/10.1038/nature20805
https://doi.org/10.1038/s41598-018-30100-w
https://doi.org/10.1038/nrclinonc.2018.30
https://doi.org/10.1016/j.trsl.2015.11.003
https://doi.org/10.1177/1758835920962966
https://doi.org/10.1177/1758835920962966
https://doi.org/10.1186/s12885-024-13301-7
https://doi.org/10.1093/bib/bbac375
https://doi.org/10.1016/j.humimm.2021.03.011
https://doi.org/10.3390/cancers15041160
https://doi.org/10.1007/s10120-022-01313-w
https://doi.org/10.1002/path.v259.1
https://doi.org/10.1038/s41419-023-06329-3
https://doi.org/10.1001/jamaoncol.2016.4983
https://doi.org/10.3390/ijms22115627
https://doi.org/10.7759/cureus.45784
https://doi.org/10.1016/j.athoracsur.2019.04.004
https://doi.org/10.12659/MSM.934106
https://doi.org/10.1158/1078-0432.CCR-19-0740
https://doi.org/10.1186/s12916-021-02109-y
https://doi.org/10.1016/j.annonc.2020.02.011
https://doi.org/10.1002/dc.24354
https://doi.org/10.1016/S0140-6736(20)31099-0
https://doi.org/10.1136/gutjnl-2017-314026
https://doi.org/10.1088/1752-7155/10/2/026012
https://doi.org/10.2174/0929867323666160510122913
https://doi.org/10.1097/SLA.0000000000001101
https://doi.org/10.1016/j.bpg.2025.102005
https://doi.org/10.1016/j.lanepe.2022.100458
https://doi.org/10.1016/j.annonc.2020.12.010
https://doi.org/10.3389/fonc.2025.1622984
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Tai et al.

63. Openshaw MR, Suwaidan AA, Ottolini B, Fernandez-Garcia D, Richards CJ,
Page K, et al. Longitudinal monitoring of circulating tumour DNA improves
prognostication and relapse detection in gastroesophageal adenocarcinoma. Br ]
Cancer. (2020) 123:1271-9. doi: 10.1038/s41416-020-1002-8

64. Iwaya T, Endo F, Takahashi F, Tokino T, Sasaki Y, Nishizuka SS. Frequent tumor
burden monitoring of esophageal squamous cell carcinoma with circulating tumor
DNA using individually designed digital polymerase chain reaction. Gastroenterology.
(2021) 160:463-5 e4. doi: 10.1053/j.gastro.2020.09.035

65. Ococks E, Sharma S, Ng AWT, Aleshin A, Fitzgerald RC, Smyth E. Serial
circulating tumor DNA detection using a personalized, tumor-informed assay in
esophageal adenocarcinoma patients following resection. Gastroenterology. (2021)
161:1705-8 e2. doi: 10.1053/j.gastro.2021.07.011

66. Huffman BM, Aushev VN, Budde GL, Chao J, Dayyani F, Hanna D, et al.
Analysis of circulating tumor DNA to predict risk of recurrence in patients with
esophageal and gastric cancers. JCO Precis Oncol. (2022) 6:€2200420. doi: 10.1200/
PO.22.00420

67. Ajani JA, D'Amico TA, Bentrem DJ, Cooke D, Corvera C, Das P, et al.
Esophageal and esophagogastric junction cancers, version 2.2023, NCCN clinical
practice guidelines in oncology. J Natl Compr Canc Netw. (2023) 21:393-422.
doi: 10.6004/jnccn.2023.0019

68. Zhang X, Wang Y, Meng L. Comparative genomic analysis of esophageal
squamous cell carcinoma and adenocarcinoma: New opportunities towards
molecularly targeted therapy. Acta Pharm Sin B. (2022) 12:1054-67. doi: 10.1016/
j.apsb.2021.09.028

69. Cabalag CS, Yates M, Corrales MB, Yeh P, Wong SQ, Zhang BZ, et al. Potential
clinical utility of a targeted circulating tumor DNA assay in esophageal
adenocarcinoma. Ann Surg. (2022) 276:¢120-e6. doi: 10.1097/SLA.0000000000005177

70. Luo H, Li H, Hu Z, Wu H, Liu C, Li Y, et al. Noninvasive diagnosis and
monitoring of mutations by deep sequencing of circulating tumor DNA in esophageal
squamous cell carcinoma. Biochem Biophys Res Commun. (2016) 471:596-602.
doi: 10.1016/j.bbrc.2016.02.011

71. Takei S, Kotani D, Laliotis G, Sato K, Fujiwara N, Kawazoe A, et al. Circulating
tumor DNA assessment to predict risk of recurrence after surgery in patients with
locally advanced esophageal squamous cell carcinoma: A prospective observational
study. Ann Surg. (2025) 10.1097/SLA.0000000000006699. doi: 10.1097/
SLA.0000000000006699

72. Zhang H, Jin T, Peng Y, Luan S, Li X, Xiao X, et al. Association between plasma
circulating tumor DNA and the prognosis of esophageal cancer patients: a meta-
analysis. Int ] Surg. (2024) 110:4370-81. doi: 10.1097/J59.0000000000001373

73. Xu Y, Wang Z, Pei B, Wang J, Xue Y, Zhao G. DNA methylation markers in
esophageal cancer. Front Genet. (2024) 15:1354195. doi: 10.3389/fgene.2024.1354195

74. Agrawal N, Jiao Y, Bettegowda C, Hutfless SM, Wang Y, David S, et al.
Comparative genomic analysis of esophageal adenocarcinoma and squamous cell
carcinoma. Cancer Discov. (2012) 2:899-905. doi: 10.1158/2159-8290.CD-12-0189

Frontiers in Oncology

14

10.3389/fonc.2025.1622984

75. Chen M, Zhao H. Next-generation sequencing in liquid biopsy: cancer screening
and early detection. Hum Genomics. (2019) 13:34. doi: 10.1186/s40246-019-0220-8

76. LiL, Sun Y. Circulating tumor DNA methylation detection as biomarker and its
application in tumor liquid biopsy: advances and challenges. MedComm (2020). (2024)
5:€766. doi: 10.1002/mco2.v5.11

77. Zhao ], Reuther ], Scozzaro K, Hawley M, Metzger E, Emery M, et al.
Personalized cancer monitoring assay for the detection of ctDNA in patients with
solid tumors. Mol Diagn Ther. (2023) 27:753-68. doi: 10.1007/s40291-023-00670-1

78. Tarazona N, Gimeno-Valiente F, Gambardella V, Zuniga S, Rentero-Garrido P,
Huerta M, et al. Targeted next-generation sequencing of circulating-tumor DNA for
tracking minimal residual disease in localized colon cancer. Ann Oncol. (2019)
30:1804-12. doi: 10.1093/annonc/mdz390

79. Heitzer E, Ulz P, Belic J, Gutschi S, Quehenberger F, Fischereder K, et al. Tumor-
associated copy number changes in the circulation of patients with prostate cancer identified
through whole-genome sequencing. Genome Med. (2013) 5:30. doi: 10.1186/gm434

80. Li F, Liu M, Guo C, Xu R, Li F, Liu Z, et al. Cost-effectiveness of precision
screening for esophageal cancer based on individualized risk stratification in China:
Real-world evidence from the ESECC trial. Front Oncol. (2022) 12:1002693.
doi: 10.3389/fonc.2022.1002693

81. Kansal AR, Tafazzoli A, Shaul A, Chavan A, Ye W, Zou D, et al. Cost-
effectiveness of a multicancer early detection test in the US. Am ] Manag Care.
(2024) 30:€352-8. doi: 10.37765/ajmc.2024.89643

82. Rubenstein JH, Morgenstern H, Appelman H, Scheiman ], Schoenfeld P,
McMahon LF Jr., et al. Prediction of Barrett's esophagus among men. Am J
Gastroenterol. (2013) 108:353-62. doi: 10.1038/ajg.2012.446

83. Thrift AP, Kendall BJ, Pandeya N, Whiteman DC. A model to determine
absolute risk for esophageal adenocarcinoma. Clin Gastroenterol Hepatol. (2013)
11:138-44 €2. doi: 10.1016/j.cgh.2012.10.026

84. Newman AM, Lovejoy AF, Klass DM, Kurtz DM, Chabon JJ, Scherer F, et al.
Integrated digital error suppression for improved detection of circulating tumor DNA.
Nat Biotechnol. (2016) 34:547-55. doi: 10.1038/nbt.3520

85. Bohers E, Viailly PJ, Jardin F. cfDNA sequencing: technological approaches and
bioinformatic issues. Pharm (Basel). (2021) 14(6):596. doi: 10.3390/ph14060596

86. Elazezy M, Joosse SA. Techniques of using circulating tumor DNA as a liquid
biopsy component in cancer management. Comput Struct Biotechnol J. (2018) 16:370—
8. doi: 10.1016/j.csbj.2018.10.002

87. Schrag D, Beer TM, McDonnell CH 3rd, Nadauld L, Dilaveri CA, Reid R, et al.
Blood-based tests for multicancer early detection (PATHFINDER): a prospective
cohort study. Lancet. (2023) 402:1251-60. doi: 10.1016/S0140-6736(23)01700-2

88. Tatalovic S, Doleschal B, Kupferthaler A, Grundner S, Burghofer J, Webersinke
G, et al. Circulating tumor DNA (ctDNA) dynamics predict early response to treatment
in metastasized gastroesophageal cancer (mGEC) after 2 weeks of systemic treatment.
Cancers (Basel). (2024) 16(23):3960. doi: 10.3390/cancers16233960

frontiersin.org


https://doi.org/10.1038/s41416-020-1002-8
https://doi.org/10.1053/j.gastro.2020.09.035
https://doi.org/10.1053/j.gastro.2021.07.011
https://doi.org/10.1200/PO.22.00420
https://doi.org/10.1200/PO.22.00420
https://doi.org/10.6004/jnccn.2023.0019
https://doi.org/10.1016/j.apsb.2021.09.028
https://doi.org/10.1016/j.apsb.2021.09.028
https://doi.org/10.1097/SLA.0000000000005177
https://doi.org/10.1016/j.bbrc.2016.02.011
https://doi.org/10.1097/SLA.0000000000006699
https://doi.org/10.1097/SLA.0000000000006699
https://doi.org/10.1097/JS9.0000000000001373
https://doi.org/10.3389/fgene.2024.1354195
https://doi.org/10.1158/2159-8290.CD-12-0189
https://doi.org/10.1186/s40246-019-0220-8
https://doi.org/10.1002/mco2.v5.11
https://doi.org/10.1007/s40291-023-00670-1
https://doi.org/10.1093/annonc/mdz390
https://doi.org/10.1186/gm434
https://doi.org/10.3389/fonc.2022.1002693
https://doi.org/10.37765/ajmc.2024.89643
https://doi.org/10.1038/ajg.2012.446
https://doi.org/10.1016/j.cgh.2012.10.026
https://doi.org/10.1038/nbt.3520
https://doi.org/10.3390/ph14060596
https://doi.org/10.1016/j.csbj.2018.10.002
https://doi.org/10.1016/S0140-6736(23)01700-2
https://doi.org/10.3390/cancers16233960
https://doi.org/10.3389/fonc.2025.1622984
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Multi-analyte liquid biopsy approaches for early detection of esophageal cancer: the expanding role of ctDNA
	Introduction
	Objectives/methods
	Biology and characteristics of ctDNA
	Definition and origins
	Physical characteristics
	Genomic and epigenomic content
	Detection technologies

	Clinical utility of ctDNA in early esophageal cancer detection
	Detection of primary tumors
	Performance in early-stage disease
	Comparisons to other modalities
	Clinical outcomes and utility

	Stratification of ctDNA utility in esophageal adenocarcinoma and esophageal squamous cell carcinoma
	Tumor biology, genomic profiles, and ctDNA shedding
	Clinical outcomes and utility

	Analysis of prior systematic reviews and meta-analyses
	Other reviews

	Technical and clinical challenges
	Sensitivity limitations and low tumor shedding
	False positives and specificity issues
	Tumor heterogeneity and assay design
	Standardization of techniques
	Cost-effectiveness and public health feasibility
	Clinical trial data and endpoints
	Integration with existing pathways

	Future perspectives and clinical integration
	Technological innovations
	Multi-Cancer Early Detection and Screening Programs
	Integration into clinical workflows
	Regulatory and economic consideration

	Divergent pathways in early esophageal cancer detection: the role of ctDNA and esophagogastroduodenoscopy in screening strategies
	Conclusions
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


