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Abstract
Background: A histological diagnosis of dysplasia is our cur-
rent best predictor of progression in Barrett’s esophagus 
(BE), the precursor of esophageal adenocarcinoma (EAC). 
Despite periodic endoscopic surveillance and assessment of 
dysplastic changes, we fail to identify the majority of those 
who progress before the development of EAC, whereas the 
majority of patients undergo endoscopy without showing 
progression. Summary: Low-grade dysplasia (LGD), con-
firmed by expert pathologists, identifies BE patients at high-
er risk for progression, but the diagnosis of LGD is challeng-
ing. Recent research indicates that progression from BE to 
EAC is heterogeneous and can accelerate via genome dou-
bling and genome catastrophes, resulting in different ways 
to progression. We identified 3 target areas, which may help 
to overcome the current lack of an accurate biomarker: (1) 
the implementation of somatic point mutations, chromo-
somal alterations, and epigenetic changes (genomics and 
epigenomics), (2) evaluate and develop biomarkers over 
space and time, (3) use new sampling methods such as non-
invasive self-expandable sponges and endoscopic brushes. 
This review focus on the state of the art in risk stratifying BE 
and on recent advances which may overcome the limitations 
of current strategies. Key Messages: A panel of clinical fac-
tors, genomics, epigenomics, and/or proteomics will most 
likely lead to an assay that accurately risk stratifies BE pa-

tients into low- or high-risk for progression. This biomarker 
panel needs to be developed and validated in large cohorts 
containing a sufficient number of progressors, with testing 
samples over space (spatial distribution) and time (temporal 
distribution). For implementation in clinical practice, the 
technique should be affordable and applicable to formalin-
fixed paraffin-embedded samples, which represent stan-
dard of care. © 2022 S. Karger AG, Basel

Introduction

Barrett’s esophagus (BE) is the precursor of esophageal 
adenocarcinoma (EAC), which has a poor 5-year survival 
rate of approximately 20% [1]. Because early cancer is 
amenable to endoscopic treatment, periodic surveillance 
endoscopy is recommended in BE.

A perfect biomarker accurately identifies those at high 
risk before progression to cancer to allow for an intensi-
fied surveillance or even preventive treatment. On the 
other hand, a biomarker ideally also identifies individuals 
at low risk for progression, sparing them from intensified 
endoscopic surveillance programs and consecutively 
leading to decreased morbidity and costs.

Similar to the colon, progression from BE to EAC was 
considered to occur in a stepwise cascade from special-
ized intestinal metaplasia without dysplasia, followed by 
low-grade dysplasia (LGD), and subsequently, high-
grade dysplasia (HGD) and invasive cancer. This ideally 
results in a long “window of opportunity” to identify and 
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treat dysplastic precursor lesions before the development 
of cancer [2]. Despite established surveillance programs 
for BE, we still fail to identify the majority of EAC early, 
while they are amenable to endoscopic treatment. This 
had led others to speculate that either progression occurs 
faster than originally thought or alternative progression 
pathways exist.

To be successful, biomarkers should be superior to the 
current diagnostic and prognostic approach and be prac-
tical and cost-effective for implementation in clinical 
practice. We identified three target areas, which may help 
to overcome the current lack of an accurate biomarker 
predicting progression in BE patients (Fig. 1). First, re-
cent technological and computational advances allow the 
identification of somatic point mutations, chromosomal 
alterations, and changes in protein-expression in BE and 
EAC clinical samples. Second, testing samples over space 
(spatial) and time (temporal) will improve the under-
standing of cancer evolving in a 3-dimensional way (as it 
is in the esophagus) and will identify both changes which 
occur early and late in the cascade from BE to EAC. Third, 
new sampling methods such as noninvasive methods us-
ing self-expandable sponges/balloons and endoscopic 
brushes may overcome the limitations of current 4-quad-
rant sampling according to the Seattle protocol. This re-
view focus on the state of the art in risk stratifying BE and 
on recent advances which may overcome the limitations 
of current strategies.

State of the Art and Todays Mistakes

Demographic Factors and BE Associated Factors
Demographic and endoscopic factors are attractive 

risk predictors, since they are easily available and appli-
cable to the majority of patients. Increasing age has been 
showed to be associated with an increased risk of progres-
sion in a recent meta-analysis; however, this association 
did not remain statistically significant in a more restricted 
analysis including only studies that reported multivariate 
analysis adjusted for age, sex, dysplasia, and BE length [3]. 
Additionally, the value of age is a questionable risk factor, 
since the low progression rate of 0.12–0.78% per patient-
year needs to be weighted carefully against the invasive-
ness and costs of endoscopic surveillance in elderly and 
frail BE patients [4, 5].

Male sex is associated with an increased risk of pro-
gression, including in multivariate analysis adjusted for 
other clinical and demographic factors. This is in line 
with a strong male predominance in patients with EAC. 
A recent sex-specific analysis by Dong et al. [6] identified 
various independent genetic loci in males only including 
variants in 12p12.3. This variant encodes for an enzyme 
(microsomial gluthatione S-transferase 1, MGST1) linked 
to tumorigenesis and apoptosis and has been shown to be 
associated with an increased risk of BE and EAC in Euro-
pean populations [7]. In a Mendelian randomized analy-
sis using data from patients with EAC and controls, high-

BiomarkerTarget 2
Spatial and temporal Distribution

Target 3 
New sampling techniques

Target 1 
Assess the molecular landscape of Barrett’s

Fig. 1. Illustration of three target areas to 
overcome the current lack of an accurate 
biomarker predicting progression in Bar-
rett’s patients. Target 1, the ideal set of mo-
lecular biomarkers needs to be determined. 
Target 2, how these biomarkers perform in 
spatially and temporally distinct samples 
will be needed to inform the timing and 
number of samples needed for clinical test-
ing. Target 3, new sampling devices that 
sample larger areas of tissue and/or are less 
invasive may improve biomarker testing.
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er genetically predicted levels of follicle-stimulating and 
luteinizing hormones were associated with higher and 
lower risks of EAC in men, respectively [8]. Additionally, 
several studies in mouse models indicate that a combina-
tion of clinical risk factors such as gastro-esophageal re-
flux, bile acids, the microbiome, and a high-fat diet pro-
motes inflammation that disrupts stem cell homeostasis 
leading to malignant progression [9, 10].

LGD and p53 Immunohistochemistry
Whereas patients with nondysplastic (ND) BE carry a 

very low risk for progression (0.12–0.78%/year), the pro-
gression rate increases substantially in the presence of a 
histologic diagnosis of LGD [4, 5]. However, the diagno-
sis of LGD is challenging due to several reasons. This in-
cludes varying histological criteria defining LGD and a 
lack for a threshold to distinguish reactive atypia from 
true dysplastic changes. Thus, the diagnosis of LGD is 
subjective and results in a significant inter- and intra-ob-
server variation in diagnosing LGD among pathologists 
as well as widely varying progression risks [11]. Conse-
quently, the majority of community-based LGD diagno-
sis is downstaged to ND if reviewed by an expert patholo-
gist and only expert confirmed LGD harbors a markedly 
increased annual progression risk, found to be 9.1% per 
patient-year in one study [12]. Additionally, two Dutch 
studies demonstrated an increasing progression rate if 
more than one pathologist confirmed the diagnosis of 
LGD and if LGD was confirmed in a subsequent endos-
copy [12, 13].

According to the British Society of Gastroenterology, 
the addition of p53 immunohistochemistry (IHC) to the 
histopathological assessment may improve the diagnostic 
reproducibility of a diagnosis of dysplasia and should be 
considered as an adjunct to routine clinical diagnosis 
[14]. Aberrant p53 staining has repeatedly shown to be 
associated with progression to dysplasia and EAC, as re-
cently published in a meta-analysis by Snyder et al. [15]. 
However, the identification of p53 abnormalities may be 
identifying risk of progression independent of dysplasia 
status as several more recent studies have identified p53 
alterations in ND samples from patients who eventually 
progress [16, 17]. Regardless, the application of p53 IHC 
is limited by similar conditions as the histopathological 
assessment of dysplasia. The interpretation of the inten-
sity of p53 IHC staining is subjective, leading to an in-
terobserver variability between pathologists. To be imple-
mented in future guidelines, similar to HER2 IHC, a stan-
dardized and/or automatized interpretation of the 
staining will be mandatory.

Despite intentions to “purify” the population of pa-
tients diagnosed with LGD by establishing pathology 
training programs to harmonize the heterogeneous diag-
nosis of LGD, the limitations of LGD as a biomarker re-

main a problem [18]. Recent research indicates that pro-
gression from BE to EAC is heterogeneous and can accel-
erate via genome doubling and genome catastrophes, 
resulting in three, not mutually exclusive, main roads to 
progression [17, 19, 20]. The initial progression (country 
road) is a stepwise and slow progression via dysplasia to 
EAC by accumulating different types of driver mutations 
favored by environmental risk factors. On the other hand, 
catastrophic events such as chromothripsis (expressway) 
and whole genome doubling (fastlane) can occur at any 
stage and lead to dramatically accelerated progression. 
This results in a shorter “window of opportunity” for ear-
ly detection and requires shorter endoscopic surveillance 
intervals. Recent technological advances allow the de-
tailed assessment of the genomic landscape of BE and will 
continuously improve our understanding of the origin 
and progression in BE. This is underlined by a very recent 
publication indicating that undifferentiated gastric cells 
from the cardia precede Barrett’s and EAC, regardless 
whether metaplasia precursors were identifiable histolog-
ically, and similar results were shown earlier in studies 
using preclinical mouse models [9, 21]. A different study 
evaluated a specific mouse model of BE resulting in in-
flammation with development of metaplasia and progres-
sion to dysplasia. Using these mice, abberant activation of 
Notch signaling and its influence on the malignant cas-
cade were studied. Expression of NOTCH2 in Lgr5+ cells 
resulted in reduced goblet-like cell maturation and accel-
erated development of cancers in the squamocolumnar 
junction, whereas mice with deletion of NOTCH from 
Lgr5+ cells had increased maturation of goblet-like cells 
and developed fewer cancers. Interestingly, this inverse 
correlation of upregulation of Notch signaling with de-
creased goblet cell differentiation and accelerated devel-
opment of cancers could be observed in humans using a 
prospective, multi-center cross-sectional study of 164 pa-
tients with BE (with and without dysplasia and cancer) 
and non-BE controls [22].

Omics to Understand the Genomic Landscape of 
Progression

Genomics
Genomic alterations include the evaluation of focal 

mutations and larger structural alterations such as aneu-
ploidy and specific chromosomal alterations including 
copy-number changes (deletions and amplifications).

Focal Somatic Mutations
The identification of somatic alterations required for 

progression from BE to EAC (i.e., inactivation of tumor 
suppressor genes and activation of oncogenes) are logical 
biomarkers and have the potential to assist in identifying 
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precancerous lesions at the highest risk for progression. 
Stachler et al. [17] identified a TP53 mutation in 11 of 24 
BE patients (46%) prior to progression to cancer, but only 
in 4 (5%) of the patients without progression. In a major-
ity (80%) of samples with a TP53 mutation the expert his-
tologic diagnosis was nondysplastic BE (NDBE), indicat-
ing that this alteration occurs early in the progression cas-
cade. Additionally, total mutational burden and mutations 
in ARID1B, APC ,and ERBB2 were significantly more fre-
quent in progressors compared to nonprogressors; how-
ever, at a lower frequency ranging from 12.5 to 33.3%. 
Mutations in PIK3CA and CTNNB1 have been found in 
BE in an earlier publication by the same group [23]. The 
results of frequent TP53 mutations in ND samples up to 
9 years prior to progression are remarkable, since older 
studies failed to identify recurrent TP53 mutations in 
NDBE progressing to cancer [24]. Less sensitive genomic 
assays and the selection of patients without future pro-
gression are possible explanations for the contradictory 
results. Two germline variants in CDKN2A (rs2518720 
and rs3088440) were found to be independently signifi-
cantly associated with reduced risks of progression in a 
prospective cohort of 408 patients with BE [25]. Expres-
sion of the two variants reduced microRNA-mediated re-
pression of the CDKN2A mRNA, a well-known tumor 
suppressor gene. Besides TP53, given the lower overall 
rate of any one specific somatic mutation, using muta-
tions for biomarker-based risk stratification will likely re-
quire a panel of multiple genes.

Mutational Burden and Clonal Diversity
Overall, a low frequency of recurrent somatic muta-

tions is observed, and BE harbors a number of point mu-
tations even in cases that never progress to cancer. There-
fore, recent studies focused on the total number of muta-
tions (mutational burden). Again, Stachler et al. [17] 
identified 147 pathogenic mutations across 57 individual 
genes with a significant higher burden of total pathogen-
ic mutations in progressors compared with patients 
showing no progression during long-term follow-up (2.5 
vs. 1.2, p < 0.001). Clonal diversity assessed by the Shan-
non index was shown to be predictive of progression to 
EAC in several studies. Number of clones and genetic di-
vergence based on Loss of heterozygosity) in p16 and p53 
were strong predictors of neoplastic risk (RR 95% CI 1.43 
[1.16–1.72] and 3.59 [1.36–9.45], respectively) [26].

Chromosomal Aberrations – Aneuploidy, Copy-
Number Alterations, and Translocations
Aneuploidy is defined as an abnormal number of 

chromosomes in a cell and has been described very early 
as a potential biomarker for risk stratification in BE [27]. 
A recent study evaluated a panel of nine biomarkers in-
cluding aneuploidy in a total of 127 BE patients who were 

followed, prospectively [28]. In 42 patients, progression 
to LGD (28%) or HGD and/or EAC (72%) was observed 
during endoscopic follow-up. Aneuploidy was the only 
predictor of histologic progression, having a 6.6-fold in-
creased risk of progression compared with patients show-
ing absence of aneuploidy. However, the sensitivity of the 
test was low (32%, 95% CI: 16–52), indicating that 1) a 
negative test does not allow to prolong surveillance inter-
vals and 2) a combination with other biomarkers is war-
ranted. One of the main issues in this study was that flow 
cytometry on fresh frozen biopsies was used to assess an-
euploidy. This does not reflect the standard of care, as 
usually formalin-fixed paraffin-embedded biopsies 
(FFPE) are collected. However, application in FFPE biop-
sies is a key limitation for translation into clinical prac-
tice.

A recent study from Killcoyne et al. [19] studied ge-
nome-wide copy-number instability as a marker for risk 
of progression using shallow whole genome sequencing 
in a retrospective, case-control study. This approach has 
been optimized for the use in FFPE samples. Patients 
were classified as low, moderate or high risk for progres-
sion based on a combination of copy-number informa-
tion and a measure of overall complexity. In progressing 
BE patients, a generalized disorder across the genomes 
was observed, and interestingly, this was independent 
from a diagnosis of dysplasia. In contrast, in patients 
without progression, few copy number alterations were 
observed, which allowed stratification between patients 
with and without progression. Whereas 60.5% of the sam-
ples without dysplasia that belonged to progressors were 
classified as high risk, 64.7% of the samples from nonpro-
gressors were classified as low risk, resulting in a good 
predictive accuracy of the model (AUC 0.89) [19].

Several groups have used fluorescence in situ hybrid-
ization (FISH) to look at chromosomal copy number 
changes. Fritcher et al. [29] utilized a series of four FISH 
probes covering MYC, CDKN2A, ERBB2, and 20q13. 
They found the FISH probes had a sensitivity of 50% for 
LGD, 82% for HGD, and 100% for EAC in their limited 
cohort [29]. Timmer et al. [30] found a FISH panel of CD-
KN2A, TP53, ERBB2, MYC, 20q, centromeric chr 7, and 
centromeric chr 17 were able to predict progression with 
an AUC of 0.76 when combined with clinical risk factors 
of BE length and patient age in a prospective cohort of 428 
BE patients (35 progressors to HGD or EAC).

Bajpai et al. [31] used FISH to evaluate chromosomal 
translocations in human EAC tissues. The identification 
of chromosome translocations or gene fusions is an inter-
esting approach to identify a valuable biomarker. Al-
though they may be less common in solid tumors, they 
are likely more specific and may serve, additionally, as 
potential therapeutic targets in the future. The authors 
refined a recurring chromosomal translocation (t(10:16), 
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which they described earlier in BE cells before they un-
dergo malignant transformation as a three-way translo-
cation between the chromosomes 2, 10 and 16) in FFPE 
samples from human EAC. The translocations occurred 
in the EAC samples, but not in normal esophagus or 
NDBE. While interesting, significant further research by 
testing multiple time points prior to progression in a larg-
er sample set is needed to evaluate if and at which time 
point these translocations exactly occur, so they can serve 
as a reliable biomarker for risk stratification in BE carci-
nogenesis.

Epigenomics
Epigenetic changes summarize post-translational 

modifications such as hypo- and hypermethylation and 
acetylation which can result in gene silencing. The role 
of CpG island hypermethylation in tumorigenesis was 
described by Eads et al. [32], and underlines the potential 
of epigenetic changes since it occurs early in the malig-
nant cascade. One challenge in methylation analysis is 
that it often requires more DNA than typical genomic 
tests. However, technological advances have improved 
the ability to perform these studies in smaller FFPE sam-
ples to translate epigenomics from the laboratory to the 
clinical practice. One of the first tumor suppressor genes 
described to be aberrantly methylated in BE was CDK-
N2A. CDKN2A promotor hypermethylation combined 
with 9p21 chromosomal loss leads to inactivation of this 
gene and has been described as an early event in BE 
pathogenesis [33]. However, there is ongoing debate as 
to how well CDKN2A will work as a biomarker as ge-
nomic and epigenomic CDKN2A alterations have also 
been frequently found in samples from nonprogressors. 
Jin et al. [34] reported an adjusted AUC of 0.732 for a 
panel of 8 methylation markers (CDKN2A, RUNX3, 
HPP1, NELL1, TAC1, SST, AKAP12, and CDH1) in a co-
hort of BE patients that included 50 progressors and 145 
nonprogressors. Alvi et al. [35] reported a four-gene 
methylation panel including SLC22A18, PIGR, GJA12, 
and RIN2. The panel risk stratified BE patients into low, 
intermediate and high-risk for prevalent disease in a pro-
spective cohort containing different histologic stages of 
BE and EAC.

Recently Moinova et al. [36] published a panel of 
methylated genes from samples collected with a swallow-
able balloon-based device identifying 96% of BE patients 
with dysplasia and with a high specificity. The combina-
tion of a panel of methylated genes and a noninvasive 
sampling technique is promising, but needs further vali-
dation in larger prospective cohorts.

Tissue Slide Based Approaches
As discussed above, there is growing evidence that p53 

IHC as a surrogate for genomic alterations in TP53 may 

serve as a biomarker for risk stratification. In a prospec-
tive cohort of BE patients, including patients with both 
NDBE and LGD, Kastelein et al. [16] found a significant 
elevated relative risk in patients with NDBE with abnor-
mal p53 IHC and LGD with abnormal p53 IHC. Redston 
et al. [37] recently confirmed these results in a series of 
large retrospective and prospective cohorts. Others have 
tried to include other protein markers, but few have been 
validated across large cohorts [38]. Several studies have 
utilized a panel of 10 immunofluorescent markers p16, 
alpha-methylacyl-CoA racemase, p53, HER2, cytokera-
tin-20, CD68, cyclooxygenase-2, hypoxia-inducible fac-
tor 1-alpha subunit, and CD45RO, and Hoechst (nuclear 
labeling) and digital image analysis to risk stratify pa-
tients with BE. They have developed a risk classifier that 
provides a risk score with three categories (low-risk, in-
termediate-risk, and high-risk). In two of the more recent 
studies, they tested their classifier in a single-blinded, 
case-control study of BE and a retrospective cohort study 
of patients with a community diagnosis of LGD [39, 40]. 
In the case-control study, which included 58 progressors 
and 210 nonprogressors, they found a sensitivity of 29% 
and a specificity of 86% with a HR of 4.73 (CI 2.5–8.8). In 
the LGD cohort study (34 progressors and 121 nonpro-
gressors), they found a sensitivity of 67.7% and specific-
ity of 78.6% (Table 1).

Biomarkers Can Be Affected by Their Spatial and 
Temporal Distribution

An important potential reason why translation of 
biomarkers into clinical practice has been unsuccessful 
is the variability of biomarker expression across the sur-
face of a BE segment (spatial distribution). If expression 
of a biomarker is highly variable across a BE segment, 
external validation of such a biomarker may fail if it is 
applied on single biopsies or single level biopsies from 
longer BE segment. Additionally, more insights in ex-
pression of biomarkers over time (temporal distribu-
tion) may be useful in personalizing surveillance inter-
vals. If a biomarker predicts progression early and reli-
able with little variation over time, patients with a low 
risk of progression may undergo more lenient surveil-
lance [41]. One of the first studies evaluating biomarker 
over space and time was published by Li et al. in 2014 
[42]. Using fresh frozen samples from a longitudinal 
case-control cohort, they characterized somatic chro-
mosomal alterations in 79 progressors and 169 nonpro-
gressors. Whereas the genomes of nonprogressors large-
ly remained stable over long periods, progressors devel-
oped chromosomal instability with initial gains and 
losses, genomic diversity, and selection of somatic chro-
mosomal alterations resulting in catastrophic genome 
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doubling [43]. Recently, Killcoyne et al. [19] further de-
veloped this model by evaluating a prediction model us-
ing copy-number alterations in FFPE samples originat-
ing from multiple levels per endoscopy and multiple 
subsequent time points in both progressors and nonpro-
gressors. For patients that progress, 50% (8/16) of en-
doscopies had at least one sample classified as high risk 
8 or more years prior to EAC. Cases which lack early 
high risk patterns of progression acquired these over the 
following years, leading to 78% of endoscopies with at 
least one high risk sample 1 year prior to progression 
[19]. In a retrospective cohort study, Frei et al. [41] in-
vestigated ND samples in a nested case-control study 

using a Tissue Systems Pathology Assay. This risk pre-
diction assay uses a multiplexed fluorescence imaging 
platform that automatically extracts quantitative data 
on multiple tissue biomarkers. The assay identified 31% 
of progressors when assessing a ND single biopsy level 
at least 2 years prior to progression. Interestingly, sensi-
tivity increased to 50% when multiple levels were as-
sessed. This underlines the importance for future re-
search to either identify a biomarker represented in the 
majority of the BE segment or to collect material from a 
wider area than with four-quadrant forceps biopsies, 
which are prone to sampling error [41].

Table 1. A selection of biomarker evaluating risk predictors (models) in BE including main results and limitations

Biomarker  
biology

Biomarker Reference Study design Samples 
(case:control)

Results Limitation(s)

Histology

Dysplasia Expert confirmed LGD Duits et al. [12] Retrospective 255 (45:210) 1 expert
OR 3.8 (0.9–16.0)
3 experts
OR 38.8 (10.7–140.5)

Retrospective
Interobserver 
variability

Protein-expression

IHC P53 Kastelein et al. [16] Retrospective 720 (49:586) Overexpression
RR 5.5 (3.1–10.0)
Loss of p53
RR 13.4 (5.1–35.3)

Retrospective
Interobserver 
variability

P53 Redston et al. [37] Prospective 1,438 ABNL TP53 in ND
HR 12.5 (8.0–19.6)

Heterogenenous 
cohorts

TissueCypher Combination of 9 markers +  
morphology

Davison et al. [39] Retrospective 268 (58:210) High-risk in ND
HR 5.1 (2.1–12.3)

Retrospective
One time point

Frei et al. [40] Retrospective 155 (34:121) High-risk in LGD
HR 6.7 (3.2–13.8)

Retrospective
One time point

Genomics

Somatic  
mutations

TP53 Stachler et al. [17] Retrospective 97 (24:73) OR 13.8 (3.2–60.5) Sample size
One time point

CDKN2A (SNP) Buas et al. [7] Prospective 413 HR 0.5 (p = 0.009) One time point

Clonal diversity Shannon diversity LOH index Maley et al. [26] Prospective 268 RR 11.0 (5.8–21.0) Fresh-frozen 
biopsies

Aneuploidy Aneuploidy Hadjinicolaou  
et al. [28]

Prospective 127 (42:85) OR 6.6 (1.8–24.8) Fresh-frozen 
biopsies

Panel of 5 chromosomal CNs Douville et al. [45] Cross-sectional 268 (111:157) BAD-classifier
AUC 0.868

Fresh-frozen 
samples

Copy-number 
alterations

Panel of 29 CN alterations Li et al. [43] Prospective 248 (79:169) 3-tier classification
AUC 0.94

Fresh-frozen 
samples

Genome-wide CN instability +  
measure of overall complexity

Killcoyne et al. [19] Retrospective 75 (18:58) 3-tier classification
AUC 0.89

Short follow-up

Epigenomics

Methylation Panel of 4 genes with methylation Alvi et al. [35] Prospective 98 (20:78) 3-tier classification
AUC 0.988

One time point
Heterogeneous 
cohorts

ABNL, abnormal; CN, copy-number; HR, hazard ratio; LOH, loss of heterozygosity; OR, odds ratio; RR, relative risk; SNP, single-nucleotide polymorphism.
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Wide Area Sampling May Overcome the Limitations 
of Forceps Biopsies

Traditionally, studies evaluating biomarkers in BE are 
using samples collected by forceps biopsies during endo-
scopic surveillance, as this is current standard clinical 
practice. However, taking 4 biopsies every 1–2 cm in the 
endoscopic visible BE, according to the Seattle protocol, 
is time consuming, and the adherence outside from study 
protocols or tertiary referral settings is low. Consequent-
ly, the probability to miss prevalent dysplasia, our cur-
rently best biomarker, is increased.

A very logical concept is to collect material using either 
a brush (requiring endoscopy) or nonendoscopic tech-
niques using swallowable devices such as self-expandable 
sponges or inflatable baloons. These techniques incorpo-
rate the advantage of collecting material from the entire 
esophagus, in contrast to a punctual assessment by for-
ceps biopsy.

The wide area transepithelial sampling device using 
3-Dimensional computer assisted analysis (WATS-3D) is 
a brush that collects material from the deeper (transepi-
thelial) layers and allows broader areas to be sampled. 
Several studies showed an increased diagnostic yield for 
identifying additional BE patients with dysplasia, how-
ever only if the WATS-3D was used as an adjunct to con-
ventional 4-quadrant biopsies according to the Seattle 
protocol [44]. Although the concept of the device seems 
to be very logical, the results are not as promising as ex-
pected, mainly due to some methodological flaws in the 
study design. The possibility of combining WATS-3D 
and genomic biomarkers to improve the diagnostic and 
predictive accuracy for patient risk stratification is an area 
for evaluation in future studies.

Douville et al. [45] obtained samples from a cross-sec-
tional cohort of BE patients with and without dysplasia 
and EAC using esophageal brushings. Combining esoph-
ageal brushing with a PCR-based massively parallel se-
quencing assay they identified both global and individu-
al chromosome alterations. A 3-tier classifier (Barrett’s 
Aneuploidy Decision [BAD]) based on 6 specific chro-
mosomal alterations (1q gain, 9p loss, 12p gain, 17p loss, 
20q gain, and focal amplifications of 8q24) was devel-
oped. Not-BAD cases indicated relative nonaneuploidy, 
maybe-BAD cases indicated a greater potential risk of 
progression and very-BAD cases had losses of 9p or 20q, 
gains of 1q, 12p or 20q or a focal gain of 8q24. The BAD 
classification of DNA from esophageal brushings as eval-
uated in the validation set was highly correlated with the 
histopathologic classification of the same patients, as 
96.4% of the EAC cases were classified as very-BAD, and 
63.4% of the ND patients as not-BAD. A limitation of this 
study is the cross-sectional design and the limited follow-
up, which may partly explain the relatively high number 

of NDBE cases scoring either very- (7.3%) or maybe-
BAD (29.3%).

In a multicenter cohort study (BEST2) published by 
Ross-Innes et al. [46], a nonendoscopic device (cyto-
sponge) was coupled with clinical and molecular bio-
markers. A panel consisting of three protein biomarkers 
(p53, c-Myc, and Aurora kinase A), two methylation 
markers (MYOD1 and RUNX3), glandular atypia and 
TP53 mutation status was developed in a discovery co-
hort and validated in a second cohort consisting of 65 
patients. Based on a 3-tier classifier, 25 (38%) of the pa-
tients were classified as low risk, and the probability of 
absent dysplasia was 96.0% (99% CI 73.80–99.99). The 
high risk group (8%), consisted of no ND cases and 5 pa-
tients with HGD. Although this panel does not discrimi-
nate the patients at need for endoscopic treatment, it 
identifies patients at low risk for progression in whom 
endoscopy could be avoided.

One complicating factor for many of these devices that 
sample a broader surface area is that they also have the 
potential to sample the squamous esophagus. This excess 
of non-BE cells has the potential to dilute genomic or epig-
enomic biomarkers found within the BE cells to the point 
where they are no longer easily detected. Additionally, the 
normal squamous epithelium in the esophagus is known 
to harbor multiple genomic alterations which may com-
plicate assay interpretation. The recently introduced bal-
loon device from Lucid Diagnostics (NY, New York, USA) 
that can be deflated and retracted into the airline to pro-
tect the sampled BE cells as it passes the squamous upper 
esophagus and has the potential to mitigate these issues.

Future Directions

The genomes of BE and EAC share a high number mu-
tations, but are heterogeneous with a low recurrence of 
somatic mutations in any given gene except TP53. Differ-
ent pathways to progression seem to exist. Whereas in 
some patients disease progression is slow with cumulating 
point mutations in tumor suppressor genes, other tumors 
show punctuated evolution resulting in rapid progression. 
These pathways share an abnormal copy-number profile 
with amplifications, deletions, and complex rearrange-
ments, which makes the assessment of copy-number al-
terations a valuable target for biomarker development. 
Due to the heterogeneous nature of BE and EAC, a panel 
of some combination of clinical factors, genomics, epig-
enomics, and proteomics will most likely lead to a bio-
marker assay which accurately risk stratifies BE patients 
into low- or high- risk for progression. Large studies com-
paring the different biomarkers are needed in order to 
identify the best combination toward clinical implemen-
tation. The biomarker panel will need to be developed and 
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validated in large cohorts containing a sufficient number 
of progressors, while testing samples over space (spatial 
distribution) and time (temporal distribution). To be im-
plemented in clinical practice, the technique should be af-
fordable and applicable to FFPE samples which represent 
standard of care until other sampling devices prove to be 
significantly superior. While molecular biomarkers seem 
to be a major way forward in risk prediction, fully under-
standing the conditions and source of BE formation and 
progression may also lead to new insights in prevention 
and risk stratification. There is growing evidence that 
stem like cells within the gastric cardia or gastroesopha-
geal junction can proliferate and differentiate to form BE 
[9, 21]. How this occurs and what clinical/environmental 
factors (such as male sex, the microbiome, and GERD) can 
disrupt the normal cellular states and promote this pro-
cess will be important areas of future studies. If this pro-
cess is better understood, new therapies aimed at prevent-
ing progression may be possible.
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