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Barrett’s esophagus (BE) is a premalignant condition in which cancer prevention is performed by endoscopic

surveillance combinedwithSeattle protocolmucosal biopsies. TheSeattle protocol has significant limitations, including

a high rate of sampling error due to the focality of dysplasia/carcinoma, low endoscopist adherence to the protocol, and a

high degree of variability in pathologic interpretation. These factors all contribute to a high incidence of cancers missed

within 1 year of surveillance endoscopy. Wide-area transepithelial sampling with computer-assisted three-dimensional

analysis (WATS3D) is a relatively new technique that minimizes sampling error by using a brush biopsy device that

extensively samples “at risk” mucosa and helps pathologists diagnose dysplasia/neoplasia by generating three-

dimensional images of whole crypts using a neural network-based software program. Several large prospective trials

(involving both academic and community practices) have shown significantly increased rates of detection of dysplasia

and intestinal metaplasia in both screening and surveillance in patients with BE when used as an adjunct to Seattle

protocol-based forceps biopsies. The WATS3D diagnostic platform was included in the most recent American Society for

Gastrointestinal Endoscopy Barrett’s guideline as an adjunct to forceps biopsies (conditional recommendation and low

quality of evidence). This review summarizes the scientific and pathologic basis of WATS3D technology, its potential

impact on BE surveillance and management, and its limitations and future directions.
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INTRODUCTION
Barrett’s esophagus (BE) is a chronic inflammatory condition
caused by gastroesophageal reflux disease that results in con-
version of the normal squamous esophageal lining to one that is
columnar with intestinal differentiation (1,2). The incidence of
BE has increased dramatically in recent decades (3). It affects
approximately 2%–7% of asymptomatic adults in Western
countries (4). In patients with gastroesophageal reflux disease
undergoing upper endoscopy, the prevalence rate approaches
15% (5).

BE is the only recognized precursor for esophageal adeno-
carcinoma (EAC). The incidence of EAChas been increasing at
an alarming rate, showing a 6-fold increase in incidence in the
past 30 years. It also currently represents the second deadliest
cancer in White men (6). Despite its rising incidence and
largely grim prognosis, EAC is a potentially preventable dis-
ease if early (mucosal) neoplasia is recognized during sur-
veillance and managed appropriately with endotherapy. EAC
in BE develops through a multistep, progressive sequence of
morphologic andmolecular events that begins with metaplasia
and then progresses through various stages of dysplasia to
adenocarcinoma (7). As a result, high-quality endoscopic
screening and surveillance forms the basis of cancer

prevention in BE. This process is highly dependent on the
pathologist’s ability to diagnose BE and grade its associated
neoplastic precursor lesions with accuracy.

CURRENT METHOD OF BARRETT’S SURVEILLANCE
AND THE SEATTLE PROTOCOL
The most common and well-accepted gold standard method of
screening and surveillance in BE—and as recommended by all
national gastroenterology (GI) societies—is the “Seattle pro-
tocol.” (8–10) After the esophagus and BE segment is examined
in detail with high-definition white-light endoscopy and elec-
tronic chromoendoscopy (narrow-band imaging, Fuji in-
telligent color enhancement, or similar), 4 quadrant forceps
biopsies (FBs) are performed every 1–2 cm of the BE segment. In
the United States, intestinal metaplasia (IM), defined by the
presence of goblet cells, is a required diagnostic criterion for
BE (11).

SEATTLE PROTOCOL LIMITATIONS
The Seattle protocol has several limitations. The biopsy protocol
is time-consuming, and thus adherence is quite low (20%–30%)
(12,13). Even when strictly adhered to, the Seattle protocol is a
relatively insensitive method for detection of neoplastic

1Boston, Massachusetts, USA; 2Department of Pathology, Cleveland Clinic, Cleveland, Ohio, USA; 3Division of Gastroenterology and Hepatology, University of
Rochester Medical Center, Rochester, New York, USA. Correspondence: Vivek Kaul, MD, FACG. E-mail: Vivek_Kaul@urmc.rochester.edu.
Received February 23, 2021; accepted September 7, 2021; published online December 7, 2021

© 2021 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of The American College of Gastroenterology

American College of Gastroenterology Clinical and Translational Gastroenterology

REVIEW ARTICLE 1

https://doi.org/10.14309/ctg.0000000000000422
mailto:Vivek_Kaul@urmc.rochester.edu


abnormalities in BE. Because the Seattle protocol only samples
,5%of BEmucosa, there is a high degree of sampling error (2). In
addition, dysplasia and early cancer may be subtle, focal, and
patchy in distribution, hence easily missed (14). In a recent sys-
tematic review and meta-analysis of 24 cohort studies of patients
with BE with low-grade dysplasia (LGD), the pooled miss rate of
EAC detected within 1 year of surveillance endoscopy was
33.24% (15).

There are also significant limitations in the interpretation of
standard FBs by pathologists because there is a high degree of
variability in this regard (16,17). Even with extensive sampling,
pathologists continue to struggle in recognizing and grading
dysplasia, particularly with recently recognized rarer subtypes,
such as foveolar dysplasia and crypt dysplasia (7). For instance, 1
study reported overdiagnosis of regenerating BE epithelium as
LGD in 75% of cases reported by community pathologists (18).

In a recent published study of 263 GI practices involving
58,709 endoscopies in 53,561 patients, 27% of patients underwent
endoscopy at 1- to 2-year intervals. This may be a reflection of a
number of factors, such as a lack of confidence in the Seattle
protocol and/or the pathologist’s interpretation (19). Consider-
able research has been devoted to the development of novel and
advanced imaging modalities to improve detection of dysplasia
and early neoplasia in patients with BE, such as confocal laser
endomicroscopy and volumetric laser endomicroscopy. How-
ever, as of today, none have found adoption in routine prac-
tice (20).

One recently developed technology has shown to reduce
sampling error and increase diagnostic yield of BE and dysplasia
when used adjunctively with the Seattle protocol (21). The
technique known as wide-area transepithelial sampling with 3-
dimensional (3D) computer-assisted analysis (WATS3D) (CDx
Diagnostics, Suffern, NY) is increasingly used in GI practices in
both academic and community settings. TheWATS3D diagnostic
platform was recently included as an adjunct to routine FB
sampling in patients with BE, in the recently published guidelines
of the American Society for Gastrointestinal Endoscopy (1).

The remainder of this review will focus on the WATS3D

technology and how it affects both pathologists and gastroen-
terologists alike.

WATS3D TECHNOLOGY

Brush biopsy and specimen preparation

The WATS3D diagnostic platform consists of 2 specific and in-
terrelated methodologies. The first is a mucosal (full mucosal
thickness) cytology sampling brush that is used at endoscopy to
sample a large circumferential area of BE mucosa (Figures 1 and
2). Physicians use 2 WATS3D brushes for every 5 cm of BE mu-
cosa. The sample is collected by moving the brush in a sweeping
motion, or moving the endoscope up and down, over the BE
mucosa (Figure 3a,b). This can be performed either before or after
acquisition of routine FBs with equal efficacy, as demonstrated in
a randomized prospective cross-over trial (21). The WATS3D

Figure 1. Close-up view of a WATS3D cytology brush. The long length and
high level of stiffness of the bristles helps acquire aggregates of tissue from
deep aspects of the mucosa.

Figure 2. Simulated graphic showing WATS3D brush sampling of Barrett’s
mucosa.

Figure 3. (a) Example of a WATS3D cytology brush passed through the
accessory channel of the gastroscope. (b) WATS3D instrument sampling of
a short segment of Barrett’s esophagus.

Figure 4. (a) Graphic illustration of a segment of BE showing the typical
patchiness of dysplasia. (b) WATS3D brush in a sweeping manner samples
more at risk mucosa including focal areas of dysplasia. BE, Barrett’s
esophagus; HGD, high-grade dysplasia; LGD, low-grade dysplasia.
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sampling instrument penetrates deep in the mucosa to collect
small tissue fragments (akin to microbiopsies) measuring ap-
proximately 500mmindepth. The tissue sampling brush contains
long and stiff bristles that result in the acquisition of thick and
compact sheets and large, cohesive disaggregated tissue frag-
ments that retain their 3D crypt architecture when smeared and
alcohol fixed onto a glass slide (Figure 4a,b). This is distinct from
conventional soft brush cytology specimens which consists
mainly of single cells and small clusters of exfoliated surface cells,
without architectural structure, andwhich are retrieved only from
the superficial layers of the epithelium. In over 150,000 proce-
dures, only 2 adverse events have been reported. Both were

esophageal perforations that occurred during sampling by a
surgeon or a surgeon assistant with the WATS3D brush. One
patientwasmanaged surgically and the other endoscopically (22).

WATS3D tissue processing and computer analysis

The WATS3D smear specimen, which is collected from the first
brush, is stained with a modified Papanicolaou stain for sub-
sequent computer and microscopic analysis by pathologists. The
tissue collected with the second WATS3D brush is fixed in for-
malin, embedded in paraffin, cut into routine 4–5-mm-thick
sections and stained with hematoxylin and eosin (H&E), similar
to routine mucosal biopsies. This specimen, which consists
mainly of strips of epithelium and small fragments of mucosa
akin to minibiopsies, is also examined microscopically by pa-
thologists and can be used for immunohistochemical staining
when indicated. CDX andMUC2 can be used to help differentiate
goblet cells from pseudogoblet cells, and molecular markers such
as P53 and AMACR can be used to confirm the presence of
dysplasia, but the latter are not currently used as predictive bio-
markers of neoplastic progression.

THREE-DIMENSIONAL COMPUTER PROCESSING AND
ANALYSIS OF WATS3D THROUGH NEURAL NETWORK
AND EXTENDED DEPTH OF FIELD IMAGING
When analysis is attempted by a two-dimensional microscope
with a standard 3mm depth of field, abnormal cells located in the
deep aspects of the specimenmay not be recognized andmuch of
the 3D structure of the tissue and the spatial relationship of the
cells to each other are lost. Furthermore, other artifacts of routine
processing and microscopic analysis can make diagnostic in-
terpretation difficult. Another limitation is the amount of time
required to analyze the specimen in its entirety for accurate
identification of the most atypical cellular foci.

Figure5. (a) Graphic representationof Z-stacking, performedby theWATS3D computer system. (b)Simplified versionof this process ina graphic representation
of a tissue fragment combined with the final computer-synthesized image on the far-right side. (c) A portion of columnar epitheliumwith a 3-dimensional–like
representation of the surface epithelium and crypts created by computer Z-stacking. DOF, depth-of-field; EDF, extended depth of field analysis.

Figure 6. Cell block (a) and smear (b and c) of a case of nondysplastic
Barrett’s esophagus.
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The WATS3D computer system helps solve these problems in
several ways. First, the 150-mm thick tissue smear is scanned by
an extended depth of field analysis (EDF) imaging system. The
EDF system captures up to 50 separate optical slices throughout
the full thickness of the cell aggregates at 3mmintervals, and then,
roughly analogous to a computer tomography scan, the computer
integrates thesemultiple two-dimensional images into a single 3D
image (Figure 5a). This synthesized 3D image is further processed
and analyzed by an artificial intelligence–based neural network
algorithm, which is then followed by a manual review of the
annotated synthesized 3D images by the pathologist on a com-
puter monitor (Figure 5b). The final image more accurately
represents the true 3D architecture of the crypts (Figure 5c). This
allows pathologists to visualize crypts in their more natural state.

The neural network-based image analysis component of the
WATS3D computer system then analyzes the resultant synthe-
sized 3D image. This analysis is based on a training set of tens of
thousands of synthesized 3D images of known normal and ab-
normal glandular cells. Tissue fragments are then prioritized and
ranked according to their degree of atypicality and presented to
the pathologist on a computer monitor at the time of sign-out.
Analysis of the formalin-fixed H&E-stained slide, along with
WATS3D-generated computer images of the tissue smear, has
been shown to increase diagnostic accuracy (23).

PATHOLOGY OF WATS3D

Barrett’s esophagus

OnH&E-stained slides fromWATS3D samples, BE is diagnosed in
small fragments of intact mucosa often containing at least 3–5
intact crypts (24). In the smear slide, nondysplastic BE appears as
compact, variably sized sheets of cohesive columnar and goblet
cells with small, regularly arranged and uniform-sized nuclei

without loss of polarity, containing inconspicuous nucleoli and
abundant cytoplasm (Figure 6a–c). The epithelium maintains a
distinct honeycomb pattern, with crisp cell borders between in-
dividual cells, when visualized en face and particularly in whole
crypts or collections of crypts which may appear 3D in the
WATS3D images. Isolated goblet cells may be better visualized
with EDF imaging as noted above.

Low-grade and high-grade dysplasia

The histologic features of LGD and high-grade dysplasia (HGD)
in the cell block of WATS3D samples are identical to FBs with the
exception that architectural changes are occasionally more diffi-
cult to assess. LGD shows crypt cells with enlarged, hyper-
chromatic, often slightly irregular nuclei with mild stratification;
increased nuclear–cytoplasmic ratio; and, if present, only slight
loss of nuclear polarity and pleomorphism (Figure 7a,b). HGD
shows many of the same features, but the degree of atypicality is
greater. In the smear sample, the most characteristic feature of
dysplasia of any grade is the complete loss of the normal hon-
eycomb structure of the cell aggregates and crypts (Figure 7c,d).
The aggregates usually show crowded overlapping enlarged cells
containing nuclei with irregular nuclear membranes, clumpy
chromatin, and peripheral condensation of chromatin. Differ-
entiation from invasive cancer is performed similarly to FBs. The
presence of marked pleomorphism, combined with abundant
dissociated cells and a background tumor diathesis is character-
istics of cancer. Immunostaining with p53 may also be present in
neoplastic BE (Figure 7e).

In a blinded interobserver study of 149 BE samples (109
without dysplasia and 49 with LGD, HGD, or EAC) evaluated by
WATS3D, the overall kappa value for all 3 diagnoses between the 4
observers was 0.86. This is higher than previous interobserver

Figure 7. Cell block and smear examples of low-grade dysplasia (a and b) and high-grade dysplasia (c and d), and the latter also showing a positive
p53 stain (e).
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studies of BE and associated dysplasia in FBs (range 0.24–0.65)
(16,17,24). The kappa value for the indefinite/LGD group, a noto-
riously difficult andpoorly reproducible category of dysplasia in FBs,
was 0.74, which is considered excellent.One possible explanation for
the higher level of agreement in WATS3D may be that the WATS3D

neural network program chooses the 200 most atypical areas of
interest from the brush smear samples, which helps to minimize
misses and provides uniformity to areas examined by each pathol-
ogist. WATS3D specimens are currently diagnosed exclusively by
WATS3D-trained CDX employed pathologists. Thus, future studies
will be needed to determine whether high interobserver agreement
levels can be achieved by community pathologists as well.

Crypt dysplasia

Several studies have provided strong evidence that dysplasia inBE
begins in the crypt bases from progenitor stem cells. The exact
mechanism of clonal dysplasia expansion is unknown. EDF im-
aging helps visualize the entire crypt from top to bottom and in all
planes of depth. Crypt dysplasia shows cytologic features identical
to conventional LGD. However, in the former, the surface is not
involved (Figure 8).

Two separate studies demonstrated crypt dysplasia progressed
to HGD/carcinoma during the long-term follow-up in 25% and
26% of patients, respectively (25,26). These results were similar to
a conventional LGD comparative group. Recently, in a large
retrospective study of 43,145 WATS3D samples from patients
with BE, progression of crypt dysplasia was significantly higher
than progression of non-dysplastic BE (1.42% per patient-year vs
0.08% per patient year, respectively) (27). These data suggest
crypt dysplasia is a potentially progressive neoplastic lesion and
highlight the potential clinical importance of an accurate di-
agnosis to help guide further surveillance and treatment in this
cohort of patients.

WATS3D LITERATURE REVIEW AND CLINICAL IMPACT
At least 6 studies have evaluated the use ofWATS3D as an adjunct
to routine FBs in patients with BE, with or without dysplasia/
carcinoma (21,28–32) (Table 1). Of note, FBs were used for both
visually targeted lesions and random 4 quadrant sampling,
whereas WATS3D was used for only random sampling. These
studies involved community (low risk) and academic (high risk)
centers and included both screening and surveillance patient
populations.

Two early prospective studies were performed with a first-
generation endoscopic brush (2 mm) and computer software
program (up to 30 mm of EDF) (28,29). More recently, 3 pro-
spective studies used a second-generation brush (2.8 mm) and
improved software (up to 150 mm of EDF) (21,30,31). The data
from these studies show increased yield of detection of IM,
ranging from 40% to 153%, and increased yield of detection of
dysplasia/carcinoma, ranging from 42% to 428%. The highest
added yields resulting from the addition ofWATS3D to the Seattle
protocol have been in the detection of HGD, likely because of the
focality of HGD. In a recent randomized trial of 160 high-risk
patients with BE undergoing surveillance at 16 academic medical
centers in theUnited States,WATS3D detected additional 23 cases
of HGD/EAC missed by the Seattle protocol (11 cases were
classified as nondysplastic BE and 12 as LGD/indefinite for dys-
plasia by FBs), resulting in an overall added diagnostic yield of
428% (21). Of the 23 additional cases found by WATS3D, 9 had
follow-up FBs after the study was completed, with 7 of the 9
confirming dysplasia (21).

In a recent multicenter prospective trial from 25 community
practices involving 4,203 patients primarily screened for BE, the
addition ofWATS3D to FB increased the overall detection of BE by
83% and the overall yield of LGD by 88.5% (30). In this low-risk
population,HGDwasnotdetected in anypatients byFBs; however,
WATS3D detected a single case of EACmissedbyFBs (30). A recent
meta-analysis also strongly supported the adjunctive use of
WATS3D to FB in BE screening and surveillance (33).

In the largest prospective study to date, the addition of
WATS3D to FB increased the diagnostic yield of BE by 153% and
of dysplasia by 242% in 12,899 patients undergoing BE screening
or surveillance from 21 community practices (31). The results
were equally significant in screening vs surveillance patients in
this study. In an observational study of 138 patients with BE, the
addition of WATS3D to advanced endoscopic imaging (high-
definition white light imaging, narrow band imaging, and volu-
metric laser endomicroscopy), and random FBs, increased the
yield of dysplasia detection by 34.3% (34).

A recent study highlighted that the adjunct use of WATS3D

directly affected the management of 97.8% of patients with

Figure 8. Smear sample of crypt dysplasia (CD). A medium-power
magnification image showing 2 crypts connected at the surface, 1 showing
CD (left side) and 1 nondysplastic (right side) but with mild reactive
changes.
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forceps-negative and WATS3D-positive results (35). Of 432 pa-
tients, 96% were enrolled in surveillance and 60% were either
initiated on PPI therapy or had their PPI dose escalated based on
WATS3D results. Endoscopic therapy was performed in 33.7% of
patients with LGD and 70.6% of patients with HGD. The direct
effect of a positive WATS3D result on patient management
strongly supports its adjunctive use in clinical practice (35).

In a recent retrospective study of 108 patients, tissue sampling
with FB and WATS3D demonstrated an 18.6% increase in yield
compared to FB alone.WATS3D helped identify an additional 21
cases of nondysplastic BE, 1 case of LGD, and 1 case of EAC. The
number needed to test with WATS3D was 5 (32).

CLINICAL APPLICATION AND PROCEDURE COSTS
Physicians who use WATS3D are supplied with kits by CDX that
contain sampling devices and associated media and slides. Once
the specimens are collected, the Papanicolaou-stained smear slide
and the formalin bottle containing the brush tips are transported
to CDX laboratories in preaddressed boxes for subsequent tissue
processing and evaluation. Training regarding tissue acquisition,
on site sample preparation, and submission is provided by clinical
specialists. Diagnoses are rendered by WATS3D-certified pathol-
ogists, and the reports are sent to the physician electronically. The
WATS3D technology is billed using existing histology and cytol-
ogy codes; all of which are commonly accepted and routinely
reimbursed by payers nationally as a covered benefit, such as
Medicare and Centers for Medicare & Medicaid Services. Given
the adjunctive yield for dysplasia detection, especially in high-risk
individuals, and its ease of use, gastroenterologists should find
this technology valuable and feasible to incorporate into their
practice.

LIMITATIONS OF WATS3D

Despite the efficacy of WATS3D for detection of IM and dysplasia
in BE, there are several potential limitations/outstanding ques-
tions that remain to be addressed. Currently,WATS3D is endorsed
as an adjunct to the Seattle protocol FBs. Randomized controlled
trials comparing outcomes of missed dysplasia and carcinoma
between FB and WATS3D are necessary and will help further

clarify the role of WATS3D sampling, particularly in low-risk
populations. Although WATS3D helps detect crypt dysplasia, the
clinical relevance and natural history of this neoplastic precursor
needs to be investigated further in prospective trials. Further-
more, the efficacy of WATS3D needs to be tested in various risk
settings, such as in patients with short-segment vs long-segment
BE, in those with or without a hiatus hernia, and in postablation
patients.

SUMMARY
The currentmethod of screening and surveillance in patients with
BE suffers from a high degree of sampling error. Several studies
have shown a high incidence of missed dysplasia and carcinoma
within a year of surveillance endoscopy in this specific patient
population.

The WATS3D diagnostic platform, consisting of wide area
transepithelial sampling of the Barrett’s segment (including the
deep mucosa) in conjunction with specialized 3D computer-
based image analysis, is a promising technique that has been
shown to increase the yield of detection of IM and dysplasia/
carcinoma when used as an adjunct to the Seattle protocol, which
helps to reduce sampling error and the incidence of undetected
cancer. This increased yield of BE and dysplasia has implications
for the surveillance and treatment of BE. Future prospective
randomized control trials designed to test WATS3D and its utility
in various BE clinical settings may further establish its role in the
care of our patients.
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Table 1. Summary of 5 studies that have evaluated the efficacy of WATS3D for detection of intestinal metaplasia and dysplasia/

adenocarcinoma

Study/Year No. of Patients Study design Study population Main results

Agha et al.32/2021 108 Retrospective

Observational

Community-based ↑ Barrett’s 18.6%

NNT to detect IM: 5

Smith et al.31/2018 12,899 Prospective

Randomized

Community-based ↑ Barrett’s 153%

↑ Dysplasia 242%

Gross et al.30/2018 4,203 Prospective Community-based ↑ Barrett’s 83%

↑ Dysplasia 89%

Vennalaganti et al.21/2018 160

16 medical centers

Prospective

Randomized

Academic centers (high risk) ↑ High-grade dysplasia 428%

Anandasabapathy et al.29/2011 151

4 medical centers

Prospective Prior dysplasia (high risk) ↑ Dysplasia 42%

Johanson et al.28/2011 1,266

8 community practices

Prospective Low risk ↑ Barrett’s 40%

IM, intestinal metaplasia; NNT, number needed to treat.
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