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Abstract

Background—This study aimed to evaluate the use of ultra-high-speed volumetric en face and
cross-sectional optical coherence tomography (OCT) with micromotor catheters for the in vivo
assessment of Barrett’s esophagus and dysplasia.

Methods—74 OCT datasets with correlated biopsy/endoscopic mucosal resection histology (49
nondysplastic Barrett’s esophagus [NDBE], 25 neoplasia) were obtained from 14 patients with
Barrett’s esophagus and a history of dysplasia and 30 with NDBE. The associations between
irregular mucosal patterns on en face OCT, absence of mucosal layering, surface
signal>subsurface, and>5 atypical glands on cross-sectional OCT vs. histology and treatment
history were assessed by three blinded readers.

Results—Atypical glands under irregular mucosal patterns occurred in 75% of neoplasia (96% of
treatment-nalve neoplasia) vs. 30% of NDBE datasets (43% of short- and 18% of long-segment
NDBE). Mucosal layering was absent in 35% of neoplasia and 50% of NDBE datasets, and
surface signal >subsurface occurred in 29% of neoplasia and 30% of NDBE datasets.

Conclusions—Atypical glands under irregular mucosal patterns are strongly associated with
neoplasia, suggesting potential markers for dysplasia and a role in pathogenesis.
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Introduction

Methods

Barrett’s esophagus surveillance is limited by biopsy sampling error. Narrow-band imaging
(NBI) [1] and confocal laser endomicroscopy [2] can improve sensitivity for identifying
dysplasia. Optical coherence tomography (OCT) [3] enables microscopic resolution and
high-speed volumetric imaging and is commercially available as volumetric laser
endomicroscopy (VLE; Nine-Point Medical, Bedford, Massachusetts, USA) [4]. Studies
have investigated cross-sectional OCT dysplasia features [5], including a diagnostic
algorithm (VLE-DA) [6]; however, many previous VLE studies used ex vivo specimens
because of challenges in registering biopsy with OCT. We previously demonstrated ul-
trahigh-speed endoscopic OCT that was > 10-times faster than commercial instruments,
enabling depth-resolved en face and cross-sectional imaging [7]. The aim of the current
study was to investigate volumetric en face and cross-sectional OCT for identifying
neoplasia.

Study setting and data acquisition

Imaging was conducted at VA Boston Healthcare System (VABHS) under an institutional
review board-approved protocol at VABHS, Harvard Medical School, and Massachusetts
Institute of Technology. Patients with Barrett’s esophagus (14with a history of dysplasia and
30 with nondysplastic Barrett’s esophagus [NDBE]) who were undergoing endoscopic
surveillance or therapy were imaged between September 2013 and March 2017.

Dual-channel endoscopes enabled direct visualization of OCT catheter positioning and
subsequent biopsy/endoscopic mucosal resection (EMR) from the OCT-imaged region;
however, biopsy/EMR was not guided in real time (»Fig.el; supplementary material is
available online). Ultrahigh-speed OCT, at 600 000 A-scans/second with micromotor
catheters, scanned a ~ 10mmxIémmarea (Appendix el, »Fig.e2, »Table el) at the 6
o’clock position from the gastroesophageal junction to the squamocolumnar junction and
also regions with nodularity and/or irregular mucosal/vascular patterns on white-light
endoscopy (WLE)/NBI.

OCT datasets were categorized as NDBE if correlated histology indicated NDBE, and as
neoplasia if histology indicated low grade dysplasia (LGD), high grade dysplasia (HGD) or
esophageal adenocarcinoma (EAC). NDBE datasets from patients with a history of dysplasia
were not used because features may differ from the normal NDBE population. An
experienced gastrointestinal pathologist (Q.H.) made the histology diagnosis, with
confirmation from expert referral centers (Appendix e2, »Table e2).

Reading criteria and methodology

An investigator (O.0.A.) who did not participate in the study readings developed the reading
criteria. Depth-resolved en face OCT criteria were regular vs. irregular mucosal patterns [1]
(»Fig. 3)> and cross-sectional OCT criteria were absence of mucosal layering, surface
signal >subsurface, and >5 atypical glands, similarly to published VLE-DA features [6]
(Appendix e3, »Fig.e4).
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Three readers with differing endoscopy/OCT experience who were blinded to the
histological diagnoses read the OCT datasets. A total of 13 datasets were used for training
and 7 datasets were used for pretest (Appendix e4, »Table e3). Blinded readings were
performed on 54 datasets (37 NDBE, 6 LGD, 9 HGD, 2 EAC). Readers assessed depth-
resolved en face OCT, followed by cross-sectional OCT (»Fig.5, Appendix e4). Readers
recorded the position and depth of en face features and image location of cross-sectional
features, as well as confidence (“high”/“low”), and reading times. Statistical methods are
described in Appendix e5.

Results

Patient and dataset characteristics

A total of 74 OCT datasets with correlated biopsy/EMR histology were obtained (»Table
ed; 49 NDBE, 10 LGD, 13 HGD, 2 EAC). A total of 12/25 (48%) neoplasia datasets were
from treatment-nalve patients (n = 10) and 13/25 (52%) were from previously treated
patients (ablation/EMR, n = 8), four of whom were also imaged when treatment nalve.

Reading results

Readers’ pooled assessments are reported. For en face OCT, readers identified irregular
mucosal patterns in 100% of neoplasia datasets vs. 35% of NDBE datasets (P<0.001) with
43% in short- and 28% in long-segment NDBE (»Table €5). For cross-sectional OCT,
mucosal layering was absent in 35% of neoplasia datasets (21 % in the treatment-nalve
subgroup) and 50% of NDBE datasets. Surface signal>subsurface occurred in 29% of
neoplasia datasets (21 % in the treatment-nalve subgroup) and 30% of NDBE datasets
(»Table e6). Atypical glands (>5) were present in 75% of neoplasia (96% in the
treatmentnalve subgroup) and 59% of NDBE datasets (= Table e5). These numbers
represent the independent occurrences of features anywhere within the datasets.

The co-location of en face and cross-sectional features was also evaluated. Atypical glands
were present (co-localized) under irregular mucosal patterns in 75% of neoplasia vs. 30% of
NDBE datasets (»Table 7; A<0.001). Atypical glands under irregular mucosal patterns were
present in 96% of treatmentnalve neoplasia, 43% of short-segment NDBE, and only 18 % of
long-segment NDBE. Within the long-segment NDBE subgroup, atypical glands under
irregular mucosal patterns were present predominantly near the gastroesophageal junction
(25% < 3 cm vs. 14% >3cm from the junction).

Interobserver agreement was substantial (kappa = 0.73) for irregular mucosal patterns,
moderate (kappa = 0.6) for absent mucosal layering, poor (kappa = 0.17) for surface signal
Subsurface, and substantial (kappa = 0.73) for atypical glands (»Table e8). Average reading
times for en face and cross-sectional features were 60+51 seconds and 69 * 42 seconds,
respectively (»Table €9).

Discussion

Early in vivo OCT studies using cross-sectional images reported 70%—-80% sensitivity/
specificity for dysplasia [8-9]. VLE can image ~ 6¢cm lengths of esophagus using balloon
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catheters, but speeds are insufficient to obtain en face OCT. Leggett et al. developed a VLE-
DA showing 86% sensitivity and 88 % specificity with ex vivo specimens from 27 patients
[6]. Swager et al. used VLE-DA features with a scoring-based criteria, achieving 83%
sensitivity and 71% specificity with ex vivo specimens from 29 patients [5]. These studies
had precise registration of OCT with histology; however, feature appearance may differ in
Vivo.

We used depth-resolved en face OCT to assess mucosal patterns as well as cross-sectional
features. Mucosal pattern size/ shape varied among patients (»Fig.3), consistent with NBI
observations. We included larger numbers of patients with NDBE in order to achieve
adequate representation. Despite the similarity to NBI, en face OCT has different contrast
mechanisms and resolution (Appendix e6). OCT can visualize subsurface features, with
deeper structures affected by optical attenuation and scattering from superficial structures
[10]. »Table e1 compares ultrahigh-speed endoscopic OCT with other modalities.

En face OCT irregular mucosal patterns were present in 1 00 % of neoplasia datasets;
however, there was a selection bias because most datasets were obtained from regions with
nodularity and/or irregular mucosal/vascular patterns on WLE/NBI. Irregular mucosal
patterns were also present in 35 % of NDBE datasets. Cross-sectional OCT features of
absent mucosal layering and surface signal > subsurface were present in 35 % and 29% of
neoplasia, but also in 50% and 30% of NDBE datasets. This high rate in NDBE might be
caused by biopsy sampling error (Appendix e7), motion artifacts (»Fig.5), distortion from
OCT catheter pressure (Appendix e7), or inherently low specificity. Biopsy/EMR was not
guided under real-time OCT and our study was not designed to compare OCT with WLE/
NBI. Future studies with laser marking should improve histological correlation [11].

The association of atypical glands and irregular mucosal patterns is a key finding of our
study. Atypical glands were present under irregular mucosal patterns in 75% of neoplasia
datasets and 96% of treatment-nalve neoplasia. Conversely, atypical glands under irregular
mucosal patterns were present in 30% of NDBE datasets (A<0.001 for neoplasia vs. NDBE).
Further stratifying by Barrett’s esophagus length showed atypical glands under irregular
mucosal patterns in 43% of short-segment vs. 18% of long-segment NDBE (2 =0.005).
Within the long-segment NDBE subgroup, atypical glands under irregular mucosal patterns
were predominantly present near the gastroesophageal junction (25%<3cm vs. 14%>3cm
from the junction; £=0.28). Cardiac glands occur near the gastroesophageal junction [12]
and were not distinguishable from atypical glands, so they may have been misinterpreted as
atypical glands (Appendix e7). Atypical glands under irregular mucosal patterns were
strongly associated with neoplasia. Furthermore, atypical glands occurred more frequently
than irregular mucosal patterns (Appendix e8), which is consistent with the pathogenesis
literature, suggesting that atypical glands may be a precursor to irregular mucosal patterns
and dysplasia [13].

Atypical glands under irregular mucosal patterns or independently might be a marker for
dysplasia, especially in proximal regions of long-segment Barrett’s esophagus where

interpretation is not confounded by cardiac glands and where dysplasia frequently occurs
[14]. Further investigation is needed to determine whether OCT can differentiate between
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atypical and cardiac glands. The cross-sectional features of absent mucosal layering and
surface signal>subsurface had poor association with neoplasia even in treatment-nalve cases
and were often present in NDBE (»Table €6).

OCT data can be viewed using combined en face and crosssectional OCT *“orthoplane”
visualization, where readers can rapidly assess the entire volume using depth-resolved en
face OCT, identify regions of interest, then assess cross-sectional OCT in these regions
before final classification. Orthoplane reading is rapid, reduces burden of assessing
thousands of cross-sectional OCT images, and provides information not available in en face
or cross-sectional views alone.

The supplement provides additional information on: association of mucosal patterns with
cross-sectional features, histological diagnosis and treatment history (Appendix €8, »Table
e10), association of en face OCT and VLE-DA criteria with histological diagnosis and
treatment history (Appendix €9, »Table e11), an LGD subgroup analysis (Appendix €2),
and readers’ confidence and reading times (Appendix e10, »Table €9, »Table e12).

Study limitations include small sample size, particularly for dysplastic/treatment-nalve
patients. Most patients with neoplasia had undergone ablation/EMR treatment. Although
inclusion of previously treated patients is common in OCT/NBI literature [1, 6], some
features were associated with treatment history (»Table 7, »Table €5). Furthermore,
reading was performed retrospectively. Prospective studies on larger cohorts of treatment-
nalve and/or general Barrett’s esophagus surveillance patients are needed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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»Fig.3.

En fgce optical coherence tomography (OCT) features. a-d Representative regular mucosal
patterns from nondysplastic Barrett’s esophagus showing size and shape variations. e-h
Irregular mucosal patterns from neoplasia showing branching, distortion, and absence of
mucosal patterns. i-l Hematoxylin and eosin histology indicating low grade dysplasia (i),
high grade dysplasia (j and k), and esophageal adenocarcinoma (I) correlated with datasets
e-h, respectively. En face OCT cropped to highlight regions of interest. Scale bars 500 pm
(a-h), 100um (i-1).
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»Fig. 5.

Volumetric optical coherence tomography (OCT) of high grade dysplasia (HGD). a En face
OCT at ~400pm below tissue surface. HGD region (white line) with irregular mucosal
pattern adjacent to nondysplastic Barrett’s esophagus (NDBE) with regular mucosal pattern
and normal squamous epithelium (SE) with relatively smooth appearance and high OCT
signal. Stars indicate nonuniform OCT catheter longitudinal actuation artifacts. Asterisks
indicate regions where the catheter did not contact the mucosa. White-light endoscopy/
narrow-band imaging (inset) of dysplastic lesion (arrows) prior to endoscopic mucosal
resection (EMR). b-d x2 zoom of boxed areas in a. e Hematoxylin and eosin histology of
HGD EMR specimen. f-h Cross-sectional OCT of dotted lines areas in a. g Atypical
glandular architecture (arrow), mucosal layering present, and surface signal subsurface in the
HGD region. r, circumferential; x; longitudinal; z depth directions. Scale bars 100 um (e), 1
mm (all other images).
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