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ORIGINAL ARTICLE: Clinical Endoscopy

Characterization of buried glands before and after radiofrequency
ablation by using 3-dimensional optical coherence tomography
(with videos)
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Background: Radiofrequency ablation (RFA) is an endoscopic technique used to eradicate Barrett’s esophagus
(BE). However, such ablation can commonly lead to neosquamous epithelium overlying residual BE glands not
visible by conventional endoscopy and may evade detection on random biopsy samples.

Objective: To demonstrate the capability of endoscopic 3-dimensional optical coherence tomography (3D-OCT)
for the identification and characterization of buried glands before and after RFA therapy.

Design: Cross-sectional study.

Setting: Single teaching hospital.

Patients: Twenty-six male and 1 female white patients with BE undergoing RFA treatment.

Interventions: 3D-OCT was performed at the gastroesophageal junction in 18 patients before attaining complete
eradication of intestinal metaplasia (pre–CE-IM group) and in 16 patients after CE-IM (post–CE-IM group).

Main Outcome Measurements: Prevalence, size, and location of buried glands relative to the squamocolumnar
junction.

Results: 3D-OCT provided an approximately 30 to 60 times larger field of view compared with jumbo and
standard biopsy and sufficient imaging depth for detecting buried glands. Based on 3D-OCT results, buried
glands were found in 72% of patients (13/18) in the pre–CE-IM group and 63% of patients (10/16) in the
post–CE-IM group. The number (mean [standard deviation]) of buried glands per patient in the post–CE-IM group
(7.1 [9.3]) was significantly lower compared with the pre–CE-IM group (34.4 [44.6]; P � .02). The buried gland
size (P � .69) and distribution (P � .54) were not significantly different before and after CE-IM.

Limitations: A single-center, cross-sectional study comparing patients at different time points in treatment. Lack
of 1-to-1 coregistered histology for all OCT data sets obtained in vivo.
Conclusion: Buried glands were frequently detected with 3D-OCT near the gastroesophageal junction before
and after radiofrequency ablation. (Gastrointest Endosc 2012;76:32-40.)
Abbreviations: 3D, 3-dimensional; BE, Barrett’s esophagus; CE-IM, com-
plete eradication of intestinal metaplasia; GEJ, gastroesophageal junc-
tion; HGD, high-grade dysplasia; IM, intestinal metaplasia; LGD, low-
grade dysplasia; OCT, optical coherence tomography; RFA,
radiofrequency ablation; SCJ, squamocolumnar junction.
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Zhou et al 3D-OCT characterizes buried glands pre– and post–RFA
Barrett’s esophagus (BE) is a common condition asso-
ciated with GERD,1,2 in which the normal squamous epi-
thelium of the esophagus is replaced by metaplastic co-
lumnar epithelium. In the United States, approximately
5.6% of the population is affected by this disease.3 Patients
with BE have an increased risk of the development of
esophageal adenocarcinoma,4 which is a fatal disease with

5-year survival rate of less than 20%.5 In the past 30
ears, the incidence of esophageal adenocarcinoma in
hite men has increased 300% to 500%.6,7

Endoscopic surveillance biopsies are routinely performed
to identify BE, which may be treated by using endoscopic
ablative therapies,8 such as argon plasma coagulation,9 pho-
odynamic therapy,10 and radiofrequency ablation (RFA).11-15

RFA uses an electrode array to deliver radiofrequency energy
to the tissue surface. In a multicenter, sham-controlled trial,
complete eradication of dysplasia was reported in 90.5% of
patients with low-grade dysplasia (LGD) and in 81% of pa-
tients with high-grade dysplasia (HGD) 1 year after the initial
RFA treatment.14 After 3 years, complete eradication of dys-
plasia and complete eradication of intestinal metaplasia (CE-
IM) was achieved in 98% and 91% of patients, respectively,16

leading to increasing sentiment against further surveillance of
HGD and toward ablative therapy. In another multicenter
prospective trial, CE-IM was achieved at 2.5 years in 98.4% of
patients with nondysplastic BE treated with RFA.17 At 5-year
follow-up, CE-IM was demonstrated in 92% of the patients.15

After RFA, new squamous epithelium generally re-
places previous BE epithelium. However, residual BE
glands can become “buried” by the neosquamous epithe-
lium. These buried glands are not visible by conventional
endoscopy, even when supplemented by chromogen or
narrow-band imaging. The malignant potential of these
buried glands is unknown,18-20 but buried BE glands were
found in 25.2% of patients before and in 5.1% of patients
after successful RFA treatment when followed by
4-quadrant biopsies every 1 cm.14 Although rigorous bi-
opsies were performed over neosquamous epithelium af-
ter RFA treatment in study protocols,14,15,21 these buried
glands are likely underappreciated with the current sur-
veillance protocol because areas of neosquamous epithe-
lium do not routinely undergo biopsy in clinical practice.
Furthermore, the sampling area and depth15,21,22 of biopsy
re limited, even with large-capacity forceps.

Optical coherence tomography (OCT)23 is an emerging bio-
edical imaging technology that detects light backscattered

rom tissues to construct cross-sectional and 3-dimensional (3D)
mages of tissue microstructures with micron-scale resolution.
ver the past decade, several groups have developed endo-

copic OCT technologies for in vivo evaluation of disease and
ndoscopic therapies in the human GI tract.24-31 OCT imaging
epth is 1 to 2 mm in the human esophagus, enabling evalua-
ion of tissue morphology underneath the squamous epithe-
ium. The advent of high-speed endoscopic OCT sys-
ems,28,30,32,33 enables 3D and comprehensive imaging. Because

the location of buried glands is unpredictable, this imaging s

www.giejournal.org V
echnology that uniquely enables depth-resolved imaging of a
road area with near-microscopic resolution holds great poten-
ial for identifying and characterizing buried glands before and
fter ablative therapies. We recently reported a case in which
uried glands were identified after RFA treatment.31 In the cur-
ent study, we further quantify our findings of buried glands by
sing 3D-OCT in a cohort of 27 patients undergoing RFA
reatment.

ETHODS

ndoscopic 3D-OCT system
Studies were performed by using an endoscopic 3D-OCT

ystem developed in collaboration with LightLab Imaging–St.
ude Medical Inc (Westford, Mass) and described in previous
ublications.30-32 The system used swept-source OCT with a
ourier-domain mode-locking laser34 operating at a 1.3-�m
enter wavelength. The laser sweep rate was 60 kHz, and the
weep bandwidth supports a 5-�m axial resolution in tissue.
he flexible OCT imaging probe, with an outer diameter of
.5 mm, can be introduced through the biopsy channel of a
tandard endoscope. The probe focused an output beam of
pproximately 13 mW to an approximately 15-�m spot on
he tissue, and the system had more than 100-dB sensitivity.
he OCT beam was radially scanned at 60 Hz and pulled
ack at 1 mm/s, resulting in a 16-�m spacing between con-
ecutive B-scan images. Each 3D-OCT data set, covering a
egion 8 mm (circumference) � 20 mm (length) � 2 mm
depth) was acquired in 20 seconds. Cross-sectional OCT
mages were displayed in real-time during the procedures,
nd a 3D-OCT data set was available for review immediately
fter the data were acquired. Quantification and character-
zation of the buried glands were performed during post-
rocessing as described in the following.

atient enrollment and imaging procedures
The study was performed at the Boston Veterans Affair

ealthcare System with protocol approvals from Boston Vet-
rans Affair Healthcare System, Harvard Medical School, and
assachusetts Institute of Technology. Patients were diag-
osed by using a standard white-light endoscope, and the
ength of visible BE was recorded based on the Prague C&M
riteria.35 Patients with raised lesions were excluded from the

Take-home Message

● The prevalence of buried glands in patients in whom
complete eradication of intestinal metaplasia was
achieved after radiofrequency ablation is higher than
previously reported using standard 4-quadrant biopsies.

● 3-Dimensional optical coherence tomography may be
used to evaluate treatment efficacy and guide
endoscopic therapies in the future.
tudy. Twenty-seven patients, including 26 white male and 1
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3D-OCT characterizes buried glands pre– and post–RFA Zhou et al
white female patient, undergoing RFA treatment were re-
cruited (Table 1). Among them, 12 patients initially presented
with long-segment BE and 15 patients with BE less than 2 cm.
However, 3D-OCT imaging and our data analysis were lim-
ited to short-segment BE (�2 cm) to ensure consistent OCT
imaging probe placement at the gastroesophageal junction
(GEJ). These included patients initially with long-segment BE
that was later reduced to less than 2 cm by circumferential
RFA treatment by using the BÂRRX HALO 360 catheter

TABLE 1. Patient demographic information

Pre

Enrollment n � 18,* (7 RFA naiv

Age, y

Mean (SD) 65.3

Range 3

Sex, male/female 1

Race, white

Initial diagnosis

BE without dysplasia

LGD

HGD

BE length at initial diagnosis, cm

Mean (SD) 4.0

Range 0

BE length at OCT imaging, cm

Mean (SD) 1.5

Range 0

No. of RFA before OCT imaging†

Mean (SD) 1.7

Range

No. of RFA before CE-IM†

Mean (SD)

Range

No. of 3D-OCT scans at GEJ

Mean (SD) 2.1

Range

CE-IM, Complete eradication of intestinal metaplasia; RFA, radiofrequency abla
HGD, high-grade dysplasia; OCT, optical coherence tomography; 3D-OCT, 3-di
*Seven patients were included in both the pre–CE-IM group and the post–CE-
†Include both HALO 360 and HALO 90 treatments.
‡Does not include the 7 RFA-naive patients.
(BÂRRX Medical, Sunnyvale, Calif). r

34 GASTROINTESTINAL ENDOSCOPY Volume 76, No. 1 : 2012
During each endoscopic procedure, the lower one third of
he patient’s esophagus was first surveyed with a high-definition
hite-light endoscope (Olympus GIF-Q180; Olympus America,
enter Valley, Pa) by an experienced endoscopist. Multiple
D-OCT data sets were acquired over different quadrants at the
EJ. After 3D-OCT imaging, BE regions identified endoscopi-
ally were ablated by using the BÂRRX HALO 90 catheter
BÂRRX Medical) with 300 W and 12 J/cm2. The radiofrequency
nergy was delivered in 2 applications, with burned tissues

Group

t testM Post–CE-IM

ith previous RFA) n � 16* —

) 69.1 (11.8) P � .37

49-91

16/0 —

16 —

7 —

6 —

3 —

4.0 (4.4) P � .98

0.5-14

—

—

—

‡ —

2.6 (1.6) —

1-7

2.3 (0.9) P � .38

1-4

D, standard deviation; BE, Barrett’s esophagus; LGD, low-grade dysplasia;
onal optical coherence tomography; GEJ, gastroesophageal junction.
up.
–CE-I

e, 11 w

(12.9

2-91

7/1

18

8

4

6

(4.0)

.5-14

(0.6)

.5-2

(1.2)

1-5

—

(0.8)

1-3

tion; S
mensi
IM gro
igorously scraped off between applications per standard pro-
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Zhou et al 3D-OCT characterizes buried glands pre– and post–RFA
tocol.14 The patients underwent a follow-up endoscopy 6 to 8
weeks after RFA treatment. If no visible BE was identified en-
doscopically, random 4-quadrant biopsy samples were taken
around the GEJ. The determination of CE-IM was based on
endoscopic (no visible BE under white-light endoscopy
and narrow-band imaging) as well as pathological findings
(no intestinal metaplasia [IM] on pinch biopsy histology
from the GEJ). The patient received additional RFA treat-
ment if there was endoscopically visible BE or if IM was
found based on histology. If CE-IM was achieved based on
endoscopy and biopsy findings, the patient was followed
1 year later with standard endoscopy.

Data analysis
Each 3D-OCT data set obtained at the GEJ was digitally

unwrapped and flattened during after processing. A data set
was excluded from subsequent analysis if the squamocolum-
nar junction (SCJ) was invisible or if severe image artifacts
caused by nonuniform probe motion, air bubbles, or poor
tissue contact were observed.

To characterize buried glands, 3D-OCT data sets were ana-
lyzed with Amira software (Visage Imaging, Inc, San Diego,
Calif). Consistent with previous findings,31,36 buried glands were
identified from cross-sectional OCT images as poorly organized,
sparsely distributed hyposcattering structures below the squa-
mous epithelium within the lamina propria/muscularis mucosa
with irregular size and shape. In contrast, blood vessels were
identified as tubelike hyposcattering structures interconnected
and branched in 3 dimensions. Esophageal glands were
identified as deep and well-organized lobular structures

Figure 1. Cross-sectional optical coherence tomography images and corr
in vivo (A-C) and 1 ex vivo EMR specimen (D-F). C, F, Histological mic
E, squamous epithelium. Scale bars, 500 �m.
below the lamina propria/muscularis mucosa. Buried h

www.giejournal.org V
lands and SCJ were labeled in each data set by using the
egmentation tool provided in Amira software. The seg-
entation data were then loaded in MATLAB (MathWorks,

nc, Natick, Mass) to extract the number, size (the largest
pan of the buried glands in 3 dimensions), and the dis-
ance of the buried glands from the SCJ. When multiple
D-OCT data sets were available for a patient at a single
isit, the data set that showed the most buried glands was
sed for subsequent analysis. Average results from a group
re presented as mean (standard deviation). The Student t
est was used to statistically compare the number, size, and
he distance of the buried glands from the SCJ between the
re–CE-IM and post–CE-IM groups. A P value �.05 was
sed to determine statistical significance.

ESULTS

Table 1 summarizes the patient demographic information.
D-OCT was performed in 18 patients before CE-IM was
chieved (pre–CE-IM group). Among these 18 patients, 7 were
FA-naive patients (no previous RFA treatment) and 11 had 1 or
ore RFA treatments before the first 3D-OCT (1.7 [1.2]). In the
ost–CE-IM group, 3D-OCT was performed in 16 patients who
chieved CE-IM after a total of 2.6 (1.6) RFA procedures, includ-
ng the original treatments to reduce the BE length to 2 cm or
ess. Note that 7 patients were included in both the pre– and
ost–CE-IM groups. The patient age in the 2 groups was com-
arable (65.3 [12.9] for pre–CE-IM group and 69.1 [11.8] for
ost–CE-IM group, P � .37). Before the initial RFA treatment in
he pre–CE-IM group, 8 patients had BE without dysplasia, 6

nding histology showing buried glands (red arrowheads) from 1 patient
phs confirmed the presence of buried glands with intestinal metaplasia.
espo
rogra
ad LGD, and 6 had HGD. Before initial RFA treatment in the
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3D-OCT characterizes buried glands pre– and post–RFA Zhou et al
post–CE-IM group, 7 patients had BE without dysplasia, 6 had
LGD, and 3 had HGD. The BE lengths at initial diagnosis were
4.0 (4.0) cm and 4.0 (4.4) cm for the pre–CE-IM and post–CE-IM
groups, respectively. The BE length at OCT imaging time point
was 1.5 (0.6) cm for the pre–CE-IM group. On average, 2.1 (0.8)
and 2.3 (0.9) 3D-OCT scans were performed during each pro-
cedure for the 2 groups, respectively. None of these differences
between the 2 groups were statistically significant.

Figure 1 shows examples of cross-sectional OCT images
and corresponding histology. Figure 1A,B was acquired in
vivo at the position of the GEJ. Buried glands were identified
with 3D-OCT at the GEJ of a patient during the imaging
procedure. Landmarks of the OCT imaging site were visually
identified under EGD. The OCT probe was then retracted
from the working channel of the GIF-Q180 endoscope, and

Figure 2. Optical coherence tomography (OCT) images from a patient i
face projection over the full imaging depth of the 3-dimensional OCT da
green line, with columnar epithelium on the left (corresponds to Barrett’s
uried glands. B, C, Cross-sectional OCT images corresponding to the da

D and E, Zoomed views (3�) of the regions of buried glands shown in
and C, 500 �m. (Video 1 scans through the SCJ showing buried glands.
biopsy forceps were inserted through the same channel. p

36 GASTROINTESTINAL ENDOSCOPY Volume 76, No. 1 : 2012
inch biopsy samples were taken from the OCT imaging site
ith direct visualization on EGD. The histological micro-
raph shown in Figure 1C confirmed the presence of buried
lands with IM underneath neosquamous epithelium. Figure
D,E was obtained from an ex vivo EMR specimen to enable
ore accurate correspondence of OCT images with histol-
gy. From cross-sectional OCT images, squamous epithelium
s characterized by a low-scattering, homogeneous layer at
he mucosal surface. Buried glands were identified as
parsely distributed hyposcattering structures underneath the
quamous epithelium with various sizes and shapes. The
istological micrograph of the EMR specimen (Fig. 1F) also
onfirmed the presence of buried glands with IM.

Figure 2 shows OCT images from a patient in the pre–
E-IM group. Figure 2A is an en face OCT image that is the

pre–CE-IM (complete eradication of intestinal metaplasia) group. A, En
g OCT signal). The squamocolumnar junction (SCJ) is indicated by the
agus [BE]) and squamous epithelium (SE) on the right. Red dots indicate
brown and blue lines in A. The red arrowheads indicate buried glands.
C. LP/MM, lamina propria/muscularis mucosa. Scale bars: A, 1 mm; B
n the
ta (lo
esoph
shed
B and
rojection of the logarithm-compressed 3D-OCT image over

www.giejournal.org
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Zhou et al 3D-OCT characterizes buried glands pre– and post–RFA
the full axial depth imaging range. Here, columnar epithe-
lium corresponds to BE, and squamous epithelium as well as
the SCJ can be clearly identified. The locations of the buried
glands are indicated. Cross-sectional OCT images corre-
sponding to those in Figure 2A are shown in Figure 2B,C.
Buried glands are clustered under the squamous epithelium.
The lamina propria/muscularis mucosa layer exhibited
strong backscattering OCT signals because of the rich colla-
gen content. The lamina propria/muscularis mucosal layer
was clearly observed in 3D-OCT data sets obtained from all
27 patients, suggesting that OCT has sufficient imaging depth
for evaluation of buried glands. Figure 2D,E are 3� zoomed
views of the regions with buried glands shown in Figure
2B,C, respectively. A double-band feature, also described
by other groups,36 can be observed from some glands. To

Figure 3. Optical coherence tomography (OCT) images from a patient in
ace projection over the full depth range of the 3-dimensional OCT data (l
ine with columnar epithelium on the left (corresponds to gastric mucos
lands. B, C, Cross-sectional OCT images corresponding to the dashed b
, Zoomed views (3�) of the region of buried glands shown in B and C

500 �m. (Video 2 scans through the buried glands post CE-IM.)
urther demonstrate these buried glands in 3 dimensions, a s

www.giejournal.org V
ideo of cross-sectional OCT images scanning through the
CJisprovidedinVideo1(availableonlineatwww.giejournal.
rg). The 3D-OCT data set proved to be very useful for
ifferentiating buried glands from blood vessels, which are
nterconnected and branched in 3 dimensions, and from
sophageal glands, which are deep, lobular, and well
rganized with sharp borders.
Figure 3 shows another example from a patient in the

ost–CE-IM group. The columnar epithelium, (corresponds
o the gastric mucosa), squamous epithelium, and the SCJ are
een from the en face projection OCT image (Fig. 3A). Buried
lands appear to be fewer and scattered near the squamous
pithelium. Cross-sectional OCT images in Figure 3B-E show
hese buried glands in more detail. Video 2 (available online
t www.giejournal.org) shows cross-sectional OCT images

post–CE-IM (complete eradication of intestinal metaplasia) group. A, En
CT signal). The squamocolumnar junction (SCJ) is indicated by the green
]) and squamous epithelium (SE) on the right. Red dots indicate buried
and blue lines in A. The red arrowheads indicate buried glands. D and
MM, lamina propria/muscularis mucosa. Scale bars: A, 1 mm; B and C,
the
og O
a [GM
rown
. LP/
canning through the buried glands.
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3D-OCT characterizes buried glands pre– and post–RFA Zhou et al
In the entire patient cohort, buried glands were identified
in 72% patients (13/18) in the pre–CE-IM group and 63%
patients (10/16) in the post–CE-IM group. Furthermore, as
shown in Figure 4, the number of buried glands per patient
observed in the post–CE-IM group (7.1 [9.3], median � 5) is
ignificantly lower compared with the number of buried
lands per patient observed in the pre–CE-IM group (34.4
44.6], median � 26.5; P � .02).

Overall, 620 and 114 buried glands were marked in 3D-
CT data sets from patients in the pre–CE-IM and post–
E-IM groups, respectively. For comparison, Figure 5 shows
istograms of the gland sizes (Fig. 5A) and the distance from
he SCJ (Fig. 5B). Both groups demonstrate a single peak of
pproximately 180 �m in the gland size distribution. On

average, the size of the buried glands is 214 (126) �m in the
re–CE-IM group, and 219 (111) �m in the post–CE-IM

group, respectively. The gland sizes before and after CE-IM
are not significantly different (P � .69). Furthermore, as
shown in Figure 5B, the distribution of the buried glands
relative to the SCJ is also similar in both groups. Sixty-seven
percent (415/620) and 69% (79/114) of the glands were
observed within 5 mm of the SCJ in the pre–CE-IM group and
post–CE-IM group, respectively. The average distance of
these glands from the SCJ is 3.6 (2.7) mm in the pre–CE-IM
group and 3.8 (3.9) mm in the post–CE-IM group and was not
statistically significant between the 2 groups (P � .54).

DISCUSSION

In this study, in vivo characterization of buried glands in
BE patients treated with RFA was performed by using high-
speed, endoscopic 3D-OCT. A higher prevalence of buried

Figure 4. Comparison of the number of buried glands observed per patient
in the pre–CE-IM (complete eradication of intestinal metaplasia) and post–
CE-IM groups. The number of buried glands per patient was significantly
lower in the post–CE-IM group (7.1 [9.3], median � 5) compared with the
pre–CE-IM group (34.4 [44.6], median � 26.5; P � .02).
glands in both the pre–CE-IM (72%) and the post–CE-IM n

38 GASTROINTESTINAL ENDOSCOPY Volume 76, No. 1 : 2012
roups (63%) was observed compared with previous reports
y performing 4-quadrant biopsies every 1 cm (up to 25%
re– and none to 5% post–CE-IM).14,15,21 Higher prevalence
s expected in our study because the area of the distal esoph-
gus imaged with 3D-OCT is considerably larger and more
omprehensive than that with pinch biopsies. Each 3D-OCT
ata set provides approximately 160 mm2 (8-mm circumfer-
nce � 20-mm pullback) coverage of the esophagus if the
issue is fully wrapped around the probe. This is approxi-
ately 30 to 60 times larger than the area sampled by jumbo
iopsy forceps (�6 mm2) and standard biopsy forceps (�2.5
m2). However, because the human esophagus is approxi-
ately 1.5 to 2 cm in diameter, each scan using the current OCT
robe design only covers 1/6 to 1/8 of the esophageal circum-
erence. Therefore, it is important to image different quadrants
f the esophagus to maximize the coverage area and decrease
ampling errors. The lamina propria/muscularis mucosa of the
sophagus was visible in all OCT data sets collected in this
tudy, suggesting the penetration depth of OCT was sufficient to
valuate the buried glands. In contrast, only 40% to 80% of
iopsies reached the lamina propria or deeper, as reported in
ecent studies.21,37 In addition, Cobb et al36 recently found bur-
ed glands by using OCT in 10 of 14 ex vivo esophagectomy
pecimens by focused sampling in areas near the SCJ. The high
revalence of buried glands reported in their study is consistent
ith our findings. The high probability of finding buried glands
ear the SCJ was also confirmed with our buried gland distri-
ution results, in which 67% and 69% of these glands were
ound within 5 mm from the SCJ in the pre–CE-IM and post–
E-IM groups, respectively.
Although we have shown that the number of buried

lands per patient is significantly lower after CE-IM is
chieved, buried glands still exist in a high percentage of
atients post–CE-IM. These glands may disappear over time
ithout treatment, grow as recurrent BE, or even become
alignant. Further investigation is needed to understand

he longitudinal progression of the buried glands in the same
atient over time. One hypothesis is that patients with a large
umber of buried glands are at higher risk of recurrent BE or
alignant progression. If this proves to be true, the informa-

ion on buried glands that OCT provides may be used to
tratify the patient risk, as suggested by a recent editorial38

nd could even help direct areas for re-ablation. Repeated
reatment or close surveillance may be used for high-risk
atients, whereas longer surveillance may be used for low-
isk patients to improve the cost-effectiveness in the current
aradigm for BE management. Furthermore, OCT is a mini-
ally invasive method to evaluate buried glands or other

ubsurface features and may be used to evaluate the efficacy
f other endoscopic therapies, such as cryoablation39,40 and
hotodynamic therapies.10

There are several limitations to the current study. First, the
tudy was performed without coregistered histology of the
uried glands observed in the OCT data sets. This is because
f the procedural difficulties of performing biopsy simulta-

eously with OCT imaging and using OCT to guide the

www.giejournal.org
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Zhou et al 3D-OCT characterizes buried glands pre– and post–RFA
biopsy, as well as the small size and area coverage of biopsy
forceps. To address this limitation, OCT images and corre-
sponding histology are presented from 1 biopsy specimen in
vivo and 1 ex vivo EMR specimen obtained at the GEJ (Fig.
1). In both cases, histology showed buried glands with IM.
With the current image resolution, OCT is not capable of
differentiating glandular mucosa with or without IM. Com-
pared with gastric glandular mucosa or superficial esopha-
geal glands, however, glands with IM are often dilated, irreg-
ular, and sparsely distributed in the superficial part of the
lamina propria. The buried glands observed on OCT are
irregular and sparsely distributed and likely correspond to
these dilated glands. In addition, we observed the same
imaging features for buried glands compared with a recent ex
vivo OCT imaging study that used esophagectomy speci-
mens.36 Furthermore, considering that the areas underneath the
eosquamous epithelium were columnar epithelium before the
FA treatment, glandular structures underneath the neosqua-
ous epitheliumobserved after RFA treatments are likely buried
E glands rather than normal buried glandular mucosa. In the

uture, a dual-channel endoscopemaybeused to enable image-
uided pinch biopsy by using OCT. Improved matching of OCT
mages obtained in vivo and histology should then be obtained.
urther improvement in image resolution and the development
f more specific imaging technology such as polarization-
ensitive OCT may also help improve the accuracy of the de-
ection of buried glands.

A second limitation is that this was a cross-sectional study
omparing patients at different time points in treatment. Be-
ause of the variations in the extent of BE at initial presenta-
ion as well as variations in the number of RFA treatments
eeded to achieve CE-IM, the study recruited both RFA-naive
nd previously treated patients focusing on those with short-
egment BE. This was done because this represents a treat-
ent point at which the OCT imaging probe could be con-

istently placed at the GEJ. Variations in disease severity and
esponse across the patient population contribute to the
ariations in the data. 3D-OCT imaging is performed before
nd after a varying number of RFA treatments, so that the
ata are not necessarily representative of either a single RFA
reatment or the entire course of RFA treatments starting from

Figure 5. Histograms of (A) the buried gland size and (B) distance from the s
metaplasia) and post–CE-IM groups. No significant difference was observed in
reatment-naive patients. However, buried glands were

www.giejournal.org V
ound in 6 of the 7 RFA-naive patients (86%) in the pre–CE-IM
roup. In addition, the number of buried glands observed
er patient (36.1 [35.1], median � 23) in these RFA-naive
atients was not significantly different from the statistics in-
luding all the patients in the pre–CE-IM group (34.4 [44.6],
edian � 26.5; P � .93).
Finally, this was a single-center study with a relatively

mall cohort of patients. A more rigorous, multicenter, lon-
itudinal clinical study is needed to further establish the
tility of endoscopic 3D-OCT for the management of BE in
linical practice.

ONCLUSION

In summary, this study demonstrates that 3D-OCT pro-
ides a 30 to 60 times larger field of view compared with
umbo and standard forceps biopsy and sufficient imaging
epth to the lamina propria/muscularis mucosa to facilitate
he detection of buried glands pre– and post–CE-IM. A high
revalence of buried glands in 72% patients in the pre–CE-IM
roup and in 63% patients in the post–CE-IM group was
bserved. This high prevalence is consistent with biopsy
esults from previous studies when accounting for the differ-
nces in sampling area between OCT imaging and excisional
iopsy. The number of buried glands per patient decreased
ignificantly after CE-IM is achieved (P � .02). However, the size
nd distribution of the buried glands relative to the SCJ in
atients with short-segment BE did not change significantly
ost–CE-IM. Further investigation is needed to understand the

ongitudinal progression and clinical implications of buried
lands.
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