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Dysplasia in Barrett’s esophagus often is invisible on high-resolution white-light endoscopy
(HRWLE). We compared the diagnostic accuracy for inconspicuous dysplasia of the combination
of autofluorescence imaging (AFI)-guided probe-based confocal laser endomicroscopy (pCLE)
and molecular biomarkers vs HRWLE with Seattle protocol biopsies.
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METHODS:
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Barrett’s esophagus patients with no dysplastic lesions were block-randomized to standard
endoscopy (HRWLE with the Seattle protocol) or AFI-guided pCLE with targeted biopsies for
molecular biomarkers (p53 and cyclin A by immunohistochemistry; aneuploidy by image
cytometry), with crossover to the other arm after 6 to 12 weeks. The histologic end point was a
diagnosis from all study biopsies (trial histology). A sensitivity analysis was performed for
per: AFI, autofluorescence imaging; BE,
focal laser endomicroscopy; GI, gastroin-
lasia; HRWLE, high-resolution white-light
l carcinoma; LGD, low-grade dysplasia;
Barrett’s esophagus; pCLE, probe-based
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overall histology, which included diagnoses within 12 months from the first study endoscopy.
Endoscopists were blinded to the referral endoscopy and histology results. The primary
outcome was diagnostic accuracy for dysplasia by real-time pCLE vs HRWLE biopsies.
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RESULTS:
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Of 154 patients recruited, 134 completed both arms. In the primary outcome analysis (trial
histology analysis), AFI-guided pCLE had similar sensitivity for dysplasia compared with stan-
dard endoscopy (74.3%; 95% CI, 56.7–87.5 vs 80.0%; 95% CI, 63.1–91.6; P [ .48). Multivariate
logistic regression showed pCLE optical dysplasia, aberrant p53, and aneuploidy had the
strongest correlation with dysplasia (secondary outcome). This 3-biomarker panel had higher
sensitivity for any grade of dysplasia than the Seattle protocol (81.5% vs 51.9%; P < .001) in the
overall histology analysis, but not in the trial histology analysis (91.4% vs 80.0%; P[ .16), with
an area under the receiver operating curve of 0.83.
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CONCLUSIONS:
189
Seattle protocol biopsies miss dysplasia in approximately half of patients with inconspicuous
neoplasia. AFI-guided pCLE has similar accuracy to the current gold standard. The addition of
molecular biomarkers could improve diagnostic accuracy.
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Barrett’s esophagus (BE) is the only known pre-
cursor lesion to esophageal adenocarcinoma.1 BE

has an estimated risk of progression to cancer of 0.3%
per year, which increases 10- to 50-fold when low-grade
dysplasia (LGD) and high-grade dysplasia (HGD) are
diagnosed.2–4 Treatment of dysplastic BE with endo-
scopic ablation prevents progression to cancer,4,5 there-
fore endoscopic surveillance of BE is recommended.6,7

Because dysplasia can be invisible on high-resolution
white-light endoscopy (HRWLE), nontargeted biopsies
are recommended according to the Seattle protocol.6,7

However, adherence to this protocol is poor in clinical
practice because it is laborious and time consuming.8

In addition, interobserver agreement among histopathol-
ogists for a dysplasia diagnosis is suboptimal.3,9 Finally,
random biopsies can miss inconspicuous dysplasia. To
date, there are scarce data on the true sensitivity of Seat-
tle protocol biopsies in patients without endoscopically
visible lesions.

Confocal laser endomicroscopy (CLE) provides real-
time microscopic visualization of gastrointestinal mu-
cosa. CLE diagnostic criteria for LGD and HGD in BE
have been established.10,11 Sharma et al12 showed that
the combination of HRWLE, NBI, and CLE achieved a
sensitivity of 100% and a specificity of 55.7% for HGD
and intramucosal carcinoma (IMC). Similarly, Canto
et al13 showed the addition of CLE to HRWLE increased
sensitivity for Barrett’s neoplasia from 40% to 96%.
These trials included patients with flat BE and mucosal
lesions suspicious of early neoplasia, which can influ-
ence the pretest endomicroscopic diagnosis. To date, no
studies have assessed the diagnostic accuracy of CLE
for dysplasia in patient cohorts with inconspicuous BE
only.

A limitation of CLE is the narrow field of view.
Autofluorescence imaging (AFI) detects the different
fluorescence properties of early BE-related neoplasia
LA 5.6.0 DTD � YJCGH58354_proof �
and has high sensitivity for HGD, but also a significant
false-positive rate.14 We previously showed that an AFI-
positive signal in BE correlates with molecular aberra-
tions regardless of dysplasia, suggesting that a propor-
tion of false positivity is the result of sampling bias.15 A
3-biomarker panel including aneuploidy, cyclin A, and
p53 on AFI-targeted biopsies had sensitivity and speci-
ficity for HGD/IMC of 96% and 89%, respectively. In a
feasibility study combining probe-based CLE (pCLE) with
AFI, this multimodal approach achieved 96.4% sensi-
tivity and 74.1% specificity for a diagnosis of BE-related
neoplasia.16

We conducted a multicenter randomized crossover
study with the primary aim to evaluate the diagnostic
accuracy for dysplasia of AFI-guided pCLE compared
with HRWLE and Seattle protocol biopsies in patients
with BE and no endoscopically visible lesions. We also
evaluated the added diagnostic value of molecular bio-
markers, the time to perform standard and experimental
procedures, and the acceptability by patients of optical
dysplasia diagnosis.
Methods

Study Design

This was a prospective randomized crossover study
across 2 tertiary referral centers. The study was
approved by the Cambridgeshire Research Ethics Com-
mittee (09/H0308/118). Patients were block-
randomized using computer-generated randomization
in blocks of 4 (www.randomization.com) to receive
either HRWLE with Seattle protocol biopsies (standard
arm) or endoscopy with AFI-directed pCLE and targeted
biopsies for molecular biomarkers (experimental arm).
Patients crossed over to the other arm after 6 to 12
15 March 2022 � 7:34 pm � ce DVC
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What You Need to Know

Background
Endoscopic diagnosis of flat dysplasia in Barrett’s
esophagus is challenging. Previous trials investi-
gating image-enhanced endoscopy (IEE) have
included patients with lesions visible on white-light
endoscopy.

Findings
White-light endoscopy with Seattle protocol biopsies
underdiagnoses approximately half of the patients
with flat dysplasia and IEE does not improve the
diagnostic accuracy. Biomarkers on biopsies directed
by IEE can improve the sensitivity for dysplasia.

Impact for patient care
This trial provides a methodologic model for future
studies investigating the endoscopic diagnosis of flat
dysplasia. Biomarkers should be used in the
assessment of patients with Barrett’s esophagus to
inform clinical decisions.
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weeks. Different endoscopists performed procedures in
the 2 arms. Endoscopists could not be blinded to the
intervention arm but were blinded to the endoscopy and
histology results of the pretrial endoscopy and other
study arm.

Participants

Inclusion criteria were as follows: patients aged older
than 18 years diagnosed with BE greater than C2 and/or
M3 on pretrial endoscopy (as per the Prague Classifica-
tion17) referred for surveillance of nondysplastic BE
(NDBE) or assessment of flat dysplasia. The reason for
inclusions of BE segments at least C2 or M3 was 2-fold:
image-enhanced assisted detection is expected to be
more advantageous for long-segment BE, and AFI has a
high false-positive rate at the esophagogastric junction.15

Exclusion criteria were as follows: previous evidence of
BE-related neoplasia visible on endoscopy, previous
histologic evidence of esophageal adenocarcinoma,
esophagitis (Los Angeles grade �B), previous esoph-
agectomy, fluorescein allergy, severe/uncontrolled
asthma, coagulopathy or anticoagulant/antiplatelet
therapy for high-risk conditions, active/severe cardio-
pulmonary disease, or decompensated liver disease.

Study Outcomes

The primary outcome was the diagnostic accuracy for
dysplasia of AFI-guided pCLE using the trial histology as
the gold standard. Secondary outcomes included the
following: (1) diagnostic accuracy of AFI-guided pCLE for
dysplasia with reference to the overall histology, which
included biopsy specimens taken within 12 months
before enrollment; (2) added diagnostic value of molec-
ular biomarkers; (3) time to perform the endoscopy; and
(4) patient-reported experience related to experimental
and standard endoscopy.

Endoscopic Procedures

Patients received 2 endoscopic procedures within the
trial duration. In the standard arm, HRWLE only was
allowed for inspection using FQ260Z, HQ290, or H290Z
endoscopes (Olympus, Tokyo, Japan). Subtle lesions were
allowed if not clearly in keeping with BE-related
neoplasia, and therefore received targeted biopsies.
Random biopsy specimens then were taken every 2 cm of
the length of BE. In the experimental arm, FQ260Z en-
doscopes were used. The initial inspection was per-
formed with HRWLE only. The endoscopist then switched
to AFI mode and areas of purple–red color within a green
background (AFIþ) were identified (Figure 1). At the
discretion of the endoscopists, AFIþ lesions were marked
with argon-plasma coagulation (VIO 200; ERBE, Tuebin-
gen, Germany) or snare tip to delineate the area of
FLA 5.6.0 DTD � YJCGH58354_proof �
interest. AFIþ areas, together with subtle HRWLE lesions
if present, then were studied with pCLE after intravenous
fluorescein (10% solution, 2.5 mL) and then received 2
targeted biopsies stored in formalin. At least 2 pCLE
videos per endoscopic location were recorded. A
maximum of 4 AFIþ areas per patient were allowed for
pCLE analysis. In patients with no AFIþ areas, 1 random
location was used for pCLE analysis and targeted biopsies
for every 5 cm of BE maximum extent. The endoscopist
made a live pCLE diagnosis and then reviewed pCLE
videos offline to make the final pCLE diagnosis. Patients
with evidence of lesions at the first endoscopy that were
unequivocally in keeping with BE-related neoplasia on
HRWLE were excluded from the study.

Optical Probe-Based Confocal Laser
Endomicroscopy Diagnosis

Before the study, the endoscopist received online and
live pCLE training. Endoscopists reported a pCLE diag-
nosis at the time of endoscopy as one of the following:
NDBE, LGD, or HGD. For the primary and secondary
outcomes, pCLE diagnoses of LGD and HGD were regar-
ded as dysplasia because interobserver agreement be-
tween LGD and HGD on pCLE was shown to be low.10

Details on pCLE training and diagnostic criteria are
provided in the Supplementary Materials.

Biopsy and Histology

Tissue biopsy specimens from both arms were
formalin-fixed and paraffin-embedded for histopatho-
logic assessment. Biopsy specimens were reviewed by a
15 March 2022 � 7:34 pm � ce DVC
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Figure 1. Examples of image-enhanced endoscopic diagnosis. (A) Nondysplastic Barrett’s esophagus (NDBE) with negative
imaging features. Flat inconspicuous BE on high-resolution white-light endoscopy (HRWLE) (left). Nonsuspicious green signal
on autofluorescence imaging (AFI) (middle); arrowheads indicate false-positive AFI signal at the level of the squamous
columnar junction. Probe-based confocal laser endomicroscopy (pCLE) on random location showed nondysplastic glands
with regular contours and epithelial cells with regular columnar shape (right). (B) NDBE with AFIþ signal. Flat inconspicuous BE
on HRWLE (left). AFIþ area at the 12 o’clock position (middle, arrows). pCLE on targeted location (right) showed nondysplastic
glands with smooth margins and uniform columnar cells but no obvious goblet cells. (C) Example of AFIþ BE with high-grade
dysplasia (HGD). HRWLE shows featureless BE with possibly subtle pale discoloration at the 12 o’clock position (left). AFI
showed clear positive signal (middle, arrows). pCLE showed dysplastic glands (right) with irregular shape, saw-toothed
margins (arrowheads), and cellular pleomorphism (arrows).
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gastrointestinal (GI) pathologist with extensive exper-
tise in BE in accordance with the Vienna classification.18

All dysplastic cases, including indefinite dysplasia were
reviewed by a second expert GI pathologist from the
other institution, with consensus diagnosis achieved for
FLA 5.6.0 DTD � YJCGH58354_proof �
discordant cases. For the purpose of the analysis, in-
definite dysplasia was grouped with NDBE. In the
standard arm, p53 immunohistochemistry was per-
formed at the discretion of the pathologist, as per the
standard of care.
15 March 2022 � 7:34 pm � ce DVC
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Procedural Time

The time taken to perform each arm of the trial was
recorded. The start time was the time of insertion of the
endoscope and the end time was the time of the patient’s
extubation.

Molecular Biomarker Assays

A 3-biomarker panel including cyclin A, p53, and
aneuploidy was selected based on previously published
data.15,16 Cyclin A and p53 expression were assessed
with immunohistochemistry and aneuploidy with image
cytometry. A full panel of biomarkers was available in
96.3% of cases. Details on biomarker methodology are
provided in the Supplementary Materials.

Statistical Analysis

In per-lesion analysis, the sensitivity and specificity
for dysplasia of pCLE and HRWLE (presence vs absence
of mucosal lesion) were calculated in reference to the
histologic diagnosis at each AFI-targeted area. In per-
patient analysis, the gold standard diagnosis was the
highest grade of dysplasia detected on biopsy specimens
from both arms (trial histology). Diagnostic accuracy was
calculated for the Seattle protocol (sensitivity) and pCLE
diagnosis (sensitivity and specificity). The McNemar test
compared differences between the Seattle protocol and
pCLE diagnosis. A sensitivity analysis was performed
using the combination of trial histology and any histology
from endoscopies performed up to 12 months before
enrollment in the trial (overall histology) as reference.
All cases of pretrial histology were reviewed by the trial
GI pathologists.

The diagnostic accuracy for the addition of molecular
biomarkers was determined. Multivariate logistic
regression including optical dysplasia by pCLE, p53
expression, cyclin A expression, and aneuploidy was
performed to identify the biomarkers with the strongest
correlation with dysplasia. The area under the receiver
operating curve was used to assess the diagnostic accu-
racy of the biomarker panel with different cut-off levels.
A time comparison between the experimental and stan-
dard arms was performed using a paired t test. All au-
thors had access to the study data and approved the final
manuscript.

Sample Size

A large multicenter study showed that the Seattle
protocol has a sensitivity for any grade of dysplasia of
84.6%.19 A recent single-center study showed that AFI-
targeted pCLE had a sensitivity and specificity for any
grade of dysplasia of 96% and 86%, respectively.16 With
this level of diagnostic accuracy, we calculated that
47 patients with a previous diagnosis of dysplasia and
FLA 5.6.0 DTD � YJCGH58354_proof �
86 patients with NDBE (total, 133 patients) were
required to show a sensitivity of at least 0.80 and a
specificity of at least 0.75 for AFI-targeted pCLE at a
significance level of 0.01. Assuming the true sensitivity
may have been overestimated as a result of the small
sample size in the second study, we assumed that 133
patients still would show a sensitivity of at least 0.80 and
a specificity of at least 0.75 at a significance level of 0.05.
Considering a potential dropout of 10% after the first
endoscopy, the prespecified sample size was 146.

Results

A total of 154 patients were recruited between May
2017 and October 2019, of whom 8 were excluded based
on first endoscopy findings (macroscopic lesions clearly
in keeping with BE-related neoplasia, short segment of
BE, or esophagitis). One patient was excluded because of
a protocol breach (acetic acid chromoendoscopy on
standard-arm endoscopy) and 11 patients withdrew
consent before the second endoscopy. As shown in
Figure 2, there were 134 patients who completed both
arms of the study. Patient characteristics are shown in
Table 1. Eighteen patients (13.4%) had a trial histologic
diagnosis of HGD/IMC, while 17 (12.7%) were diagnosed
with LGD. The HGD/IMC diagnosis was made in 4 cases
in the experimental arm only, 5 cases in the standard
arm only, and in 8 cases in both arms. Any grade of
dysplasia was found in 7 cases in the experimental arm
only, 14 in the standard arm only, and 14 in both arms.

AFI had a sensitivity for dysplasia of 88.9%, but a
false-positive rate greater than 80%. In 18.1% (n ¼ 41) of
these areas the endoscopist noticed a subtle abnormality
on HRWLE, however, the patients were retained in the
study because the endoscopist did not judge the lesion
unequivocally neoplastic; HGD or LGD was confirmed in
12.2% (n ¼ 5) and 9.8% (n ¼ 4) of these subtle lesions,
respectively. Of the 278 targeted areas, 28.8% showed
optical dysplasia on pCLE (n ¼ 80). In the standard arm,
67 patients (50%) had subtle mucosal irregularity and
received targeted biopsies for a total of 116 endoscopic
areas. Of these areas, 10.3% (n ¼ 12) showed HGD/IMC
and 6.9% (n ¼ 8) showed LGD. Targeted biopsies from
the standard arm identified dysplasia in 12.7% of patients
(HGD/IMC, n ¼ 10; LGD, n ¼ 7).

Performance of Endoscopic Techniques

In the per-lesion analysis, the optical diagnosis by
pCLE had a sensitivity and specificity for HGD/IMC of
69.2% (95% CI, 38.6–90.9) and 73.2% (95% CI,
67.5–78.4) respectively, and for any grade of dysplasia of
66.7% (95% CI, 46.0-83.5) and 75.3% (95% CI, 69.5-
80.5), respectively. Within the experimental arm, pCLE
had a higher sensitivity than HRWLE for HGD/IMC (P ¼
.046) and all grades of dysplasia (P ¼ .01), but lower
specificity (HGD/IMC, P ¼ .01; all grades of dysplasia,
15 March 2022 � 7:34 pm � ce DVC
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Figure 2. Recruitment and
cross-over study flowchart.
AFI, autofluorescence im-
aging; pCLE, probe-based
confocal laser
endomicroscopy.

6 Vithayathil et al Clinical Gastroenterology and Hepatology Vol. -, No. -

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696
P ¼ .02) (Supplementary Table 1). The agreement be-
tween the live pCLE diagnosis and the offline pCLE
diagnosis was substantial (K ¼ 0.76; SE, 0.04).

In per-patient analysis, there was no difference in the
sensitivity of pCLE for dysplasia compared with HRWLE
with the Seattle protocol (76.5%; 95% CI, 50.1–93.2 vs
76.5%; 95% CI, 50.1–93.2, respectively; P ¼ 1.00 for
HGD/IMC; 74.3%; 95% CI, 56.7–87.5 vs 80.0%; 95% CI,
63.1–91.6, respectively; P ¼ .48, for all grades of
dysplasia) (Table 2). The use of AFI-targeted pCLE led to
2.1 optical biopsy specimens per patient on average
compared with 12.3 tissue biopsy specimens taken in the
Seattle protocol.

Sampling error is a well-known limitation of the
Seattle protocol. To capture cases of dysplasia missed in
the trial, we performed a sensitivity analysis including
pretrial histology (overall histology). Overall, 54 patients
had dysplasia of any grade, with 13 and 6 additional
cases of HGD and LGD, respectively (Table 3). Standard
endoscopy missed 28 cases of dysplasia (miss rate,
51.9%), 11 of which were detected by experimental
endoscopy. Experimental endoscopy missed 20
dysplastic cases (miss rate, 37%), of which 5 were
diagnosed correctly by standard endoscopy. In the
overall histology analysis, AFI-guided pCLE had a higher
sensitivity for HGD/IMC than Seattle protocol biopsies
(73.3%; 95% CI, 54.1–87.7 vs 43.3%; 95% CI, 25.5–62.6,
respectively; P ¼ .02). The difference in sensitivity for all
grades of dysplasia was not statistically significant
(63.0%; 95% CI, 48.7–75.7 vs 51.9%; 95% CI, 37.8–65.7,
respectively; P ¼ .13). The diagnostic accuracy of AFI-
targeted pCLE varied across individual operators. Two
FLA 5.6.0 DTD � YJCGH58354_proof �
endoscopists achieved a sensitivity greater than 90%,
while 2 endoscopists showed a sensitivity of less than
60% (Supplementary Table 2).
Molecular Biomarkers

In the per-patient analysis the sensitivity and speci-
ficity for dysplasia of individual biomarkers were 48.6%
and 93.9% for p53, 47.1% and 69.4% for cyclin A, and
40.0% and 88.5% for aneuploidy, respectively. We per-
formed a multivariate logistic regression analysis to
identify the biomarkers with the strongest correlation
with the dysplasia status, including optical dysplasia by
pCLE. The model showed that p53, aneuploidy, and op-
tical dysplasia correlated significantly with a diagnosis of
dysplasia (Supplementary Table 3). A panel comprising
these 3 biomarkers showed an area under the receiver
operating curve of 0.83 (95% CI, 0.76–0.91) for a diag-
nosis of any grade of dysplasia and 0.88 (95% CI,
0.78–0.97) for a diagnosis of HGD/IMC. Using a threshold
of 1 positive biomarker, this panel had a higher sensi-
tivity than the Seattle protocol in detecting dysplasia in
the overall histology analysis (81.5% vs 51.9%; P < .001)
(Tables 2 and 3). The difference was not statistically
significant in the trial histology analysis (91.4% vs
80.0%; P ¼ .16).
Procedural Time

The mean time for experimental endoscopy was
significantly longer than the standard endoscopy (22.3 vs
15 March 2022 � 7:34 pm � ce DVC
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Table 1. Patient Demographics

Variable
Total number of patients, n 134
Demographics
Age, y 67.3 (38.0–89.0)
Male 104 (77.6)

Maximal lengthQ29 of Barrett’s 5.9 (3.0–16.0)
Overall histologic diagnosis
NDBE 92 (68.7)
ID 7 (5.2)
LGD 18 (13.4)
HGD/IMC 17 (12.7)

Endoscopic: experimental arm
Total number of areas studied 278

AFI-positive areas 226 (81.3)
AFI-positive areas per patient 1.69 (1.0–4.0)
AFI-positive areas visible on HRWLE 41 (18.1)
Total number of pCLE optical biopsies 278
Optical biopsies per patient 2.1 (1.0–4.0)
Areas with pCLE dysplasia 80 (28.8)
Areas with pCLE dysplasia

visible on HRWLE
27 (9.7)

Endoscopic: standard arm
Total number of tissue blocks 520

Biopsies from targeted areas 116 (22.3)
Tissue blocks from random biopsies 404 (77.7)
Total number of tissue biopsies 1656
Tissue biopsies per patient 12.4 (2.0–33.0)

NOTE. The mean (range) for continuous variables, and n (%) for discrete var-
iables are shown.
AFI, autofluorescence imaging; HGD, high-grade dysplasia; HRWLE, high-
resolution white-light endoscopy; ID, indeterminate for dysplasia; IMC, intra-
mucosal carcinoma; LGD, low-grade dysplasia; NDBE, nondysplastic Barrett’s
esophagus; pCLE, probe-based confocal laser endomicroscopy.
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16.4 min; P < .001) (Figure 3). Because 3 of 5 endo-
scopists had no experience with pCLE before the trial, to
assess whether the time to perform pCLE imaging
improved with experience, we looked at the trend of
procedural time in each quarter of the study period
(quarter 1 to quarter 4). We found evidence of a learning
curve, with a mean time for the experimental endoscopy
decreasing during the study time (quarter 1 vs quarter 4,
26.5 vs 19.0 min, respectively; P < .001).
Table 2. Per-Patient Analysis of Diagnostic Accuracy of Seattle P
3-Biomarker Panel

Seattle protocol AFI þ pCLE

Dysplasia (all grades) (n ¼ 35)
Sensitivity, % 80.0 74.3
Specificity, % – 66.7

High-grade dysplasia (n ¼ 17)
Sensitivity, % 76.5 76.5
Specificity, % – 60.7

NOTE. The 3-biomarker panel consisted of 1 or more of optical dysplasia on pCLE
AFI, autofluorescence imaging; pCLE, probe-based confocal laser endomicrosco
aP value calculated for McNamar test for Seattle protocol vs AFI-targeted pCLE
bP value calculated for McNamar test for Seattle protocol vs 3-biomarker panel
cP value calculated for McNamar test for AFI-targeted pCLE vs 3-biomarker pan

FLA 5.6.0 DTD � YJCGH58354_proof �
Patient Acceptability

We found that communication of the optical dysplasia
diagnosis immediately after the procedure did not
significantly alter anxiety levels compared with the
routine standard of waiting for a histologic diagnosis.
Details of patient-reported experiences are provided in
the Supplementary Material and in Supplementary
Figure 1.

Discussion

In this trial we found that in patients with incon-
spicuous BE, AFI-guided pCLE has similar diagnostic
accuracy for dysplasia compared with standard HRWLE
with Seattle protocol biopsies. The addition of molecular
biomarkers improved the diagnostic accuracy compared
with the current gold standard.

We previously generated and validated pCLE diag-
nostic criteria for LGD, which, in a retrospective study,
diagnosed dysplasia with 82% sensitivity and 75%
specificity. In this study, we validated the use of pCLE for
detection of all grades of dysplasia in real time. Two
randomized trials have assessed the diagnostic accuracy
of CLE for BE-related dysplasia, with different designs.
Sharma et al12 investigated 101 patients with BE with a
single endoscopic procedure in which HRWLE, NBI, and
pCLE were used sequentially. Because 25% of the study
population had a cancer diagnosis, the pretest probabil-
ity in this trial was high and only 1 patient with HGD/
IMC was missed by the combination of HRWLE and NBI.
The study by Canto et al13 randomized 192 patients with
BE of less than 10 cm to either HRWLE or HRWLE with
CLE. CLE was performed on targeted as well as random
locations and the histologic end point was HGD/IMC.

The reason for using a flagging technique was to
reduce the number of locations for pCLE assessment
because following a Seattle protocol distribution would
be time consuming. AFI was chosen based on previous
evidence of feasibility and evidence that AFI-positive
signal correlates with molecular aberrations.20 We did
rotocol Histology, AFI-Targeted Optical pCLE Diagnosis, and

P valuea 3-biomarker panel P valueb P valuec

.48 91.4 .16 .01
– 56.6 – .002

1.00 94.1 .18 .083
– 49.6 – <.001

, aberrant p53 on immunohistochemistry, and/or aneuploidy on flow cytometry.
py.

el.
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Table 3. Per-Patient Analysis Including Pretrial Endoscopy of Diagnostic Accuracy of Seattle Protocol Histology, AFI-Targeted
Optical pCLE Diagnosis, and 3-Biomarker Panel

Seattle protocol AFI þ pCLE P valuea 3-biomarker panel P valueb P valuec

Dysplasia (all grades) (n ¼ 54)
Sensitivity 51.9 63.0 .13 81.5 <.001 .002
Specificity – 68.8 61.3 – .014

High-grade dysplasia (n ¼ 30)
Sensitivity 43.3 73.3 .02 86.7 <.001 .046
Specificity – 64.4 52.9 – <.001

NOTE. The 3-biomarker panel consisted of 1 or more of optical dysplasia on pCLE, aberrant p53 on immunohistochemistry, and/or aneuploidy on flow cytometry.
AFI, autofluorescence imaging; pCLE, probe-based confocal laser endomicroscopy.
aP value calculated for McNamar test for Seattle protocol vs AFI-targeted pCLE.
bP value calculated for McNamar test for Seattle protocol vs 3-biomarker paneld
cP value calculated for McNamar test for AFI-targeted pCLE vs 3-biomarker panel.
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not opt for acetic acid because this alters endomicro-
scopic features of BE, and NBI lacks evidence for detec-
tion of LGD. However, AFI is not widely available and
therefore is unlikely to be the ideal flagging technique for
future applications. In the future, other imaging modal-
ities will need to be investigated in combination with
pCLE.

This randomized trial provides definitive evidence
that Seattle protocol biopsies have low sensitivity for
dysplasia in patients with inconspicuous BE even in
expert centers. The results indicate that dysplasia can be
missed in up to 50% of patients referred with early BE
neoplasia and no macroscopically visible lesions. This
supports the recommendation that a HGD diagnosis
should prompt an ablation strategy in the appropriate
patient setting when corroborated by a second patholo-
gist regardless of whether it is confirmed at subsequent
endoscopy. Likewise, given the significant sampling er-
ror, patients with LGD should be followed up with
intensive surveillance even if LGD is not confirmed at
immediate subsequent endoscopies. These results also
provide an important comparator to gauge the utility of
pan-esophageal nonendoscopic cell collection devices,
Figure 3. Time taken to perform experimental endoscopy (autofl
endomicroscopy [pCLE]) and standard endoscopy (high-resolut
boxes represent the median and interquartile ranges, with vertic
Student t test compared paired endoscopy times from each arm
into temporal quartiles of the study (quarter 1 to quarter 4).

FLA 5.6.0 DTD � YJCGH58354_proof �
such as Cytosponge, for future use in BE surveillance
settings.21

In this study, the addition of molecular biomarkers
improved the diagnostic accuracy for dysplasia in the
overall histology analysis. The difference was not sig-
nificant in the trial histology analysis, likely owing to the
smaller number of dysplastic cases when we excluded
pathology results from the endoscopy before trial pro-
cedures. Our group previously showed that p53 and
aneuploidy have the best performance in identifying
dysplasia and predicting future progression.15,22 In a
more recent study, aberrant p53 was associated with a
hazard ratio for progression of 5.03 (95% CI, 3.88–6.5) in
patients with NDBE.23 In this study, we used only bio-
markers compatible with routine clinical biopsies and
used image cytometry on paraffin-embedded biopsy
specimens to measure aneuploidy. In addition, p53
immunohistochemistry is used routinely as a diagnostic
adjunct in many pathology laboratories. This study sug-
gests that it is possible to achieve high diagnostic accu-
racy with a biomarker-aided diagnosis on biopsies
targeted by optical imaging, dispensing random sam-
pling. Future guidelines should address the role of p53
uorescence imaging [AFI]-guided probe-based confocal laser
ion white-light endoscopy with Seattle protocol biopsies). The
al line ranges from minimum to maximum values. The paired
. *P < .05. (A) Data for the overall cohort. (B) Patients divided
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and other biomarkers for risk stratification to inform
clinical decisions.

We believe that this study provides an important
model for the design of future endoscopy trials that aim
to investigate diagnostic accuracy for inconspicuous
dysplasia. First, we included only patients referred
without visible lesions or, at most, with subtle visible
areas of uncertain significance, which represent the most
challenging group of patients. Although 50% of patients
did have subtle lesions on HRWLE, there is evidence that
the majority of HRWLE visible lesions are indeed NDBE
with a positive predictive value varying between 27%
and 42%.12 In this trial, only 22% of these subtle lesions
harbored dysplasia. Second, we used all grades of
dysplasia as the histologic end point in a prospective
randomized trial. The majority of endoscopy trials for
BE-related neoplasia focused on detection of HGD/IMC.
However, LGD carries a significant risk of progression to
HGD/IMC of up to 10% per year,3 which can be reduced
significantly by endoscopic ablation.5 Finally, the cross-
over design allowed a direct comparison between the
gold standard and experimental imaging within the same
patient.

Our study had limitations. First, referral histology
within the prior 12 months was only available in 64.2%
of cases. Second, because of the crossover design we
could not exclude that prior biopsy sites may have
appeared as mucosal irregularities on a second endos-
copy. We found variations in performance in experi-
mental endoscopy, with 2 operators having a low
sensitivity for detecting dysplasia. Finally, the study was
performed in 2 high-volume tertiary referral centers,
therefore the results might not be applicable to a general
endoscopy service.

In conclusion, this study confirms and quantifies the
low sensitivity of the Seattle protocol for inconspicuous
dysplasia. Although it is possible to achieve a similar
level of diagnostic accuracy with image-enhanced
endoscopy, challenges related to the duration of the
endoscopy with complex endoscopy protocols remain.
Molecular biomarkers can improve diagnostic accuracy
and should be implemented into clinical practice.
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Supplementary Methods

Patient-Reported Experience and Outcome
Measures

Patient-reported experience using validated question-
naires was measured at baseline, and after each endos-
copy. Distress and anxiety were measured using a 6-item
state-trait anxiety inventory, previously used in endos-
copy studies.1 For the 6 state-traits (calm, tense, upset,
relaxed, content, and worried), patients were assigned a
rating as follows: not at all, somewhat, moderately, or
very much. The overall procedure experience was
assessed using a 10-point visual analogue scale (0 ¼
worse, 10 ¼ best). After completion of the second
endoscopy, patients’ preference between each arm was
recorded. The pCLE diagnosis (dysplasia vs no dysplasia)
was communicated to patients, immediately after the
experimental endoscopy or once patients recovered from
the sedation. For patients receiving sedation, the ques-
tionnaire was filled out at home and sent back by regular
mail. Patient-reported experiences between experimental
endoscopy and standard endoscopy were compared. The
Wilcoxon signed rank sum test was used to compare STAI
scores between experimental and standard arms. Visual
analogue scores were compared using a paired t test.

Optical Probe-Based Confocal Laser
Endomicroscopy Diagnosis

Before participating in the trial, 5 endoscopists un-
derwent pCLE online training modules (http://www.
cellvizio.net) until achieving at least 90% correct
scoring in 10 consecutive video sets and then performed
5 pCLE procedures supervised by one of the expert pCLE
endoscopists (M.d.P. or K.R.) at each institution. For a
diagnosis of optical dysplasia by pCLE, 2 validated
criteria sets were used2,3 (Supplementary Methods). A
diagnosis of HGD was made based on the presence of at
least 2 of the following criteria3: saw-toothed epithelial
surface, enlarged cells, pleiomorphic cells, nonequi-
distant glands, glands unequal in size and shape, and
goblet cells not easily identified. A diagnosis of LGD
required 3 of the following 6 criteria: dark nonround
glands, irregular gland shape, lack of goblet cells, vari-
able degree of darkness with sharp cut-off, value, vari-
able size of cells, and cellular stratification.2

Molecular Biomarker Assays

Immunohistochemistry was used to assess cyclin A
(1:40; Novocastra) and p53 (p53 clone DO7, 1:50;
Dakocytomation) expression with automated staining
(BOND System; Leica Microsystems, Milton Keynes, UK).
Cyclin A was scored by 2 of 5 independent investigators
(M.d.P., A.B., A.P., M.V., and A.H.) and reviewed by a third
investigator in cases of disagreement. Positive staining
FLA 5.6.0 DTD � YJCGH58354_proof �
was considered a percentage of positive surface cells of
1% or greater.4 p53 expression was scored by 2 in-
vestigators (M.O.’D. and P.K.); staining was reported as
positive in case of strong focal staining or complete loss
of staining, compared with the background expression.5

Aneuploidy was assessed by image cytometry on cells
isolated from frozen biopsy specimens.6 The cell-cycle
histogram was analyzed using ModFIT LT (Verity Soft-
ware House, Topsham, ME).

Supplementary Results

We also looked at whether communication of optical
diagnosis immediately after the procedure affected patient
experience and anxiety levels. A significant decrease in
anxiety scores was seen in postexperimental and post-
standard arms compared with baseline (mean baseline
scoreof 36.8 vspostexperimental scoreof 30.2;P< .001; vs
poststandard arm score of 28.7; P< .001) (Supplementary
Figure 1). There was no significant difference between the
reduction in anxiety scores from baseline between the
experimental and standard arms (-6.2 vs -8.2; P ¼ .33).
Furthermore, being immediately informed of a dysplasia
diagnosis compared with waiting for histology results did
not change patient anxiety scores, regardless of dysplasia
status. Patients given a positive diagnosis of dysplasia did
not show a significant change in anxiety from baseline
compared with receiving a negative diagnosis. There was
no difference in visual analogue scores between the
experimental and standard arms (7.8 vs 7.8; P ¼ .98).
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Supplementary
Figure 1. (A) STAI Q33scores
for patients at baseline and
after Seattle and auto-
fluorescence imaging
(AFI)-guided probe-based
confocal laser endomicro-
scopy (pCLE). (B) Change
from baseline in STAI
scores after Seattle and
AFI þ pCLE. (C) Baseline
and post-AFI þ pCLE STAI
scores when an immediate
diagnosis of dysplasia and
no dysplasia was given
after experimental endos-
copy. (D) Changes in STAI
scores after AFI þ pCLE
endoscopy from baseline
for an immediate diagnosis
of dysplasia compared
with no dysplasia.

Supplementary Table 1. Per-Lesion Analysis of Diagnostic Accuracy of HRWLE, AFI, and AFI-Targeted Optical pCLE
Diagnosis in the Experimental Arm

HRWLE AFI AFI þ pCLE P valuea

Dysplasia (all grades) (n ¼ 27)
Sensitivity 33.3 88.9 66.7 .01
Specificity 82.9 19.5 75.3 .02

High-grade dysplasia (n ¼ 13)
Sensitivity 38.5 92.3 69.2 .046
Specificity 82.3 19.3 73.2 .01

AFI, autofluorescence imaging; HRWLE, high-resolution white-light endoscopy; pCLE, probe-based confocal laser endomicroscopy.
aP value calculated for McNamar test for high-resolution endoscopy vs pCLE optical diagnosis.
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Supplementary Table 2. By Operator Q34: Per-Patient Analysis of Diagnostic Accuracy of Seattle Protocol Histology, AFI, AFI-
Targeted Histology, and AFI-Targeted Optical pCLE Diagnosis

N

All grades dysplasia High-grade dysplasia

Sensitivity Specificity Sensitivity Specificity

Operator 1 47 91.7 60.0 100 52.4

Operator 2 42 58.3 66.7 50.0 61.1

Operator 3 27 100.0 73.7 100 66.7

Operator 4 17 50.0 72.7 66.7 71.4

Operator 5 1 – 100 – 100

AFI, autofluorescence imaging; pCLE, probe-based confocal laser endomicroscopy.

Supplementary Table 3. Per-Patient Multivariate Logistic
Regression Model for Predicting
Histologic Dysplasia With AFI-
Targeted pCLE, p53, Cyclin A, and
Aneuploidy

OR 95% CI P value

pCLE 6.9 2.3–20.6 <.001

p53 13.1 3.6–47.5 <.001

Cyclin A 1.2 0.5–3.4 .67

Aneuploidy 2.6 0.8–8.6 .12

AFI, autofluorescence imaging; OR, odds ratio; pCLE, probe-based confocal
laser endomicroscopy.
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