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Artificial intelligence-enhanced
volumetric laser endomicroscopy
improves dysplasia detection

in Barrett’s esophagus

in a randomized cross-over study

Allon Kahn?, Matthew J. McKinley?, Molly Stewart?3, Kenneth K. Wang*, Prasad G. lyer*,
Cadman L. Leggett* & Arvind J. Trindade?3*

Volumetric laser endomicroscopy (VLE) is an advanced endoscopic imaging tool that can improve
dysplasia detection in Barrett’s esophagus (BE). However, VLE scans generate 1200 cross-sectional
images that can make interpretation difficult. The impact of a new VLE artificial intelligence algorithm
called Intelligent Real-time Image Segmentation (IRIS) is not well-characterized. This is a randomized
prospective cross-over study of BE patients undergoing endoscopy who were randomized to IRIS-
enhanced or unenhanced VLE first followed by the other (IRIS-VLE vs. VLE-IRIS, respectively) at
expert BE centers. The primary outcome was image interpretation time, which served as a surrogate
measure for ease of interpretation. The secondary outcome was diagnostic yield of dysplasia for each
imaging modality. 133 patients were enrolled. 67 patients were randomized to VLE-IRIS and 66 to
IRIS-VLE. Total interpretation time did not differ significantly between groups (7.8 min VLE-IRIS vs.

7 min IRIS-VLE, P=0.1), however unenhanced VLE interpretation time was significantly shorter in

the IRIS-VLE group (2.4 min vs. 3.8 min, P<0.01). When IRIS was used first, 100% of dysplastic areas
were identified, compared with 76.9% when VLE was the first interpretation modality (P=0.06).
IRIS-enhanced VLE reduced the time of subsequent unenhanced VLE interpretation, suggesting
heightened efficiency and improved dysplasia detection. It was also able to identify all endoscopically
non-visible dysplastic areas.

Barrett’s esophagus (BE) is the precursor to esophageal adenocarcinoma (EAC), a highly fatal malignancy whose
incidence continues to rise. EAC develops through increasing grades of dysplasia, which serves as the best-known
predictor of cancer progression. Thus, detection and localization of dysplasia in BE is critical to risk stratification
and clinical decision making. The current standard practice consists of high-definition white light endoscopy and
virtual chromoendoscopy to detect visible lesions, followed by systematic 4-quadrant biopsies throughout the
remainder of the BE segment'. This approach is limited by sampling error and inability to detect abnormalities
below the surface epithelium?®®. Recent studies indicate that the current standard practice may result in a 25%
rate of missed EAC during index EGD for BE*.

Volumetric laser endomicroscopy (VLE) is an endoscopic probe-based application of frequency domain
optical coherence tomography that allows for real-time circumferential imaging of the esophageal wall and
subsurface structures with a resolution of 7 um and depth of 3 mm®. Several studies have demonstrated the
ability of VLE to enhance dysplasia detection and localize abnormalities that were not detected by conventional
endoscopic examination®’. However, more widespread implementation of VLE has been limited by the need
for the endoscopist to interpret the vast data generated during scans (1200 cross-sectional images per 6 cm scan
segment). While various scoring systems have been devised, each requires the endoscopist to correctly identify
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imaging features. In response, an artificial intelligence algorithm called Intelligent Real-time Image Segmenta-
tion (IRIS) has been developed and incorporated into the VLE console system to automatically highlight VLE
features known to be associated with dysplasia® . These include epithelial glands, loss of layering, and increased
surface signal intensity. A similar, recently-developed computer-aided detection (CAD) algorithm was developed
and tested on targeted regions of interest (ROI), showing an impressive 85% accuracy in neoplasia detection’.

The purpose of the IRIS system is to ease the burden of interpretation on the endoscopist and facilitate dys-
plasia detection. However, the performance of IRIS has not been comparatively assessed against un-enhanced
VLE scans, both in terms of dysplasia detection and time of image interpretation. The principle aim of this
randomized cross-over study was to assess the incremental effect of IRIS enhanced VLE with regard to time of
interpretation and diagnostic yield. We hypothesized that IRIS would enhance dysplasia detection and reduce
interpretation time by highlighting ROTI’s within the VLE scan.

Methods

Patient selection. Patients with BE segments >2 cm in length undergoing upper endoscopy and clini-
cally-indicated VLE for surveillance were approached for enrollment in the trial between January 23rd 2019
and March 26th 2020 at three tertiary referral academic medical centers with extensive experience in VLE and
BE endoscopy. Patients with severe erosive esophagitis or esophageal stenosis precluding safe use of VLE were
excluded. Patients were also excluded if they were under the age of 18 years old or had any contraindications to
undergo a clinically indicated endoscopy. All patients provided written informed consent prior to study partici-
pation. The study was approved by the Northwell Health Institutional Review Board (IRB), along with the IRB
at each participating institution and all methods were performed in accordance with the relevant guidelines and
regulations. The study was registered on January 24th, 2019 with the National Institutes of Health under clinical
trial #NCT03814824.

Endoscopic assessment, randomization and allocation of study groups. Al study-related endo-
scopic assessments, VLE scans, and VLE interpretation were carried out by expert users, defined as having
performed and interpreted at least 100 VLE scans. Patients enrolled in the study underwent clinically indicated
endoscopy for BE surveillance. An initial visual examination was performed to determine the presence and
absence of endoscopic inclusion and exclusion criteria respectively. Once eligibility was verified, patients were
randomized 1:1 using an electronic randomization system to undergo IRIS-enhanced or unenhanced VLE fol-
lowed by the counterpart imaging modality. As a result, the following groups were defined:

1. VLE-IRIS: Patients allocated to the VLE-IRIS group underwent imaging by VLE with the IRIS software
disabled followed by a second interpretation with the IRIS imaging enabled.

2. IRIS-VLE: Patients allocated to the IRIS-VLE group underwent imaging and interpretation with the IRIS
software enabled followed by a second interpretation by VLE with IRIS disabled.

A flow chart depicting the study process is demonstrated in Fig. 1. Prior to performing VLE imaging, a
detailed endoscopic examination was then carried out using both high-definition white light (HDWLE) and
narrow-band imaging (NBI). The presence and size of a hiatal hernia was recorded. The length of the BE segment
was measured and reported in standard terminology using the Prague classification. In cases where visible lesions
were present, the location of the lesion was documented in centimeters from the incisors and the orientation of
the lesion was recorded using clock face positioning with the gastroscope in the neutral position. The morphol-
ogy of the lesion was classified using the Paris classification.

VLE scan protocol. The VLE platform (NVisionVLE® system, NinePoint Medical Inc., Bedford, MA) con-
sists of a console, monitor, and balloon probe. Balloon probes are 6 cm in length and are available in 14 mm,
17 mm, and 20 mm diameters. The selection of the appropriate balloon diameter was made by the performing
endoscopist according to the endoscopic inspection and estimation of esophageal diameter. The balloon probe
was connected to the console and then passed through the working channel of the gastroscope. The balloon was
then centered in the esophageal lumen with the distal tip located at least 1 cm distal to the gastroesophageal
junction (GEJ). The balloon was inflated to 15 psi to anchor its position and center the optical probe. Manual
scanning was then initiated to allow for real-time dynamic imaging. The balloon position was adjusted to opti-
mize centering of the optical probe. The optical probe was then retracted into the static balloon until the position
of the balloon relative to the GE]J could be verified. A full VLE scan was then obtained, consisting of automated
helical pullback of the optical probe through the entire 6 cm balloon over 90 s. Additional overlapping scans
were performed as needed to encompass the entire BE segment.

A full 6 cm VLE scan consists of 1200 frames that can be displayed in circumferential, longitudinal, and en-
face orientation with the ability to magnify areas of interest in real time. The VLE console enables the user to
review the scan in realtime. The IRIS system is a software enhancement that is toggled via dedicated buttons on
the VLE user interface. The system uses a machine learning algorithm to automatically detect the three VLE imag-
ing features known to be associated with dysplasia and highlights them via a color-graded overlay: (1) increased
surface signal intensity (pink), (2) abnormal epithelial glands (blue), and (3) loss of mucosal layering (orange).

The interpreting endoscopist was asked to identify any areas of concern based on subjective assessment of
established imaging features associated with dysplasia'®~'2. The location of these areas was recorded accord-
ing to numerical clock face and longitudinal frame position as noted on the VLE console. Any two regions of
interest (ROI) within 75 longitudinal frames or 2 i’ clock face position were considered to be the same target.
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Figure 1. Flow chart of patient allocation and study procedures. ROI—Region of interest; VLE—volumetric
laser endomicroscopy; IRIS—Intelligent Real-Time Image Segmentation.

Identification of only one ROI per centimeter was allowed in order to avoid overlap. The time of interpretation
was recorded for each imaging modality.

Once VLE interpretation was completed, all ROI's underwent marking using the VLE laser marking system.
VLE laser marking involves the use of a low-power laser beam channeled through the optical probe and engaged
through the use of a handheld trigger. VLE laser marking generates superficial cautery marks in the esophageal
mucosa and can be configured as single or double marks. ROT’s that were identified by only unenhanced VLE
were marked with a single laser mark. Those identified only by IRIS were denoted with a double laser mark. If
the modalities agreed (i.e. the ROI was identified by both unenhanced VLE and IRIS-enhanced VLE), a double
laser mark was used and this was recorded. After laser marking, a final scout scan (600 frames) was obtained to
verify accurate laser marking position of the ROI. The balloon probe was then deflated and removed. Targeted
biopsies were obtained at each laser marked area with a large-capacity biopsy forceps and placed in separate
specimen containers. Resection of any previously identified visible lesions was then performed. Finally, random
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Study arm

VLE-IRIS IRIS-VLE

(N=67) (N=66) Pvalue
Age, mean (SD) 64.1 (12.60) | 66.1(11.39) |0.41
Male sex, n (%) 43 (64.2%) | 48 (72.7%) | 0.29
Years since BE diagnosis, mean (SD) 4.9 (6.18) 3.1(3.57) 0.16
Highest prior grade of dysplasia, n (%) 0.41
NDBE 20(29.9%) | 11 (17.2%)
IND 13 (19.4%) 12 (18.8%)
LGD 17 (25.4%) 24 (37.5%)
HGD 13 (19.4%) 14 (21.9%)
EAC 4(6.0%) 3 (4.7%)
Unknown 0 2 (3%)
Hiatal Hernia, n (%) 56 (83.6%) 45 (68.2%) 0.04
Hiatal Hernia Length (cm), mean (SD) 2.6 (1.29) 2.9 (1.94) 0.82
Device malfunction, n (%) 2 (3.0%) 2 (3.0%) 0.99
Length of BE segment (C), mean (SD) 1.7 (2.56) 2.6 (3.48) 0.24
Length of BE segment (M), mean (SD) 3.9(2.63) 4.5(3.21) 0.32
Dysplasia present, n (%) 17 (25.4%) 19 (28.8%) 0.8
Total # VLE scans®, mean (SD) 3.0 (1.38) 2.9 (1.50) 0.51
Total procedure time* (min), mean (SD) 54.6 (18.65) | 53.0(20.88) | 0.43

Table 1. Patient demographics and clinical characteristics. Significant values are in bold. SD standard
deviation, NDBE non-dysplastic Barrett’s esophagus, IND Barrett’s esophagus indefinite for dysplasia, LGD
low-grade dysplasia, HGD high-grade dysplasia, EAC Esophageal adenocarcinoma, C circumferential, M
maximal, VLE volumetric laser endomicroscopy, IRIS intelligent real-time image segmentation. *Procedure
time was defined as time from scope insertion to removal and includes endoscopic therapy and all endoscopic
sampling in addition to imaging. *During the single endoscopy session.

biopsies were taken from the remainder of the BE segment at set interval as per the standard surveillance pro-
tocol. All tissue specimens sent for histology were reviewed by experienced gastrointestinal pathologists who
graded highest degree of dysplasia.

Outcome measures. The primary outcome in this study was time of image interpretation. This served as
a surrogate measure of ease of interpretation. The time was recorded in total and was also defined by the length
of the BE segment as time per cm of BE. The secondary outcomes included diagnostic yield of dysplasia for each
imaging modality and the number of biopsies required to make a diagnosis of dysplasia. For the latter metric, it
was assumed that two biopsies were taken at each laser-marked ROI, as is our standard practice. The number of
biopsies was utilized as a secondary outcome to measure diagnostic efficiency, or the number of ROI’s needed to
make a diagnosis of dysplasia.

Power statement. The expected mean time for a VLE without IRIS is 5 min +/— 3 min. With a CI of 95% a
sample size for 1:1 randomization of 94 (47 in each group) would have 90% power to detect a difference of 2 min.

Statistical methods. Categorical and numerical variables are summarized as counts (percents) and mean
(standard deviation), respectively. The chi-square test was used to compare the distribution of categorical vari-
ables between study groups, while the Wilcoxon Rank Sum test was used to compare the distribution of numeri-
cal variables. To account for each patient being evaluated with each technology, a general linear model (GLM)
with a binomial distribution and logit link was implemented with a random intercept to estimate the relative
change in odds of detecting dysplasia for one technology, such as IRIS or WLE/NBI, relative to another. All
hypotheses tested were two-sided with p <0.05 considered statistically significant. Analyses were performed in
SAS v9.4 (SAS Institute, Inc.; Cary, NC).

Results

Study population. A total of 133 patients were enrolled and completed the study-related procedures. The
demographic details and clinical features of the study population are detailed in Table 1. 67 patients were rand-
omized to the VLE-IRIS group and 66 to the IRIS-VLE group. Although the pre-specified accrual target for the
primary endpoint was met, additional patients were enrolled to increase the number of patients with dysplasia.
Clinical variables were balanced between study cohorts, except for the presence of a hiatal hernia, which was
significantly more likely in the VLE-IRIS group (83.6% vs. 68.2%, p=0.04). The majority of patients (75.2%) had
a prior history of dysplasia, with no significant difference between groups. There were four device malfunctions,
but none resulted in an adverse event.
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Study arm

VLE-IRIS | IRIS-VLE

(N=67) (N=66) P-value
Total interpretation time (VLE/IRIS) (min) 0.1
Mean (SD) 7.8 (5.1) 7.0 (5.2)
Median 6.0 5.0
Interpretation time (VLE alone) (min) <.01
Mean (SD) 3.8(2.08) |2.4(2.10)
Median 3.0 1.5
First interpretation Time (min) 0.43
Mean (SD) 3.8 (2.08) 4.6 (3.43)
Median 3.0 4.0
Scaled first interpretation time (cm/min) 0.96
Mean (SD) 1.2 (0.86) 1.1 (0.62)
Median 1.0 1.0
Second interpretation time (min) <.01
Mean (SD) 4.0 (3.75) 2.4(2.10)
Median 3.0 1.5
Scaled second interpretation time (cm/min) <.01
Mean (SD) 1.3 (1.25) 0.6 (0.47)
Median 1.0 0.5

Table 2. VLE interpretation times between study groups. All time values are displayed as minutes, except as
otherwise noted. All P-values are based on the Kruskal-Wallis test. Scaled interpretation time denotes time
of interpretation as a function of BE length in cm. Significant values are in bold. SD standard deviation, VLE
volumetric laser endomicroscopy, IRIS intelligent real-time image segmentation.

Primary outcome. The unenhanced VLE and IRIS-enhanced VLE interpretation time metrics for the pri-
mary study outcome are shown in Table 2. While the total interpretation time did not differ significantly between
groups, the unenhanced VLE interpretation time was significantly shorter in the IRIS-VLE group. In further
subdividing first and second interpretation between study groups, second interpretation was significantly
shorter in the VLE-IRIS group, even when adjusted for the length of the BE segment. This contrasts with the first
interpretation time, which did not differ between groups, even when scaled for BE length. This suggests that less
time is needed for evaluation of unenhanced VLE after first reviewing images enhanced by the IRIS software.

Secondary outcomes. Dysplasia or early neoplasia was detected in 36 patients during the study procedure. A
case example with unenhanced VLE and IRIS enhancement is shown in Fig. 2. 12 of these patients (5 in VLE-
IRIS and 7 in IRIS-VLE groups) had dysplasia that was visible under HDWLE and/or NBI and therefore also
underwent endoscopic resection. There was no difference in the overall diagnostic yield for dysplasia between
unenhanced VLE and IRIS-enhanced VLE (OR 1.39, 95% CI 0.36-5.4, P=0.92) when each modality was evalu-
ated independently, irrespective of interpretation order. There was also no significant difference in diagnostic
yield for dysplasia when comparing IRIS-enhanced (OR 3.15, 95% CI 0.8-12.32, P=0.13) or unenhanced VLE
(OR 2.26,95% CI 0.61-8.4, P=0.37) to the endoscopic examination (HDWLE/NBI). When IRIS-enhanced VLE
was used as the first interpretation modality, 100% of dysplastic ROT’s were identified, compared with 76.9%
when unenhanced VLE was used as the first interpretation modality (P=0.06). The number of biopsies required
to make a diagnosis of dysplasia also did not differ significantly between unenhanced VLE and IRIS-enhanced
VLE (4.9+2.6 vs. 5.4+ 2.5 biopsies, P=0.55), even after adjustment for BE length (1.1 +0.8 vs. 1.3+0.8 biopsies,
P=0.21).

Discussion

The accurate detection and localization of dysplasia in BE is critical to determine risk and the potential of endo-
scopic eradication. While VLE enhances the endoscopist’s ability to achieve these important tasks, the resulting
image data sets are large, complex, and require expertise to interpret. In this randomized study, the addition of
the artificial intelligence IRIS software platform was able to identify all endoscopically non-visible dysplastic
ROTIs and reduce the time of subsequent unenhanced VLE interpretation, suggesting heightened efficiency and
improved dysplasia detection. These findings are a powerful demonstration of how machine learning tools can
augment the user experience of increasingly complex imaging tools so that they can be leveraged to improve
patient outcomes.

The use of unenhanced VLE has previously been demonstrated to significantly increase the diagnostic yield
of targeted biopsies for dysplasia when compared to Seattle protocol biopsies. In a study of 448 consecutive BE
patients, the dysplasia yield was 33.7% in VLE with laser marking, compared with only 19.6% in the Seattle pro-
tocol biopsy group (odds ratio 2.1, P=0.03)®. However, unenhanced VLE requires the endoscopist to have both

Scientific Reports |

(2022) 12:16314 | https://doi.org/10.1038/s41598-022-20610-z nature portfolio



www.nature.com/scientificreports/

LOCATIC™

38.2cm 9
Frame: 13

Figure 2. Example of a VLE-IRIS case with endoscopically non-visible dysplasia. Case images from a patient
with no endoscopic evidence of dysplasia on (A) high-definition white light endoscopy and (B) narrow-band
imaging. (C) VLE with IRIS demonstrates atypical epithelial glands (blue), loss of layering (orange), and
increase surface signal intensity (pink). (D) Laser marks (yellow arrows) placed during VLE at the site of the
abnormality. Biopsies between the laser marks showed high-grade dysplasia.

the expertise and time to review and interpret a large amount of data. These factors have impeded widespread
adoption.

Initial studies establishing the use of unenhanced VLE in BE patients indicated a mean VLE procedure time
of 22 min'?. However, this accounted for only aspects of the actual procedure, including balloon positioning,
inflation, deflation, and other non-interpretation tasks. Only one prior study has reported assessment time of full
unenhanced VLE scan data using a web-based platform to examine diagnostic accuracy in expert users'®. The
median interpretation time by VLE experts was 6.5 min. However, the web-based platform did not match the
user interface of the VLE console device, so differences in the scan interpretation timing would be expected. The
present study represents a much more robust assessment of interpretation time in real-world clinical practice,
showing that the mean interpretation time was approximately 4 min.

Even in expert hands, studies of VLE interpretation have shown a wide range of inter-rater reliability, with
Kappa values ranging from 0.28 to 0.82'>!6. This and issues about time constraints led to the advent of the IRIS
platform to enhance the ease of interpretation. In this study, our primary outcome was interpretation time as a
surrogate measure for ease of interpretation. By randomizing the order of interpretation, it was possible to deter-
mine the time of interpretation for each imaging modality (IRIS-enhanced or unenhanced VLE) without internal
bias. The total interpretation time did not differ between groups. However, when patients were randomized
to undergo IRIS first, the subsequent time of interpretation for unenhanced VLE was significantly reduced.
There are several plausible reasons for this effect. The first task faced by the endoscopist in VLE interpretation
is localization of any abnormality. IRIS provides a color-graded “en face” reconstruction of the entire imaged
esophageal segment that facilitates rapid identification of abnormal signal patterns. It is possible that seeing this
overview enhanced endoscopist confidence that no other abnormal areas would be identified on the unenhanced
VLE review. The second task is to examine these areas and determine whether they meet criteria for suspected
dysplasia. IRIS also assists in this task by providing color-graded overlays of abnormal imaging features. Again,
it is possible that the interpreting endoscopist experienced enhanced confidence in diagnosis and did not feel
the need to spend as much time reviewing the unenhanced VLE images.

There are limited data on the role of IRIS-enhanced VLE in dysplasia detection. In a study of 71 laser-marked
ROT’s with histologic correlation, various diagnostic scoring systems were used by expert raters with and without
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IRIS enhancement to diagnose dysplasia [16]. The diagnostic accuracy was not increased by the use of IRIS in
expert users. However, this analysis did not assess ROI identification or localization. In the present study, IRIS
did not result in overall increased dysplasia yield in expert users. However, when visible lesions were excluded
and only dysplastic ROI's were analyzed, IRIS-enhanced VLE was able to detect 100% of dysplastic ROI's com-
pared to 76.9% for unenhanced VLE. This comports with a prior study of unenhanced full VLE scans assessed
by expert users, in which 73% of dysplastic scans were correctly labeled as such. While this difference did not
reach statistical significance in our study, it suggests that adding IRIS to these scans may have further enhanced
localization of the known dysplastic ROT’s and therefore that IRIS may generally enhance dysplasia localization.

While IRIS is one proposed solution to the challenge of VLE data interpretation, others have also been devel-
oped. The PREDICT study utilized convolutional neural networks to develop and validate a computer aided
detection (CAD) algorithm for BE dysplasia detection’. In the independent testing set, the derived algorithm
demonstrated an accuracy of 85%, sensitivity of 91% and specificity of 82% for the diagnosis of dysplasia. The
PREDICT study utilized laser-marked VLE targets for both the development and validation of the algorithm.
In contrast, our study utilized real-time full scan interpretation, which more closely approximates clinical prac-
tice. Clinical care in BE is typically driven by the highest level of pathology. Despite the fact that the PREDICT
algorithm exhibited an 85% accuracy in the test set, it identified all patients with neoplasia. Therefore both the
PREDICT and IRIS algorithms accomplished the most important clinical goal of a BE examination. However,
unlike IRIS, the PREDICT algorithm has not been validated in real-time full scan interpretation.

Our study has several strengths. It was conducted prospectively with randomization of patients to reduce
internal bias between image interpretation modalities. The study endoscopists are established experts in VLE
interpretation and BE endoscopy. The pre-specified accrual targets were met and exceeded, indicating adequate
power for statistical comparisons.

We also acknowledge several important limitations. The study population consisted of patients referred to
expert centers and this may reduce external generalizability. By utilizing expert users, we were not able to assess
the impact of IRIS on novice interpretation. We also utilized a surveillance biopsy protocol that avoided areas of
laser marking to avoid confounding and were thus unable to meaningfully compare VLE-related dysplasia detec-
tion to that which would have occurred in the standardized biopsy protocol. Finally, although we did randomize
the order of interpretation, it is not possible to eliminate all bias from a subjective interpretation paradigm.

In conclusion, we conducted a randomized cross-over study of IRIS-enhanced and unenhanced VLE to assess
the impact of IRIS on the ease and accuracy of VLE interpretation. We demonstrated that IRIS reduced the time
needed for second interpretation, likely by increasing endoscopist confidence in lesion localization and diagnosis.
Additionally, IRIS enhancement was able to detect all non-visible dysplastic ROT’s, suggesting it may play an
important role in ROI identification. Further studies are needed to confirm the reproducibility of the observation
that IRIS enhancement of VLE scans may improve efficiency and confidence of the interpreting endoscopist.

Data availability
The data that support the findings of this study are available from the corresponding author, AJT, upon request.

Received: 23 March 2022; Accepted: 15 September 2022
Published online: 29 September 2022

References

1. Shaheen, N. J,, Falk, G. W, Iyer, P. G. & Gerson, L. B. ACG clinical guideline: diagnosis and management of Barrett’s esophagus.
Am ] Gastroenterol https://doi.org/10.1038/ajg.2015.322 (2015).

2. Abrams, J. A. et al. Adherence to biopsy guidelines for Barrett’s esophagus surveillance in the community setting in the United
States. Clin. Gastroenterol. Hepatol. 7, 736-742; quiz 710, doi:https://doi.org/10.1016/j.cgh.2008.12.027 (2009).

3. Bartel, M. J., Srivastava, A., Gordon, S., Rothstein, R. I. & Pohl, H. Subsquamous intestinal metaplasia is common in treatment-
naive Barrett’s esophagus. Gastrointest Endosc 87, 67-74. https://doi.org/10.1016/j.gie.2017.06.024 (2018).

4. Visrodia, K. et al. Magnitude of missed esophageal adenocarcinoma after Barrett’s esophagus diagnosis: a systematic review and
meta-analysis. Gastroenterology https://doi.org/10.1053/j.gastro.2015.11.040 (2015).

5. Wolfsen, H. C. et al. Safety and feasibility of volumetric laser endomicroscopy in patients with Barrett’s esophagus (with videos).
Gastrointest Endosc 82, 631-640. https://doi.org/10.1016/j.gie.2015.03.1968 (2015).

6. Alshelleh, M. et al. Incremental yield of dysplasia detection in Barrett’s esophagus using volumetric laser endomicroscopy with
and without laser marking compared with a standardized random biopsy protocol. Gastrointest Endosc 88, 35-42. https://doi.org/
10.1016/j.gie.2018.01.032 (2018).

7. Smith, M. S. et al. Volumetric laser endomicroscopy and its application to Barrett’s esophagus: results from a 1,000 patient registry.
Dis Esophagus 32. doi:https://doi.org/10.1093/dote/d0z029 (2019).

8. Kahn, A, Pai, R. K. & Fukami, N. Novel computer-enhanced visualization of volumetric laser endomicroscopy correlates endo-
scopic and pathological images. Clin Gastroenterol Hepatol https://doi.org/10.1016/j.cgh.2018.01.038 (2018).

9. Struyvenberg, M. R. et al. Prospective development and validation of a volumetric laser endomicroscopy computer algorithm for
detection of Barrett’s neoplasia. Gastrointest Endosc 93, 871-879. https://doi.org/10.1016/j.gie.2020.07.052 (2021).

10. Evans, J. A. et al. Optical coherence tomography to identify intramucosal carcinoma and high-grade dysplasia in Barrett’s esopha-
gus. Clin Gastroenterol Hepatol 4, 38-43 (2006).

11. Leggett, C. L. et al. Comparative diagnostic performance of volumetric laser endomicroscopy and confocal laser endomicroscopy
in the detection of dysplasia associated with Barrett’s esophagus. Gastrointest. Endosc. 83, 880-888. doi:https://doi.org/10.1016/j.
gie.2015.08.050 (2016).

12. Swager, A. E. et al. Identification of volumetric laser endomicroscopy features predictive for early neoplasia in Barrett’s esophagus
using high-quality histological correlation. Gastrointest Endosc 85, 918-926. https://doi.org/10.1016/j.gie.2016.09.012 (2017).

13. Swager, A. F. et al. Feasibility of laser marking in Barrett’s esophagus with volumetric laser endomicroscopy: first-in-man pilot
study. Gastrointest Endosc 86, 464-472. https://doi.org/10.1016/j.gie.2017.01.030 (2017).

14. Struyvenberg, M. et al. Expert assessment on volumetric laser endomicroscopy full scans in Barrett’s esophagus patients with or
without high grade dysplasia or early cancer. Endoscopy 53, 218-225. https://doi.org/10.1055/a-1194-0397 (2021).

Scientific Reports |

(2022) 12:16314 | https://doi.org/10.1038/s41598-022-20610-z nature portfolio


https://doi.org/10.1038/ajg.2015.322
https://doi.org/10.1016/j.cgh.2008.12.027
https://doi.org/10.1016/j.gie.2017.06.024
https://doi.org/10.1053/j.gastro.2015.11.040
https://doi.org/10.1016/j.gie.2015.03.1968
https://doi.org/10.1016/j.gie.2018.01.032
https://doi.org/10.1016/j.gie.2018.01.032
https://doi.org/10.1093/dote/doz029
https://doi.org/10.1016/j.cgh.2018.01.038
https://doi.org/10.1016/j.gie.2020.07.052
https://doi.org/10.1016/j.gie.2015.08.050
https://doi.org/10.1016/j.gie.2015.08.050
https://doi.org/10.1016/j.gie.2016.09.012
https://doi.org/10.1016/j.gie.2017.01.030
https://doi.org/10.1055/a-1194-0397

www.nature.com/scientificreports/

15. Struyvenberg, M.R. et al. Multicenter study on the diagnostic performance of multiframe volumetric laser endomicroscopy targets
for Barrett’s esophagus neoplasia with histopathology correlation. Dis Esophagus. https://doi.org/10.1093/dote/doaa062 (2020).

16. Kahn, A. et al. Validation and optimization of enhanced volumetric laser endomicroscopy scoring systems for Barrett’s esophagus
dysplasia. Tech Innov Gastrointest Endosc. 22, 185-190 (2020).

Author contributions

Conception and design (A.K., C.L., A.J.T.) Analysis and interpretation of the data (A.K., C.L., A.].T.) Drafting
of the article (A.K., C.L., A.J.T.) Critical revision of the article for important intellectual content (A.K., M.].M.,
M.S., KK.W, C.L, P.G.I,A.].T.) Final approval of the article (A.K., M.J.M., M.S., KKX.W,, CL., PG.I, A.J.T.).

Competing interests

AJT: Consultant for Pentax Medical PI: Research funding from Exact Sciences, Pentax Medical, Consulting:
Medtronic AK: Received research support from NinePoint Medical KW: Received research funding from NinePo-
int Medical CL: Consultant for Verily All other authors report no COL.

Additional information
Correspondence and requests for materials should be addressed to A.J.T.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:16314 | https://doi.org/10.1038/s41598-022-20610-z nature portfolio


https://doi.org/10.1093/dote/doaa062.
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Artificial intelligence-enhanced volumetric laser endomicroscopy improves dysplasia detection in Barrett’s esophagus in a randomized cross-over study
	Methods
	Patient selection. 
	Endoscopic assessment, randomization and allocation of study groups. 
	VLE scan protocol. 
	Outcome measures. 
	Power statement. 
	Statistical methods. 

	Results
	Study population. 
	Primary outcome. 
	Secondary outcomes. 


	Discussion
	References


