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Abstract. Current imaging tools are associated with inconsistent sensitivity and specificity for detection of
Barrett’s-associated neoplasia. Optical imaging has shown promise in improving the classification of neoplasia
in vivo. The goal of this pilot study was to evaluate whether in vivo vital dye fluorescence imaging (VFI) has the
potential to improve the accuracy of early-detection of Barrett’s-associated neoplasia. In vivo endoscopic VFI
images were collected from 65 sites in 14 patients with confirmed Barrett’s esophagus (BE), dysplasia, or
esophageal adenocarcinoma using a modular video endoscope and a high-resolution microendoscope
(HRME). Qualitative image features were compared to histology; VFI and HRME images show changes in glan-
dular structure associated with neoplastic progression. Quantitative image features in VFI images were identified
for objective image classification of metaplasia and neoplasia, and a diagnostic algorithm was developed using
leave-one-out cross validation. Three image features extracted from VFI images were used to classify tissue as
neoplastic or not with a sensitivity of 87.8% and a specificity of 77.6% (AUC ¼ 0.878). A multimodal approach
incorporating VFI and HRME imaging can delineate epithelial changes present in Barrett’s-associated neopla-
sia. Quantitative analysis of VFI images may provide a means for objective interpretation of BE during surveil-
lance. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in

whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JBO.20.5.056002]

Keywords: fluorescence imaging; Barrett’s esophagus; endoscopy; esophageal adenocarcinoma; neoplasia; contrast agents.

Paper 140871R received Dec. 30, 2014; accepted for publication Apr. 20, 2015; published online May 7, 2015.

1 Introduction
The incidence of esophageal adenocarcinoma (EAC) has
increased at an alarming rate over the last four decades. Since
1975, there has been a 463% increase among men and 335%
increase among women.1 This dramatic increase is particularly
concerning due to the very low 5-year survival rate (12%) asso-
ciated with the disease, which is often diagnosed at a late stage.2

Conversely, if detected early, the 5-year survival rate can be as
high as 81%; however, only a small fraction of esophageal
cancers is detected at an early stage.3

Those with an early form of esophageal metaplasia known as
Barrett’s esophagus (BE), caused by chronic acid damage over
time, are at a greater risk for developing EAC.4–6 Patients pre-
senting with BE are recommended to undergo routine surveil-
lance at regular intervals.7 The standard surveillance procedure
uses white-light endoscopic imaging to scan the entire BE seg-
ment for visible nodules or epithelial abnormalities. Since there
are lesions that can be flat and indistinguishable from non-
dysplastic mucosa in white-light imaging, the procedure also
consists of random four-quadrant biopsies every 1 to 2 cm of
the BE segment.7 Unfortunately, this standard surveillance

procedure lacks the resolution and accuracy that are required
to identify all neoplastic lesions in BE; as a result, this procedure
has been shown to miss over 50% of dysplastic or cancerous
lesions.8 Thus, there is an important need to develop and incor-
porate new techniques that may improve the detection of EAC
and its precursors.

A variety of wide-field modalities have been proposed to
improve current surveillance techniques including endoscopic
ultrasound9–11 and optical coherence tomography.12–14

Endoscopic ultrasound has been particularly beneficial for dis-
ease staging due to its ability to resolve structures millimeters
below the surface.9 Optical coherence tomography has shown
promise in detecting glands underneath re-epithelialized
squamous mucosa,12 which is of particular interest given the
increased use of ablation therapy for BE. However, these tech-
nologies are still being evaluated to determine their effectiveness
during routine surveillance. Additional wide-field imaging tech-
niques, such as narrowband imaging (NBI)15 and autofluores-
cence imaging (AFI),16 have undergone more extensive clinical
evaluation. However, recent studies suggest that NBI and AFI
have insufficient clinical accuracy17 and that AFI has a limited
role in diagnostic and therapeutic decision making in routine
surveillance and management of patients with BE,18 in part
since inflammatory changes can mimic neoplasia during AFI.19*Address all correspondence to: Nadhi Thekkek, E-mail: nadhi@rice.edu

Journal of Biomedical Optics 056002-1 May 2015 • Vol. 20(5)

Journal of Biomedical Optics 20(5), 056002 (May 2015)

http://dx.doi.org/10.1117/1.JBO.20.5.056002
http://dx.doi.org/10.1117/1.JBO.20.5.056002
http://dx.doi.org/10.1117/1.JBO.20.5.056002
http://dx.doi.org/10.1117/1.JBO.20.5.056002
http://dx.doi.org/10.1117/1.JBO.20.5.056002
http://dx.doi.org/10.1117/1.JBO.20.5.056002
mailto:nadhi@rice.edu
mailto:nadhi@rice.edu


Exogenous fluorescent agents can enhance the contrast
between neoplastic and non-neoplastic tissue and can poten-
tially improve the accuracy of fluorescence-based endoscopic
surveillance protocols. Ingestible agents such as 5-aminolevu-
linic acid have been shown to identify neoplastic lesions in
vivo;20,21 however, current research prioritizes its use with photo-
dynamic therapy.22,23 A variety of biomarkers have been iden-
tified to assess the presence of disease ex vivo through histologic
staining; the cytosponge technique has been shown to aid in
identifying those biomarkers postprocedure.24,25 However,
being able to identify and localize these biomarkers at the
point of surveillance may help identify lesions in vivo. Indeed,
intravenously administered contrast agents that target such bio-
markers have been shown to identify neoplastic lesions during
in vivo imaging of BE;26 however, additional studies are needed
to determine effectiveness during surveillance. Alternatively,
topically administered vital-dye such as proflavine hemisulfate
has been shown to improve visualization of mucosal architecture
in the gastrointestinal (GI) tract when coupled with wide-field
and high-resolution fluorescence imaging.27,28

A modular video endoscope (MVE) capable of in vivo vital-
dye fluorescence imaging (VFI) has recently been developed.28

In vivo images acquired with the system suggest that VFI enhan-
ces the ability to identify regions of glandular effacement,28

a hallmark of neoplastic progression, which can then be inter-
rogated with higher spatial resolution imaging modalities,

potentially enabling a wide-field and confirmatory high-resolu-
tion surveillance protocol.28 Here, we describe results from a 14
patient pilot study using the MVE to identify early-neoplastic
lesions in BE. Images of 65 sites were analyzed to identify
relevant quantitative VFI image features that could be used to
classify BE as neoplastic or non-neoplastic. Results show that
features extracted from VFI images can be used to objectively
classify BE tissues with high sensitivity and specificity.

2 Methods

2.1 Instrumentation

The MVE, which has been described previously,28 consists of a
modified high definition (1280 × 1024 pixels) video processor
(Pentax EPK-i) and a standard upper GI endoscope (Pentax EG-
29901), modified to enable both white light imaging (WLI) and
VFI28 using proflavine hemisulfate, a topically applied fluores-
cent dye, which stains cell nuclei.29 The MVE is also capable of
high-resolution imaging via the instrument channel using the
high-resolution microendoscope (HRME). All three modes of
imaging are shown in Fig. 1.

For tissue illumination in the VFI mode, a 455-nm laser
diode (Nichia Corporation, Tokyo, Japan) was coupled to the
bifurcating endoscope light guide used for white-light illumina-
tion. The diode is controlled using a laser diode driver
(Wavelength Electronics, Bozeman, Montana), which regulates

Fig. 1 Endoscopic schematics for (a) white-light imaging, (b) vital-dye fluorescence imaging, and
(c) high-resolution microendoscopy.
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the input current to adjust the illumination intensity. A mechani-
cal control on the processor is used to switch between white
light and laser illumination. A stainless steel VFI filter module
containing the necessary optical filters for VFI is attached to the
distal tip of the endoscope using a commercially available endo-
scope cap (Barrx Medical Inc., Sunnyvale, California). The VFI
filter module holds a custom-designed long pass filter in front of
the endoscope CCD. The filter (4.6 × 4.8 × 0.8 mm3) transmits
wavelengths longer than 500 nm, enabling collection of fluores-
cent light; the design and implementation has been described
previously.28 With the filter module and blue laser diode in
place at the center of the field of view (FOV), the surface irra-
diance is ∼14.9 mW∕cm2 at 5 mm and ∼7.5 mW∕cm2 at
10 mm, both of which are typical working distances for imag-
ing.28 The full-width half maximum of the laser diode is 12 nm.

The MVE was designed for the standard endoscopic working
distance, ranging from 5 to 20 mm. The FOV depends on both
the working distance and the digital magnification; at a typical
working distance of 10 mm, the FOV ranges from 14 to 45 mm
in diameter, with a resolution of 50 μm.

The HRME has been described in detail.30–32 Briefly, the
HRME is a fiber-optic fluorescence microscope in which fluo-
rescence is excited using a 455-nm LED and collected through a
550-nm bandpass filter (bandwidth ¼ 88 nm).30,31 The distal tip
of the fiber optic probe is placed in contact with the mucosa for
imaging, delivering a total illumination power of 1 mW.30,33 The
fiber optic probe of the HRME can be inserted through the
instrument channel of the MVE to acquire fluorescence images
with a FOVof 720 μm in diameter and a lateral spatial resolution
of 4.5 μm.

2.2 Pilot Study

The MVE and HRME were used to collect endoscopic videos
and images from patients who gave written informed consent.
Eligibility criteria included histologically confirmed BE, dyspla-
sia, or EAC and being scheduled for routine surveillance or
endoscopic treatment. The study was approved by the
Institutional Review Boards at both Mount Sinai Medical
Center and Rice University. The mean age of the patients
enrolled in this study was 68.9 years, and the age range was
50 to 88 years. In this study, 85% of the patients were male
and 15% were female.

2.3 Endoscopic Procedure

The MVE was used in vivo to evaluate the esophagus in both
WLI and VFI. During white-light evaluation, the endoscopist
noted and recorded videos from any areas that appeared suspi-
cious for neoplasia and at least one area that appeared non-neo-
plastic by white-light endoscopy. After WLI, the scope was
removed and the VFI filter module was attached to the distal
tip for fluorescence imaging. The scope was reinserted and pro-
flavine contrast agent (5-10 mL) was applied to the mucosal sur-
face via spray catheter (Olympus America, Center Valley,
Pennsylvania). The esophagus was washed with saline if
there was visible pooling of the contrast agent. Following pro-
flavine application, the laser light was switched on for observa-
tion of proflavine fluorescence. Any areas that were imaged in
the WLI mode were imaged in the VFI mode; the location of any
additional areas that appeared abnormal in only the VFI mode
was documented and VFI video and images were acquired from
these sites.

Following wide-field imaging, the HRME was introduced
via the instrument channel of the MVE. HRME images were
obtained from the clinically abnormal and normal sites imaged
and identified with WLI and VFI. At each site, the HRME probe
was placed in gentle contact with the mucosal surface. A single
endoscopist (S.A.) conducted wide-field imaging with the MVE
and high-resolution imaging with the HRME.

A number of criteria were used to determine whether a site
was considered suspicious during the study procedure; these
included standard mucosal changes associated with neoplasia
in WLI7,34,35 and previously developed criteria for mucosal
changes visualized during fluorescence imaging.27,28,33,36

During wide-field imaging with WLI, areas considered non-
neoplastic [BE and low-grade dysplasia (LGD)] were identified
by a flat, pink mucosa between squamous epithelium and the
gastroesophageal junction, and areas suspicious for neoplasia
[high-grade dysplasia (HGD) and EAC] were those associated
with a raised lesion, nodule, vascularization, or ulceration.7

During wide-field imaging with the MVE, areas considered
non-neoplastic were identified by regular glandular patterns,
and areas suspicious for neoplasia were identified by the disrup-
tion of gland edges or the complete distortion of the glandular
pattern, as described previously.27,28 During high-resolution im-
aging with the HRME, areas considered non-neoplastic were
identified by the regularity of the glandular structure and the
presence of small, evenly spaced nuclei within the glands,
and areas suspicious for neoplasia were identified by disrupted
glandular structure and the presence of crowded, irregular nuclei
within the glands, as described previously.27,33,37

Following the imaging procedure, biopsies were obtained
from each site imaged with WLI, VFI, or both. Following
study biopsies, additional, random, four-quadrant biopsies
were obtained as standard-of-care; these biopsies were identified
by endoscopic depth and were not imaged with the MVE or
HRME. MVE and HRME images were compared to the histo-
logic evaluation of the corresponding biopsy. Histopathologic
examination by an expert GI pathologist, blinded to the image
results and using standard criteria6 resulted in one of the follow-
ing diagnoses: BE, BE indefinite for dysplasia (IND), LGD,
HGD, and EAC. Sites with a biopsy showing HGD or EAC
were considered to be neoplastic; all other diagnoses were con-
sidered non-neoplastic metaplasia. The expertise of a second
pathologist was sought to determine interobserver agreement
for the various diagnostic categories.

2.4 Quantitative Image Analysis

Images were extracted from videos recorded from each site. To
ensure the images corresponded to the biopsied region, clinical
landmarks indicated by the endoscopist (such as the epithelial
borders or ulceration), endoscope depth and quadrant, and time
stamps were recorded. Videos were evaluated frame by frame to
ensure images from the correct site were extracted; all image
frames were reviewed and agreed upon by researchers (N.T.,
M.L., S.A., and R.R.K.) to ensure spatial concordance between
WLI, VFI, HRME, and biopsy location.

The extracted images from each clinically normal and abnor-
mal site were reviewed for quality control and a single
250 × 250 pixel region of interest (ROI) corresponding to the
biopsy site was selected for quantitative analysis. ROIs included
in the final evaluation were clear of debris, in focus, and did not
contain evidence of movement artifact.
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The diagnostic potential of various VFI image features was
explored (Table 1). In total, 49 features were computed for each
ROI in the VFI images (MATLAB R2011b, Mathworks, Natick,
Massachusetts).38–44 Versions of these features have been uti-
lized in the past to quantify image features of non-neoplastic
and neoplastic tissue from various anatomical sites; in this
study, they are used to quantify proflavine labeling in BE
and associated neoplasia. To explore the relative intensity of
proflavine uptake, first-order statistical features (variance, stan-
dard deviation, etc.) were computed based on individual pixel
values.37,45 To explore textural image features which help iden-
tify glandular epithelium, a gray-level co-occurrence matrix
(GLCM) with pixel offsets (1 to 6) was first computed for
each ROI. Then features such as correlation, contrast, energy,
and homogeneity were computed from each GLCM. This
method has been described in detail;46 and variations have
been used previously.37,39,42 To explore spatial frequency fea-
tures which also help identify glandular features, a two-dimen-
sional Fourier transform was used to calculate the power
spectrum of each ROI. The resulting power spectrum was di-
vided into 10 individual frequency ranges, where the frequency
content in each of the 10 components corresponded to a particu-
lar fixed spatial frequency range. This method has been
described in detail;46 and variations have been used previ-
ously.37,42,47 To characterize epithelial thickness which changes
with the progression of neoplasia, granulometry metrics, which
assess the size distribution of disk-shaped elements in an image,
were computed for each ROI.41,44 The resulting plot of the total
disk surface area as a function of disk size characterizes the rel-
ative distribution of various sized disks within each ROI; the
disk size range was chosen to be 1 to 100 pixels to accommodate
the various sized image features that are seen in the ROIs.

Statistical features (skewness, kurtosis, etc.) of this distribution
were computed.

Since changes in glandular structure are crucial for identify-
ing neoplastic progression, the objective quantification of glan-
dular features in fluorescence images was a priority. During
VFI, glands are identifiable by a bright glandular pattern
with a dark lumen in the center;27,28 to characterize these gland
edges, a multistep, automated edge detection algorithm was
applied to each ROI (Fig. 2). The image processing steps for
this feature use bilateral filtering,38 Canny-edge detection,40

and global thresholding43 to identify gland edges; parameters
for each step were chosen to optimize the detection of glands
in all ROIs. Figure 2 details the image processing steps taken
to automate the identification of gland edges to calculate rel-
evant features. First, to reduce noise, a bilateral edge-preserving
filter was applied to each ROI.38 Second, to identify edges,
a Canny-edge detection algorithm was applied to the filtered
ROI.40 Next, to reduce the over approximation of glands in
an image, a binary glandular-epithelium mask was computed.
This glandular-epithelium mask was produced by applying a
standard deviation filter to the original ROI, where the neighbor-
hood of each image pixel was used to compute the local standard
deviation of that neighborhood. Pixel neighborhoods, where the
local standard deviation was greater than a global threshold,43

were used to indicate areas containing glandular epithelium.
Last, the glandular-epithelium mask was combined with the
Canny-edge image using a logical AND operation. The result
of the logical AND operation was used to compute the number
of gland segments, the average gland perimeter, and the standard
deviation of the gland perimeter for each ROI.

A Student’s t-test was used to determine whether there was a
statistically significant difference (p < 0.05) in the mean value
of each of these 49 parameters for non-neoplastic metaplasia
(BE/IND/LGD) and neoplastic sites (HGD/EAC). Stepwise
linear discriminant analysis was used to classify images as non-
neoplastic or neoplastic using only the image features where the
differences in the means were statistically significant. The diag-
nostic algorithm was developed using leave-one-patient-out
cross validation; for each fold, the imaged sites from all but
one patient were used as a training set to develop the algorithm;
this algorithm was then applied to all the image sites from the
withheld patient. This cycle was repeated for each individual
patient. Histologic diagnosis was used as the gold standard.
In each fold, a sequential forward selection algorithm was
used to identify the best performing subset of up to three metrics
to classify the image data. As the number of features increased,
performance was monitored by noting whether the area under
the receiver operator characteristic (ROC) curve increased.

3 Results
A total of 20 patients underwent the study procedure; four
patients were excluded due to lack of metaplasia or neoplasia
in the postprocedure pathology read and in two patients, no
VFI data were collected due to software error. When the soft-
ware error occurred in the first two cases, the endoscopist could
visualize the real-time endoscopic footage on the high-definition
monitor, but video could not be recorded. This error was rem-
edied in the following 18 patients. In vivo images were obtained
from 72 sites in 14 patients with biopsy confirmed metaplasia or
neoplasia. After quality control, images from 65 sites in 14
patients were analyzed. Of these, 16 sites (eight patients) were
diagnosed as neoplasia, and 49 (nine patients) were diagnosed

Table 1 Description of features calculated for each vital dye fluores-
cence imaging (VFI) region of interest.

Metric (# of features) Description

First-order statistical values (6) Mean, standard deviation,
variance, entropy, skewness,
kurtosis.

Gray-level co-occurrence matrix
(GLCM)—correlation, energy,
homogeneity, contrast (24 total;
offsets 1 to 6 for each)

Pixel neighborhood correlation in
the GLCM, Sum of squared
elements in the GLCM, Closeness
of the distribution of GLCM
elements to the GLCM diagonal,
Intensity contrast between pixel
and neighboring pixel over entire
region of interest (ROI).

Frequency content (10) Frequency distribution of pixel
values in each of the 10 partitions
of the power spectrum.

Granulometry (6) Skewness and kurtosis of relative
disk distribution, Most prominent
disk size (1 to 100), most
prominent large disk size (>50),
peak value (for disks 1 to 100),
peak value (for disks >50)

Edge-based morphometry (3) Sum of long segments, perimeter
of long segments, standard
deviation of long segments
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Fig. 2 Image processing steps to identify and calculate metrics associated with gland perimeters illus-
trated for a sample diagnosed as metaplasia (top row) and neoplasia (bottom row). First, a bilateral edge
preserving filter is applied to the original image to reduce noise in the image, resulting in the image shown
in the second column. Next, a Canny edge detection algorithm is applied to the filtered image, resulting in
a binary edge mask shown in the third column. Additionally, to reduce the over-approximation of gland
edges by the Canny edge detection algorithm, a glandular-epithelium mask was applied to each image,
where the 11 × 11 pixel neighborhood of each image pixel was used to compute the local standard
deviation. Resulting output pixels, where the standard deviation exceeded a global threshold, were
used to approximate areas containing glands. Results are shown in the fourth column. Gland perimeters
are then calculated by performing a logical AND operation of the Canny edge detection and the glandular
epithelium mask; results are shown in the fifth column.

Fig. 3 (a) White-light endoscopic image, (b) vital-dye fluorescence endoscopic image, and (c) high-res-
olution microendoscope image which were all read endoscopically as non-neoplasia. Shown in (d) is the
histology section of the same site. Biopsy was diagnosed as Barrett’s esophagus (BE) with low grade
dysplasia. White box in (a) and in (b) indicates area from where the biopsy was taken. White arrows in
(c) indicate thick epithelial border. Yellow arrows in (c) show examples of small nuclei.
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as metaplasia. For these samples, the interobserver agreement
for metaplasia (BE/IND/LGD) versus neoplasia (HGD/EAC)
was more than substantial (κ ¼ 0.836). The interobserver agree-
ment for BE versus IND/LGD versus HGD/EAC was moder-
ate (κ ¼ 0.547).

Figure 3 shows representative images from metaplasia. In
Fig. 3(a), the WLI shows a distinction between squamous epi-
thelium and metaplasia (labeled), however, glandular details are
not easily discernible. In VFI, as shown in Fig. 3(b), gland edges
are distinct and the glandular pattern appears uniform through-
out the region (box). The corresponding HRME image in
Fig 3(c) shows thick glandular borders (white arrows), consis-
tent with the VFI features. Additionally, the HRME image
shows small, evenly spaced nuclei (yellow arrows). These
features are visible in the corresponding histology cross-section
shown in Fig. 3(d), showing BE and LGD.

Figure 4 shows representative images from HGD. In the WLI
shown in Fig. 4(a), glandular architecture appears uniform.
There is an area (box) that appears raised. In the corresponding
VFI (box) shown in Fig. 4(b), distorted glandular architecture is
apparent. Glands appear thin and irregular (left arrow); glandu-
lar effacement is also present (right arrow). The corresponding
HRME image in Fig. 4(c) shows irregularly sized glands (white
arrow) and nuclear crowding (yellow circle) throughout. These
features are visible in the corresponding histologic cross-section
in Fig. 4(d) showing HGD.

Figure 5 shows representative images from an area of HGD
and EAC. In the WLI shown in Fig. 5(a), a nodule is visible

(box); areas of hypervascularization are also apparent (star).
In the corresponding VFI shown in Fig. 5(b), glandular efface-
ment is observed throughout (box). In the HRME image
obtained from the nodule shown in Fig. 5(c), thick brush borders
associated with metaplasia are not present and crowded pleo-
morphic nuclei are prominent (circle), which are visible in
the corresponding histology cross-section in Fig. 5(d) showing
HGD and EAC.

Figure 6 demonstrates an instance where the WLI image in
Fig. 6(a) shows areas of hypervascularization (arrows), prompt-
ing a false-positive read by standard endoscopy. The VFI image
in Fig. 6(b) from the same area shows characteristic metaplastic
patterns where gland edges are easily discernible. The corre-
sponding HRME image in Fig. 6(c) also shows a discernable
glandular pattern. The histology cross-section from this image
site shown in Fig. 6(d) was read as BE.

Differences in the mean values of five of the 49 image fea-
tures for neoplastic and non-neoplastic tissue were found to be
statistically significant (p < 0.05) (Table 2). Features which
were always selected in the feed-forward step-wise linear dis-
criminant analysis developed include: standard deviation of
gland perimeter in an ROI, skewness of size distribution of
disks in an ROI, and frequency content in the first partition
of the power spectrum.

Figure 7(a) shows the resulting ROC curve for the validation
fold; at the Q-point, the sensitivity is 87.8% and the specificity is
77.6% with an area under the ROC curve (AUC) of 0.878.
Figure 7(b) shows a scatter plot of the posterior probability

Fig. 4 (a) White-light endoscopic image, (b) vital-dye fluorescence endoscopic image, and (c) high-res-
olution microendoscope image, which were all considered endoscopically suspicious for neoplasia.
Shown in (d) is a histology section of the same site. Biopsy was diagnosed as high grade dysplasia.
White box in (a) and (b) indicates area from where the biopsy was taken. White arrows in (b) indicate
irregular and effaced glands. White arrows in (c) indicate examples of glands with irregular borders.
Yellow circle in (c) indicates an example of area with nuclear crowding.
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values for each site based on a developed two class linear
classifier. Table 3 shows the percentage of data points in each
diagnostic category that were categorized correctly.

4 Discussion
We report results from an in vivo study to assess the classifica-
tion potential of VFI using quantitative image features. Three
quantifiable image features were found to consistently aid in
neoplasia identification. The first is the standard deviation of
gland perimeter, which was typically greater in metaplastic
lesions than in neoplastic lesions. The second is that the
skew of the distribution of disk sizes, which we hypothesize,
represents the extent of glandular structures present. Results
indicate that as glandular structures are lost in more advanced
neoplastic lesions, this distribution is less skewed. The third is
the frequency content in the first partition of the power spec-
trum; the low frequency content is higher in neoplastic images,
likely corresponding to the loss of glandular structure. Linear
discriminant analysis using these three features resulted in sen-
sitivity and specificity of 87.8% and 77.6%, respectively, with
an AUC of 0.878.

Of the 49 images classified as neoplastic, 12 were falsely
positive when compared to the histology gold standard. VFI
images from the 12 false positive sites showed neoplastic
characteristics such as loss of glandular structure. Potential con-
tributing factors include recent biopsy and resulting re-epitheli-
alization, which has been shown to contribute to false positives
in another study evaluating a different fluorescent contrast
agent.48 While it is important to understand how such factors

influence the VFI technique, a larger study is required to
make such an assessment. Moreover, additional studies are
needed to understand whether high-resolution microscopy or
another secondary imaging technique would aid in reducing
the number of false positives.

Two of the 16 sites with a histologic diagnosis of neoplasia
were falsely negative by VFI. Both were histologically diag-
nosed as HGD without EAC; one corresponded to a focal HGD.
Though some glandular structure was present in VFI, the glands
appear fragmented when compared to VFI images of metaplasia.
Additional studies are needed to determine whether image char-
acteristics are consistent in a significant number of HGDs
without EAC; these larger studies could also incorporate an
assessment of how adjusting the cut-off value would impact
the overall sensitivity and specificity for different disease
categories.

This study uses proflavine hemisulfate, a component of acri-
flavine, which has been used in vivo in previous GI studies
coupled with confocal imaging.49,50 It is a major component
of triple dye, which is used as a part of an antiseptic regimen
for the care of newborn umbilical cords;51 our study concentra-
tion is 10 times less than the concentration in triple dye. The
long, safe history of clinical use of proflavine, coupled with
promising imaging results, support future use of the agent for
GI imaging.

This in vivo pilot study marks an important step in clinical
translation of vital-dye fluorescence endoscopy. There are many
advantages to VFI; video endoscopes can be easily modified to
achieve VFI, contrast is provided by a topically applied dye and
VFI image results can be quantified. However, our study has

Fig. 5 (a) White-light endoscopic image, (b) vital-dye fluorescence endoscopic image, and (c) high-res-
olution microendoscope image were all endoscopically suspicious for neoplasia. Shown in (d) is the his-
tology section of the same site. Biopsy was diagnosed as esophageal adenocarcinoma. White box in (a)
and (b) indicates the nodule from which the biopsy was taken. Star in (a) indicates hypervascularization.
White arrow in (b) indicates glandular effacement. Yellow circle in (c) indicates nuclear enlargement and
crowding.
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a number of limitations which need to be addressed with addi-
tional studies. First, though it was not a common occurrence in
this study, fluorescence intensity may vary within a FOV poten-
tially impacting the automated edge detection algorithm; in
those cases, even glands with weak fluorescence will need to
be detected and segmented. Future studies will need to incorpo-
rate additional steps in the segmentation algorithm to reduce the
potential impact of intensity variation. Next, this pilot study was
conducted retrospectively in a small population with a high

prevalence of disease to begin to understand the types of features
that could contribute to objective classification of disease; in the
future, larger studies with separate training and test sets are
required to assess overall accuracy and to further characterize
feature parameters for neoplasia identification. Additionally,
larger studies are needed to determine whether VFI improves
the detection rate for neoplasia when compared to white-light
endoscopic surveillance and standard four-quadrant biopsies
in both high and low prevalence populations. At the same
time, it is also important to understand VFI in the context of
other current wide-field techniques being evaluated in conjunc-
tion with WFI, such as NBI and AFI.16,19,52 Future studies
should address the benefits and limitations of each imaging
modality in the same patient subset. Moreover, the role of
high-resolution imaging in improving overall diagnostic accu-
racy should be further investigated; VFI image analysis algo-
rithms that combine features from high-resolution imaging
modalities such as confocal microendscopy and high-resolution
microendoscopy should be tested to determine how the addition
of higher resolution imaging might improve the overall detec-
tion of neoplastic lesions. Finally, given the known variability in
differentiating BE, IND, LGD, HGD, and EAC,34,53,54 in a larger
clinical study, consensus pathology review with multiple inde-
pendent pathologists is required to guard against the variability
in the gold standard.

This study demonstrates the potential for quantitative fea-
tures to aid in the interpretation of wide-field images. Subjective
interpretation of endoscopic imaging is variable and highly de-
pendent on clinician experience.55,56 Quantifying image features

Fig. 6 (a) White-light endoscopic image of an area endoscopically suspicious for neoplasia. (b) Vital-dye
fluorescence endoscopic image of the same area and (c) corresponding high resolution microendoscope
image were both read endoscopically as non-neoplasia. Shown in (d) is histology section of the same
site. Biopsy was diagnosed as BE. White box in (a) and (b) indicates the area from which the biopsy was
taken. Black arrows in (a) indicate areas of apparent hypervascularization. White arrows in (c) indicate
examples of thick epithelial borders, which are characteristic of high-resolution microendoscope images
of metaplasia.

Table 2 Image analysis features calculated from VFI images with
statistically significant differences in mean values for non-neoplastic
and neoplastic tissue sites (p-value < 0.05).

Metric p-value

Standard deviation of gland perimeter 0.014

Frequency content in first partition of
the power spectrum

0.016

Skewness of size distribution of disks in
an ROI (for disks with radii of 1 to 100 pixels)

0.016

Kurtosis of size distribution of disks in an ROI
(for disks with radii of 1 to 100 pixels)

0.023

Frequency content in the seventh partition of
the power spectrum

0.025
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provides a means for objective interpretation and may also be
helpful in guiding the endoscopist’s index of suspicion regard-
ing the presence or absence of neoplasia within a lesion. In order
to optimize the potential benefit of this technique, quantitative
results must be automated and presented in real-time during
endoscopy, allowing endoscopists to use quantitative features
to make informed, real-time decisions regarding patient care.
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