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Abstract: Abstract

Background: Confocal endomicroscopy has revolutionized endoscopy by offering sub-cellular images
of gastrointestinal epithelium; however, field-of-view is limited. There is a need for multi-scale
endoscopy platforms that use widefield imaging to better direct placement of high-resolution probes.

Design: Feasibility Study

Objective: This study evaluates the feasibility of a single agent, proflavine hemisulfate, as a contrast
medium during both widefield and high resolution imaging to characterize morphologic changes
associated with a variety of gastrointestinal conditions.

Setting: U.T. M.D. Anderson Cancer Center (Houston, TX) and Mount Sinai Medical Center (New York,
NY)

Patients, Interventions, and Main Outcome Measurements: Surgical specimens were obtained from 15
patients undergoing esophagectomy/colectomy. Proflavine, a vital fluorescent dye, was applied
topically. Specimens were imaged with a widefield multispectral microscope and a high-resolution
microendoscope. Images were compared to histopathology.

Results: Widefield-fluorescence imaging enhanced visualization of morphology, including the presence
and spatial distribution of glands, glandular distortion, atrophy and crowding. High-resolution imaging
of widefield-abnormal areas revealed that neoplastic progression corresponded to glandular
heterogeneity and nuclear crowding in dysplasia, with glandular effacement in carcinoma. These
widefield and high-resolution image features correlated well with histopathology.

Limitations: This imaging approach must be validated in vivo with a larger sample size.



Conclusions: Multi-scale proflavine-enhanced fluorescence imaging can delineate epithelial changes in
a variety of gastrointestinal conditions. Distorted glandular features seen with widefield imaging could
serve as a critical 'bridge' to high-resolution probe placement. An endoscopic platform combining the
two modalities with a single vital-dye may facilitate point-of-care decision-making by providing real-
time, in vivo diagnoses.
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Abstract

Background: Confocal endomicroscopy has revolutionized endoscopy by offering sub-
cellular images of gastrointestinal epithelium; however, field-of-view is limited. There is
a need for multi-scale endoscopy platforms that use widefield imaging to better direct

placement of high-resolution probes.

Design: Feasibility Study

Objective: This study evaluates the feasibility of a single agent, proflavine hemisulfate,
as a contrast medium during both widefield and high resolution imaging to characterize

morphologic changes associated with a variety of gastrointestinal conditions.

Setting: U.T. M.D. Anderson Cancer Center (Houston, TX) and Mount Sinai Medical

Center (New York, NY)

Patients, Interventions, and Main Outcome Measurements: Surgical specimens were
obtained from 15 patients undergoing esophagectomy/colectomy. Proflavine, a vital
fluorescent dye, was applied topically. Specimens were imaged with a widefield
multispectral microscope and a high-resolution microendoscope. Images were compared

to histopathology.

Results: Widefield-fluorescence imaging enhanced visualization of morphology,
including the presence and spatial distribution of glands, glandular distortion, atrophy
and crowding. High-resolution imaging of widefield-abnormal areas revealed that

neoplastic progression corresponded to glandular heterogeneity and nuclear crowding in
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dysplasia, with glandular effacement in carcinoma. These widefield and high-resolution
image features correlated well with histopathology.

Limitations: This imaging approach must be validated in vivo with a larger sample size.

Conclusions: Multi-scale proflavine-enhanced fluorescence imaging can delineate
epithelial changes in a variety of gastrointestinal conditions. Distorted glandular features
seen with widefield imaging could serve as a critical ‘bridge’ to high-resolution probe
placement. An endoscopic platform combining the two modalities with a single vital-dye

may facilitate point-of-care decision-making by providing real-time, in vivo diagnoses.
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Background

In the surveillance of both Barrett's esophagus (BE) and Inflammatory Bowel
Disease (IBD), dysplasia is often focal, flat and indistinguishable from non-dysplastic
mucosa®™ 2. Current white-light endoscopic platforms lack the resolution required to
accurately identify dysplasia. As a result, over half of such lesions can be missed®*.

Confocal endomicroscopy has revolutionized endoscopy by offering sub-cellular
images of gastrointestinal epithelium®’. However, the increase in spatial resolution
comes at the expense of decreased field of view, leaving large areas unsurveyed.
Therefore, there exists a need for multi-scale endoscopy platforms that use widefield
imaging to better direct placement of high-resolution fluorescent imaging devices,
including the recently described high-resolution microendoscope, an inexpensive
(<$5000), probe-based technology for imaging histologic features in vivo® °.

Our goal in this ex vivo feasibility study was to evaluate the feasibility of a single
topical contrast agent (0.01% proflavine hemisulfate) using a prototype multi-scale,
fluorescence-based platform using both widefield and high-resolution imaging of the
esophagus and colon using a single topical contrast agent (0.01% proflavine
hemisulfate). Resulting images were compared to standard H&E-stained histopathology
to determine what morphologic features associated with metaplasia, neoplasia, and
inflammation can be visualized using this novel approach. These criteria may be used in
future in vivo studies to determine its impact on diagnostic accuracy and margin
determination.

Methods
Specimen Preparation and Imaging

Patients at UT MD Anderson Cancer Center and Mount Sinai Medical Center

undergoing endoscopic mucosal resection (EMR) or surgery for adenocarcinoma or

intractable IBD gave written informed consent to participate.
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Immediately following resection, the mucosal surface of each specimen was
rinsed with saline and imaged under white light illumination. Abnormal and normal areas
were identified by the study pathologist based on appearance; borders of these regions
were marked on the white light image. Proflavine hemisulfate (0.01% w/v), which has

been shown to localize in cell nuclei® *°

, was applied to the mucosal surface for 30
seconds. Excess proflavine was removed with dry gauze.

Widefield fluorescence images of areas identified as grossly normal and
abnormal were obtained using a multispectral digital microscope (MDM)™. High-
resolution fluorescence images were subsequently obtained from areas imaged with the

8 12 |In an effort to reduce

MDM using a high resolution microendoscope (HRME)
sampling error, a dot of India ink was placed at each area imaged with the HRME, fixed
with acetic acid, and photographed. Since the ink spread to ~2-4 mm in diameter and
the field of view of the HRME is 750 um, the photograph guided the approximation of
image sites on large resected specimens; necessary to facilitate registration between
widefield imaging, high resolution imaging, and subsequent histopathologic evaluation.
The specimen was then fixed in formalin and submitted for standard
histopathologic analysis; vertical cross-sections were examined to grade and verify

presence of disease. The study pathologist, blinded to the image results, assigned

diagnoses to histologic sections of inked areas using standard histologic criteria.

Instrumentation

The MDM, a surgical microscope modified for fluorescence imaging, has been
described previously™. In this study, widefield images were obtained at 450 nm
excitation, and fluorescence was collected through a 515 nm long-pass filter. The field

of view of the MDM is 2.5 cm, with a spatial resolution of 50-100 um. The average
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illumination intensity was 2.14 mW/cm? and images were acquired with a 1 s integration
time.

The HRME system has also been described®. Illumination was provided via a
450 nm LED coupled to a coherent fiber-optic bundle. Fluorescence collected by the
bundle while in contact with the tissue was delivered to a CCD camera through a 490 nm
long pass filter. The field of view of the HRME is 750 um in diameter and the spatial

resolution is 4.5 microns.

Image Assessment

Fluorescence images were qualitatively compared to histology images. Features
evaluated in widefield images included the presence or absence of glandular epithelium
in the esophagus (Barrett’s metaplasia), and the architectural characteristics of the
colonic epithelium (shape, size, and spatial distribution of crypts, presence/absence of
glandular distortion). Features evaluated in high-resolution images included nuclear
size, density, orientation and homogeneity as well as the compaosition of the lamina

propria.

Results

Resected specimens from 15 patients were evaluated, including; 9 EMRs and 2
esophagectomies from patients with Barrett’'s-associated neoplasia, 3 colectomies from
patients with colorectal adenocarcinoma, and 3 colectomies from patients with IBD (2
with ulcerative colitis and 1 with Crohn’s disease). Images were obtained from 36
individual histologically-verified sites. Each figure shows a white light image, a widefield
proflavine-fluorescence image, corresponding high resolution fluorescence image, and
pathology. The inked area is approximated by a circle in each of the widefield proflavine-

fluorescence images.
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Figure 1 shows images of esophageal mucosa. The top region of the white light
image (Figure 1A) depicts an area of normal esophageal squamous mucosa. The
corresponding area in the widefield proflavine-fluorescence image (Figure 1B) shows
homogeneous fluorescence, with uniform intensity except for some apparent proflavine
pooling in tissue folds (arrow). A representative high-resolution image of the squamous
region (Figure 1C) exhibits hexagonally-shaped cells with bright, small, round, evenly-
spaced nuclei, which were consistently observed. These features are apparent in the
corresponding histology section of the epithelial surface (Figure 1D).

During white light imaging, the glandular architecture of BE is difficult to visualize.
In contrast, during widefield proflavine-fluorescence imaging, the glandular architecture
is easily appreciated (Figure 1B). A high-resolution image (Figure 1E) obtained from the
circled area shows glands with central dark lumens, lined by evenly spaced cells with
small, regular and polarized nuclei. Similar features are seen in histologic sections from
the corresponding area (Figure 1F), which include metaplastic columnar epithelium with
intestinal-type goblet cells.

Figure 2 shows images of Barrett's-associated neoplastic changes. Figure 2A
shows a standard, white-light image of an area of BE with high grade dysplasia (HGD)
and adenocarcinoma. In the corresponding widefield proflavine-fluorescence image
(Figure 2B), glands appear irregular compared to the glands associated with BE. Note
the visible India ink (arrow). The high-resolution image (Figure 2C) obtained from the
circled area shows glands that are smaller, more irregular in shape and irregularly
spaced, compared to the glands in non-neoplastic BE. In addition, nuclei are more
numerous, crowded, pleomorphic, and have lost polarity (arrow), mirroring the
appearance of HGD and adenocarcinoma seen in the corresponding histologic section

(Figure 2D).
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Figure 3 shows images of normal colonic mucosa. Figure 3A depicts normal
colonic mucosa under white light illumination. The glandular pattern of colonic mucosa is
more apparent with widefield proflavine-fluorescence imaging (Figure 3B). The
corresponding high-resolution image (Figure 3C) from the circled region is characterized
by evenly distributed, round tubular structures of similar shape and diameter (yellow
arrow) with basally oriented, small, fluorescent nuclei (white arrow), features that
correlate well with the transverse histologic section from the same area (Figure 3D).

Figure 4 shows images from the edge of colonic dysplasia. Under white light
(Figure 4A) colonic ridges are visualized as well as the transition to an area of irregular
growth. With proflavine-enhanced widefield imaging (Figure 4B), dysplastic glandular
structures appear larger than normal colonic crypts and are not as evenly spaced. In the
corresponding high-resolution fluorescence imaging (Figure 4C) of the circled area,
glands appear elongated and irregular (yellow arrow) with apparent nuclear crowding
(white arrow). These features correspond to the dysplastic colonic mucosa in the
histologic section (Figure 4D).

Figure 5 shows images of severe dysplasia. Under white light (Figure 5A), the
surface of a lesion can be appreciated, but without much glandular detail. In the
corresponding widefield proflavine-fluorescence image (Figure 5B), barely-visible glands
appear distorted. High-resolution imaging (Figure 5C) of the region indicated by the
circle reveals irregular and unevenly spaced glandular structures (yellow arrow)
composed of crowded cells with enlarged, fluorescent nuclei that are heterogeneously
oriented (white arrow), features that correspond to the diagnosis of HGD seen in the
corresponding histologic section (Figure 5D).

Figure 6 shows images from an area of invasive adenocarcinoma. A mass is
visible under white light (Figure 6A) and poorly-formed glandular structures can be seen
during widefield proflavine-fluorescence imaging (Figure 6B). The high-resolution image

7
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(Figure 6C) of the circled area reveals highly irregular and uneven tubular structures
lined by enlarged, fluorescent nuclei lacking orientation and polarity. The intervening
stroma appears crowded, contributing to the visible increase in fluorescence. These
features mirror the appearance of dysplastic glands amidst desmoplastic stromal
reaction in the corresponding histologic section (Figure 6D), which are diagnostic of
invasive colorectal adenocarcinoma.

Figure 7 shows images depicting mildly-active IBD. In the white-light image
(Figure 7A) glandular detail is not easily appreciated. However, in the fluorescence
images (Figure 7B-C), glands appear distorted and slightly more irregular in spacing
than in normal colonic mucosa and in quiescent IBD (not shown). The increase in
glandular distortion, cryptitis (arrow), and the expanded lamina propria seen in the high-
resolution image are consistent with the abnormalities seen in the corresponding
histologic section showing active colitis (Figure 7D). This patient was known to have
ulcerative colitis clinically.

Figure 8 shows an example of severely-active IBD. In the white-light image
(Figure 8A), the presence of inflammation and ulceration make glands difficult to
visualize. In the widefield proflavine-fluorescence image (Figure 8B) the glands appear
irregular and disorganized. The high-resolution image obtained from the circled region
(Figure 8C) shows a dense population of fluorescent inflammatory cells. These features
correspond to the ulcer bed seen in the corresponding histologic section showing severe
colitis (Figure 8D), with chronic inflammatory cells in the lamina propria and extensive
gland dropout. This patient was known to have active Crohn’s disease clinically.

Tables 1-3 summarize the morphologic features consistently observed in
widefield and high-resolution imaging in Barrett's-associated neoplasia, colonic
neoplasia, and IBD. Following application of proflavine, widefield fluorescence images
consistently identify larger-scale architectural differences in glandular size, shape, and

8
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distribution, while high-resolution images consistently allows assessment of nuclear

crowding.

Discussion

This ex vivo pilot study demonstrates the technical feasibility of a new multi-scale
imaging approach, in which sequential widefield and high-resolution fluorescence
imaging is performed using a single fluorescent vital dye. Results indicate that multi-
scale, proflavine-enhanced, fluorescence imaging can characterize glandular and
cellular changes associated with metaplasia, neoplasia, and inflammation in
gastrointestinal (Gl) mucosa. Features visible with both modalities correlate well with
those observed during standard histopathologic evaluation.

The results of this study provide a rationale to evaluate this multi-scale
surveillance technique in vivo; further studies are necessary to determine whether
similar conclusions can be drawn during endoscopic imaging of proflavine. Moreover,
larger sample sizes are required to assess the sensitivity and specificity of this
approach. Despite these limitations, this study suggests that multi-scale fluorescence
imaging has the potential to address some of the limitations of existing widefield and
high-resolution endoscopic platforms.

Existing widefield endoscopic imaging techniques are emerging as promising
ways to improve early detection of precancerous lesions by scanning over a large
surface area. For example, autofluorescence imaging detects changes in stromal
fluorescence with high sensitivity; however, it is limited by low specificity® ** .
Narrowband imaging detects differences in vascular density, however it only indirectly
visualizes glandular architecture. In the imaging platform described here, widefield

9
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fluorescence imaging is used to provide direct visualization of glandular morphology,
providing valuable information on alterations that are visible in H&E-stained tissue
sections.

The relatively poor specificity of widefield imaging motivates the need for high-
resolution interrogation at the cellular level. Confocal imaging, using IV fluorescein to
enhance imaging of vasculature, is the most accurate high-resolution imaging technique
to date> ®. Though its use in vivo is well established, cost may prevent it from being
used outside tertiary care centers. Its published accuracy requires IV administration of
fluorescein, further complicating the potential for widespread use. High-resolution
imaging with topical proflavine can achieve sub-cellular resolution with less expensive
instrumentation®. Topical proflavine stains nuclei, allowing direct visualization of relevant
histologic features (e.g., nuclear density) associated with neoplasia. Though other
promising technologies such as endocytoscopy, a probe-based technology used in
conjunction with methylene blue, also allow direct visualization of histologic features®® *°,
by using the HRME with a fluorescent dye, imaging can be accomplished without having
the dye interfere with standard white light imaging.

Using proflavine as a contrast agent for both widefield and high-resolution
techniques provides an advantage over existing platforms which require different
contrast agents for sequential imaging (e.q., methylene blue chromoendoscopy followed
by confocal microendoscopy with fluorescein)’’.  Proflavine is a component of
acriflavine, which has been used in vivo in Gl imaging studies®®. It is a major component
of triple dye, which is widely used as an antiseptic regimen in the care of newborn
umbilical cords®®; our study concentration is ten times less than the concentration in
triple dye. These precedents, coupled with promising initial results support future in vivo

use of proflavine for multi-scale imaging of Gl mucosa.

10
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Widefield fluorescence imaging of proflavine would enhance the ability of
gastroenterologists to examine glandular architecture over large areas of the Gl mucosa.
Suspicious areas would then be interrogated further with high-resolution imaging using
the same contrast agent to reveal sub-cellular changes associated with nuclear
morphology. This multi-scale approach may increase sampling efficiency, enhance

dysplasia detection and improve margin determination.
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Figure Captions:

Figure 1: White-light image of squamo-columnar junction is shown (A). Widefield
proflavine-fluorescence image (B) shows glandular detail in the Barrett’s region. High-
resolution fluorescence image of squamous mucosa is shown (C) with corresponding
histopathology (D). High-resolution image of BE from area, indicated in (B), shows large
glands typical of intestinal metaplasia (E). Corresponding histopathology is shown in

(F).

Figure 2: White-light image of Barrett's-associated neoplasia is shown (A). Widefield
proflavine-fluorescence image depicts irregular glands (B). High-resolution fluorescence
image from area indicated in (B) shows areas of nuclear crowding (arrow) (C).
Corresponding histopathology is shown (D).

Figure 3: White-light image normal colonic mucosa is shown (A). Widefield proflavine-
fluorescence image shows evenly-spaced colonic crypts (B). High-resolution
fluorescence image from area in (B) shows evenly spaced tubular structures (yellow
arrow) and polarized nuclei at the crypt edges (white arrow) (C). Corresponding
histopathology is shown (D).

Figure 4: White-light image dysplastic colonic mucosa is shown (A). Widefield proflavine-
fluorescence image shows unevenly-spaced colonic crypts (B). The brightness of the
lamina propria is variable (white boxes). High-resolution proflavine-fluorescence image
from inked area indicated in (B) shows unevenly spaced tubular structures (yellow
arrow) and areas of crowded nuclei (white arrow) (C). Corresponding histopathology is
shown (D).

Figure 5: White-light image of severely dysplastic colonic mucosa with sub-surface
adenocarcinoma is shown (A). Widefield proflavine-fluorescence image depicts
irregularly shaped colonic crypts (B). High-resolution fluorescence image from area
indicated in (B) shows irregularly shaped, unevenly spaced tubular structures (yellow
arrow) and areas of crowded nuclei (white arrow) (C). Corresponding histopathology is
shown (D).

Figure 6: White-light image of invasive adenocarcinoma is shown (A). Widefield
proflavine-fluorescence image from area indicated in (A) depicts loss of regular glandular
architecture (B). High-resolution fluorescence image from area indicated in (B) shows
areas of dense nuclei (C). Corresponding histopathology is shown (D).

Figure 7: White-light image of an area of mildy active IBD is shown (A). Widefield
proflavine-fluorescence image from area indicated in (A) depicts an irregular glandular
pattern (B). High-resolution fluorescence image from area indicated in (B) shows an
increase in distorted glands with cryptitis (arrow) and expanded lamina propria (C).
Corresponding histopathology of active colitis is shown (D).

Figure 8: White-light image of an area of severely active IBD with ulcer is shown (A).
Widefield proflavine-fluorescence image from area indicated in (A) depicts glandular
irregularity (B). High-resolution fluorescence image from area indicated in (B) shows a

12
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dense nuclear presence in the lamina propria (C). Corresponding histopathology of
severe colitis is shown (D).
Table Headings:

Table 1: Image features present in proflavine-enhanced widefield and high resolution
imaging of normal esophagus, Barrett’'s metaplasia, dysplasia, and adenocarcinoma

Table 2: Image features present in proflavine-enhanced widefield and high resolution
imaging of normal colon, dysplasia, and adenocarcinoma

Table 3: Image features present in proflavine-enhanced widefield and high resolution
imaging of mildly active inflammatory bowel disease (IBD) and severely active IBD.
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*Acronyms (list all acronyms used in paper with their spell-outs)

Acronym List:
Barrett’'s esophagus (BE)
Esophageal adenocarcinoma (EAC)
Endoscopic mucosal resection (EMR)
Inflammatory bowel disease (IBD)
Multispectral digital microscope (MDM)
High resolution microendoscope (HRME)
Light-emitting diode (LED)
High grade dysplasia (HGD)
Gastrointestinal (Gl)
Charge-coupled device (CCD)

Hematoxylin and eosin (H&E)
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Widefield Imaging Features High Resolution Imaging Features

Evenly spaced,
Normal homogeneous nuclei
Esophageal| No glands present 9 '
Mucosa

Intact glands
Bamrett's | Elongated and intact glands
Metaplasia
Basal nuclei
Crowded and distorted
glands
Crowded and ,
heterogeneous glands Nuclear crowding,
Dysplasia enlargement and
pleomorphism
Loss of nuclear polarity
(with high grade dysplasia)
Irregular glands
Adeno- Effacement of glandular : :
carcinoma architecture Invasion of lamina propria

(stromal reaction)
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Widefield Imaging Features High Resolution Imaging Features
Uniform glands
Normal Regular, intact tubular 9
Colon glandular pattern Regular, small, basal
Mucosa nuclei
Distorted glands
Irregular, heterogeneous Nuclear crowding,
- glands enlargement and
Dysplasia pleomorphism
Loss of nuclear polarity
Increasingly irregular
glands
Adeno- Effacement of glandular
carcinoma architecture Invasion of lamina propria
Stromal reaction



http://ees.elsevier.com/gie/download.aspx?id=652988&guid=4b2c1157-9fb5-4ff3-8494-45454daa819a&scheme=1

Table 3
Click here to download high resolution image
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Architectural distortion

Irregular glands and cryptitis
Mildly E owded

Active IBD g otk

lamina propria

Severely atrophic

Severely heter In:gggﬁgt, lands e
Active IBD °9 .

Very expanded,

crowded lamina propria
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