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Over the past two decades, the bulk of gastrointestinal (GI) endoscopic procedures has shifted away

from diagnostic and therapeutic interventions for symptomatic disease toward cancer prevention in

asymptomatic patients. This shift has resulted largely from a decrease in the incidence of peptic ulcer

disease in the era of antisecretory medications coupled with emerging evidence for the efficacy of

endoscopic detection and eradication of dysplasia, a histopathological biomarker widely accepted as a

precursor to cancer. This shift has been accompanied by a drive toward minimally invasive, in situ

optical diagnostic technologies that help to assess the mucosa for cellular changes that relate to

dysplasia. Two competing but complementary approaches have been pursued. The first approach is

based on broad-view targeting of ‘‘areas of interest’’ or ‘‘red flags’’. These broad-view technologies

include standard white light endoscopy (WLE), high-definition endoscopy (HD), and ‘‘electronic’’

chromoendoscopy (narrow-band-type imaging). The second approach is based on multiple small area

or point-source (meso/micro) measurements, which can be either machine (spectroscopy) or human-

interpreted (endomicroscopy, magnification endoscopy), much as histopatholgy slides are. In this paper

we present our experience with the development and testing of a set of familiar but ‘‘smarter’’ standard

tissue-sampling tools that can be routinely employed during screening/surveillance endoscopy. These

tools have been designed to incorporate fiberoptic probes that can mediate spectroscopy or

endomicroscopy. We demonstrate the value of such tools by assessing their preliminary performance

from several ongoing clinical studies. Our results have shown promise for a new generation of

integrated optical tools for a variety of screening/surveillance applications during GI endoscopy.

Integrated devices should prove invaluable for dysplasia surveillance strategies that currently result in

large numbers of benign biopsies, which are of little clinical consequence, including screening for

colorectal polyps and surveillance of ‘‘flat’’ dysplasia such as Barrett’s esophagus and chronic colitis due

to inflammatory bowel diseases.

& 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Noninvasive spectroscopic tissue diagnosis, or ‘‘optical
biopsy,’’ is a rapidly emerging field within the field of biopho-
tonics [1]. Ideally when using spectroscopy, some form of
spectroscopic analysis is performed on measurements collected
from precisely the volume of tissue that will be examined
histopathologically. The ultimate goal then is to attempt to obtain
a diagnosis of the tissue based on these measurements, in situ,
with minimal invasion and in real-time. Clearly, there is the
potential for the reduction of overall procedure costs, patient
distress, and risks as a consequence of biopsying and processing
only diseased tissue. Some proposed techniques include
ll rights reserved.
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Raman spectroscopy [2], autofluorescence spectroscopy [3–6],
fluorescence spectroscopy [7–11], reflectance spectroscopy
[7,8,11–14], and elastic-scattering spectroscopy [1,15–17]. Much
work has focused primarily on UV-induced fluorescence spectro-
scopy, given the assumption that important biochemical changes
associated with disease alter the intrinsic fluorescence spectrum
of tissue. Elastic Scattering Spectroscopy (ESS), however, is
capable of reporting cellular and subcellular architectural features
that are a typical part of a pathologist’s microscopic assessment
and diagnosis. ESS measurements can be performed via fiberoptic
probes and hold great promise for in vivo screening and
identification of neoplastic tissues. ESS diagnosis can be based
either on heuristic models [18] that predict changes in the
scattering spectrum corresponding to altered ultrastructure, or on
quantitative models [19] that have been used to determine
nuclear size in epithelial layers.

Indeed, with the appropriate optical geometry, ESS can report
the size, structure, and index of refraction of subcellular
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components that change upon neoplastic transformation
[18–20]. ESS spectra relate to the wavelength-dependence and
angular-probability of scattering efficiency of tissue micro-
structures (as well as to absorption bands), generating spectral
signatures that correlate with histolgical features such as the size/
shape of subcellular components, nuclear-cytoplasmic ratio, and
cell/organelle clustering patterns. Scattering is generated by
gradients of the optical index of refraction and ESS spectral
signatures will be altered if the refractive index of subcellular
structures changes, say, due to an increase in the amount and/or
granularity of chromatin. Since the dimensions of subcellular
components are on the order of the wavelength of visible-near-IR
light, approximations of scattering theory (e.g. Rayleigh approx-
imation) are not suitable for mathematical simulations and
methods such as Mie theory are more appropriate for under-
standing the spectral changes [21].

There are a number of clinical correlations of scattering spectra
with mucosal histopathology. The potential clinical utility of ESS
for endoscopic dysplasia and/or cancer detection biopsy has been
reported in hollow organs including the urinary bladder [21],
esophagus [22–26], and colon [27–29]. ESS was first applied
in vivo in the urinary bladder by Mourant, Bigio, and colleagues,
where sensitivity and specificity for the detection of malignant
tissue in a retrospective analysis from a small sample size (110
biopsy sites from 10 patients) were excellent [21]. More recently,
ESS has been studied for the diagnosis of luminal gastrointestinal
tract neoplasms. Bigio et al. used colorectal ESS measurements
(60 sites from 16 patients) to develop a spectral metric based
on regions of the hemoglobin absorption bands (400–440 and
540–580 nm) to identify 8 sites that were neoplastic, adenoma-
tous, and/or cancerous, also with good retrospective statistics
[22]. In a larger study by Ge et. al., neoplastic and hyperplastic
colonic polyps could be distinguished using ESS and neural-
network pattern recognition for spectral classification [28]. In
addition, Zonios et al. have published a study applying ESS to the
classification of colon polyps [29]. Wallace et al. have also adapted
ESS to identify dysplastic Barrett’s esophagus with a sensitivity
and specificity of 82% and 80%, respectively [30].

All of these studies were validated by taking ESS mucosal
readings (‘‘optical biopsy’’) with a fiberoptic probe inserted
through the working channel of an endoscope. The probe was
then removed and a surgical tissue-sampling tool, usually a
forceps, was introduced to obtain a pinch biopsy of what was the
best estimate of the location from which the ESS measurement
had been obtained. The physical biopsy specimens were then
assessed by ‘‘gold standard’’ histopathology and correlated to
spectra. The experience from those studies reveals a strong
rationale for incorporating ESS probes into biopsy tools. ESS is a
site-specific measurement that samples a tissue volume of
o0.5 mm3 of the tissue surface at the point of contact of the
fiber probe. As such, with small mucosal areas being interrogated,
co-registration of separate optical and physical biopsies is subject
to imperfect co-registration of the optical reading and the tissue
sample removed for histopathological analysis. Indeed, the fact
that ESS studies have performed as well as they have in detecting
dysplasia despite imperfect co-registration suggests that
ESS would perform even better when validated with absolute
co-registration of optical and physical biopsies. Equally impor-
tant, integrated tools would be familiar, more convenient, less
disruptive to endoscopic flow and would improve throughput by
shortening procedure times.

Compared to endomicroscopic approaches like confocal micro-
scopy and optical coherence tomography (discussed below), ESS is
potentially much more cost-effective and accessible to the general
GI community. Confocal endomicroscopy, while a powerful
commercially available technology, remains costly, requires the
administration of an IV fluorescent dye and presently requires
that microscopic images be interpreted by the operator. As such, it
is a technology more appropriate for specialized centers of
advanced endoscopy [31]. Similarly, intravital optical coherence
tomography (OCT) [32–37] is another sophisticated high-resolu-
tion mucosal imaging technique that is not optimally suited for
widespread use, as it requires non-standard image interpretation
by the endoscopist. For both confocal microscopy and OCT, the
operator requires substantial competence from specialized train-
ing to become both a skilled advanced endoscopist/intervention-
alist as well as ‘‘real-time pathologist,’’ capable of interpreting
histopathological images in real-time.

Indeed, confocal laser endomicroscopy (CLE) is receiving
increasing interest and adoption by advanced centers as an
endoscopic modality for obtaining very high-resolution magnified
images within the mucosal layer of the GI tract. The CLE
technology is based on tissue illumination with a low-power
laser followed by detection and creation of an optically sectioned
image by rejecting out-of-focus fluorescent light using variations
of the scanning ‘‘pinhole’’ principle [38,39]. Because CLE detects
fluorescence and because endogenous tissue autofluorescence is
low, use of a fluorophore-containing contrast agent, administered
either locally or intravenously, is required to generate high-
quality images that are comparable with traditional histologic
examination [40,41]. Recently, a confocal laser endomicroscope
has been developed that uses a probe that can be passed to the
distal tip of virtually any conventional endoscope via the
accessory channel to enable subsurface imaging of living tissue
during procedures [42]. This approach, while usable with any
endoscope, still poses the same issues of a probe-based spectro-
scopic approach in that the probe must be removed to allow
passage of a biopsy tool whenever a biopsy is required further
disrupting clinical flow and increasing procedure time.
2. Materials and methods

2.1. Elastic-scattering spectroscopy

Our group at Boston University (continuing earlier work by
Bigio and colleagues, started at Los Alamos National Laboratory)
[18,21,43–46] developed the method of ESS. ESS, when performed
with specific fiberoptic geometries, is sensitive to the absorption
spectra of major chromophores (e.g. oxy-/deoxy-hemoglobin)
and, more importantly, reports morphological features from
superficial tissues. ESS spectra derive from the wavelength-
dependent optical scattering efficiency (and the effects of changes
in the scattering angular probability) caused by optical index
gradients exhibited by cellular and subcellular structures. Unlike
Raman and fluorescence spectroscopy, ESS provides largely
micro-structural, not biochemical information. Thus, ESS is
sensitive to features such as nuclear size, crowding and
chromaticity, chromatin granularity, and mitochondrial
and organellar size and density (Fig. 1A). Because abnormal
tissues are often associated with changes in subcellular, nuclear
and organellar features, scattering signatures represent the
spectroscopic equivalent of a histopathological interpretation.
However, the ESS method senses these morphology changes in a
semi-quantitative manner, without actually imaging the
microscopic structure [47,48].

In practice, ESS is a point-spectroscopic measurement taken
over a broad wavelength range (320–900 nm) – not an imaging
modality – and samples a tissue volume ofr0.50 mm3. Probes
are, typically, used in optical contact with the tissue under
examination and have separate illuminating and collecting
fibers (Fig. 1B). Collected light transmitted to the analyzing
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fiber probe

Fig. 1. Cartoon illustration of optical scattering from density gradients in cells (A)

and a diagram of the optical geometry for the fiberoptic tissue measurements (B).

Fiber tips are in optical contact with the tissue surface. Only light that has

scattered elastically within the epithelial layer is collected.

Fig. 2. Schematic diagram of the ESS system (A), photos of the ESS instrument (B)

and the flexible fiberoptic catheter-type probe used for previous ESS studies (C).

Fig. 3. Cellvizio confocal laser endomicroscopy system (A). Laser-scanning unit

(B). CholangioFlexTM miniprobe (C).
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spectrometer must first undergo one or more scattering events
through a small volume of the tissue before entering the
collection fiber(s). No light is collected from surface Fresnel
reflection. The standard ESS catheter-type probe consists of a pair
of fibers (each with a core diameter of 200 mm) with center-to-
center separation of about 250 mm. Due to the small separation of
the source and detector fibers, the collected light predominantly
samples the mucosal layer, which is typically 300–400 mm thick
in the GI tract. Novel tilted-fiber designs can restrict the collected
light to even shallower depths [49]. Given the small source–
detector separation of the ESS geometry, the method is more
sensitive to scattering properties than to absorption [20],
although strong absorbers such as oxy- and deoxy-hemoglobin
can be quantified. Fig. 2 shows a schematic diagram of the
primary system components and photos of the current-generation
experimental system. Each measurement takes about 30 ms, and
it is possible to perform several measurements per second,
limited by the time to move the probe from spot to spot.

While small-area measurements with ESS are a disadvantage
for screening large mucosal regions, surveillance of larger areas
can be achieved by making many point measurements in rapid
succession. The fact that ESS provides specific information about
small areas of tissue provides the rationale for incorporating ESS
probes into biopsy forceps tools, especially for gastrointestinal
applications. Development and validation studies require precise
co-registration of optical measurement sites and surgical biopsies,
currently not reliably achieved by existing methods. Presently,
fiber probes are passed endoscopically to the mucosa of interest
and measurements are taken. The probe is then removed and a
forceps is passed to obtain a pinch biopsy of a best estimate of the
ESS measurement spot. This process does not reliably correlate
the optical measurement to the physical biopsy for validation
studies and unnecessarily extends procedure time.

2.2. Confocal endomicroscopy

Laser-scanning confocal microscopy is an adaptation of light
microscopy, whereby focal laser illumination is combined with
pinhole limited detection to geometrically reject out-of-focus
light. In single-point scanning confocal microscopes, the point is
typically scanned in a raster pattern, and measurement of light
returning to the detector from successive points is digitized, so
that an image of the scanned region can be constructed.
Importantly, each resultant image is an ‘‘optical section’’ repre-
senting approximately one focal plane within the specimen [50].
The device in this study uses a miniaturized confocal microscope
in which a single optical fiber acts as both the illumination point
source and the detection pinhole, allowing the small scale
required for integration into a biopsy tool [51].

The components of the confocal laser endomicroscope
(Cellvizio, Mauna Kea Technologies, Paris, France) are shown in
Fig. 3. The miniprobe used to integrate into the CLE-guided snare
tool was designed for intra-biliary imaging (CholangioFlexTM). This
probe is 1.2 mm in diameter, images at a fixed depth of 55 mm,
with a maximal field of view of 320 mm and lateral resolution of
3.5 mm [52–54]. The fiber probe consists of a bundle of 10,000
optical fibers with a distal lens and proximal precision connector.
The probe is designed with a semiconductor that oscillates a
488 nm laser light at a rate that enables an acquisition frame rate
of 12 images per second. The fluorescence signal returning from
the tissue is converted into an image using a detector (avalanche
photodiode) and software/hardware systems for image correction,
stabilization and display [55,56]. These instruments are encased in
an FDA-approved clinical laser-scanning unit.

2.3. Integrated optical biopsy tools

The business of endoscopic polyp surveillance has a major
efficiency barrier: At present, it is virtually impossible to
distinguish a neoplastic from a non-neoplastic polyp by its
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endoscopic view. As such, the current standard of practice is to
remove and examine all polyps histopathologically. While the
term ‘‘polypectomy’’ implies a straightforward process, removing
polyps using a standard colonoscope, in fact requires several
discrete, time-intensive steps: (1) identification of the polyp, its
size, margins and extent; (2) optimal repositioning of the
endoscope to effect polypectomy; (3) definitive excision and/or
ablation of the polyp; (4) retrieval of polyp tissue and; (5)
histopathological processing and interpretation of the biopsy.
Small polyps can be removed or electro-ablated in jaw-type
forceps and retrieved through the endoscope channel within
closed jaws either in toto or piecemeal. Larger polyps, however,
require the use of a snare or ‘‘garroting’’ device to excise them. If
the tissue fragments areo4 mm, it is often possible to retrieve
them by removing the snare device and sucking the tissue into a
trap via scope’s accessory/suction channel. If44 mm, however,
the polyp will not fit into the accessory/suction channel and must
be retrieved by (1) removing the snare, (2) passing a grasping
device or expandable basket through the lumen, (3) stabilizing
the excised tissue at the end of the scope within the grasping
device/basket, while (4) withdrawing the entire scope from the
patient, and (5) harvesting the tissue. The scope is then (6)
reintroduced and (7) once again negotiated to the site of the last
polypectomy. It follows that this process can be tedious and time-
consuming, especially in patients with multiple large polyps.
Thus, depending on the number of larger polyps a patient has, he/
she will effectively undergo multiple colonoscopies or passes of
the scope, greatly prolonging total procedure time. There is need
for a reliable way to identify instantly whether a polyp is
neoplastic in situ.

An integrated tool combining an ESS probe with a biopsy
forcep/snare is needed, as it would shorten the time required to
obtain a biopsy of a measured spot and would greatly increase the
spatial correlation of biopsies with the precise spot from which
ESS measurements were made. An ESS probe integrated into a
biopsy forceps simplifies the process and guarantees accurate co-
registration of physical biopsies with ESS measurement spots.
Thus, optically guided biopsy tools represent a major step forward
for dysplasia detection in the GI tract. Our group has designed and
prototyped two ESS optical biopsy tools that address distinct
applications: the ESS optical forceps and the ESS optical snare. The
ESS optical forceps, used for interrogating and biopsying suspect
tissue, consists of an ESS probe comprising two 200 mm fibers,
installed in a traditional jaw-type biopsy forceps tool, modified
with a hollow central channel along its length. The design is such
that the probe is actuated to protrude out from between the jaws
when open, permitting optical contact with the mucosa, while
measurements are obtained (Fig. 4). In this earliest incarnation,
Integrated 
Biopsy Forceps

Side View

End View
Hypotube

Traditional 
Biopsy Forceps

Side ViewSide View

End View
Optical Fibers

Fig. 4. A 2-dimensional diagram of the forcep tip is depicted. The optical forcep is

a modified traditional endoscopic jaw-type biopsy forcep (A) with a central

channel through which fiberoptic probes can be introduced for tissue measure-

ments (B). A photograph of a clinically-usable unit (C), standard biopsy forceps

(left), ESS integrated optical forceps (right).
the design is essentially similar to a forceps made by
SpectraScience, Inc., which uses only one fiber and is intended
for fluorescence spectroscopy of the tissue.

The snare technique is the standard approach used to remove
pedunculated polyps at colonoscopy. A nickel-titanium ‘‘shape-
memory alloy’’ wire loop is lassoed over the top of the polyp and
pulled snugly around the stalk. The stalk is then ‘‘garroted’’ by
pulling the wire until the stalk is transected with or without
electrocautery. The tissue is retrieved and forwarded to pathol-
ogy, fixed, sectioned, stained, and assessed for dysplastic or
neoplastic tissue within the polyp, down the stalk and to the
resection margin. A ‘‘smart’’ snare system could identify the lower
border of dysplastic tissue prior to transection of the stalk. The
smart snare would have utility for the piecemeal removal of flat
and sessile polyps as well, where mucosa bunched up and grasped
by the snare could be assessed for dysplastic mucosa and
removed. To this end we developed the ESS optical snare, which
uses a custom-extruded dual-lumen tubing permitting passage of
the cautery snare as well as of the optical probe (Fig. 5).
Subsequent resections of the surrounding tissue could be guided
by ESS measurements to ensure that all dysplastic tissue has been
excised and/or ablated. The same approach was used to develop a
‘‘smart’’ snare system using confocal endomicroscopy. In this case
the confocal miniprobe is passed through the custom extruded
dual-lumen tubing as in the ESS optical snare. This arrangement
permits real-time imaging of the mucosal layer of polyps prior to
polypectomy or after to confirm complete resection of dysplasia.

Optically guided biopsy would enable excision and/or ablation
to be performed, while polyp retrieval might be rendered
optional, only adenomatous polyps need to be retrieved for histol-
ogy and consequent risk assesment. Additionally, the reduced
number of retrieved samples would yield savings in the cost of
histopathology. The rare case of a false-negative by the optical
diagnosis would impart no risk to the patient, because it would be
excised anyway (and excreted naturally)—simply not retrieved.
The improved efficiency and efficacy of the colonoscopy/
treatment procedure itself would impart significant patient
Fig. 5. Cross-section and prototype of an ESS optical snare. Custom extruded dual-

lumen tubing permits passage of both the cautery wire and 2-fiber ESS probe.
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benefits, allowing more physician time for careful inspection, and
would further reduce the burden on the health care system.
3. Results and discussion

In this section preliminary results from ongoing IRB-approved
clinical studies are presented. Unlike earlier reported results, this
endoscopic approach to scattering spectroscopy with integrated
tools provides absolute co-registration of optical and physical
biopsies. For each of the studies, patients from our existing
screening/surveillance pool for colonoscopy, or upper GI endoscopy
in the case of Barrett’s Esophagus surveillance, were recruited and
consented. Their examinations followed current standard of care,
with the only difference being the use of the integrated optical
tools whenever endoscopic tissue sampling was indicated accord-
ing to accepted standards. Optical measurements were then taken
prior to biopsy or resection, and the tissue obtained was submitted
for standard histopathological diagnosis, and reviewed by three
independent pathologists. ESS spectra were correlated to the
consensus majority of the histopathology results. Following
spectral feature selection by principle component analysis (PCA)
[57] a linear support vector machine classifier [58,59] was trained
on the extracted features. Leave-one-out cross-validation was used
to obtain performance estimates. This type of pattern recognition
based spectral analysis is similar to approaches used in [24,27,28]
for classification of light scattering spectroscopy data.

3.1. ESS optical forceps

The ESS optical forceps were tested for detecting colonic
neoplasia during routine colonoscopies. When a polyp was
encountered, as determined by the endoscopist, the optical probe
in the forceps was put in gentle contact, with jaws open, against
the polyp mucosa. Optical readings were then taken before
closing the forceps’ jaws to complete the biopsy. By using the ESS
optical forceps we are assured that the optical reading will
precisely correlate to the location of the biopsy. As seen in Table 1,
data from 65 patients has been collected, 96 spectra from 52
neoplastic polyps and 172 spectra from 89 non-neoplastic polyps
(normal or hyperplastic histology). From this preliminary dataset,
a sensitivity of 0.83, specificity of 0.81 and negative predictive
value (NPV) of 0.90 were obtained (Table 2). The negative
predictive value, which is the most important statistic for this
application, could be increased even further at the expense of a
modest reduction in specificity. Thus, integrated ESS optical
forceps are able to co-register optical and physical biopsies and
analysis to date is highly encouraging for device’s ability to
reliably classify neoplastic colonic polyps.

The ESS optical forceps have also been used for surveillance of
Barrett’s esophagus. Patients who were scheduled for an upper
endoscopy for Barrett’s esophagus, or those in whom disease has
advanced (dysplastic Barrett’s or carcinoma) were candidates for
the study. All patients received standard treatment i.e., routine
Table 1
Preliminary data breakdown for each of the studies.

Subjects Pathology

Forceps – CRC screening 65 Non-Neop

Neoplastic

Forceps – Barrett’s screening 33 NDBE

DBE

GCE

Snare – Polypectomy 10 Non-Neop

Neoplastic
esophageal endoscopy with random multiple physical biopsies
using the standard or intensive Seattle Protocol as appropriate. As in
the colon study, the optical readings were obtained by first touching
the tissue while the jaws of the ESS forceps are open, placing the
optical fibers in contact with the mucosa. At the end of the
acquisition of optical data, the jaws were closed, thus physically
biopsying precisely the same tissue that was read optically. A total
of 33 patients have been recruited for the study (Table 1), resulting
in 105 ESS spectra of non-dysplastic Barrett’s esophagus (NDBE), 16
spectra of dysplastic Barrett’s esophagus (DBE) and 64 of gastric
columnar epithelia (GCE). A sensitivity of 0.81 and specificity of 0.88
was obtained for distinguishing DBE from NDBE, 0.88 and 0.94 for
DBE from GCE, and of 0.90 and 0.83 for distinguishing NDBE from
GCE (Table 2). These results show promise for using the ESS optical
forceps in the screening of Barrett’s esophagus.

3.2. ESS optical snare

Recent clinical testing has also begun with the ESS optical
snare. In a separate study, subjects were recruited from a pool of
patients referred for routine colonoscopy. When polypectomy of
larger polyps (44–5 mm) was indicated, an ESS optical snare was
used to obtain ESS readings from tissue prior to electrocautery.
The tip of the closed optical snare device was placed in contact
with polyps and spectra were obtained, followed by electro-
cautery excision of the polyp. Thus far, from a total of 10 patients,
45 spectra from 13 neoplastic polyps and 60 spectra from 10 non-
neoplastic polyps have been taken with the ESS optical snare
(Table 1). From this, a sensitivity of 0.80 and specificity of 0.87
have been obtained for distinguishing neoplastic from non-
neoplastic polyps (Table 2). From these results, we can see that
the ESS optical snare is a promising technology for diagnosing and
snaring larger colonic polyps in real time at colonoscopy.

3.3. Confocal endomicroscopy snare

The confocal endomicroscopy snare is currently being used in a
clinical study on patients undergoing routine colonoscopy. Once a
polyp is identified using standard white light endoscopy, the
patient is subsequently given 1 mL of fluorescein intravenously.
The confocal snare is inserted through the working channel of the
endoscope and used to examine every macroscopically visible
lesion. The distal tip of the confocal probe is placed in gentle
contact with the identified tissue and the position of the focal
plane within the specimen is adjusted using the buttons on the
endoscope control body (Fig. 6A). The probe was used to confirm
complete resection of the polyp (Fig. 6B) once polypectomy has
been finished. Video loops of each colonic polyp are obtained and
stored as digital files using the Cellvizio platform. After image
interpretation by an expert, the presence of neoplasia can be
observed on the acquired images from the polyp (Fig. 7A), as well
as its absence once the polyp has been completely removed
(Fig. 7B).
Number of polyps Number of spectra

lastic 89 172

52 96

105

16

64

lastic 13 60

10 45



Table 2
Performance of the integrated tools on preliminary data.

Pathology Sensitivity Specificity

Forceps – CRC screening Neoplastic vs. non-neoplastic 0.83 0.81

Forceps – Barrett’s screening DBE vs. NDBE 0.81 0.88

DBE vs. GCE 0.88 0.94

NDBE vs. GCE 0.90 0.83

Snare – Polypectomy Neoplastic vs. non-neoplastic 0.80 0.87

Fig. 6. Confocal laser endomicroscopy snare. Imaging the polyp before polypectomy (A). Imaging the area after polypectomy to confirm complete resection (B).

Fig. 7. Confocal laser endomicroscopy images. Dysplasia present in the interrogated polyp as shown by highlighted villous structures (A). Image of normal colon mucosa

after polypectomy with highlighted crypts (B).

Fig. 8. Novel CAM-action scanning optical forcep designs. ‘‘Mushroom-tipped’’ ESS

fiber probed variations for contact sweeping/scanning large mucosal areas.
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4. Future work

Research is currently being conducted in order to improve the
current integrated spectroscopic devices. As stated earlier, each
spectroscopic measurement takes about 30 ms, and it is possible
to perform several measurements per second, limited by the time
to move the probe from spot to spot. With improved system
engineering, we envision the performance of430 measurements/
s that will provide ‘‘on-the fly’’ feedback to the clinician. As such,
surveillance of large mucosal areas should be achievable using a
rapid succession of point measurements while moving/scanning
the probe over the mucosal surface. Currently a next-generation
ESS integrated forceps are being developed and prototyped
(Fig. 8). Its design enables it to be dragged across the mucosa
while providing continuous spectral interpretive feedback
regarding the mucosa in contact with the tip, analogous to the
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way a metal detector or Geiger counter provides audible and/or
visual feedback to the operator. A smooth mushroom-shaped tip
with fibers at the center will permit sliding the probe across large
patches mucosa without tears or trauma. Fast, real-time spectral
processing will be based on the algorithms obtained as part of the
studies.
5. Conclusions

Beyond validation studies, real-time ESS measurements, as
well as confocal laser endomicroscopy, would be clinically useful
for increasing the pre-biopsy probability of obtaining neoplastic/
dysplastic tissue over benign tissue. Our preliminary results have
shown the promise of the different integrated optical tools in
different screening/surveillance applications in the GI tract. In the
case of colorectal cancer screening, these are tools for polyp
classification not polyp detection, thus there would still be
dependence on the endoscopists’ ability to detect lesions. ESS
and confocal laser endomicroscopy would still be subjected to
colonoscopy’s adenoma miss rates, estimated to be 24% in one
study [60]. While a real-time, in vivo, classification tool like ESS
would enable endoscopists to probe additional polypoid-looking
lesions that he/she would otherwise not have thought were
significant, the main impact of this kind of tool is the reduction in
false positives, which based on current standards of care includes
all lesions detected and sent for histopathology assessment that
turn our to be benign. It is widely accepted that hyperplastic
lesions with no malignant potential could potentially be left
in situ if there were an accurate way to classify them in situ [61].
Thus, a real-time, in vivo, classification tool like ESS could help
identify such lesions decreasing the number of unnecessarily
resected polyps, saving time and cost. In addition, such integrated
devices would be invaluable for dysplasia surveillance strategies
that currently require large numbers of random biopsies, which
include Barrett’s esophagus and colonic dysplasia in inflammatory
bowel disease. In contrast to colorectal cancer screening, in
Barrett’s esophagus surveillance these tools would serve more as
detection tools, as dysplasia in Barrett’s segment is not clearly
visible during white light endoscopy. Thus, an optical forceps
could guide and refine ‘‘random’’ biopsies, increasing detection
yield and decreasing the total number of biopsies required for a
given screening session. As such, optical forceps would decrease
the morbidity and overall cost of dysplasia surveillance.
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