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1 Introduction

Abstract. Barrett’s esophagus (BE) is a condition that poses high risk
of developing dysplasia leading to cancer. Detection of dysplasia is a
critical element in determining therapy but is extremely challenging,
so that standard white-light endoscopy is used only as a means to
guide biopsy. Many novel optical techniques have been aimed at this
problem, including various forms of improved wide-field white-light
(chromoendscopy/magnification and narrow-band) and fluorescence
imaging, and “optical biopsy” techniques (diffuse reflectance, elastic
light scattering, fluorescence and Raman spectroscopies, confocal mi-
croendoscopy, and optical coherence tomography). While promising,
either as stand-alone modalities or in combination, to date none has
solved this pivotal challenge to the point of clinical adoption. Like-
wise, minimally invasive treatment of BE patients with dysplasia re-
mains suboptimal, despite recent approval of photodynamic therapy
for this indication. This work presents a critique and summary of each
of these biophotonic technologies, and discusses the fundamental ad-
vantages and limitations of each. The future directions for this field are
considered, particularly from the perspective of relying on intrinsic
(endogenous) optical signatures compared with the use of exogenous
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as one of these pivotal challenges and is the focus of this
work.

There are a number of applications in optical diagnostics and
therapeutics that may be considered as pivotal in the sense
that: 1. while meeting particular clinical needs that would
have major impact, they have proved to date to be intractable
to complete solution, despite this being possible in principle,
and 2. a large effort has been expended in identifying, devel-
oping, and testing different approaches to the solution. Thus,
they illustrate the challenge of translating discovery from the
bench to the bedside. Conversely, these challenges have
driven much of the development of biophotonics in the past
20 years, resulting both in the establishment of this as a dis-
tinct discipline and in spin-off solutions to other clinical and
biomedical problems. Examples include: noninvasive optical
measurement of blood glucose for diabetic monitoring, tumor
detection in the breast, minimally invasive therapies for solid
tumors, optical guidance, and ablation of atherosclerotic
plaque, and neurophysiologic monitoring. Detection and treat-
ment of dysplasia in patients with Barrett’s esophagus counts
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Named after the surgeon who first described the condition
in 1957, Barrett’s esophagus (BE), leading to dysplasia and
adenocarcinoma, represents a complex genetic/molecular/
histopathological process.l As illustrated in Fig. 1(a), the nor-
mal esophagus has a squamous mucosa, i.e., the cells lining
the luminal surface are flattened, giving a smooth surface on a
microscopic scale. Reflux of acid or bile from the stomach
(heartburn) is common among the Western population. In
about 10% of the population, this is a chronic condition. Over
time, this can lead to replacement of the squamous mucosa by
intestinalized metaplasic glandular epithelium containing
mucus-secreting columnar and goblet cells that are markers
for BE. Under standard white-light endoscopy, as illustrated
in Fig. 1(c), the normal smooth, whitish-pink appearance of
the squamous esophagus is invaded with irregular patches or
fingers of reddish mucosa growing upward from the gastoe-
sophageal junction. Patients with this chronic inflammatory
condition have a significantly increased risk (~40 to 100
fold) of developing dysplasia within the field of abnormal
Barrett’s mucosa. The cancer risk in BE patients is estimated
to be ~0.5 to 1% per year,2 and the presence of dysplasia,
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Fig. 1 (a) Histological, (b) gross sectional, and (c) endoscopic features of Barrett’s mucosa compared with normal squamous esophagus. Note the
disordered, intestinal structure in BE compared to the layered structure in squamous esophagus. The red-appearing BE can be seen extending up
from the gastro-esophageal junction into the whitish/pink-appearing normal lumen of the esophagus in the endoscopic image.

Fig. 3 Examples of chromoendoscopy of BE. (a) Lugol’s solution (courtesy of J. Bergman and M. Kara), (b) methylene blue, (c) crystal violet
(adapted from Ref. 15, with permission), and (d) acetic acid (adapted from Ref. 16, with permission).

Journal of Biomedical Optics 051401-2 September/October 2007 < Vol. 12(5)



Wilson: Detection and treatment of dysplasia in Barrett’s esophagus...

particularly of high grade (HGD), is associated with a high
risk. Further, the incidence of esophageal adenocarcinoma is
increasing rapidly.3 Since the prognosis for patients with
esophageal cancer is dismal (5-year survival ~10%)," it is
standard practice to perform an esophagectomy on finding
HDG, a high-risk invasive procedure with subsequent poor
quality of life.

Hence the pivotal challenges for biophotonics in the man-
agement of BE patients are: 1. to improve the detection rate
for finding dysplasia, particularly HGD, and 2. to eliminate
dysplastic lesions in a minimally invasive way that signifi-
cantly reduces risk of progression to cancer.

For 1., the standard procedure in managing BE patients is
regular surveillance by white-light endoscopy (WLE). Dys-
plastic lesions within areas of Barrett’s mucosa are rarely vis-
ible under WLE, so that endoscopy is used simply to guide
biopsy, which usually comprises four-quadrant tissue sam-
pling every 1 or 2 cm of the BE field, resulting in tens of
biopsies. These must then be sectioned, stained [usually with
standard hemotoxylin and eosin (H and E)], and examined in
detail by a pathologist to look for the telltale signs of dyspla-
sia, including increased nuclear-to-cytoplasmic ratio, lack of
Goblet cells, disorganization of glandular architecture, and
dysplastic epithelium on the mucosal surface with loss of
nuclear polarity. This is an invasive and expensive approach
and, most importantly, is “hit and miss.” Given that the find-
ing of HGD leads to a major surgical intervention, while miss-
ing it may lead to fatal cancer, there is an urgent need to
improve the visibility of dysplastic lesions in BE during en-
doscopy, and this is the topic of most of this work.

In terms of therapies, esophagectomy carries high morbid-
ity and mortality, even in specialized centers.” Hence, there is
interest in endoscopic ablative approachesé’7 as an alternative
to esophagectomy in cases where the neoplasia is intramu-
cosal, i.e., there is no evidence of invasion into the submu-
cosa. (Endoscopic determination of whether or not there is
such invasion is a biophotonics challenge in itself, in which
optical coherence tomography may provide a solution, see
“Optical Coherence Tomography” in Sec. 2.2.2). As discussed
below, the generally accepted approach to this is to ablate the
entire Barrett’s field, not just to target the identified dysplastic
area. Photodynamic therapy is an approved method for this,
based on recent Phase 3 trials,8 but there remains significant
need for improvement in the current technique, and this is
discussed in the therapeutic section.

Finally, given the complexity of managing patients with
BE and the rapid evolution of novel diagnostic and therapeu-
tic methods, there has been increasing need to understand the
cost-benefit aspects of the problem,9 particularly in light of
limited health-care budgets and the need to set priorities for
maximal socio-economic benefit as well as survival and qual-
ity of life' for individual patients. This is outside the science
and technology domains and so is not discussed, but it is
important to consider these issues when evaluating the poten-
tial for any new technology to be introduced into clinical
practice. In the case of BE, it is clear that this is a challenging
issue.

It is not the objective of this work to provide a compre-
hensive review of optical diagnostics and therapeutics for
Barrett’s esophagus: for this, the reader is directed to
Bergman,7 Wallace, Sullivan, and Rustgi,11 Wong Kee Song
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Fig. 2 Optical techniques that have been reported for detection of
dysplasia in Barrett’s esophagus.

and Wilson,12 and references therein. Rather, the focus is on a
critical analysis of the potential limitations and possible future
development of each approach, either as a stand-alone modal-
ity or in combination with one another. It is important to note
also that, although any one of these biophotonic techniques
may, in the end, not prove useful in BE, some may have value
in other applications. For many of the methods, the problem
lies not so much in the technique or resulting technology per
se, but in the complexity and heterogeneity of the changes in
the tissues in this multistage disease process. In particular, the
major problem with detecting dysplasia in BE is that the back-
ground tissue, i.e., the intestinal metaplasia, is not normal but
rather is chronically inflamed. This is unlike the situation in,
say, the bronchus or cervix, where the nondysplastic tissue is
relatively normal and uniform across the mucosal surface.
For treatment of patients with HGD in BE, the challenge for
ablative techniques is the need to remove a large area of BE
mucosa with low probability of leaving residual abnormal tis-
sue that may serve as a focus for the subsequent development
of dysplasia/cancer, which can be masked by re-
epithelialization of the esophagus with overlying normal-
appearing squamous mucosa.

2 Endoscopic Detection of Dysplasia in
Barrett’s Esophagus

There have been many new optical endoscopic techniques de-
veloped and tested clinically, particularly in the last 10 years,
some of which are/may be relevant to the BE problem. As
summarized in Fig. 2, they may broadly be divided into wide-
field techniques, in which images over a substantial area of
the mucosal surface are generated, and optical biopsy, in
which optical images and/or spectra are generated over a re-
stricted small area of the tissue surface, comparable in extent
to that sampled in physical biopsy. These two domains over-
lap in some techniques in which it may be possible to com-
bine the advantages of rapid scanning of the entire BE seg-
ment with the added information content of optical
spectroscopy or microimaging at selected positions, such as
suspicious areas that are seen on rapid, wide-field imaging.
In considering the various techniques outlined next, it is
worth remembering that a standard upper gastro-intestinal
(GI) white-light endoscopy can be completed in typically
20 to 30 min. Since endoscopic practice/reimbursement is
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based on this paradigm, this effectively sets the bar for the
performance of any new wide-field endoscopic imaging tech-
nique, unless the improvement in the resulting diagnostic in-
formation can justify the extra time, cost and effort.

2.1 Wide-Field Techniques
2.1.1  Methods to improve white-light endoscopy

Magnification/chromoendoscopy. Improving the quality of
white-light endoscopic images and increasing their informa-
tion content has been an ongoing process. It includes incre-
mental advances in endoscope technology, particularly the de-
velopment of video endoscopes that in GI endoscopy are
rapidly replacing fiber optic endoscopes (based on imaging
bundles), and concomitant use of high-density charge-coupled
device (CCD) detector arrays that have greatly increased the
spatial resolution of white-light images. A standard WLE uses
a CCD with 100,000 to 300,000 pixels. With a field of view
of a few cm? the pixel size on the image is typically
~100 wm. High-resolution endoscopy (HRE) utilizes
400,000 to 850,000-pixel CCDs. Used in conjunction with
high-magnification front-end optics (magnification endoscopy
or endocytoscopy), this enables imaging down to close to the
cellular level (~10 wm)," although at the cost of a much
smaller field of view, so that this may more properly be
thought of as an optical biopsy technique.

Magnification endoscopy is most useful when combined
with a tissue stain applied topically to the mucosal surface
(chromoendoscopy).14 Such stains are generally chromogenic,
i.e., optical absorbers of specific color that bind to either nor-
mal or abnormal mucosa. Examples, illustrated in Fig. 3, are
Lugol’s solution that stains normal squamous epithelium a
yellow-brown color, methylene blue that is absorbed into cells
and highlights specialized columnar epithelium (as in Bar-
rett’s), and indigo carmine that accumulates in pits and valleys
between cells and highlights mucosal architecture. These
stains help enhance the BE-SE (squamous epithelium) con-
trast, but have not shown high sensitivity for the main chal-
lenge of highlighting dysplasia within BE. The best is prob-
ably crystal violet, which stains cell nuclei. This gives high
sensitivity (96%) and some specificity (~66% ) for detecting
esophageal dysplasia, at least in a subset of patients.15 An
alternative to chromogenic stains is acetic acid,16 which is
widely used in colposcopy to highlight lesions in the cervix.
This breaks down the viscous glycoprotein surface layer and
provides higher contrast of the surface epithelium by modify-
ing the tissue refractive index (whitening). Again, this has
shown sensitivity and specificity for BE versus SE of 100 and
66%, respectively, but has not improved the detectability of
esophageal dysplasia. In summary, “...chromoendoscopy of
the upper GI tract has failed to establish its role in diagnosing
Barrett’s oesophagus and Barrett’s associated neoplasia so
far.” (Kiesslich and Neurath'”). This is not the same situation
as in, say, the colon, where staining, particularly combined
with magnification endoscopy, is of proven value in identify-
ing flat adenomas that are otherwise difficult to see.

A recent development that, in some respects, emulates the
idea of chromoendoscopy to enhance the image contrast is
narrow-band imaging (NBI), illustrated in Fig. 4. In this tech-
nique, rather than the red-green-blue channels being com-
bined into a balanced white-light image, as in standard endo-
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scopy, each is displayed as a separate image. This enhances
the contrast in mucosal morphology and highlights the mi-
crovascular pattern of the tissue, both of which are altered in
the transition from intestinal metaplasia (BE) to dysplasia.
The image contrast arises from the differential attenuation of
the three spectral regions, with the blue channel biased toward
the most superficial layers, and the red light having the deep-
est penetration. Sharma et al."® used NBI with WLE in an
open study without a control group in 51 BE patients, and
obtained very high sensitivity (100%) and specificity (98.7%)
for detecting characteristic morphological changes (ridge/
villous pattern) in high-grade dysplasia. NBI was not able to
distinguish between LGD and nondysplastic BE. A recent ex-
ploratory study by Kara et al."” in 63 BE patients (split into a
learning set and a validation set) also yielded a high (94%)
sensitivity [negative predictive value (NPV)=98%] for de-
tecting HGD in BE. However, as is often the case in early
stage studies of new technologies for BE, the number of pa-
tients with dysplasia was disproportionately high relative to
routine surveillance groups (due to preselection). Also, the
specificity was only 74% [positive predictive value (PPV)
=64%], which may be due to the fact that the morphologic/
microvascular changes are not universally present in all cases.
(The same group has shown that HRE+NBI is equivalent to
HRE with indigo carmine staining, although this was also a
nonrandomized study and only in high-risk patients.”’) As is
discussed later, the specificity may be improved further by
combining NBI with autofluorescence endoscopy.

Fluorescence endoscopy. Fluorescence endoscopy has an
interesting history.21 It was revived in the early 1980s as part
of photodynamic therapy (PDT) to image the uptake and lo-
calization of the photosensitizers, particularly in treating bron-
chial tumors. Earlier imaging studies of fluorescent com-
pounds as a diagnostic tool go back to the 1920s. Several
decades later, an attempt to improve the diagnostic (i.e., fluo-
rescence) characteristics of one of these agents, hematopor-
phyrin, led serendipitously in the 1960s to the discovery of
hematoporphyrin derivative (HpD), the first PDT agent to be
approved for human use in 1993.% Using a fiber optic endo-
scope modified for fluorescence detection, Lam, Hung, and
Palcic then performed a series of clinical bronchoscopic stud-
ies, successively reducing the dose of HpD to minimize skin
photosensitivity.23 Unexpectedly, they found that the highest
detection rate for early stage lesions (dysplasia, carcinoma-in-
situ) was with no HPD, i.e., utilizing the natural, endogenous
fluorescence of the tissue. This autofluorescence broncho-
scopy was then developed further and was recently approved
by the FDA as an adjuvant to white-light bronchoscopy: the
corresponding commercial system (Xillix Technology Corpo-
ration, British Columbia, Canada) is illustrated in Fig. 5. In its
most recent implementation, it comprises blue-light excitation
with combined imaging of green fluorescence, detected by an
intensified CCD camera, and red (diffuse) reflectance, de-
tected by a nonintensified CCD.* In this mode, early neoplas-
tic lesions show as (false color) reddish on a blue-green nor-
mal tissue background.

There is reasonable understanding of the underlying
mechanism for the fluorescence contrast seen at endoscopy in
the bronchus, namely mucosal thickening that causes prefer-
ential increased attenuation of the green fluorescence from

September/October 2007 « Vol. 12(5)



Wilson: Detection and treatment of dysplasia in Barrett’s esophagus...

WLE

NBI

Fig. 4 Example of narrow band imaging in BE with dysplasia (courtesy ). Bergman and M. Kara, Amsterdam University Medical Center). The left
images are standard white-light endoscopy, and the right are NBI showing the enhanced microvascular and mucosal morphologic contrast.

submucosal collagen, together with loss of extracellular ma-
trix that reduces the collagen signal.”> The red channel here
effectively serves to normalize the fluorescence image. At
least four companies now have autofluorescence endoscope
systems currently in clinical trials.

There have been several clinical studies to evaluate auto-
fluorescence endoscopy (AFE) in the GI tract,”® particularly in
the colon to differentiate benign (hyperplastic) from premalig-
nant (adenomatous) polyps®’ and to increase the detection of
flat adenomas, and in BE.®7 As in the bronchus, this is
always done in combination with WLE, not as a replacement
for it. In the colon we have found significant increase (from
58 to 81%) in the ability to differentiate premalignant (ademo-
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matous) from benign (hyperplastic) polyps.”’” There is also a
good understanding from confocal fluorescence microscopy
of biopsies of the underlying tissue changes that enable this
increase.’! Unfortunately, the situation in BE has been less
encouraging. It has certainly been possible to visualize dys-
plasias that were missed on WLE and/or that are invisible
under WLE, even after they have been localized by fluores-
cence, as illustrated in Fig. 6. However, a recent randomized,
crossover study comparing AFE and standard white-light
videoendoscopy showed equivalent sensitivity and a lower
specificity with fluorescence imaging.” Note, however, that in
practice these techniques would be used in combination rather
than as alternatives, so that the combined accuracy is still
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Fig. 5 Autofluorescence endoscopy system, showing block diagrams
of the optical functions under white-light and autofluorescence imag-
ing modes. In fluorescence mode, a source filter is inserted that selects
blue light plus a small fraction of the red light from the lamp, the latter
serving to normalize the green fluorescence signal that is detected on
an ICCD camera (courtesy Xillix Technologies Corporation, British
Columbia, Canada).

higher than that of either single technique. For example, an-
other study30 by the same group showed an increase in sensi-
tivity for detecting high-grade dysplasia in BE from 23% for
WLE alone to 33% for the combination, with several dysplas-
tic lesions detected by AFE only. Nevertheless, it is clear that
a significant problem with autofluorescence endoscopy in BE
(at least with blue-light excitation) is the high level of autof-
luorescence in the nondysplastic BE mucosa itself and, par-
ticularly, the high point-to-point and patient-to-patient vari-
ability in this (see section on point spectroscopy). Primarily,
these effects increase the false-positive rate to a level that is
presently unacceptably high using white light and autofluores-
cence endoscopy alone. For example, a PPV of only 49% was
recently reported by Kara et al.,** even in a selected group of
patients. We have recently shown by confocal fluorescence
microscopy that dysplasia in BE is not accompanied by any
significant alteration of the intrinsic fluorescence signature
(i.e., in the endogenous fluorophores) of the epithelial layer
compared with nondysplastic BE, at least with blue-light
excitation.”® Hence, any diagnostic algorithm would need to
exploit other tissue changes, such as altered tissue morphol-
ogy or vascularity.

The main options to improve this situation are:

1. to further optimize the spectral ranges used, either in
the fluorescence and/or reflectance components

2. to combine autofluorescence imaging (+ WLE) with
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another complementary technique, particularly to increase the
specificity of dysplasia detection

3. to use a fluorescent contrast agent.

Approach 2. is considered later. For 1. there are several
studies of fluorescence spectroscopy of various tissues using
UV excitation (see Ref. 32), rather than the blue light that is
employed in current AF endoscopic imaging systems. The ra-
tionale is that this provides access to additional endogeneous
ﬂuoropores,33 particularly collagen and NADH that are often
altered in malignancy. However, initially, AF endoscopy used
fiber optic endoscopes, for which the transmission at short
wavelengths is relatively poor. With the introduction of video
endoscopes with AF capability, this may be less of a limita-
tion. In addition, there is a concern for mutagenesis with UV
light, although this may not be significant in practice at the
light exposures typically used in optical diagnostics, at least in
point spectroscopic mode.’

There is also, in principle, the option to use multiple fluo-
rescence excitation and/or emission wavelengths to improve
the diagnostic power of AFE. Most work on these approaches
to date have concentrated on point spectroscopy (see next),
since implementation of such schemes becomes technically
complex and, hence, prohibitively expensive in endoscopic
imaging mode. However, since technology advances may al-
leviate some of the limitations of the multispectral approach,
including swept laser sources and fast tunable filters, this may
be a future option if there is compelling evidence that using
more wavelengths would significantly improve the diagnostic
accuracy. Note that this would not necessarily have to be jus-
tified on the basis of the BE application, if other endoscopic
scenarios would benefit enough to drive the development of
clinical systems: improved BE diagnosis would then be a side
beneficiary. A compelling reason for such developments may
be in providing spectral matching for multiplexed contrast-
agent imaging (see next), more than for imaging autofluores-
cence.

In AFE clinical systems to date, there have usually been
two detection channels, primarily to reduce the confounding
effects of factors such as varying endoscope-to-tissue distance
and angle and tissue shadowing, to which single-channel de-
tection is very vulnerable. Thus, for example, in the original
system used in the lung and GI tract,” the green fluorescence
signal was normalized by the red fluorescence in each image
pixel, so that when the geometric factors changed, their ef-
fects (partially) cancelled out. In the latest implementation,”*
the red fluorescence has been replaced by the red diffuse re-
flectance signal, both to reduce cost (since reflectance imag-
ing does not need an intensified CCD) and, for colonoscopy,
to make the signal less disrupted by the strong red fluores-
cence (porphyrins) from fecal matter. There is now active re-
search into whether there are other, or additional, reflectance
channels that would further improve the sensitivity and/or
specificity of AFE, particularly exploiting possible alterations
in the diffuse reflectance spectrum due to differences in tissue
blood content or oxygenation. Again, in imaging mode, the
number of detection channels that can be used, even for re-
flectance, is restricted by complexity, speed, and especially
cost, at least using conventional optical technologies.

Note that all the studies discussed have used steady-state
fluorescence: the option of time-resolved measurements are
considered under point spectroscopy later, since it poses ma-
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Fig. 6 Example of autofluorescence endoscopy (right), showing the
high visibility of the dysplastic lesion in BE compared with the white
light image (left). (courtesy M. Kara and J. Bergman, Amsterdam Uni-
versity Medical Center).

jor technology challenges for endoscopic imaging.

For approach 3. in the simplest conceptualization, fluores-
cent contrast agents are analogous to chromogenic stains for
WLE. However, given the history of autofluorescence endos-
copy, as outlined before, an initial focus was on using fluo-
rescent PDT agents.”""** In particular, an appealing option has
been to use aminolevulinic acid (ALA). This is a rate-limiting
precursor in heme biosynthesis such that, when given in ex-
cess, it leads to increased levels of the fluorescent photosen-
sitizer protoporphyrin IX (PpIX).35 Many studies in different
organs, such as the bladder, cervix, and lung, have shown that

ALA-PpIX can give high fluorescence contrast in early
malignancy,”"*> most likely due to increased metabolic rate
and/or to reduced ferrochelatase, the enzyme responsible for
converting PpIX to heme. ALA-PpIX has been studied exten-
sively for photodynamic therapy for numerous early stage le-
sions, including dysplasia in BE, as discussed later. There
have been several clinical studies of ALA-PpIX as a fluores-
cence endoscopy contrast agent in BE. For example, in a
dose-ranging study in 47 BE patients, Endlicher et al.*® found
a sensitivity of >80% for dysplasia detection, but the speci-
ficity was only 27 to 56%. A recent study by our group37 has
confirmed that there does not seem to be a combination of
ALA dose or time interval between (systemic) administration
and imaging that gives adequate reliability. The problem again
is that there is high, and highly variable, PpIX synthesis in the
nondysplastic BE itself that gives a confounding fluorescence
background.

An alternative to PDT sensitizers is to use a fluorophore
linked to a targeting moiety that has specificity for the dis-
eased tissue. In this approach, the optical properties of the
fluorophore can be selected independently of its delivery to
the tissue. This falls into the category of molecular imaging,
which is being explored for many applications.”® There are
essentially three elements in such a contrast agent: the fluo-
ropore, the targeting moiety, and the linker between them.

Fig. 7 White-light (upper) and fluorescence (lower) images of the luminal surface of the esophagus in a BE rat model (immediately postmortem),
at 24 h following intravenous application of a conjugate comprising 660-nm-emitting Qdots conjugated to an antibody targeted to villin that is
overexpressed in BE tissue (courtesy R. da Costa and W. Chan, University of Toronto).
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Table 1 Potential advantages of Qdots compared to organic fluoro-
phores for fluorescence endoscopy

Qdot property

Implications for fluorescence endoscopy

High brightness (from large  High signal relative to tissue
absorption cross section and autofluorescence.
fluorescence quantum yield).

Brighter images with low receptor
expression levels or low dose of
contrast agent.

Lower capital cost (use nonintensified
CCDs).

Can image over a long period with
highlight exposure.

Low photobleaching

Need only a single light source, with
flexibility in optimizing spectral range.

Broad excitation spectrum

High signalto-background (using
narrow-band detection).

Narrow emission spectrum
of selectable wavelength

Potential for image multiplexing.
Capacity for bioconjugation High specificity.

without fluorescence
quenching

Fluorophores. Possible fluorophores include organic dyes and
the recently introduced quantum dot (Qdot) semiconductor
nanoparticles. The former have been used widely in many
preclinical studies of tumor detection/localization (see Ref.
38), mainly using far-red or near-infrared emitting dyes, to
achieve maximum light penetration in tissue. For BE, Pol-
glase et al.* and Kiesslich et al.** used intravenous fluores-
cein (not linked to any delivery or targeting moiety) as a
fluorescent contrast agent during confocal endoscopy (see
next), with excitation at 488 nm, since deep light penetration
is not required. Wréblewski et al.*' have used a water-soluble
copolymer drug delivery system targeted to the surface gly-
coproteins that are expressed on BE mucus-secreting cells,
and labeled this with the fluorophore fluorescein isothiocyan-
ate (FITC) for fluorescence microscopy of human BE biop-
sies. To our knowledge this has not been reported to date in
vivo and the question remains as to whether this would also
differentially target dysplasia within BE.

Compared to organic fluorophores, Qdot semiconductor
nanopartices have high brightness, low photobleaching, a
broad excitation spectrum, and relatively narrow and size-
dependent (and hence, selectable) fluorescence emission
spectra.42 As summarized in Table 1, this confers several po-
tential advantages for their use in fluorescence endoscopy,
some of which could increase the efficacy of fluorescence-
based diagnostics, including BE endoscopy. However, Qdot-
based contrast agents have two main potential limitations for
in vivo use. First, there is evidence that the maximum size of
Qdots that can be administered systematically may be quite
limited, since larger particles tend to be sequestered in organs
such as the liver, spleen, and kidney, and hence do not reach
the site of interest in adequate concentration. For example,
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renal filtration of Qdots shows a sigmoidal dependence on
size with the 50% point at around 5 nm (hydrodynamic diam-
eter, including surface rnodiﬁcations).43 This would be a se-
vere constraint in many in vivo fluorescence imaging situa-
tions. For any given Qdot material and structure, the emission
wavelength increases monotonically with size. Thus, for ex-
ample, 10-nm CdTeZnS Qdots emit at around
750 to 800 nm. Hence, a possible solution is to switch mate-
rials, such as InS Qdots, that emit longer in the near-infrared.
However, for endoscopic detection of early lesions, such as
dysplasia in BE, this may not be an issue, since relatively
short wavelength (blue-green) excitation gives adequate mu-
cosal penetration. Indeed, if there is less than perfect target
specificity of the contrast agent, then this may actually be
preferable to longer wavelengths, for which the mucosal con-
trast is decreased by contributions from deeper layers. Con-
versely, the autofluorescence background is generally higher
at shorter wavelengths (as exploited in autofluorescence endo-
scopy). Hence, there are several counteracting factors in the
optimal emission wavelength range for targeted Qdot (and
organic fluorophore)-based fluorescence endoscopy, and this
is the subject of current preclinical investigations,44 an ex-
ample of which is shown in Fig. 7, where Qdots conjugated to
an antibody for targeting were applied in an animal model of
BE.

The second concern is the possible toxicity of Qdots, due
to their heavy metal content (e.g., cadmium).*** The in vivo
lifetime and integrity of the coatings of Qdots are major fac-
tors in ameliorating this toxicity, while Qdots of less toxic
elements will also help to overcome this limitation. For endo-
scopic applications, such as in BE, applying the agent topi-
cally may mitigate some of this concern, depending again on
the stability of the Qdots as they then pass though the GI tract
and/or are cleared systematically.

Targeting moieties. The second element in developing fluo-
rescence contrast agents for detecting dysplasia in BE is per-
haps the most challenging, since it requires that there be al-
teration in one or more cell surface markers that are
associated with transformation to dysplasia and that are ex-
pressed at a much lower level in the Barrett’s tissue itself.
Although numerous markers have been identified at different
stages along the cancer initiation and progression pathway in
the esophagus, until very recently none were known that have
this specific property. At least one marker (TRAIL/Apo2L)
has been identified that is down-regulated in dysplasia.’® Un-
fortunately, this would yield negative fluorescence contrast,
which is not a good feature for high-sensitivity imaging. In
2006, Dorer and Odze’ reported an  enzyme,
a-methylacyl-CoA racemase (AMACR), that showed positive
immunohistological staining (using an anti-AMACR anti-
body) with 81% sensitivity for high-grade dysplasia in BE,
which is very encouraging. However, this is cytoplasmic
rather than being expressed on the cell surface, which may
make it difficult to target the fluorophore in vivo. On the other
hand, as an active enzyme, it could be suitable for molecular
beacon-based contrast (see next). A second potential marker is
Survivin, a member of an apoptosis inhibitor gene family,
which has shown increased mRNA expression in dysplasia
compared to Barrett’s,*® although there was a large overlap in
the ranges of expression. Other options besides antibodies for
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targeting include specific peptide sequences, aptamers, or an-
tisense sequences. There are no dysplasia*/BE™ examples at
the present time.

Linkers. The third element may be simply a passive linker
that couples the fluorophore and target molecule without in-
terfering significantly with the properties of either. Examples
include covalent bond formation between carboxylic acids
and biomolecules, steptavidin-biotin linking and cross-linking
agents that are commonly used to couple carboxyl groups to
primary amines. The optimum linker depends strongly on the
specific physicochemical properties of the fluorophore and
targeting moiety. It is important to minimize fluorescence
quenching, especially with organic dyes. Alternatively, the
molecular beacon concept could be used, in which the fluoro-
phore is deliberately quenched through Forster resonant en-
ergy transfer until the linker is cleaved (e.g., by a disease-
specific enzyme) or opened (in the case of a target-specific
mRNA antisense sequence). These approaches have been
demonstrated in various preclinical models, both for fluores-
cence imaging’’ and, more recently, for photodynamic
therapy.50

2.2 lLocalized Techniques (Optical Biopsy)

Referring again to Fig. 2, there are several localized optical
biopsy techniques that have been applied to the Barrett’s
problem. These are either different forms of point spectro-
scopic or are localized (micro) imaging methods.

2.2.1 Point spectroscopies

Fluorescence. Clearly, autofluorescence spectroscopy (AFS)
is an option and indeed has been used often as a means to
determine the optimal spectral range(s) to apply in AF imag-
ing. As an alternative to autofluorescence endoscopy, it has
the advantages of being low cost and relatively easy to imple-
ment in the clinical setting. Typically a fiber optic probe is
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used, placed within the instrument channel of the endoscope.
This is, however, not without its own problems.

1. Unless a dual-channel scope is used or combined probe-
biopsy forceps are implemented, it can be difficult to relocate
the point at which a spectrum is taken to obtain a confirma-
tory biopsy. It also adds significant time to keep switching
between the optical probe and the biopsy forceps, especially
in BE, where so many biopsies are needed,

2. Pressure of the probe tip on the tissue can affect the
blood flow and so change the measured fluorescence signal
due to altered blood attenuation of the light

3. It is difficult to recapitulate properly the imaging geom-
etry (e.g., wide field versus local point excitation), which also
can alter the measured spectrum because of different effective
sampling depths in the tissue.

These considerations apply to any endoscopic site, but the
esophagus is particularly difficult because of the limited angle
from which one can approach the tissue surface and its high
motility due to the heart beat. In addition to these technical
challenges, the fundamental problem with point fluorescence
spectroscopy in BE, as illustrated by Fig. 8, is the large vari-
ability in the spectra from point to point in a given patient and
between patients. Hence, even though on average there may
be systematic differences with disease state, the variability
makes it difficult to establish a robust spectral algorithm to
detect dysplasia without the context of the autofluorescence
appearance of the surrounding tissue that is obtained in imag-
ing mode. It is not clear whether this variability will apply
also with UV excitation, which Bourge-Heckly et al.>' have
reported in a small patient series in vivo (using 330-nm exci-
tation and, interestingly, ratios of NIR fluorescence intensities
rather than the more conventional visible range). Other ad-
vances, such as the use of time-resolved fluorescence, may
also increase the diagnostic accuracy of point autofluores-
cence spectroscopy in BE, either in full time-resolved mode
or using time gating,” since this provides complementary in-
formation (on the tissue microenvironment) to steady-state
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spectroscopy. This approach has been implemented in the past
in endoscopic imaging mode in the frequency domain.”® How-
ever, the technology was very expensive, since it required use
of multiple high-frequency modulated ICCD cameras.

Is there a role for point spectroscopy combined with exog-
enous fluorophores? In other applications, this seems likely,
especially using molecularly targeted contrast agents. A prime
example is in fluorescence-guided tumor resection, where the
strong signal with exogenous fluorophores, coupled with
highly disease-specific targeting, could be used to probe the
surgical margin for residual tumor (or tumor-associated) tis-
sue. This might be used in combination with fluorescence
imaging™ providing fast scanning of the resection surface,
while point probing is used to check for subsurface extension
of tumor and/or to enable quantification of the fluorescence
signal, thereby providing an objective threshold for the pres-
ence or absence of tumor. In the case of dysplasia detection in
BE, the approach faces two challenges: first, the general limi-
tation of point spectroscopy versus imaging, and second, the
need for a dysplasia-specific biomarker.

Reflectance. There is some confusion of terminology in this
field between the terms (diffuse) reflectance spectroscopy
(DRS), elastic scattering spectroscopy (ESS), and light scat-
tering spectroscopy (LSS). The key factor that separates the
techniques into two distinct classes is the extent to which
there is an attempt to suppress or subtract the diffuse, i.e.,
multiply scattered, photons from the measured spectra to en-
hance the contribution of single- or few-scattering photons. If
this can be achieved, either by using cross-polarization to se-
lect the true backscattered light or by numerical fitting and
subtraction of the more slowly varying diffuse spectrum, then
the fine spectral structure can be determined and depends on
the details of the Mie-like scattering by the surface layer(s) of
the tissue. The term LSS are used here for this technique.
Diffuse reflectance spectroscopy (DRS) refers to measure-
ments of the total spectrum of light from the tissue surface: in
some cases, this can be (partially) separated into the absorp-
tion and elastic scattering (transport coefficient) components.

For DRS, many of the same considerations discussed for
point fluorescence spectroscopy also apply. In an ex vivo
study using tissue biopsies, Lovat et al.” found 92% sensitiv-
ity but only 60% specificity for detecting high-risk disease
(high-grade dysplasia or cancer). Georgakoudi et al.”® found
reasonable sensitivity (86%) and very high specificity (100%)
in the transport scattering spectra u!(\) between HGD and
LGD+BE. Recently, Sterenborg’’ used differential path-
length spectroscopy in the esophagus (reported previously, for
example, in the optical biopsy of the breast™) and found some
evidence for differences in the hemogobin saturation with this
semiquantitative technique, although the diagnostic accuracy
for detecting dysplasia in BE is not known at this time. Recent
work from our own laboratory supports this finding. Hence, in
general there is likely diagnostic information in both the ab-
sorption and/or scattering spectra in DRS, although the differ-
ences are fairly subtle and it remains to be seen how robust
any algorithms based on these would be in routine clinical
practice.

LSS has been applied to a variety of epithelial tissues. By
fitting the Mie theory to the detailed spectra, with the scatter-
ing particle size distribution as a free parameter in the fit, it
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has been possible to show differences in these distributions,59

likely associated with altered nuclear size, which is used as
one histopathological marker of dysplasia due to increased
cell ploidy and chromatin. Georgakoudi et al.”® found a sen-
sitivity of 100% and specificity of 91% for HGD versus
LGD+BE using this technique. A significant advance in LSS
was reported recently by Yu et al. at MIT,” in which the
backscatter spectra were measured at the tissue surface for
both large and small values of the azimuthal angle between
the incident light polarization and the scattering plane. This
further isolated the contribution of nuclear scattering from
that of other smaller organelles in the epithelial cells, as dem-
onstrated by in vivo measurements in the colon in a small
number of patients. As shown by Gurjar et al.,°" LSS can be
extended to imaging, using a CCD camera and a set of
narrow-band filters to sample the reflectance spectrum and,
subsequently, extracting the nuclear size parameters at each
image pixel point. This has not been reported to date for BE.
There are significant technical challenges to achieve adequate
spatial resolution and speed to make this a true endoscopic
imaging technique that can be implemented at reasonable
cost, and detailed studies will be needed to determine what
spatial and spectral resolutions are needed to distinguish dys-
plasia in BE. Nevertheless, the importance of the method is
that it exploits micromorphological features of tissues that are
well established in clinical pathology as valid markers of dys-
plasia.

Raman. Rather than using such structural features of the tis-
sue as the diagnostic parameter, Raman spectroscopy (RS)
probes the biochemistry of the tissue. In RS, the spectrum of
light that is scattered inelastically from tissues is measured,
which reveals the vibrational or rotational energy states of
common molecular bonds, such as those in proteins, lipids,
and nucleic acids.”> Hence, the spectra are typically much
richer than (auto)fluorescence spectra that show only the elec-
tronic excited states. The practical challenge comes from the
very low Raman signal, which is several orders of magnitude
weaker than the autofluorescence. As a result, the background
fluorescence from the tissue, and Raman and fluorescence
contamination from the optical components themselves, par-
ticularly the fiber optics in endoscopic applications, are high
relative to the true tissue Raman signal. In vivo endoscopic
near-infrared Raman spectroscopy became technically pos-
sible only in the late 1990s with the availability, at reasonable
cost, of compact diode lasers, high-efficiency notch filters,
high-throughput holographic spectrometers, high-sensitivity
CCD detectors, and specially designed fiber optic probes with
in-line spectral filters. These enabled systems, such as that
shown in Fig. 9, that can collect a tissue spectrum with good
signal-to-noise in a few seconds at safe light exposure
levels.®%

As has been seen in other sites, the changes in the NIR
Raman spectra with dysplasia are fairly subtle, as illustrated
in Fig. 10(a). It is generally not the case that simple analysis,
such as comparing the intensities of individual peaks in the
Raman spectra, provides statistically robust diagnostic
algorithms.()5 Rather, the diagnostic information is spread
throughout the whole spectrum, so that chemometric
approaches66’67 have proven necessary (and sufficient), prima-
rily principal component analysis (PCA), followed by linear
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(adapted from Ref. 62, with permission).

discriminant analysis. This is perhaps not surprising, since the
Raman spectra do not, except in a few very special cases (e.g.,
tissue calcification), correspond to specific biomolecules.
Rather, it is the alteration in factors such as the total protein-
to-lipid ratio or the DNA content that provides the diagnostic
information.

NIR Raman spectroscopy has been found to have high
diagnostic accuracy in a variety of tumor sites. In the case of
BE, an ex vivo (biopsy) study in 44 BE surveillance patients
showed 88% sensitivity and 92% specificity for HGD versus a
consensus pathology classification model.®’ It also highlighted
an important issue for RS and any other optical techniques
that have to be trained against the gold standard of histopa-
thology, in demonstrating that multiple independent patholo-
gists (at least three according to that study) are needed to
account for the high interobserver variability. Recently, we
have obtained sensitivity and specificity for differentiating
high-risk (i.e., HDG or adenocarcinoma) from low-risk (LGD
or BE) tissues in the 90% range using the in vivo endoscopic
Raman system shown in Fig. 9, which is consistent with the
ex vivo findings. (Note that we had earlier reported® the
tissue-handling conditions under which ex vivo RS measure-
ments are valid, an issue that has often been overlooked in
assessing new optical techniques using tissue samples.)

Continuing evaluation and endoscopic applications of RS
are hampered by the nonavailability of suitable fiber optic
probes that provide adequate filtering of the fiber fluorescence
and Raman signals and of the tissue autofluorescence, since
the original commercial unit (Visionex, Atlanta, GA) is no
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longer available. Alternative probe designs have been
explored69 to improve the performance and/or get around the
original patents, but again these are not available to the gen-
eral community. To circumvent this problem, Koljenovic et al.
in  Rotterdam” recently suggested  using  the
2400 to 3800-cm™!' wavenumber range, where the silica Ra-
man background is much lower than the standard fingerprint
region of 400 to 1800 cm™!. Equivalent diagnostic efficacy
for the two wavenumber regions was demonstrated in brain
tumor and bladder tissues ex vivo, even though the actual
spectral information content may be different. This is a prom-
ising new approach that bears exploration for application to
BE.

An important advance in understanding the biochemical
basis for the observed spectral changes has been recently re-
ported by Shelly et al”! using microscopy to map the full
Raman spectrum across tissue biopsy specimens. PCA was
then used, and maps of the principal component values were
generated [Fig. 10(c)]. In addition, by fitting the basis spectra
of known tissue constituents to the measured spectra, the rela-
tive concentration of each constituent was determined for
each image pixel [Fig. 10(b)]. Signatures for DNA, oleic acid,
collagen 1, and actin were associated with HGD compared to
normal squamous esophagus, in which glycogen showed sig-
nificant peaks. Further studies on a larger number of samples,
including the full range of esophageal pathologies, are
needed, but this study has shown the value of such detailed
spectral mapping. It would, of course, be a significant advance
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if such maps could be produced in vivo during endoscopy,
since this could increase even further the diagnostic power of
the Raman characteristics.

With spontaneous Raman, as used to date, imaging or even
crude mapping is impracticable during endoscopy: the signal
is simply too weak (~ 1078 X elastic scattering, 107° to 107*
X autofluorescence). There are two possible ways in which
this might be overcome. The first is to use coherent anti-
Stokes Raman spectroscopy (CARS) a nonlinear version of
RS that has an intrinsic signal strength ~10% to 10* times
higher than spontaneous Raman, for which video-rate in vivo
CARS microscopy has been reported,’* although not for BE
tissues to date. An interesting challenge will lie in the spectral
analysis in this case, since the signal depends quadratically on
the molecular concentrations, so that linear chemometric al-
gorithms will not be applicable. The laser sources required are
also currently fairly complex and expensive for clinical endo-
scopic use. The second possibility would be to use surface-
enhanced Raman spectroscopy (SERS), exploiting the huge
(up to about ~10' fold) increase in the Raman signal from
molecules that are close to a metal surface, particularly metal
nanoparticles. One could envisage two ways in which this
might be applied: by administering targeted metal (e.g., gold)
nanoparticles topically or systemically, which would accumu-
late preferentially in dysplasia, or by using a metal-coated
fiber optic probe placed in contact with the tissue. A bioprobe
based on the latter approach has been recently reported for in
vivo glucose monitoring,73 one of the other pivotal challenges
in biophotonics. Each of these approaches raises many issues.
For example, in the first case, the same problem of targeting
applies as in fluorescence contrast agents, although toxicity is
much less of a problem with gold NPs than with quantum
dots. In addition, since the SERS enhancement factor varies
inversely as the sixth power of the distance between the metal
surface and the Raman-active molecule, the microlocalization
of the targeted material will be critical. This is also a factor in
the second approach, since intimate contact with the tissue
surface is required.

2.2.2  Point imaging

There are several techniques where high-resolution images
can be acquired over a small (point) field of view, essentially
emulating histopathology.

Endocytology. Microendoscopy, or endocytology, is the ex-
treme extension of high-magnification endoscopy, in which,
using a contact endoscope with high-magnification optics,
real-time in vivo images of the tissue surface (~5 to 15-um
depth) can be obtained with close to cellular resolution
(~2t04 um) over a submillimeter field of view
(~100 to 300 um). For example, Inoue et al.”* reported ini-
tial studies in the esophagus, using methylene blue staining of
the mucosa, with optical magnification >1000.

Confocal endoscopy. The principle of confocal imaging,
used widely in microscopy, has been transferred into endos-
copy in the past few years, with several different technologi-
cal approaches reported. As in microscopy, the concept is to
perform point scanning across a specific depth in tissue (up to
a few hundred microns) by focusing a laser beam at this depth
and rejecting out-of-plane photons by a pinhole placed in
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front of the detector. This can be done either in reflectance or
fluorescence mode, the latter being achieved simply by using
narrow-band excitation and filtered detection. In a typical
confocal microscope, the optics themselves are macroscopic
and must be down-scaled by a large factor for endoscopic use.
Figure 11 shows a system with direct miniaturization of the
optics,39 which is the approach that is most developed as a
clinical system (Optiscan/Pentax), together with examples of
the image quality and resolution with this system, using fluo-
rescence contrast enhancement. This system has a 0.7-um
depth resolution over a focal range up to 200-um depth, with
1024 X 1024 images, generated at approximately 1 frame per
second. With this device, Keisslich et al.*® obtained >90%
diagnostic accuracy for detection of neoplasia in BE patients.
Two examples of alternative technological solutions, as re-
viewed in Ref. 75, are illustrated in Fig. 12, namely the use of
MEMS at the distal end of the endoscope to perform the light
beam scanning or placement of the scanning outside the body
(proximally) with a digital micromirror (DMD) array to select
specific fibers in a coherent fiber bundle.

The confocal approach has the advantage over direct
ultrahigh-magnification endoscopy of allowing depth scan-
ning, and is probably more amenable to fluorescence imple-
mentation. However, improvements are required to increase
the frame rate and to achieve greater depth of penetration: the
latter will probably require moving from the visible into the
NIR wavelength range. Another possibility, at least conceptu-
ally, would be to use two-photon excitation: as in microscopy,
this would have the advantage of greater depth of imaging and
reduced photobleaching, but is likely to be cost prohibitive in
the near term, because of the need to use a fs laser source, and
dispersion in the fiber optics could also be a problem.

Optical coherence tomography. We'® and others’”” have
developed endoscopic OCT, the optical analog of (high-
frequency) ultrasound, with which it has been compared in
BE.” A system is illustrated in Fig. 13 that provides both
structural and Doppler microvascular images. Ex vivo and in
vivo studies have demonstrated the capability of OCT to im-
age the changes in tissue microarchitecture, including the loss
in BE of the well-ordered layered structure of the normal
squamous epithelium and the increased microvasculature in
the latter, consistent with observations made by histology, re-
flectance spectroscopy, and confocal microendoscsopy. The
advantages of OCT compared to confocal endoscopy are the
higher speed (which allows video-rate imaging with good
signal-to-noise ratio), the greater imaging depth (up to
~2 mm compared with <500 wm) and, with Doppler, direct
microsvascular blood flow imaging. The deeper (cross sec-
tional) imaging may be particularly valuable for staging of
neoplastic lesions, if it is possible to see submucosal invasion,
since this is a critical determinant of whether or not local
endoscopic ablation can be used. At present the imaging depth
is borderline for this, but should be improved by recent tech-
nological advances (see later). A recent study in 34 BE pa-
tients showed a 62% sensitivity and 82% specificity for de-
tecting dysplasia (50 and 72% for HGD alone).” This system
did not include Doppler capability, so that the diagnosis was
based solely on the structural features of the OCT images. The
authors concluded that further improvement in the spatial
resolution (25-um lateral, 10-um axial) and in the character-
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ization of OCT features in dysplasia are required. The intraob-
server variance was also high, which may speak to the diffi-
culty of interpreting the OCT structural images.

A possible further limitation of OCT compared with other
techniques is that it cannot operate in fluorescence mode,
which restricts the use of contrast agents to those such as gold
nalnop'clrticlesgo‘81 that enhance the optical backscattering. The
pros and cons of this approach are discussed later. Until re-
cently, endoscopic OCT also suffered from the same funda-
mental limitation as the other point techniques in being able to
scan only a very small field of view, thus restricting its use as
a rapid surveillance tool, albeit with very high potential infor-
mation content to allow in situ diagnosis. A major break-
through has been the replacement of the established time-
domain (TD) OCT by frequency-domain OCT.** In TD-OCT,
as the reference mirror is scanned (see Fig. 13), the tissue is
sampled along the depth (A-scan) axis point by point. At any
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instant, light from all other depths along the A-scan is rejected
by the coherence gate (that provides the high depth resolu-
tion). Thus, most of the light is wasted, which sets the tradeoff
between imaging speed and signal-to-noise in the images.
Two methods have been demonstrated that utilize the full
back-reflected signal: spectroscopic OCT, in which the back-
scattered light is spectrally dispersed (through a spectrograph
onto a CCD detector), or swept-source OCT, in which a single
point detector is used but the wavelength is swept rapidly
through the spectra bandwidth of the system. These Fourier-
domain techniques, while technologically challenging and
conceptually complex, are both feasible, with various advan-
tages and limitations in terms of cost, ease of implementation,
and performance. From the clinical perspective, the critical
point is that they can be used to speed up OCT by a large
factor, so that large-area scanning becomes possible, as illus-
trated in Fig. 14, where several centimeters of esophagus has
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been imaged in a few seconds, while retaining comparable
subsurface depth and resolution to TD-OCT.® Clinical trials
of these technologies are in progress, and it is conceivable
that this approach could become an important component in
BE endoscopy. Recently, Doppler capability has also been
reported with this system. * Technical challenges for routine
clinical use include: 1. how to make this compatible with
biopsy (since at present a balloon is used to center the OCT
probe in the esophagus), 2. how to balance the speed versus
imaging depth, and 3. how to process and display to the en-
doscopist the huge digital image dataset that is generated and
to coresister it with standard white-light endoscopy/biopsy.

2.3 Combinations of Techniques

At this time, there is no single optical technique, either used
alone or, more often, as an adjunct to standard WLE, that
provides a complete solution to the problem of detecting dys-
plasia in BE, in that none has a low enough false positive
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and/or false negative rate to have replaced, nor even signifi-
cantly reduced, the need for WLE-guided multiple biopsies.
Certainly, many of the techniques are still undergoing further
improvement, both in the core optical technology and in the
use of molecularly-targeted contrast agents. Another approach
is to recognize the complementary nature of the information
provided by the different techniques (e.g., morphological ver-
sus biochemical, cellular versus microvascular), the comple-
mentary diagnostic strengths (high sensitivity versus high
specificity), and the practicalities of each (e.g., speed versus
tissue detail), by combining two or more together. This has
been studied systematically by Georgakoudi et al.®® in the
case of combining several point spectroscopic techniques: au-
tofluorescence, diffuse reflectance, and light scattering spec-
troscopy. For discriminating between HGD and BE/LGD, au-
tofluorescence and LSS each had good sensitivity but lower
specificity, whereas reflectance spectroscopy added high
specificity. The combination of the three techniques gave per-
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Fig. 14 Swept-source OCT images of the normal (pig) esophagus in
vivo in the region of the squamous-columnar junction, generated us-
ing a rotating probe that generates cross sectional images that are then
translated along the axis of the esophagus. The 3-D rendering is
shown in (a) and the corresponding 2-D cross sections in (b), (c) and
[plus histology in (d)] (e) (reprinted from Ref. 83, with permission
from the American Society for Gastrointestinal Endoscopy).

fect performance (i.e., 100% sensitivity and specificity). Al-
though it is not clear if such performance could actually be
achieved in routine BE surveillance practice, the study does
make the case for combining techniques.

There are, of course, substantial technical challenges in
combining these somewhat diverse technologies. Should this
be done in a “top-down” or “bottom-up” manner? At one
extreme, one could simply take each technology as a stand-
alone system and apply them sequentially in each patient. The
penalty would be the extra time and complexity of the clinical
procedures. Alternatively, one could combine them at the
“front end,” i.e., by constructing, in the case of point spec-
troscopies, a multifunctional fiber optic probe, while keeping
the light sources, detectors, and other mainframe subsystems
separate. While this would facilitate the clinical utility, the
penalty is that the system costs are at least additive. The third,
and ultimately the best, option is to design a complete, mul-
tifunctional system from scratch, since then the technology
integration and operation can be optimized and duplication of
components minimized. The challenge is to know beforehand
which technologies to combine, so that in most cases, clinical
trials using the first or second approach will be needed to
establish this.

A recent development that appears to have elements of the
first two approaches is a trimodal imaging system that com-
bines standard white-light video endoscopy with narrow-band
and autofluorescence imaging, all integrated into the same
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endoscope. Using this system, Kara et al.® have shown in
high-risk BE patients that the false positive rate can be re-
duced from 40% (WLE+ AFI) to 10% (three techniques com-
bined), by using the autofluorescence imaging primarily as a
“red flag” to pick up suspicious lesions (that may not be seen
on WLE), and then using NBI to examine the microstructural
features in more detail to look for dysplastic features. Future
extensive clinical trials with this system in the routine surveil-
lance endoscopy setting could prove to be a breakthrough in
BE endoscopy. The challenge for the other technologies may
then become that of demonstrating additional value to this
combination. This could be either through providing high-
resolution detail (confocal or OCT imaging, light scattering
spectroscopy), biochemical information (Raman), or by mo-
lecular targeting (contrast agents).

3 Phototherapeutics

As indicated in the Introduction, the standard of care for Bar-
rett’s patients with biopsy-proven HGD is esophagectomy.
While this may seem a draconian measure, given that it can be
based on a single proven small focus of premalignant tissue,
the rationale is that the risk of developing invasive adenocar-
cinoma is high and, given the resulting poor prognosis at this
stage, it is better to act prophylactically. Rather than simply
removing the known dysplastic region, the whole Barrett’s-
involved esophagus is usually targeted, again because of un-
known risk, in the case of there being other dysplasic foci that
are not detected at endoscopy, or of re-epithelialization by
normal-appearing squamous mucosa masking underlying neo-
plasia.

However, given the high mortality and morbidity associ-
ated with esophagectomy, there has been increasing emphasis
on alternative ablative therapies [particularly endoscopic mu-
cosal resection (EMR)].é’7 In this case, the objective can be
either to ablate the known lesion or to remove the entire BE
mucosa, and there is controversy about which approach is
optimal. Physical removal of the mucosa can be achieved in
several ways: mechanically, thermally, or photochemically.
The tradeoffs are practicality (the time taken to remove a
large area of Barrett’s mucosa), complexity, completeness of
ablation, and skill level required. Mechanical ablation is really
only practical over a limited area, such as the known lesion
site. Thus, for example, this has been reported®® in patients
who were not candidates for esophagectomy due to comorbid
illness, using either a variceal ligation device or a lift-and-cut
technique, in which saline was injected into the submucosa to
lift the mucosa, which was then snared and removed by elec-
trocautery.

Thermal ablation can be carried out using a laser
(Nd:YAG, ND:YAG-pumped KTP or argon ion) or, increas-
ingly, an argon plasma beam (in which an ionized jet of argon
is swept across the tissue surface, coagulating the mucosal
layer), or multipolar electrocoagulation.®’” Clearly, this is a
time-consuming process, since the treatment spot is small, and
it requires meticulous care to ensure that the whole Barrett’s
mucosa is adequately treated.

The photochemical technique of PDT has been investi-
gated clinically by several groups over the past 20 years as a
means to destroy the Barrett’s mucosa (plus any neoplastic
regions therein). In principle, its significant advantage over
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Table 2 Advantages and limitations of endogenous versus exogenous
contrast for dysplasia detection in BE.

Endogenous Exogenous

Strong, known optical
characteristics

Advantages  No toxicity,
regulatory issues

Molecular targeting with
multiplexing options (if
dysplasia-specific receptors
are known)

Not time sensitive
Repeatable

Sensitive to changes ~ Can complement

in tissue(ultra)structure, endogenous signals
physiology, and
biochemistry Source of revenue

(consumable)

No additional
consumable costs
Limitations

Signal can be weak  Potential foxicity

Source of signal Cost, regulatory issues
can be complex
or obscure

No molecular Contrast may be limited by

targeting density of receptor
targets and

Need multiple nonspecific uptake

modalities

Need to optimize doses
and fiming

May increase total time
of procedure for patient
or require multiple visits

Requires animal-model
testing for efficacy and safety

EMR by the other techniques is that the whole BE area can be
treated simultaneously rather than piecemeal. Correspond-
ingly, it should be much less dependent on the skill of the
endoscopist. The definitive study to date® comprised a multi-
center trial in which BE patients with biopsy-proven HGD
were randomized either into a control group (N=70) and
treated with omeprazole (a proton pump inhibitor that reduces
acid reflux), or a PDT-treatment group (N=138), who re-
ceived both omeprazole and PDT. The PDT protocol was
2 mg/kg of Photofrin® (hematopophyrin derivative) intrave-
nously, followed 40 to 50 h later by exposure of the entire BE
segment to 630-nm laser light. The light was delivered
through a cylindrically diffusing optical fiber (at
130 J per centimeter of diffuser length) that was centered in
the esophagus by an inflatable balloon device (which also
served to flatten the esophageal folds and so reduce optical
shadowing). In addition, nodular HGD areas were pretreated
with direct-beam exposure at 50 J/cm?. A second light treat-
ment could be applied at follow-up endoscopy (96 to 120-h
post Photofrin) to areas that appeared to have been under
treated. Patients could also receive further 1 or 2 PDT treat-
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ments to areas that showed residual or new BE/dysplasia.
Thus, it can be seen that this PDT approach was technically
quite complex (e.g., adequate illumination required develop-
ment of specific technology for light delivery) and was ag-
gressive in ensuring maximal ablative effect. What then was
the outcome? Addition of PDT to acid-reflux control in-
creased the incidence of complete elimination of HDG from
39 to 77% (p<<0.0001) and the occurrence rate for adenocar-
cinoma was also significantly less (13 versus 20%: p
<0.006). Although these highly positive results led to FDA
approval of this treatment, the PDT-treated patients had a sig-
nificant (36%) incidence of esophageal strictures that required
one or more dilations. This adverse effect is due to damage to
the underlying muscularis layer of the esophagus, and indi-
cates that Photofrin probably does not have adequate specific-
ity. It is not likely that the photosensitizer or light doses can
be reduced to attempt to open the therapeutic window without
loss of primary efficacy. A possible option to confine the PDT
activation to the more superficial layers would be to use
shorter wavelength light.88 However, the main focus of con-
tinuing research on PDT for Barrett’s patients has been on
alternative photosensitizers with greater potential selectivity,
in particular ALA-PpIX and especially in Europe.

Over the past 5 years, several studies have been published
on ALA-PDT (doses ranging from 30 to 75 mg/kg) for abla-
tion of BE mucosa (with or without dysplasia) (see Siersema®
and references therein). In general, these studies have demon-
strated a high degree of eradication of HGD and early cancer
in BE, without the side effects of stricture or skin photosen-
sitivity. However, a major concern has been occurrence of
buried Barrett’s glands below the new squamous mucosa fol-
lowing treatment, presumably as a result of heterogeneous
PpIX distribution. This might be reduced by using green
rather than red light®® (Note that this problem also occurs
after other ablative therapies, so it is not unique to PDT and,
in principle, it should be possible to have a lower incidence
with PDT, since there should be no geographic missed areas.)
The heterogeneity of PpIX distribution in BE tissues has been
confirmed by recent work by our group using in vivo point
spectroscopy and ex vivo confocal fluorescence microscopy,37
which is also relevant to dysplasia detection, as discussed
before.

An obvious evolution would be to combine EMR with
ALA-PDT to increase the likelihood that areas of known dys-
plasia will receive adequate ablation. This has been explored
by Bergman (cited in Ref. 7), yielding a 93% local remission
rate reported at follow-up. Nevertheless, the concern over
missed areas remains.

The other photosensitizer that has been considered to date
for PDT of Barrett’s is mTHPC, a potent chlorin derivative,
which was activated either at 652 or 511 nm, delivered either
from a bare fiber or a cylindrical diffuser.”® The best results
were achieved with diffuse red light, although a pilot study by
another group’' reported good responses in a limited set of
patients, with low stricture rate and no recurrent Barrett’s
glands using green light (514 nm). Hence, there appears pres-
ently to be an unavoidable tradeoff between potency of the
sensitizer and the effective depth of treatment, as is discussed
later.
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4 Animal Models of Barrett’s Esophagos

Compared with endogenous-contrast techniques, preclinical
testing of potential diagnostic contrast agents and PDT sensi-
tizers is critical, which requires a suitable animal model.
While proof of principle of molecular imaging can be done in,
for example, tumor xenografts, these do not adequately repre-
sent either the biology of BE/dysplasia or the relevant tissue
milieu. Fortunately, there is an excellent model of BE, in
which a surgical procedure is performed in rats, essentially
allowing reflux of acid/bile into the esophagus. This results in
Barrett’s-like transformation over a 6 to 12 month period.”
Figure 7 shows an example of this model with topical appli-
cation of an antibody-Qdot conjugate. The disadvantages of
this model are that it requires significant microsurgical skill,
the postsurgery survival rate is poor, and the initiation time is
long, so that it is a tedious and expensive approach. It is also
not yet determined if the lesions are genetically fully equiva-
lent to spontaneous human disease, so that caution has to be
used when testing targeting agents based on specific biomar-
ker changes.

5 Critique of Future Directions

This final section is included to stimulate debate on the future
directions for research and development on optical techniques
in BE, and should be read with the caveat that it reveals the
author’s own biases. There are several possible cleavage
planes for the continuing development of optics-based solu-
tions to the detection and treatment of BE-associated dyspla-
sia: point versus area, morphology versus biochemistry, spec-
troscopy versus imaging, high versus modest spatial
resolution, and endogenous versus exogenous contrast. The
last is perhaps the most pivotal and is used to frame the dis-
cussion here. Table 2 summarizes the principal advantages
and limitations of each approach.

5.1 Endogenous Contrast

The use of naturally occurring contrast, due to altered (micro)
morphology and/or biochemistry of the esophageal mucosa,
avoids the substantial regulatory and development-cost
hurdles of exogenous contrast agents. However, given the re-
sults to date, it is unlikely that any single endogenous imaging
or point spectroscopy method will provide adequate diagnos-
tic accuracy to cause substantial alteration of current clinical
practice. The trimodal system, based on incorporating AFI
and NBI with white-light endoscopy, has given encouraging
initial results.* It also has the marked ergonomic advantage
that its use does not require any major modifications to cur-
rent clinical procedures, although it does extend the endos-
copy examination time. If it should prove not to have suffi-
cient diagnostic accuracy in routine surveillance endoscopy of
BE, one could ask which of the other possible techniques
might be added to “push it over the top.” Prima facie, given
that the trimodal approach is primarily sensitive to alterations
in tissue morphology, rather than tissue biochemistry, Raman
spectroscopy could provide the most complementary informa-
tion, especially if the trimodel approach lacks specificity more
than sensitivity. It could be argued that this specificity could
come from local OCT or CFE. However, the latter two meth-
ods require additional analysis time by the endoscopist to ex-
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amine the detailed micromorphology, whereas Raman spec-
troscopy can be nearly instantaneous.

Is there a single endogenous optical technique that might
work? The author’s bias on this is that this will require a
technique that can combine rapid, large-area imaging with
biochemical information. The only method that might ap-
proach this is CARS imaging, so this should be a focus for
future research efforts and will require significant technology
development. The competitors will be FD-OCT (with or with-
out Doppler capability) and light-scattering imaging. The
challenges for rapid 3-D OCT will be to achieve high enough
specificity, given that it is a purely morphology-based tech-
nique. Nevertheless, it could be implemented with display al-
gorithms to flag suspicious areas for detailed examination.
(Note that CARS has been demonstrated in OCT as a poten-
tial means to provide intrinsic molecular contrast, so that this
is a possible extension to 3-D OCT.81) With LSI, the techno-
logical challenge will be to have it made fast enough for near-
real-time imaging. It also is purely (micro)morphological, and
so is not amenable to extension to provide molecular informa-
tion.

Is there a future for point-by-point methods, i.e., for optical
biopsy? As stand-alone techniques, even in combination (e.g.,
Raman+LSS), this does not seem likely. Unless the diagnos-
tic accuracy is near 100%, it will be difficult to impossible to
replace standard biopsy protocols. The only potential role
would then be to allow many more points to be sampled dur-
ing endoscopy to decrease the miss rate for detecting dyspla-
sia. However, biopsy confirmation would still be needed of
any optically positive locations. Without carrying out large-
scale prospective clinical trials, it is difficult to see how opti-
cal biopsy could become the standard of practice in BE endo-
scopy, even if, in some abstract sense, it could be more
accurate than the clinical gold standard of biopsy-based
histog)sathology.67 This view is, however, not universally
held.

5.2 Exogenous Contrast

The substantial advantages of exogenous contrast agents are
that: 1. the optical signature is known and definitive, and only
has to be detected against the tissue background signal (e.g.,
autofluorescence), and 2. in principle, they can exploit mo-
lecular targeting that is highly specific to the disease. As men-
tioned before, the fundamental missing element for this appli-
cation is that there is not an established biomarker for
dysplasic versus nondysplasic BE. As also noted earlier, there
is recent evidence that such markers may exist,“”47 and an
important impact of this could be that targeting such markers,
either in vivo during endoscopy and/or ex vivo at histopathol-
ogy, will reduce the possibility of overdiagnosis of dysplastic
lesions that can potentially result in unnecessary esophagec-
tomy.

Given such markers, what is the best optical reporter for in
vivo use? Fluorescence is the obvious front runner, particu-
larly using NIR fluorophores to minimize the tissue autofluo-
rescence background, which then allows a lower biomarker
concentration to be present and still obtain a good signal-to-
background ratio. Fluorescence contrast agents also have the
advantage that they could be useful for several of the optical
techniques: large-area imaging, magnification endoscopy,
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confocal endoscopy, and point spectroscopy. Given their other
potential disadvantages, Qdots are likely to be preferred over
organic dyes for this application only if high-order (say >3)
spectral multiplexing is required. In turn, this will require
identification of multiple, complementary, specific biomark-
ers.

The tissue ultrastructure-based methods are less amenable
to biomarker-targeted contrast enhancement. There is no ob-
vious contrast agent for LSS/LSI, since this is based on an
intrinsic nuclear morphology feature. Targeted nanoparticles
could be used for OCT® (including intravascular agents for
Doppler enhancement). A fundamental limitation is that this is
based on enhancing the light backscattering, which increases
the optical attenuation and so further reduces the imaging
depth, which is already marginal for this application (to see
down to the submucosa). It may be possible to trade off be-
tween this factor and the imaging speed gain achieved
through FD-OC, or it may be easier to apply OCT contrast
simply to enhance dysplasia detection (by a local high surface
brightness) rather than to attempt full-depth detailed imaging
of the lesion (for staging). However, it will be very tricky to
get this balance optimized in practice, so that this will require
a substantial research effort, particularly in the validation
phase.

The possibility of targeted chromophores should not be
discounted. If dysplasia-specific biomarkers are discovered,
against which ligands can be synthesized, then these could be
labeled with simple chromogenic dyes, enabling a new era of
chromoendoscopy with the opportunity for much higher sen-
sitivity and specificity. This would require little or no new
endoscopic technology. The advanced imaging techniques
would then need to carve out a space based on providing
complementary information and, in this case, it is conceivable
that optical biopsy could find a new role as a confirmatory
technique that would allow immediate focal therapy to be
given.

In terms of future therapeutic roles of biophotonic-based
techniques in BE, there is certainly a substantial need to im-
prove the practicality and efficacy of endoscopic mucosal re-
section. One could conceive, for example, of combining im-
aging of the 3-D structure of the esophagus by high-speed
OCT (as in Fig. 14) with an ablative device (possibly a high-
power laser beam), incorporating feedback control to ensure
complete ablation. With respect to PDT, it is clear that, despite
considerable progress, there remains significant room for im-
provement. In a sense we are looking for the “Goldilocks”
solution, i.e., a PDT regime that is neither too powerful (like
Photofrin, with its collateral damage) nor too weak (like
ALA-PpIX that risks under treating). This is a nontrivial chal-
lenge, especially considering the heterogeneity of the BE/
dysplasia tissues, particularly the microvascularity, which af-
fects the local photosensitizer delivery. Would the problem be
helped by taking a molecular-targeting approach? This was
suggested, for example by Wréblewski et al.*' as an applica-
tion of their copolymer conjugates to achieve targeted photo-
sensitizer delivery. It is important to recognize that a targeted
PDT sensitizer (either through its intrinsic properties, by the
use of a targeted delivery vehicle, or by exploiting the PDT
beacon concept) needs to localize in borh the metaplastic Bar-
rett’s epithelium and in the neoplastic foci. This is the oppo-
site of what is needed for detection of dysplasia, as discussed
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before, where specificity for dysplasia versus BE is required.
Whether or not there is merit in attempting to incorporate both
the detection and treatment properties into a single platform,
which would enable a single procedure, the find-and-destroy
strategy requires considerable analysis.

Finally, one should also consider the potential of advances
in biophotonics as tools for enhancing histopathology of BE
biopsied tissues, which at present is based primarily, if not
exclusively, on H&E staining. As knowledge increases of the
genetic/proteomic/metabolomic changes that take place with
initiation and progression of neoplasia in the esophagus, there
will be a corresponding need to track these changes in indi-
vidual patient tissues. Such advances are well matched by
progress that has been made in the last decade or so in optical
microscopies, particularly confocal fluorescence microscopy,
including recently developed instruments that allow rapid
whole-slide imaging in several fluorescence channels, or even
in hyperspectral mode to allow spectral unmixing of multiple
reporters.93 (Hyperspectral endoscopy94‘95 is also an evolving
technology that will be well matched to the new era of mo-
lecular imaging.) The use of tissue microarrays may also be-
come important to build up a bioinformatics database on BE
patients, ultimately for correlation with clinical outcome and
therapeutic interventions. Even if Qdots (or other fluoro-
phores) are not used for in vivo diagnostics, they will play an
important role as reporters for fluorescence microscopy. For
example, we have recently demonstrated their use as molecu-
lar stains in protein expression quantification of tumor tissue
microarrays.” As is clear from the work illustrated in Fig. 10,
there will also be a role for other analytic, laboratory-based
techniques, such as Raman microscopy, in which targeted,
nanoparticle-based SERS could be particularly useful.”’

The pivotal challenge posed by BE patients illustrates
many of the fundamental issues in translating research in bio-
medical optics from the bench to the bedside. In particular, a
key factor has been that this is an iterative process, with new
approaches arising from advances in molecular biology, opti-
cal biophysics, and/or photonic technologies being tested in
pilot studies in BE patients and then being brought back to the
laboratory for further improvement. Compared to other bio-
photonic applications, there has been relatively little focus on
preclinical cellular or animal model studies, in part because of
the difficulty or inadequacy of such models to represent the
complex biophysical and biological milieu of BE tissues. This
may change with the increasing focus on molecular-targeting
strategies for novel contrast agents, where preclinical testing
in vivo will be essential from an efficiency and, especially,
from a safety point of view. It is worth ending with the ob-
servation that endoscopy remains one of the few fields of
medical imaging (together with pathology) that have not yet
been impacted significantly by advances in digital imaging
sciences and molecular biology. This will change. Biomedical
optics will continue to be at the center of this development
and BE patients will be among the beneficiaries.
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