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Confocal laser endomicroscopy (CLE) is a novel tool in the endoscopist’s armamentarium. It allows on-site histological
information. The ability of gastroenterologists to interpret such microscopic information has been demonstrated in multiple
studies from the upper and lower gastrointestinal tract. Recently, the field of application has expanded to provide hepatobiliary and
intra-abdominal CLE imaging. CLE allows “smart,” targeted biopsies and is able to guide endoscopic interventions. But CLE is also
translational in its approach and permits functional imaging that significantly impacts on our understanding of gastrointestinal
diseases. Molecular imaging with CLE allows detection and characterization of lesions and may even be used for prediction of
response to targeted therapy. This paper provides a comprehensive review over current applications of CLE in clinical applications
and translational science.

1. Introduction

Confocal laser endomicroscopy (CLE) is a novel endo-
scopic method that permits on-site microscopy of the gas-
trointestinal mucosa after the application of a fluorescent
agent. Since the first description in 2004 [1], the number
of diseases studied with this technique has been steadily
growing [2–9]. Trials with CLE have moved from feasibility
studies in different parts of the endoscopically accessible
areas of the gastrointestinal tract towards inflammatory and
(pre-) neoplastic diseases that are often only incompletely
appreciated by random biopsies. Here, CLE is the tool
to enable “smart” biopsies, biopsies that are targeted to
areas of interest by means of intravital microscopy. But
indications have broadened from the upper and lower GI
tract towards intravital microscopy of the biliary tract, the
liver or pancreas. In addition, endoscopic disciplines outside
the field of gastroenterology have evaluated CLE within their
field. The option of intravital microscopy makes CLE an
ideal tool to study pathophysiological events dynamically in
their natural surroundings in patients. Labeling of molecular
targets links clinical patient care to translational science.

2. Technique of Endomicroscopy
and Staining Protocols

2.1. Technique of Confocal Endomicroscopy. Light microscopy
uses white light in the visible range and lens systems
for magnification. This necessitates incident light shining
through thin, translucent tissue section in bench top light
microscopy. For endoscopy, ultrahigh magnification endo-
scopes have been developed (“Endocytoscopy”) that deliver
high resolution images of the uppermost epithelial layer of
the gastrointestinal tract. With different staining techniques,
in vivo microscopy of superficial cells becomes possible [10–
12].

Confocal laser endomicroscopy (CLE) is substantially
different. A low-power laser is used to focus onto a single
point within the tissue. Light emanating from this point is
focused through a pinhole to a detector while the laser raster
scans the two-dimensional imaging plane, whereas light
from outside this focally illuminated point is geometrically
rejected and does therefore not blur the resultant image.
This allows imaging at the tissue surface, but also below
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the surface without the need to physically disrupt the tissue
integrity.

Two systems are currently marketed for CLE: the first sys-
tem to receive EMA- and FDA-approval was an endoscope-
integrated (eCLE) system where a miniaturized scanner
(Optiscan, Notting Hill, Australia) has been integrated into
the distal tip of a conventional colonoscope (distal tip
diameter 13.2 mm; Pentax EC-3870CIFK, Tokyo, Japan). A
single optical fibre is mounted into a magnetic tuning fork,
raster scanning the tissue. It serves as a pinhole for CLE
and delivers a low-energy excitation wavelength of 488 nm.
The collection bandwidth is 505 to 585 nm. The imaging
plane depth can be user-adjusted from surface to 250 µm.
Serial optical sections are obtained parallel to the tissue
surface within a FOV of 475× 475µm and with a resolution
of 1024 × 1024 pixels (lateral resolution of 0.7 µm). The
same scanner was integrated into a handheld rigid probe
(FIVE1, Optiscan) for laboratory or laparoscopic research.
Prototypes have used near infrared excitation at 780 nm in
patients for deeper tissue penetration.

The second system uses a flexible fibre bundle that can
be passed through the working channel of most endoscopes
(probe-based CLE, pCLE, Cellvizio, Mauna Kea Technology,
Paris, France). In pCLE, the imaging plane depth is fixed,
and resolution is somewhat lower (limited by the number of
fibres). Image acquisition is faster, and real-time microscopic
video sequences can be generated. Probes are available with
different fields of view and diameter that allows probes
to even be passed into the bile duct or through a needle
positioned by endoscopic ultrasound. For animal research,
a longer excitation wavelength (660 nm) is available in
addition to excitation at 488 nm for the probes used in
clinical practice.

2.2. In Vivo Imaging and Staining Protocols. As in bench
top laser scanning microscopic, CLE relies on induced
fluorescence. In patients, most studies used fluorescein as
a fluorescent agent which has a favorable safety profile
[13]. After intravenous injection, fluorescein rapidly diffuses
throughout the body and provides high resolution images
within seconds. Tissue architecture and vessels can be nicely
seen, however nuclei are not stained. As an alternative,
topical fluorescent agents have been studied. Acriflavine
results in positive nuclear staining [1, 14]. Therefore a
theoretical risk of mutagenesis has been discussed, although
acriflavine and similar compounds are constituents of many
skin disinfectants and no such adverse events have been
described so far. Nevertheless, conservative use is mandated
by most CLE users. Cresyl violet has been studied as an
alternative for simultaneous chromoendoscopy and imme-
diate characterization by eCLE. Although the excitation and
emission wavelengths do not peek within the above given
range, the broad spectrum of cresyl violet still resulted in
indirect nuclear visualization by cytoplasmic enrichment
of the dye [15]. In animal studies with lower regulatory
requirements a multitude of staining protocols have been
evaluated in vivo [16], and even antibodies have been
fluorescently labeled.

Similar to every advanced endoscopy technique, CLE re-
quires thorough training. Such training has to cover two
compounds. The technical aspect of targeting the probe
(pCLE) or the slightly protruding confocal imaging window
of eCLE onto the region of interest must be practiced.
Some users of pCLE use a transparent cap to stabilize the
probe on a lesion. The other training aspect is acquisition
of a thorough knowledge of mucosal histopathology which
is not included in the curriculum of most gastroenterolo-
gists. Close collaboration and feedback from an expert GI
pathologist is very helpful in difficult cases. In contrast to
conventional histopathology, CLE provides en-face sections
through the mucosa, parallel to the tissue surface. Easy-to-
use classification systems have been established for a basic
differentiation of normal from hyperplastic or inflammatory
from neoplastic mucosal changes, demonstrating the trained
gastroenterologists are able to use microscopy for immediate
diagnosis at tissue level during ongoing endoscopy. From
a study on Barrett’s esophagus it has been estimated that
after initial training approximately 100 cases are necessary
for reliable eCLE diagnosis in patients [17]. However, for
a first basic step to handle the CLE endoscope and to
differentiate normal from abnormal tissue, a number of
30 examinations have been deemed sufficient, with online
and printed support [18, 19]. With video support and a
learning set of typical images, a rapid learning curve has been
demonstrated for pCLE even for nonexpert gastroenterolo-
gists [20].

CLE only covers a small mucosal area, pan-endo-
microscopy of the GI surface is not feasible. Therefore
the regions to be investigated by this point-technique
have to be delineated by white light endoscopy (e.g., with
high definition endoscopes) or by chromoendoscopy, which
helps to unmask suspicious areas within the GI tract. The
advantage of CLE during endoscopy is that normal tissue can
be predicted with high accuracy and confidence. Therefore,
random biopsies in diseases such as ulcerative colitis are no
longer needed, if optical biopsies are judged by an expert
endoscopist. Within larger lesions, the most suspicious part
can be identified and targeted for physical tissue sampling. In
studies, such a concept of microscopically targeted, “smart”
biopsies has resulted in fewer biopsies, but higher yield to
detect neoplasia in the upper [21] and lower GI tract [22].

In order to support on-site diagnosis for the gastroen-
terologist, automated image recognition tools have been
evaluated. In pancreatic cancer xenografts imaged with
pCLE, altered vessel tortuosity, density, and disorganization
in malignant tissue have been found typical for the microvas-
culature of pancreatic ductal carcinoma. After application
of a segmentation algorithm, a skeletonized image was
submitted for fractal analysis [23]. Significantly increased
microvessel density was also found in malignant tissue of
Barrett’s esophagus [24]. A content-based image retrieval, by
using keywords or by filtering different fields for structured
retrieval, was built on a case-based series to assist in diagnosis
involving an algorithm for automatic feature extraction in
eCLE images [25]. In a similar approach, a pCLE video
retrieval atlas has been found helpful in delineating levels of
expertise among CLE users [26].
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3. Upper Gastrointestinal Tract

3.1. Endomicroscopy in the Esophagus. Following the above
delineated method, eCLE was used in patients with suspected
squamous cell cancer of the esophagus. First, multiple
unstained areas were unmasked by chromoendoscopy with
Lugol’s solution. These 43 areas in 21 patients were then
subjected to endomicroscopic characterization [27]. CLE
correctly identified all neoplastic lesions based on typical
aspects of cell and tissue architectural alterations. Two
lesions were falsely classified as neoplastic. These results
were confirmed in a follow-up trial, establishing irregular
cellular arrangement, increased diameter, and irregular shape
of intrapapillary capillary loops as diagnostic patterns [28].

Many studies on CLE have been conducted in Barrett’s
esophagus (Figure 1). This partly reflects the low confidence
of gastroenterologists to detect preneoplastic lesions with the
current state-of-the-art biopsy protocol (“Seattle protocol”),
which is based on random quadrant biopsies, hoping to pick
up neoplastic distributed with a patchy pattern within the
area of intestinal metaplasia. On the other hand, once the
suspicion of neoplasia has been raised, it is difficult to find
the exact spot where the biopsies have been sampled. By
providing on-site microscopy, CLE is able to directly guide
resection during endoscopy. Typical changes consistent with
Barrett’s metaplasia are easily visible with CLE (Figure 1(a)).
Goblet cells are identified by their dark mucin inclusion in
the epithelium, and the villous structure and altered vascu-
lature become visible after fluorescein injection. Neoplastic
cells (Figure 1(b)) are commonly dark, potentially secondary
to the fact that pH is lower in malignant cells (and fluorescein
shows a pH-dependent fluorescence intensity). Vessels in
Barrett’s esophagus are clearly different from intrapapillary
capillary loops in normal squamous epithelium. In a first
trial, eCLE was able to accurately predict Barrett’s metaplasia
in over 90% of patients and to establish criteria for neoplastic
changes [29]. A follow-up cross over study compared routine
quadrant biopsies with biopsies targeted by eCLE. The per
biopsy diagnostic yield was almost doubled by CLE, and two
thirds of patients did not need any biopsy based on normal
appearance of their Barrett’s segment with CLE [21].

In further trials, pCLE showed a high negative predictive
value (NPV) of 99%, however at the price of a somewhat
lower PPV of only 44% [30]. Similar results were obtained
from a trial in three expert centers assessing 68 patients
with Barrett’s esophagus. Compared to the Seattle biopsy
protocol, pCLE had a high on-site NPV of 95% to exclude
neoplasia, but a low PPV of only 18% [31]. A head-to-head
comparison of eCLE versus pCLE to explain for differences
in PPV and specificity has not been performed. This may
be partly explained by the higher resolution of eCLE and
visualisation of single cells to identify neoplasia, whereas the
somewhat lower resolution of pCLE is sufficient for pattern
recognition of nonneoplastic Barrett’s glands. Future trials
are thus necessary before random quadrant biopsies can be
completely abandoned.

About half of the patients with reflux symptoms do
not show endoscopic changes (nonerosive or endoscopically
negative reflux disease, NERD). Objectification of these pa-

(a)

(b)

Figure 1: Barrett’s esophagus. (a) In Barrett’s esophagus, CLE is
able to visualize goblet cells (arrows) by their black mucin inclusion.
A double contour can be seen on the villous surface, corresponding
to the brush border. (b) In another area (and deeper tissue section),
crowding of irregular glands, irregular vessels (arrow), and leakage
of fluorescein indicate the presence of neoplasia. Edge length is
475 µm.

tients’ complaints is often difficult. In a recent trial, CLE was
able to demonstrate that NERD patients had a significantly
higher number and larger diameter of intrapapillary capillary
loops per image than controls [32]. The intercellular spaces
between squamous cells were found to be significantly
dilated. This illustrates that “endoscopically negative” reflux
may be endoscopically visible once appropriate imaging is
applied (Figure 2).

3.2. Endomicroscopy of Gastric Pathologies. The healthy
stomach shows a cobble stone pattern of the gastric epithe-
lium (Figure 3). The gastric pits are round and crypt-like
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(a)

(b)

Figure 2: Squamous cell mucosa of the esophagus. (a) In the
normal esophagus, intrapapillary capillary loops can be seen at
regular distance, and fluorescein leaks out to only a “halo” around
each vessel loop. (b) In nonerosive reflux disease, IPCLs are
elongated and dilated, single dark dots within the bright vessel
lumina indicate red blood cells. Edge length is 475 µm.

in the corpus and fundus, and branched and slit-like in the
antrum and the cardia [33]. Imaging in the stomach often
requires high laser power due to the acidic milieu (see above).
One of the earliest signs of gastritis is visualization of the
high vascularity and leakage of fluorescein into the lumen,
adding a functional aspect to microscopic imaging. However,
since the deep aspects of the gastric glands are not visible
with CLE and since inflammatory cells cannot be adequately
differentiated with fluorescein due to the lack of nuclear
visualization, classification of gastritis with CLE has not been

a major focus of clinical research, but studies graded severity
of gastritis [34].

Gastric neoplasia often arises in the setting of Helicobac-
ter pylori-associated gastritis or gastric atrophy and intestinal
metaplasia. These entities represent diffuse or patchy changes
of the mucosa, and random biopsies often fail to cover all
aspects of the mucosal alterations. Here, CLE is able to
guide future management by taking multiple optical biopsies
within few seconds and screen larger areas of the mucosal
surface. H. pylori was detected in gastritis using topical stain-
ing with acriflavine in a proof-of-principle paper [35] after
demonstrating that H. pylori actively incorporates acriflavine
in culture. Although H. pylori-diagnosis is standardized and
reliably available using established methods, this exemplifies
the high resolution of eCLE and was the first example of an in
vivo microscopic technique to visualize live bacteria during
ongoing endoscopy. A follow-up study showed an accuracy
of 93% to correctly diagnose H. pylori-gastritis in vivo [36].

Gastric intestinal metaplasia can be identified with CLE
using three criteria, the presence of goblet cells, highly
prismatic cells with brush border, and villous transformation
of the mucosa (Figure 3(b)). In 267 optical biopsies from 53
patients, intestinal metaplasia was correctly diagnosed with
a specificity of 95% and a sensitivity of 98%. Interobserver
agreement for diagnosis during endoscopy was 0.94 [37].
This makes CLE the only reliable endoscopic method to
predict intestinal metaplasia. Gastric atrophy was studied
with similar results [33].

Differentiation of hyperplastic from adenomatous polyps
is often difficult, if only macroscopic criteria are used.
Endomicroscopy showed a high accuracy for this differentia-
tion [38], again supporting its use for immediate resection
of suspicious lesions. Early trials on gastric cancer have
used acriflavine-augmented ex vivo confocal microscopy
on biopsy specimens with good accuracy rates [39]. In
follow-up studies, disorganized configuration of glands after
fluorescein injection were found typical of gastric neoplasia
(Figure 3(c)) despite the fact that nuclei were not visible [40].
These results formed the basis for a large trial to establish
criteria for gastric cancer. 182 patients were examined in a
run-in phase. The evaluation phase included 1786 patients,
and eCLE was compared to white light endoscopy for real-
time diagnosis of gastric cancer with histopathology as the
gold standard. The accuracy of CLE was excellent (99%)
for the in vivo diagnosis of gastric superficial cancer and
high grade intraepithelial neoplasia [41]. A video sequence
of gastritis, intestinal metaplasia, adenoma, and carcinoma
in the same patient has recently been published (Goetz,
VJGIE, in press). In Asian countries with a high incidence of
gastric neoplasia, endoscopic submucosal dissection (ESD)
has become the treatment of choice for gastric adenomas and
early gastric cancers. After ESD, R1 at the deep margin is
considered an indication for surgery whereas positive lateral
margins can be retreated endoscopically. For exact identifi-
cation of the tumor residues, 24 patients underwent eCLE
two weeks after endoscopic resection [42]. CLE identified five
patients with indefinite lateral margins that were retreated
endoscopically under endomicroscopic guidance. Accuracy
of CLE to predict incomplete resection was 92% in this study.
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(a) (b) (c)

Figure 3: CLE of the stomach. (a) In the normal antrum, the gastric pits have a branched opening, and superficial sections show a cobble-
stone appearance of the epithelium that is partially seen on this image. Subepithelial vessels can be seen as bright, often twisted bands. (b)
shows a patch of intestinal metaplasia (arrows), easily identifiable by multiple goblet cells (cf. Figure 2(a)) and the brighter color due to a
higher pH of cells. (c) In the same patient, a lesion was found that showed typical aspects of gastric cancer with uneven epithelial height of
glands, massive extravasation of fluorescein, and cells infiltrating from the epithelium into the lamina propria. Targeted biopsies confirmed
gastric cancer. Edge length is 475 µm.

(a) (b) (c)

Figure 4: Terminal ileum, normal and inflamed colon. (a) In the normal terminal ileum, villi are seen with an even epithelial height and
hair-pin like vessels (arrows) in the lamina propria. No extravasation of fluorescein is seen. (b) In normal mucosa, mucin rich goblet cells
are assorted perpendicular around a crypt opening (arrows), like a slice of orange. (c) In inflammation in ulcerative colitis, vasculature is
enriched, fluorescein extravasates, and a crypt abcess (arrow) can be seen. Edge length is 475 µm.

3.3. Endomicroscopy of the Small Intestine. In the diagnosis of
celiac disease, sampling error is common. In a trial on celiac
disease, 31 patients were examined by eCLE [43]. Diagnosis
of crypt hypertrophy and villous atrophy is easy to obtain
with CLE in contrast to quantification of intraepithelial
lymphocytes (Marsh I). Still, eCLE showed high accuracy
to diagnose celiac disease, and in patients with established
celiac disease even a trend towards higher accuracy for CLE
versus histopathology was reported due to sampling error
for biopsies. These results have been confirmed in follow-
up trials with respect to villous atrophy and intraepithelial
lymphocytes, but not crypt hyperplasia [44]. CLE has even
been studied in children for the diagnosis of celiac disease. In

19 patients, sensitivity and specificity were 100% and 80%,
respectively [45].

4. Lower Gastrointestinal Tract

4.1. Endomicroscopy for Colonic Neoplasia. The first study
to evaluate CLE in patients was conducted in screening
colonoscopy (Figures 4 and 5) with eCLE to visualize colonic
neoplasia and normal colonic mucosa [1]. This resulted in a
straightforward applicable classification of colonic changes
based on analysis in superficial and deep tissue sections
of tissue architecture and vessel structure (“Mainz classi-
fication”). This classification system differentiated normal
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(a) (b) (c)

Figure 5: Colonic polyps. (a) Star-shaped or slit-like crypt openings, normal number of mucinous goblet cells, and a regular crypt size
indicate a hyperplastic polyp. (b), (c) Loss of goblet cells, uneven crypt sizes with dark epithelial cells, extravasation of fluorescein into the
crypt lumina or the lamina propria indicate adenomas (histology: low-grade colorectal adenomas). Edge length is 475 µm.

mucosa from regenerative (inflammatory or hyperplastic)
from neoplastic alterations with 99% accuracy. Importantly,
the grade of neoplasia was not differentiated due to the
lack of visualization of nuclei. However, this landmark study
showed for the first time that CLE provides microscopic
images during ongoing endoscopy, and that trained endo-
scopists are able to evaluate such microscopic images on-site.
The use of CLE in screening colonoscopy was corroborated
by a follow-up study [14]. In order to further grade
neoplasia, systemic fluorescein was combined with topical
acriflavine, permitting differentiation of high grade versus
low grade adenomas [46]. Such visualization of nuclei was
also described with cresyl violet in a proof-of-principle study
that combined chromoendoscopy and fluorescence imaging
with a single dye [15]. A classification system for pCLE
has just been published and will undergo further evaluation
[47]. A further study compared pCLE for prediction of
histology of colonic lesions with virtual chromoendoscopy
techniques (NBI, FICE) and found a higher sensitivity for
pCLE with similar specificity in classification of colorectal
polyps [48]. Such on-site imaging protocols may become
even more interesting in the near future, when resect-and-
discard strategies might be incorporated into clinical practice
[49].

The infiltration depth of tumors cannot be directly
visualized with CLE since imaging plane depth is limited
to the mucosa. CLE using near infrared light is able
to visualize submucosal structures (own unpublished
data), but no appropriate fluorescent contrast agent
is available for clinical use at present. However, the
submucosa and even muscle layer become accessible after
endoscopic (sub-)mucosal resection. Recently, nerves of
the Meissner plexus were visualized with CLE [50]. This
may offer an opportunity to study and eventually diagnose
motility disorders of the colon, an area that has only been
incompletely amenable to our current diagnostic tools.

4.2. Endomicroscopy in Colitis. Just as Barrett’s esophagus,
ulcerative colitis is an excellent example of the application of
CLE in clinical practice. Patients with longstanding UC are at
increased risk to harbour neoplasia, but neoplasia is difficult
to detect by white light endoscopy, and random biopsies have
a very low diagnostic yield [51]. On the other hand, pan-
endomicroscopy of the entire colon is not feasible. Therefore
CLE has been combined with chromoendoscopy for deliver-
ing optimized care to patients under surveillance for long-
standing ulcerative colitis. In this setting, chromoendoscopy
is used to unmask suspicious regions, and CLE is used for
their immediate characterization. eCLE was able to diagnose
neoplasia with an accuracy of 98% in a prospective trial
in addition to visualization of inflammatory changes [22]
(Figure 4(c)). This is a very high accuracy given the fact that
even expert GI histopathologists have lower accuracy values.
However again only the presence, but not the grade, of
neoplasia was evaluated. A potentially even more important
finding was prediction of normal mucosa with an accuracy of
over 99% in optical biopsies (with conventional histopathol-
ogy as the gold standard). This trial found an approximately
4-fold increased yield of neoplasia (by the use of chromoen-
doscopy) with only four targeted biopsies per patient (by the
use of CLE), thus basically abrogating the need for random
biopsies. Recently, pCLE was found to be able to visualize
inflammatory changes in Crohn’s disease patients [52].

Microscopic colitis, which encompasses lymphocytic and
collagenous colitis, is characterized by normal mucosal
findings in conventional endoscopy, but patients suffer from
recurrent diarrhea. The microscopic changes often show a
patchy distribution within the proximal colon that may be
difficult to pick up with unguided random biopsies. In this
setting, eCLE has been reported to visualize lymphocytic
infiltration in lymphocytic colitis and the subepithelial band
in collagenous colitis by taking multiple optical biopsies and
by guiding real biopsies microscopically [53–55].
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In patients with intestinal involvement of graft versus
host-disease (GvHD) after bone marrow transplantation,
immediate diagnosis and therapy are necessary. In a recent
trial, eCLE was able to diagnose and to grade GvHD
during ongoing endoscopy with high accuracy based on the
presence of inflammation, and epithelial apoptosis could be
documented for diagnosis [56]. CLE has not been extensively
studied in infectious colitis, but a case report has shown
visualization of intestinal spirochaetosis by CLE [57].

5. Hepatobiliary and Pancreatic
Endomicroscopy

Starting from endoluminal endoscopy, the field of appli-
cations for CLE has been rapidly expanding. CLE of the
hepatobiliary system has been driven by clinical need to
provide optimized diagnosis and by technical developments
in the field of endoscopy providing new instruments and
novel ways to access intra-abdominal organs.

5.1. Intrabiliary Imaging. Indeterminate biliary strictures are
a clinical dilemma. Conventional methods to evaluate stric-
tures include brush cytology, with an excellent specificity, but
sensitivities well below 50%. Outcome is optimized when
combined with other clinical imaging modalities including
cholangioscopy-guided biopsies [58] but results are still
much less reliable than in other endoscopic fields. The
availability of pCLE has permitted transpapillary intrabiliary
introduction of microscopy probes via a duodenoscope after
systemic administration of fluorescein. The first study from
an expert center to evaluate biliary strictures has found
a sensitivity of 83% for pCLE as compared to 50% for
histology. Although image quality was lower in the biliary
tree than in mucosal imaging in the GI tract, the presence
of neoplasia was suggested by irregular, dilated vessels [59].
Lower accuracy rates were reported from a follow-up trial
[60]. The reason for a somewhat lower image quality with
bile duct imaging may be partially related to the different
microarchitecture of the biliary epithelium, but also to
compromises in the resolution due to access with an ultrathin
probe. Recently, a pCLE probe routinely used for gastric
imaging was introduced into the bile duct and showed higher
image quality compared to the biliary probe type [61].

In order to standardize CLE criteria for diagnosis of
neoplasia within the bile duct, the “Miami classification” was
published [62] and recently supplemented by a set of pCLE
criteria for indeterminate biliary and pancreatic strictures
derived from a large data set by expert blinded reviewing
of pCLE video sequences [63]. Criteria of malignancy were
thick white bands (>20 µm), thick dark bands (>40 µm),
or dark clumps or epithelial structures. The combination
of more than two criteria provided sensitivity, specificity,
positive predictive value, and negative predictive value of
97%, 33%, 80%, and 80%, respectively, compared with 48%,
100%, 100%, and 41% for standard tissue sampling. The
differences with regard to sensitivity and specificity indicate
that pCLE may be a valuable adjunct to brush cytology in
indeterminate strictures.

The histopathologic correlate of the pCLE findings has
not been finally elucidated, since multiple tissue samples are
difficult to obtain from the bile duct. Current interpretations
suggest that white bands most probably correspond to blood
vessels (filled with fluorescein), black bands may be the
correlate of lymphatic vessels, and black clumps of neoplastic
epithelial structures. Another difficult clinical problem, the
presence of biliary strictures in primary sclerosing cholangi-
tis, has not yet been addressed in studies.

Recently, pCLE has also been evaluated for imaging in
the pancreatic duct. Similar morphologic criteria as in biliary
strictures have been described for pancreatic strictures in
a pilot study [63]. Since many pancreatic anomalies are
not directly accessible via the main duct, pCLE has been
combined with endoscopic ultrasound (EUS). Here, EUS
provides macroscopic targeting with a puncture needle.
A pCLE probe is then advanced through the needle to
provide imaging within a pancreatic (cystic) lesion [64].
Such imaging may be an interesting alternative in situations
where technically difficult tissue sampling could benefit from
microscopic targeting of the biopsy site.

5.2. Intra-Abdominal Endomicroscopy. Natural orifice trans-
luminal endoscopic surgery (NOTES) has prompted the
exploration of CLE within the abdominal cavity. Two earlier
animal trials showing the feasibility of intra-abdominal
imaging [65, 66] have not (yet) been followed by subsequent
clinical applications.

Two studies have been published for confocal
laparoscopy in humans. In the first trial, a rigid confocal
prototype probe of 6 mm outer diameter was based on the
FIVE1-design with optical properties similar to eCLE and
covered with a sterile metal sheath to allow for sterile intra-
abdominal instrumentation [67]. Under minilaparoscopic
guidance and conscious sedation [68, 69] the probe was
positioned onto the liver, and imaging performed after
fluorescein injection. Although basic features of the liver
microarchitecture could be visualized, images could not
provide sufficient details to allow exact diagnosis in liver
diseases, probably due to the fact that the human liver
capsule did not allow sufficient penetration of blue laser
light to the parenchyma. Therefore in a follow-up trial, a
similar prototype probe was equipped with a near infrared
light source of 780 nm [70], and fluorescein was changed
to indocyanine green for tissue contrast [71]. In this study,
images of the human liver revealed details (including
nuclei) of the parenchyma in vivo comparable to standard
histology in some aspects. Accuracy of near infrared confocal
laparoscopy to predict the presence of steatosis and fibrosis
was 81% and 90%, respectively. However, nonparenchymal
aspects were only indirectly visualized.

Although for both intrabiliary and intra-abdominal/liver
confocal microscopy applications first clinical trials have
shown feasibility in human trials, images from these indi-
cations do not yet quite compete with image quality from
GI mucosal imaging, and more trials are awaited to optimize
imaging. Feasibility studies to evaluate confocal imaging for
intraoperative screening are under way [72].
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6. Expanding the Field of
Indication in Medicine

The basic principles of intravital endomicroscopy are not
limited to the field of gastroenterology. Every organ that
can be accessed in diagnostic or therapeutic medicine may
be subject to CLE examination. In fact, one of the first
human trials has been conducted in dermatology with a
scanner later used for eCLE [73, 74]. After first studies using
pCLE [75] or eCLE/FIVE1 [76] for imaging of tissue excised
from the urinary bladder, pCLE has been evaluated for on-
site diagnosis in urology [77]. eCLE has been studied in
imaging of neoplasias of the oral cavity [78] and—using a
rigid scanner (used as a prototype for confocal laparoscopy,
see above)—for intraoperative imaging of neoplasia in the
larynx [79]. Pilot trials have evaluated rigid CLE for imaging
of cervical intraepithelial neoplasia during colposcopy, using
acriflavine [80]. Imaging to guide resection in neurosurgery
is currently under evaluation [81–83].

7. Functional and Molecular Imaging
with Endomicroscopy

7.1. Animal Studies. While CLE has been initially considered
to provide in vivo histology, this is not entirely true. Apart
from many aspects of conventional histology that are not
rendered by CLE, CLE also offers the unique option to visu-
alize microscopic details of tissue in the natural micromilieu
without disrupting tissue integrity and is therefore far less
prone to artifacts by sampling, staining, or cutting. Besides,
in vivo imaging is able to add a time axis to microscopy,
thereby permitting dynamic (rather than static) imaging
[84]. The confocal scanner that was later integrated into
eCLE endoscopes has been available for laboratory use for
years (FIVE1, Optiscan) [85–87], and also the probe based
system can be used in the laboratory. Animal studies do
not face the limitations and safety constraints of human
trials so that many of the contrast agents used for bench top
laser scanning microscopy can be used in vivo [16]. Initial
studies have evaluated intravenous fluorescein, that was later
rapidly transferred into human applications, but also used
intravenous acriflavine. The latter, by staining nuclei and
cytoplasm, provides an intravital image that is comparable to
hematoxylin and eosin staining [88]. By the high resolution
of the handheld eCLE scanner, subcellular details of (patho-
)physiologic processes can be unraveled in vivo. For example,
it has been demonstrated in a murine model of hepatocyte
apoptosis, where single cells have been observed for up to 6
hours within the intact liver in a live mouse, that cells that are
to undergo apoptosis show swelling of the cytoplasm rather
than shrinkage as a first sign in the initial phase of apoptosis
[91]. Such procedural, dynamic imaging in the whole organ
with intact perfusion and micromilieu cannot be repeated ex
vivo.

The injection of FITC-labeled dextrans of different
molecular weights offers the opportunity to study leakage of
blood compounds in different inflammatory states [89, 90]
or in diseases of dysregulated apoptosis such as liver failure

where capillary leakage is believed to be an early event [91].
Leakage of labeled Lycopersicon esculentum-Lectin that was
used to label vessel walls in vivo was found helpful to identify
metastatic foci of few cells in the liver [16]. The combination
of different dyes allowed comprehensive imaging of tissue
and vessel function against a background of tissue morpho-
logic staining [89, 92], although multiwavelength imaging
and overlay of different excitation and emission lines is not
(yet) possible. The combination of animal imaging devices
and devices intended for human use has therefore opened
the door for rapid translation from bench to bedside.

7.2. Functional Imaging. Translational imaging has been
shown to identify gaps in the epithelial layer of healthy gut
mucosa. Such gap formation seems to be part of normal
epithelial regeneration, and gaps smaller or just the size of a
single epithelial cell seem to be present in a large number but
sealed by a yet unidentified substance to preserve epithelial
barrier function [93]. In a further step, the characteristics
of such gaps have been defined in healthy mice in vivo and
after the induction of colitis, and subsequently have been
visualized with eCLE in healthy patients [94]. In subsequent
studies it has been found that gap density is increased in
patients with Crohn’s Disease. Whereas control patients only
showed 18 gaps per 1000 epithelial cells, 117 gaps were
found in patients with inflammatory bowel disease using
pCLE [95, 96]. Such gaps coincide with increased bacterial
translocation in patients with inflammatory bowel diseases.
Similar to Helicobacter pylori in the stomach [35], bacteria
were also identified using fluorescein in the human colon
as tiny white dots within the lamina propria and were
confirmed by staining of microscopically targeted biopsies.
Intramucosal bacteria were significantly more frequent in
patients with inflammatory bowel diseases than in healthy
controls [97]. Again, imaging in intact tissue offers the great
advantage of not submitting disrupted tissue (biopsies) to
potential cross contamination during sampling by forceps,
bowel contents or during processing. Exposition of intestinal
mucosa to bacteria induces increased cell shedding. To fur-
ther delineate the function of epithelial gaps in inflammatory
bowel diseases, gaps without transepithelial leakage after
systemic fluorescein administration have been differentiated
from gaps with leakage and microerosions in patients with
endoscopic and histologic remission. Those latter gaps seem
to confer an impairment of the mucosal barrier function,
since patients with gaps and leakage had an approximately
fourfold increased risk to relapse over the course of 12
months [98]. These trials of translational imaging suggest
gaps as a microarchitectural morphological correlate of
impaired epithelial barrier function in inflammatory bowel
diseases, and mucosal healing on functional level as a
predictor of sustained remission.

Another functional aspect in tissue imaging that relies on
in vivo imaging and can be investigated by the use of CLE
is tissue perfusion [99]. Increased vessel leakiness indicated
by extravasation of fluorescein can be seen regularly in
ulcerative colitis [22] and colonic neoplasia [1]. Changes
of the capillary network density have helped to identify
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neoplasia in Barrett’s esophagus [24]. Taken together, these
studies illustrate the ability of CLE to visualize physiologic
events in vivo on a microscopic level. They have the
potential to induce a paradigm shift in our understanding
of gastrointestinal diseases.

7.3. Molecular Imaging. All the above-mentioned CLE appli-
cations have used fairly unspecific staining protocols, mostly
fluorescein-based. Similar to bench top microscopy, CLE
signal can be read out after administration of labeled
exogenous molecular probes such as peptides, antibodies,
or probes with tumor-specific activation [100, 101]. At
present, molecular imaging in gastrointestinal endoscopy
aims at two major applications (Goetz GIE 2012). The first
is enhanced detection and lower miss rate of neoplasias
within the gastrointestinal lumen. This is mostly being
studied by using wide-field endoscopes detecting induced
fluorescence. The second application of molecular imaging
is improved characterization of lesions that can even be used
for prediction of response to molecular targeted therapy.

For a first trial in humans using pCLE, a heptapeptide
had been derived from a phage library that showed preferen-
tial binding to human colorectal adenoma cells. After FITC-
labeling, molecular imaging of adenoma was demonstrated
during colonoscopy after topical administration during
endoscopy [102]. In a trial using a human-murine xenograft
model, colorectal cancer cells were specifically visualized
with eCLE after injection of labeled antibodies targeting
human epidermal growth factor receptor (EGFR) [103].
After topical application, even EGFR on excised human
cancer specimens could be quantified. A follow-up study
identified vascular endothelial growth factor (VEGF) as a
potential target for molecular CLE [104]. Such imaging
of receptors or ligands overexpressed in tumors is inte-
grated into therapy protocols of neuroendocrine tumors, for
example, by scintigraphy. With CLE, imaging of somato-
statin receptor has been achieved in murine models of
neuroendocrine tumors [16, 105]. This concept of in vivo
tumor imaging has been supplemented by using not just
diagnostic, but therapeutic antibodies. Recently, it has been
demonstrated that labeled Cetuximab, a therapeutic agent
targeting human EGFR, can be used to visualize gastric
cancer cells with CLE in a xenograft model [106]. Such use
of in vivo therapeutic antibody labeling has been connected
to prediction of response, where high fluorescence intensity
as quantified by molecular targeted CLE was correlated to
slower tumor growth and better thriving and overall survival
in a mouse model of human colorectal cancer [107]. This
study exemplifies the role of CLE in personalizing treatment
in inflammatory and neoplastic diseases. But CLE also has
the option to visualize binding patterns on a single cell
level in vivo [106] with the potential to image drug-cellular
interaction in vivo.

8. Summary

In summary, confocal laser endomicroscopy is a novel tool
in the endoscopist’s armamentarium that is fundamentally

different in its ability to visualize the mucosa on a subcellular
level. In addition to providing on site histologic information
at real-time, CLE allows “smart,” targeted biopsies and
is able to guide endoscopic interventions. But CLE is
also translational in its approach and permits functional
imaging that significantly impacts on our understanding of
gastrointestinal diseases. Molecular imaging with CLE allows
detection and characterization of lesions and may even be
used for prediction of response to targeted therapy.
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CLE: Confocal laser endomicroscopy
EGFR: Epidermal growth factor receptor
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