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Abstract

Background 1In digestive cancers, it is mandatory to
diagnose peritoneal metastasis prior to selecting therapy.
Therefore, exploratory laparoscopy has gained wider clin-
ical acceptance. In laparoscopy, the peritoneal metastasis is
pathologically confirmed by excisional biopsy; however,
there remain technical difficulties in performing precise
diagnosis and adequate biopsy on small peritoneal lesions
without damaging organs. We have focused on “optical
biopsy” using probe-based confocal laser endomicroscopy
(pCLE). The aims of this study were (1) to optimize current
CLE system for real-time observation of peritoneal
metastases and (2) to assess its potential usefulness as
diagnostic modality in preclinical settings.

Methods To optimize condition and evaluate feasibility,
we prepared peritoneal metastasis mice model with gastric
cancer cell line (MKN-45). On Day 10 after seeding, the
mice were laparotomized and performed pCLE observa-
tions with CellvizioLAB (LSU-F 400/488 nm, Mauna Kea
Technologies, Paris, France). We evaluated two different
CLE probes, three different dyes, and optimal interval
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time. The detected sites were excised and pathologically
evaluated on its morphology. Next, the feasibility and
safety were validated in porcine model for clinical usage.
After injection of fluorescein, pCLE was applied for the
observation of intra-abdominal organs.

Result A miniature probe-type pCLE system with 60 pm
focal depth (UltraMini O) and 1 % fluorescein dye was
chosen for good visualization in mice model. The irregular
microarchitecture images suspected to malignancy were
obtained from the metastases. In the porcine model,
observation of abdominal organs was feasible without any
organ injury in the laparoscopic procedures. The dosage of
1 % fluorescein (3 ml/body) was appropriate in observing
intra-abdominal organs, and each intra-abdominal organ
was clearly observed with the same imaging quality we
obtained in mice model.

Conclusion The pCLE was feasible and safe and poten-
tially useful for the diagnosis of the peritoneal metastasis in
in vivo animal models.

Keywords Confocal laser endomicroscopy - pCLE -
Fluorescein - 5-Aminolevulinic acid - Peritoneal
metastasis - Optical biopsy

Peritoneal metastasis is a common metastatic condition in
digestive cancers, particularly gastric and pancreatic can-
cers. It occurs by the dissemination of cancer cells from
primary lesions. The prognosis of patients with these can-
cers has been reported to depend on the presence of it [1—
3]. Therefore, it is mandatory to evaluate peritoneal
metastasis prior to selecting an appropriate therapy. How-
ever, despite the development of diagnostic imaging
methods such as computed tomographic scanning and

magnetic resonance imaging, their results are not
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satisfactory. Therefore, an exploratory laparoscopy is typ-
ically performed to determine whether microperitoneal
metastases are involved [4-6]. In laparoscopy, we first
examine the abdominal cavity to investigate peritoneal
nodules; then, we perform an excisional biopsy to confirm
the findings histopathologically. An accurate diagnosis
requires the combination of imaging evaluations, biopsy
techniques, and diagnostic maneuvers.

The detection of small lesions has been facilitated by
the development of laparoscopic imaging systems (e.g.,
high-resolution, high-quality image-processing tech-
niques) and additional new imaging modalities, such as
photodynamic  diagnosis (PDD), mediated with
5-aminolevulinic acid (5-ALA) [7, 8]. However, it is still
difficult to make a diagnosis based only on pathological
findings from a microlesion, because uncertainty is
inherent in biopsy technique in case that the target lesions
are difficult to be visualized in the procedure because of
its smallness and anatomical reasons. Moreover, several
technical problems remain to be resolved; for example, it
is difficult to obtain sufficient biopsy tissue without
damaging an organ, including the intestinal tract,
mesentery, and the great vessel surface; also, the decision
must be delayed, due to the time involved in sample
transportation, processing, and analysis, which are
required for making the diagnosis.

Confocal laser endomicroscopy (CLE) is based on the
principle of tissue reflectance or tissue fluorescence, with
the application of fluorescence agents (e.g., fluorescein
sodium) [9, 10]. CLE generates images that elucidate cel-
lular architecture and microvasculature at a level compa-
rable to that achieved with traditional histology [11, 12]. In
particular, several studies have shown that this technology
is useful for determining pathology in a variety of gas-
trointestinal tissue sites, including Barrett’s esophagus [13—
15], and lesions in the duodenum [16], colonic mucosa [17,
18], and pancreatic biliary tract [19-21]. Moreover, it has
been reported that CLE, incorporated into gastrointestinal
endoscopy, is a useful approach for diagnosing various
malignancies, including gastric [22, 23], esophageal [24,
25], colorectal [26, 27], and pancreatic cancers [28]. In
addition, the device could be used to acquire optical
biopsies, an alternative method for making a definitive
diagnosis. Thus, we reasoned that the combination of
exploratory laparoscopy and probe-based CLE (pCLE)
could be used for screening and might replace a conven-
tional targeted biopsy. This approach might be a practical
replacement for the current procedures involved in making
a diagnosis. However, there is no report about the optimal
condition for discrimination between peritoneal metastasis
and normal organ.

The aims of this study were (1) to optimize current CLE
system for real-time observation of peritoneal metastases
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and (2) to assess its potential usefulness as diagnostic
modality in preclinical settings.

Materials and methods

All animal experiments were conducted in accordance
with the Institutional Guidelines for Ethics in our insti-
tutions. We obtained Institute of Cancer Research (ICR)
nu/nu mice from Charles River, Japan (Yokohama,
Japan).

Experiment 1: optimization of pCLE system
in murine model

We selected the probe-based CLE system (CellvizioLAB;
LSU-F 400/488 nm, Mauna Kea Technologies, Paris,
France), principally because it was acquired for clinical use
subsequent to this study. The CLE system consisted of a
reusable imaging probe connected to a laser scanning unit.
The scanning wavelength was 488 nm. These systems were
directory connected personal computer and its liquid
crystal display (LCD). We could watch and process pCLE
images in real time, and after the fact, the images or movies
were editable with Image cell version 3.8 (Mauna Kea
Technologies, Paris, France). We established peritoneal
metastases of gastric cancer in mice model by implanting
gastric cancer cells, as previously described [29]. Mice
were injected intra-abdominally (in the right flank) with
100 pl of 3.0 x 10° MKN-45 cells (JCRB0254) suspended
in PBS (1:1 v/v).

The pCLE was applied to anesthetized mice after
injecting dye (100 pl/mouse) into the tail vein. The pCLE
was used under direct vision via an open laparotomy
wound. The pCLE probes were manipulated manually and
placed directly in contact with each organ and tumor
lesion. In all procedures, the pCLE images were recorded
and stored digitally for later evaluation. The sites of
observation under various conditions were dissected for
histological investigation. The images were compared to
each other and to the histopathological findings. The sites
observed with pCLE were dissected, fixed in 10 % neutral
buffered formalin, and embedded in paraffin blocks. The
blocks were thin-sliced into 2.5-pm sections. In particular,
the gastric wall and subphrenic peritoneum were sliced in
sections horizontal to the surface of peritoneum at 5-pum
intervals, proceeding from a depth of 40 um and ending at
a depth of 70 pm. All the slides were stained with hema-
toxylin and eosin (HE) and evaluated histologically.
Findings from HE-stained sections evaluated by micro-
scopic visualization of the morphology were compared to
pCLE images.
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We evaluated two different types of probes, the Proflex
UltraMini O and the Proflex Z (Mauna Kea Technologies,
Paris, France), to determine which was optimal for intra-
abdominal observation, because few reports had evaluated
the different probe models for diagnosing peritoneal
nodules. The two probes we selected for observing cell
morphology were proposed in the manufacture’s specifi-
cations. Five minutes (min) after an intravenous (IV)
injection of 1 % fluorescein sodium (100 pl/mouse), each
probe was placed in contact with liver and peritoneal
nodules.

e The Proflex UltraMini O (LP-0013, 2.6 mm diameter,
60 um focal depth) was suitable for imaging vessels,
angiogenesis, cell fate, and cell morphology; its utility
depended on cell layer thickness and cell invasiveness
in tissues.

e The Proflex Z (LP-0012, 1.8 mm diameter, 100 um
focal depth) was suitable for imaging blood flow
through a vessel (without penetration) and imaging
deeper cell layers of a tumor, organ, or tissue.

Based on prior publications and the manufacturer’s
instructions, fluorescein sodium (FS) is considered as an
appropriate dye for in vivo studies that implemented pCLE.
In addition, FS is convenient and readily available to a
great majority of clinicians for clinical use. However, no
studies had reported optimal kinds for observing the intra-
abdominal lining. We selected three dyes, FS, indocyanine
green (ICG), and patent blue (PB), which were previously
proven to be safe and bioavailable in humans. After each
dye was injected intravenously, the liver and peritoneal
nodules were observed for 30 min. Each dye was prepared
as follows:

e 1% FS: clinical grade 10 % fluorescein sodium
(FLUORESCITE® for Intravenous Injection, Alcon
Japan Ltd, Tokyo, Japan) was diluted in sterile normal
saline (0.9 % NaCl) to a final concentration of 1 % FS.

e 2.5 % ICG: DIAGNOGREEN® for injection (Daiichi
Sankyo Company, Ltd, Tokyo, Japan) was diluted in
sterile normal distilled water to a final concentration of
2.5 % ICG.

2 % PB: Patent Blue VF (Wako Pure Chemical Indus-
tries, Ltd, Osaka, Japan) was diluted in sterile normal
distilled water to a final concentration of 2 % PB.

In pCLE observations, the dye is used as a contrast
agent. Therefore, the timing of dye extravasation is critical,
because it makes it difficult to interpret the images. It is
necessary to determine an optimal interval time after dye
injection for the observation. After the intravenous injec-
tion of 1% FS (0.1 ml/mouse), consecutive image
sequences from the identical site (liver or peritoneal nod-
ules) were recorded at every 1, 3, 5, 10, and 15 min.

Experiment 2: feasibility study of intra-abdominal
tumor imaging in mice

First, we aimed to demonstrate the usefulness and feasi-
bility of a pCLE-based diagnosis. Mice were placed under
deep general anesthesia, and laparotomy was performed.
We observed both normal organs (diaphragm, gastric ser-
osa, greater omentum, and liver) and peritoneal nodules
(one on the mesentery and another at the hilar of the
spleen), under conditions established previously.

Experiment 3: exploratory laparoscopy
in the porcine model

We performed exploratory laparoscopy in a porcine model
to evaluate the feasibility and safety of pCLE in the
abdominal cavity. A 35-kg female, crossbred pig was fed
ad libitum preoperatively. The pig fasted overnight before
laparoscopic inspection. The pig was placed under general
anesthesia, and one 12-mm trocar and two 5-mm trocars
were inserted. The 12-mm trocar was placed at the
umbilicus to form the laparoscope port; the other two tro-
cars (5-mm) were placed at the bilateral midclavicular lines
to create a working cavity. In this procedure, pCLE probe
was inserted from 5-mm trocar and normal organs (liver,
subphrenic peritoneum, omental fat, and gastric serosa)
were observed by laparoscopically manipulating pCLE
probes with standard laparoscopic forceps at 3-10 min
after the IV administration of 3 ml of 1 % FS, based on the
conditions determined in the murine model.

Results
Experiment 1

The pCLE images of cancer cells (Fig. 1A) and hepato-
cytes (Fig. 1B) were acquired with two kinds of probe.
Images of cell morphology that were acquired with the
Proflex UltraMini O probe showed more distinct external
cell margins than those acquired with the Proflex Z probe.
In particular, in cancer cells, it was easier to diagnose an
irregularity in cell shape with the Proflex UltraMini O than
with the Proflex Z probe.

We evaluated 2 % PB, 2.5 % ICG, and 1 % FS dyes. In
pCLE images, after the 2 % PB injection, no details could
be discerned. After the ICG injection, cell microarchitec-
ture was not discriminated. However, after the 1 % FS
injection, distinct morphologies of hepatocytes and tumor
cells were obtained (Fig. 2A-C).

To evaluate the time interval for pCLE imaging, we
used the Proflex UltraMini O probe and 1% FS
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Fig. 1 Optimization of probes. All images were obtained after an
injection of 1 % FS and an interval of 3—10 min. A, left Peritoneal
nodule acquired with the Proflex UltraMini O (scale bar 20 pm). A,
middle The same peritoneal nodule imaged with the Proflex Z (scale

A

bar 50 um). B, left Liver image acquired with the Proflex UltraMini
O (scale bar 20 pm). B, middle The same liver site imaged with the
Proflex Z (scale bar 50 pm). A, B, right HE staining images (scale
bar 20 pm)

Fig. 2 Optimal dye selection for pCLE observations in the abdom-
inal cavity. Images show the same regions of tissue, but different
dyes: left FS, middle 1CG, and right PB. A Images of cancer cells

(100 ul/mouse). At 1, 3, 5, 10, and 15 min after dye
injection, we evaluated the observational resolution at the
same sites on the liver and peritoneal nodules. The pCLE
images obtained at 1 min after injection were too immature
to determine the cell morphology. Images acquired at
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observed in the peritoneal nodule. B Images of hepatocytes observed
in the liver. All images are shown at the same image resolution (scale
bar 20 pm)

3-10 min after injection provided sufficient details. On the
other hand, the images acquired at 15 min after injection
displayed poorly demarcated borders; in this case, the
background noise had increased due to dye extravasation
(Fig. 3A, B).
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Fig. 3 Changes in image quality over time. Mice were injected with
FS, and images were acquired (left to right) at 1, 3, 5, 10, and 15 min
after injection. At 1 min, the tissue was not fully stained, and cell
shapes were difficult to recognize. On the other hand, after 15 min,

Experiment 2

To study the normal state of intra-abdominal organs, the
peritoneum, greater omentum, liver, spleen, and diaphragm
were observed under the optimized conditions determined
above. These areas were compared in the HE-stained sec-
tions and pCLE images (Fig. 4A-D). Then, 10 days after
the cancer cells were injected, peritoneal metastases were
established in the mice. Observations of peritoneal metas-
tases with pCLE showed irregular cell arrangements and
morphology, consistent with the HE findings. Moreover, in
the cancerous nodules, the dye had leaked out of the blood
vessels into the intercellular spaces; in contrast, no
extravasation was observed in the healthy organs (Fig. 5A,
B).

Experiment 3

The pCLE images were as clearly visualized in the pig as
in the mouse model (Fig. 6A-D). Moreover, during the
procedure of placing the pCLE probe in contact with the
observation sites, no other organs were injured along the
probe pathway.

Discussion

It is still difficult to diagnose accurately for peritoneal
metastasis of digestive cancers, although various advanced
imaging modalities have been developed. Due to the lim-
ited sensitivity of existing imaging modalities, moreover
the lower invasiveness for the patients, the exploratory

5min

15min

the outer membranes of the cells appeared blurry, due to dye leakage.
As aresult, the optimal time period for pCLE observation of the intra-
abdominal cavity was 3—10 min after dye injection. A Cancer cells in
the peritoneal nodule, B hepatocytes (scale bar 20 pm)

laparoscopy procedure has been widely used for detecting
peritoneal metastasis. Currently, when nodules are detected
in the peritoneum, an excisional biopsy is performed to
determine whether the nodules are malignant. The sole
means of making a definitive diagnosis of peritoneal
metastasis is based on pathological histology. However, in
some cases, the peritoneal nodules are minuscule, or due to
the anatomical factors, it is not certain that the conven-
tional biopsy specimens include the suspected nodules, as
intended. In other cases, no cancer cells appear on the
histology section, and it is not possible to diagnose
malignancy. Furthermore, the target biopsy injures intra-
abdominal organs and often leads to bleeding. In addition,
when surgeons need to select a treatment intra-operatively,
a diagnosis takes too much time with the existing proce-
dures, due to the many steps involved. Under these cir-
cumstances, we need a real-time diagnostic modality for
peritoneal metastasis without resecting tissues. The pCLE
as a diagnostic tool for optical biopsy can be a possible
candidate.

Several reports have described pCLE examinations of
the GI tract combined with endoscopy [14, 26]. In those
studies, diagnoses of Barrett’s esophagus, Crohn’s colitis,
and biliary tract strictures have indicated that pCLE is a
promising tool for in vivo histological examinations.
Consequently, we speculated that this system could be
applied to intra-operative diagnoses of peritoneal metas-
tasis. However, only a few reports have used the pCLE
approach for examining intra-abdominal organs [30, 31].
Therefore, no optimal settings have been established for
observing the intra-abdominal cavity and discriminate
between normal organs and metastatic lesions. In this
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Fig. 4 Comparison between
pCLE images and histological
sections of normal tissues from
intra-abdominal organs. (left)
pCLE images and (right)
histological sections stained
with HE show the same region
of tissue. A Liver, B gastric
serosa, C omentum,

D subphrenic peritoneum (scale
bar 20 pm)

study, we have successfully optimized this system for intra-
abdominal observations. Currently, in humans, this system
is employed at an excitation wavelength of 488 nm; thus,
in our evaluation, we selected the Cellvizio LAB (LSU-F
400/488 nm), which will facilitate the progression of this
technique to clinical trials [32, 33]. Our results have also
shown that FS is the best dye for observations in the

@ Springer

abdominal cavity. It seemed logical that no efficient images
were obtained by ICG and PB, because they needed to be
excited at a longer wavelength than that of the experi-
mental devices. If an improved system which can emit
longer excitation (e.g., 660 nm) is developed and used in
clinical practice, these agents will be a new option for dyes
of optical biopsy. And, the drawback of this approach is



Surg Endosc (2016) 30:3437-3446

3443

Fig. 5 Peritoneal metastasis
findings in the mice model. A A
peritoneal nodule in mesenteric
tissue. B A peritoneal nodule at
the hilar of the spleen. The
diagrams describe the panels of
the figure (scale bar 20 pm)

that it only described cell morphology in detail for about
7 min (3—-10 min), and the examination is only possible
one time. In clinical use, few nodules will be encountered
in a single surgery. Therefore, it would be useful in the
future studies to develop new dyes that will facilitate
imaging for longer durations.

In the next stage, we evaluated two different probes for
detecting cell morphology, which were recommended by
the manufacturer. The nodules of peritoneal metastasis are
formed on the surface of the intra-abdominal organs. Thus,
high resolution, rather than deep focal depth, was consid-
ered necessary for a differential diagnosis of the peritoneal
nodules. On the other hand, in future evaluations of inva-
sions into the serosa or other organs, both deep focal depth

Gross pathology‘

H-E staining ’ pCLEimaging

Gross pathology

H-E staining pCLEimaging

and high resolution will be required. For those applications,
a probe combination designed for deep investigations
would facilitate the detection of microstructural alterations.

To diagnose malignancy, it is necessary to examine the
morphology of the cell nucleus. We have confirmed that it
is possible to examine cell nuclei with acryflavin (data not
shown). However, the concern with this methodology is
that nuclear staining may be toxic and damage normal
cells; the safety of the approach has not been demonstrated.
Therefore, until the safety of a nuclear staining dye has
been shown, this technique cannot be applied in the clinical
practice.

Disseminated cancer cells tend to form micronodules,
which are difficult to detect in a gross examination. To
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Fig. 6 Imaging in the preclinical porcine model. Left column
photograph of laparoscope insertion into the tissue; middle column
pCLE image of the tissue. Right column pathological images of HE-

overcome this problem, we have applied 5-ALA-mediated
photodynamic diagnosis (PDD) method for the detection of
micronodules that are difficult to be detected with current
imaging technology. In this method, we can find so tiny
lesion that it is difficult to perform biopsy accurately. We
speculate that the combination of PDD and pCLE may be
synergistic for creating an optical biopsy with greater
accuracy for detecting and diagnosing malignancy.
Finally, we evaluated the optimized pCLE in a porcine
laparoscopy setting, as a preclinical test. The probe had
been operated manually in the mice model, but was
manipulated with laparoscopic forceps in the porcine
model. In this model, the stability and pressure of contact at
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stained sections. A Liver, B gastric serosa, C omental fat, D sub-
phrenic peritoneum. (scale bar 20 pm)

the observational sites are uncertain, due to respiratory
movements and the difficulty in stabilizing the probe tips in
the pig anatomy. Any damage onto the observation sites
was therefore our technical concerns. As a result, the image
quality with pCLE was similar to that achieved with HE
staining of histopathological sections, without any gross
injuries onto the observation sites or other intra-abdominal
organs. This showed that pCLE might be efficient and safe
for performing an exploratory laparoscopy to examine
peritoneal metastasis. The FS dye has been used clinically,
particularly in ophthalmological examinations, and its
safety has been established for human use. Thus, pCLE
may be introduced for clinical use in exploratory
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laparoscopy. In addition, since the UltraMini O probe is
2.6 mm in diameter, which can be inserted through
miniature catheter, it may be possible that we bring a probe
to a target by echo-guided manipulation and examine
various abdominal organs using this system. Thus, this
system may be applicable not only to exploratory laparo-
scopy but also to abdominal examination with local
anesthesia.

Our study has several limitations. First, to gain approval
for clinical use, we must validate the efficacy and safety of
PCLE in a human clinical trial. In parallel, we must build a
consensus to establish criteria for diagnosing peritoneal
metastasis based on pCLE imaging. Currently, a consensus
is in the process of forming about the pattern of pCLE
images needed to comprise an optical biopsy, particularly
in Barrett’s esophagus and inflammatory bowel disease.
The consensus board must include surgeons, who actually
manipulate the system, and pathologists. With the use of
telepathology or similar systems, the accuracy and relia-
bility of the diagnosis can be improved. We have shown
that the pCLE can provide a means to visualize cell mor-
phology in the abdominal cavity as accurately as a
histopathological section analysis.

In conclusion, we have successfully optimized the cur-
rent CLE system for observation of peritoneal metastases.
The pCLE system is potentially useful as real-time cancer
diagnosis.
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