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Background: This study evaluated near-infrared (NIR) fluorescent images to assess gastric conduit
perfusion after an esophagectomy in a porcine model of gastric conduit ischemia. The time necessary to
acquire a sufficient fluorescent signal to confirm ischemia in the gastric conduit after peripheral or central
venous injection of indocyanine green (ICG) was also investigated.

Methods: A reversible gastric conduit ischemic pig model was established through ligation and release of
the right gastroepiploic artery (RGEA, n=10). The esophageal reconstruction was performed to create an
esophagogastric anastomosis. After ligation of the RGEA, ICG was injected into an ear vein (n=6) or the
inferior vena cava (n=4). Under fluorescent imaging system guidance, the fluorescent signal-to-background
ratio (SBR) in the gastric conduit or esophagus was measured during the entire procedure. We estimated the
time necessary to acquire fluorescent signals in the gastric conduit using two different injection routes.
Results: When the RGEA was ligated, the SBR in the esophagus was significantly higher than that in
the gastric conduit (P=0.02), and the SBR in the gastric conduit recovered within 180 s after release of the
ligation. The time to acquire a fluorescent signal was faster with a central route than with a peripheral route
(P=0.04).

Conclusions: We successfully created an ischemic animal model of the gastric conduit. Using this animal
model, we evaluated the sensitivity and applicability of the fluorescent imaging system for observation and

identification of ischemic areas during an esophagectomy.
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Introduction reportedly between 6.2% and 27% (3,4). The anastomosis

area often experiences poor perfusion because the

Esophageal reconstruction after esophagectomy is gastroepiploic arterial supply rarely reaches the end of

associated with a high rate of complications and mortality the gastric conduit; this may lead to various complications
(1,2). Anastomotic leaks are among the most significant such as tissue necrosis, edema, and subsequent anastomotic
complications following surgery, and their incidence is leakage (5-9). Therefore, the perfusion status of the gastric
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conduit is essential for the success of the procedure and
intraoperative real-time evaluation of it would be the best
way to improve the success rate of the surgery (6,10,11).

Several new technologies have been currently used to
evaluate the perfusion of the gastric conduit. These include
single-photon emission computed tomography (SPECT),
computed tomography (CT) angiography, and visible light
spectroscopy (12). However, SPECT and CT angiography
cannot be performed intraoperatively, and visible light
spectroscopy has a limited viewing area (13). Alternatively,
laser doppler flowmetry has been applied because of its
ease of use, efficiency, and reproducibility (6,14). However,
it is limited to the microvasculature, and the size of the
region of interest (ROI) is small, similar to that of visible
light microscopy (15). Transmucosal oxygen saturation also
might be used to assess perfusion with tissue fluorescein
studies following postoperative monitoring; however, this
also has a small ROI (16).

In recent years, near-infrared (NIR) fluorescence imaging
has been demonstrated to offer exquisite sensitivity, enabling
real-time detection of sentinel lymph nodes (SLN) (17).
Since the first study of indocyanine green (ICG) NIR
fluorescent imaging for evaluation of gastric conduit
perfusion was conducted in 2011 (15), surgeons have tried to
bring this technology into their operations (10,13,15,17-26).
However, there were still lacks of data on the real-time
observation performance of NIR fluorescence imaging
technology on gastric conduit perfusion during esophageal
surgery especially based on research using animal model.

In our previous studies, we developed an intraoperative
color and fluorescence imaging system (ICFIS) that can
visualize merged NIR fluorescence and white-light images
in real time. It was shown that ICFIS visualized the NIR
fluorescence from SLN in the lung and esophagus using
various ICG based fluorescent tracers (27-29). The ICFIS also
identified specific segments during pulmonary segmentectomy
in rabbit and porcine models (30). Despite the excellent
performance of the ICFIS, it has never been evaluated for
immediate visualization of perfusion at an anastomotic area.

To more accurately evaluate the NIR fluorescence
imaging system for detection of gastric conduit perfusion,
an ischemic animal model of gastric conduit of which
the overall perfusion should be verifiable in real time
was required. Various animal models have been used for
assessing the changes that supervene to the gastric remnant
and subsequent esophagogastric anastomosis after partial
gastric devascularization by ligation of the short gastric

(SQG) vessels or the left and short gastric (LG/SG) vessels
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(31-33). These ischemic conditioning models evaluate
whether preoperative redistribution of the gastric blood
supply can ameliorate lack of tissue oxygenation at the site
of the esophagogastric anastomosis. However, an animal
model for real-time feasibility assessment of gastric conduit
perfusion using NIR fluorescence imaging system has not
been established.

In this study, we created a large-animal model of gastric
conduit ischemia through ligation and release of the right
gastroepiploic artery (RGEA), which is the main source
of blood to the reconstructed stomach. The ligation
and release of the RGEA were expected to show a clear
demarcation of the perfused and non-perfused areas of the
gastric conduit in real time; this is a good way to objectively
evaluate the superiority of the NIR fluorescent imaging
system. We also compared the time to NIR fluorescent
signal stabilization using peripheral and central line
injections of ICG to determine whether the ICFIS could
distinguish slight differences according to the injection
method. Our study is expected to provide criteria for
evaluation of the applicability of the fluorescent imaging
technology in esophagectomy.

Methods
ICFIS

Our custom-manufactured ICFIS was previously described
in detail (27-30). For the current study, the optics were
modified to accommodate the entire surgical field near the
gastric conduit (Figure I).

The excitation light source was a 793-nm laser diode with
1.0-W optical power. The beam was delivered by a liquid
light guide (LLGO0538-8, Thorlabs, Newton, NJ, USA)
and expanded by a concave lens (LC1254-B, Thorlabs) that
was attached next to the imaging optics. The optical power
of the excitation beam was large enough to illuminate
the entire surgical area uniformly, but was not above
0.5 mW/cm’, following the American National Standards
Institute recommendation for fluence rate on tissues at a
working distance of 350 mm. Both the fluorescence and
anatomical color images were delivered through the same
imaging optics until they were split by a dichroic mirror
(750 DCXXR, Chroma, Bellows Falls, VT, USA). Images
were recorded at 25 frames/s by an NIR electron-
multiplying charge-coupled device (EMCCD) camera
(Evolve 512, Photometrics, AZ, USA) and a color CCD
camera (IMC-4018FT, IMI-tech, Anyang, Korea),
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Figure 1 An overall schematic of the animal experiment using an intraoperative color and fluorescence imaging system (ICFIS).

respectively. All optical parts in the imaging path were
anti reflective-coated over a wide visible-NIR range.
Representative color, NIR fluorescence, and merged images
are shown in Figure 2.

The ICFIS can visualize blood perfusion in tissues
and blood flow within feeding vessels. Collected images
were enhanced, aligned, merged using imaging software
(Streampix6, Norpix, Canada), and displayed on the surgical
monitor. Adjustments of NIR image threshold, contrast,
and opacity were made using a custom-designed graphical
user interface. The entire experiment was performed under
bright surgical astral lamps, which caused no disturbance
to the surgical view. The system was mounted on a surgical
articulating arm that the practitioner could easily maneuver
to a specific surgical ROL. We selected 3 ROI sites on each
porcine esophagus and stomach and measured the pre-
injection background and post-injection signal at each site.

Animals and animal care

The animal study procedures (including care and handling)

© Journal of Thoracic Disease. All rights reserved.

jtd.amegroups.com

were approved by the Institutional Animal Care and Use
Committee of Korea University. Ten female Yorkshire
pigs (Optipharm, Seoul, Korea) with a mean weight of
33.1+2.75 kg were used in this study. To help the pigs
adapt to their environment, they were housed in individual
cages with freely available food and water for 1 week, in
accordance with our humane animal care protocol.

Real-time assessment of perfusion in a large animal model
with gastric conduit ischemia using ICFIS

The pigs were injected with 15 mg/kg of Zoletil 50 (Virbac,
Carros, France) and Rumpun (Bayer, Seoul, Korea). A
mechanical ventilator was connected to the tracheostomy
site and maintained with 2% isoflurane. Vital signs were
monitored throughout surgery by a preclinical anesthetist.
We performed a left thoracoabdominal incision to expose
the middle to lower esophagus and stomach. Once the
isolated lower esophagus was resected, a gastric conduit
was prepared, and the LG/SG arteries were tied off, with
only the RGEA and branches of the left GEA providing
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Figure 2 Images of the perfused gastric conduit generated by indocyanine green (ICG) fluorescence signals. Color image (A), near-infrared

(NIR) fluorescence (B), and merged (C) images of the gastric conduit in a porcine model.

blood supply. Esophageal reconstruction was performed
by advancing the greater curvature gastric conduit to the
thorax for an esophagogastric anastomosis. The RGEA was
ligated just before ICG (0.6 mg/kg; Sankyo, Seoul, Korea)
injection, and it was released 2 minutes after ICG injection.
We monitored the ICG fluorescence signals in the esophagus
and gastric conduit during the entire procedure of ligation
and releasing of the RGEA using the ICFIS (Figure SI). The
ICG fluorescence signals in the esophagus and gastric conduit
were measured at 30, 60, 90, 120, 300, and 360 s after ICG
injection and were quantified by the signal-to-background
ratio (SBR). We quantitatively evaluated the perfusion of
the gastric conduits by comparing their SBR with that of the
esophagus = gastric conduit SBR/esophageal SBR.

Comparison of gastric conduit perfusion between peripheral
and central venous injection of ICG under ICFIS

To confirm whether there were differences in fluorescence
signals obtained by two different injection routes,
0.6 mg/kg of ICG was injected into the ear vein (peripheral,
n=6) or inferior vena cava (central, n=4) of the gastric
conduit ischemic pig model. The blood supply with ICG
fluorescence in the esophagus and gastric conduit was
monitored in real time. We set the release of the ligation
of RGEA as the starting point. We recorded the time point
for the first observation of the ICG fluorescence signal in
the esophagus and the time point of the ICG fluorescence
being stably observed in the esophagus. After completion of
the experiments, pigs were euthanized by direct injection of
20 mL air into the heart under anesthesia.
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Statistical analysis

Signaling with central and peripheral vein injection was
analyzed with a paired Mann-Whitney U test. Image]
software was used for imaging analysis. SPSS Statistics
for Windows Version 17.0 (SPSS Inc., Chicago, IL, USA)
was used for statistical analysis. The null hypotheses of no
difference were rejected if the P values were <0.05.

Results

The ICFIS can visualize blood perfusion in the esophagus
and gastric conduit as well as blood flow within feeding
vessels. The ICFIS also successfully visualized the ischemic
region via NIR fluorescence detection. The surgical
region was illuminated by the NIR excitation light source
and bright surgical astral lamps (Figure 1). The NIR
fluorescence from ICG was detected by a high-sensitivity
NIR camera, and an enhanced NIR fluorescence image
was merged with a color image, resulting in a real-time
anatomical view. Consequently, NIR fluorescence appeared
only on the esophagus and the parts of the gastric conduit
with good blood perfusion. Each time point along with
the fluorescent signal intensity of the fluorescence images
were recorded throughout the procedure. Representative
color, NIR fluorescence, and merged images as seen by the
surgeon are shown in Figure 2.

Real-time NIR fluorescence diagnosis of the ischemic

region and perfusion recovery

The ICG with a 0.6 mg/kg dose was intravenously
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Figure 3 Representative images of the right gastroepiploic artery (RGEA) ligation model. (A) The Color and NIR merged image of
reversible RGEA ligation model. (B) Fluorescence signal ratio in the esophagus (normal perfusion) and the gastric conduit (ischemia). NIR,

near-infrared.

administered in this experiment; this was regarded as
optimal in our previous study (30). The NIR fluorescence
signals from the gastric conduit and esophagus were detected
every 30 s after ICG injection. With ligation of the REGA,
SBR in the esophagus was significantly higher than in the
gastric conduit (2.8+0.54 vs. 1.7£0.37, P=0.02, Figure 3).
After releasing the ligation of the REGA, the NIR
fluorescence signal in the gastric conduit rapidly increased;
the ratio of gastric to esophageal SBR was 0.72+0.072 at
120 s and 0.97+0.024 at 300 s. In 8 of 10 pigs, the gastric
conduit perfusion was completely recovered by releasing

the RGEA ligation at 360 s (Figure 3).

Time for noticeable fluorescence and stable fluorescence

To assess the ICFIS sensitivity for diagnosing ischemia,
we chose central and peripheral veins as two different
ICG injection routes and compared the resulting
esophageal NIR signals using the ICFIS. The in vivo
fluorescence signals in the esophagus were monitored, and
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noticeable fluorescence and stable fluorescence times were
measured. The NIR fluorescence signal was first detected
at 68.0+42.9 s with the central vein injection and at
138.0+82.1 s with the peripheral vein injection (P=0.157).
The time to a stable NIR fluorescence signal, at which the
signal was stable for at least 60 s, was 119.0 = 65.1 s for
the central route vs. 295.0+130.4 s for the peripheral route
(P=0.04, Figure 4).

Possible clinical applications

Interestingly, in 2 pigs the region of the gastric conduit did
not recover after releasing the ligation of the RGEA until
after 360 s. As shown in Figure 5, the region with a low
fluorescence signal in the fundus area of the gastric conduit
could be diagnosed as the ischemic region intraoperatively.
In these cases, we could make the decision to selectively
resect the proximal ischemic region for eradication of the
risk of gastric conduit ischemia and subsequent anastomotic
complications.

J Thorac Dis 2018;10(9):5359-5367
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Figure 4 Time to noticeable fluorescence and stable fluorescence. A central route injection shows a stable fluorescence signal faster than

with a peripheral route injection (P=0.04). *, indicates statistical significance (P<0.05).

Discussion

In this study, we used an ischemic animal model that
concretely evaluated the feasibility of the ICFIS for
diagnosis of gastric conduit ischemia during reconstruction
after esophagectomy. The ICFIS successfully provided
a real-time NIR fluorescent image of esophageal
and gastric conduit perfusion at an anastomotic area
(Figures 1,2 and SI).

In our animal model, we performed both SG and LG
artery ligation to mimic the actual surgical procedure in an
esophageal patient (34-37). The RGEA, a dominant artery
supplying blood to the gastric conduit, was intentionally
ligated to induce gastric conduit ischemia. When ICG was
administered, the NIR fluorescent signal mainly appeared
on the esophagus and not on the gastric conduit side
(Figure 3). At that point in time, the fluorescent SBR of the
gastric conduit was lower than that of the esophagus. We
additionally verified that gastric conduit perfusion recovered
within 180 s after release of the ligation of the RGEA in
the pig model. Although this ischemic model differs from a
clinical scenario, in which the RGEA should not be ligated
during esophageal reconstruction, we successfully developed
the reversible gastric conduit ischemia model using ligation
and release of the RGEA for evaluating the performance
of ICFIS in ischemic area detection. We thought that the
performance of the NIR fluorescent imaging system should
be confirmed for accurate evaluation of gastric conduit
perfusion in real time at the specific animal models.

We also evaluated whether the ICFIS could distinguish
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a slight difference based on the injection route of ICG by
comparing the NIR fluorescent signal stabilization time.
Although there was no statistical difference in fluorescence
signal intensity, the central route diagnosed the ischemic
region more rapidly than the peripheral route (Figure 4).
Because the majority of patients undergoing esophagectomy
will have their central line secured, use of central injection
will allow the diagnosis of ischemia 180 s faster than with
peripheral injection.

As shown in Figure 5, in 20% of cases (2 of 10 pigs) the
ischemic area in the gastric conduit could be detected by the
ICFIS after release of the ligation of the RGEA. Zehetner
et al. reported that delayed or non-perfused areas of
the gastric conduit were detected in 66% of cases in a
clinical study (38). Therefore, in each clinical case, if
ischemic regions could be detected using NIR fluorescent
imaging during anastomosis, complications induced by
non-perfusion were able to be prevented.

The ICFIS can be a competitive solution because it
allows visualization over a wide ROI and provides intuitive
perfusion information. Recently the SPY system, which
can provide real-time intraoperative assessment of both
gross and microperfusion, was used to assess gastric conduit
perfusion in 150 patients undergoing esophagectomy (38).
In our study, we used an ischemic animal model in an
evaluation of the sensitivity and utility of ICFIS for real-
time diagnosis of ischemic areas of the gastric conduit.
Since the ICFIS is similar to the SPY system, its use may
lead to altered surgical plans during esophagectomy using

J Thorac Dis 2018;10(9):5359-5367



Journal of Thoracic Disease, Vol 10, No 9 September 2018

5365

Figure 5 Color image (A), near-infrared (NIR) fluorescence (B), and merged (C) images for ischemia diagnosis in a pig gastric conduit. The

ischemic area is indicated by the black circle.

laser-assisted fluorescent-dye ICG angiography. However,
a prospective study is needed to determine the incidence
of anastomotic complications in which two groups of pigs
are compared, groups with and without resection of an
identified ischemic gastric region.

Conclusions

Using the ICFIS, we have shown that a simple ICG
injection can help surgeons easily identify ischemic
areas induced by ligation of the RGEA in large animals.
Therefore, surgeons using the ICFIS can evaluate blood
perfusion and perform a properly modified surgical
procedure during an esophagectomy. Thus, the ICFIS-
guided reconstruction after esophagectomy may be an
optimal choice for surgery in patients with esophageal
cancer.
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Figure S1 Video of the intraoperative color and fluorescence imaging system (ICFIS)-guided evaluation of gastric conduit perfusion after
esophagectomy in a porcine model (39).

Available online: http://www.asvide.com/article/view/27400
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