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Abstract
Background  We aimed to assess the feasibility of a novel hybrid endoscopic/laparoscopic non-exposed, full-thickness, 
single-wall gastric resection technique guided by a fluorescence lymphangiography to identify the lymphatic pathway and 
the sentinel node basin.
Methods  Eight large white pigs (4 acute and 4 survival models) were included. Indocyanine green was injected submucosally 
around a pseudo-tumor at four points (1 ml, 0.1 mg/ml). The lymphatic spreading pathway was identified by the means of 
near-infrared (NIR) laparoscopic camera, and the resection line was planned outside of the fluorescent signals, to include all 
the potential lymphatic channels. Lymph node (LN) dissection was performed at greater curvature side and the infrapyloric 
area preserving the infragastric artery for all pigs. At the lesser curvature, 3–4 branches of the gastric artery were preserved 
in all acute and in two survival (group A), while in the remaining animals, 1–2 branches were preserved (group B). Perfusion 
of the remaining stomach was examined by NIR angiography. The gastric motility and function were evaluated by the means 
of a dynamic MRI immediately after the procedure and repeated after 1 week in surviving animals.
Results  The hybrid full-thickness resection with bilateral sentinel LN basin dissection were successfully performed with 
no intra-operative or post-operative complications. The removed specimen was including all the area with florescent signal. 
The remaining stomach demonstrated a good perfusion at the NIR angiography. The dynamic MRI revealed a preserved 
emptying function in the acute animals and in the group A, and a loss of function in the group B.
Conclusions  Fluorescence-lymphangiography guided hybrid resection was feasible to remove a relatively large part of the 
stomach including the lymphatic spreading pathway and sentinel basin. The extent of dissection in the lesser curvature side 
can affect the post-operative function and further researches are warranted to optimize the concept.

Keywords  Near-infrared fluorescence guided surgery · Full-thickness resection · Sentinel node navigation surgery · Image 
guided surgery · Dynamic MRI · Capillary lactate test

Radical wide resection of the primary tumor and the lymph 
nodes is the standard treatment in the surgical management 
of gastric cancer, due to unpredicted spread of the cancer 
cells [1]. This approach is being challenged by new concepts 
of individually tailored surgery. The optimization of sentinel 
node navigation techniques, providing spatial information of 
cancer diffusion pathway, could enable a limited resection 
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of the lymph nodes in patient with negative lymph node 
metastasis, who comprises about 90% in stage I and 30% in 
stage II–III gastric cancer [2, 3].

Various limited tailored gastric resection techniques are 
under development [4]. Endoscopic submucosal resection 
has almost replaced surgery for treatment of early gastric 
cancer with almost no risk of lymph node metastasis (abso-
lute indication) in Korea or Japan [5]. Although, there is 
an ongoing effort to apply the indications into a little bit 
deeper or wider cancer (expanded indication), the safety of 
expanded indication is still in doubt, especially for undif-
ferentiated cancers [6]. Full-thickness resection (FTR) is 
suggested to provide better radicality when compared to 
an endoscopic submucosal dissection for cancer with pos-
sible lymph node metastasis, since there is a risk of residual 
cancer cells in the lymphatic structures in the deep gastric 
wall underneath the primary tumor site [7]. The assumption 
is that cancer emboli could be retained within the gastric 
wall outside the boundary of a round-shaped FTR, such as 
NEWS or CLEAN-NET techniques, which does not remove 
the lymphatic channels surrounding the primary tumor site 
(Fig. 1A) [4, 8].

Lymph node mapping, with peritumoral indocyanine 
green (ICG) injection and near-infrared fluorescent optic sys-
tems, has a better sensitivity to identify possible lymphatic 

metastasis pathway in the gastric wall, when compared to 
the use of vital dyes [9]. Therefore, the fluorescence-based 
lymphangiography could guide a patient-tailored resection 
which includes the primary tumor and the possible lym-
phatic metastasis pathway within the gastric wall.

Theoretically, a “fluorescent lymphangiography-guided 
tailored gastric wall resection” could improve radicality 
when compared to a standard “round-shaped” FTR and, 
if oncologically appropriate, could offer an organ-sparing 
alternative to radical surgical resection.

In cases in which the fluorescent lymphangiography high-
lights the lymphatic pathways as going to both the lesser and 
greater curvature, a wide local resection should be required 
to include all the possible lymphatics. However, such large 
resection involving the devascularization and/or the dener-
vation of both lesser and greater curvature could result in 
functioning deterioration and/or ischemia in the remaining 
gastric wall [10].

The purpose of this experimental study was to assess 
the feasibility of a fluorescent lymphangiography-guided, 
single-wall segmental resection with dissection of bilateral 
(lesser and greater curvature) perigastric lymph nodes. Addi-
tionally, the impact of such extreme example of wide local 
resection on perfusion and motility function of the remain-
ing gastric wall was assessed in the porcine model.

Fig. 1   Scheme of fluorescent lymphangiography-guided single-wall 
segmental resection with bilateral lymph node basin dissection. A 
In case of round-shape full-thickness resection, there is a chance to 
leave the cancer cells in the intragastric lymphatic channels (question 
marks); B extent of the resection. Infrapyloric artery is preserved, and 

3–4 or 1–2 branches of right gastric artery were preserved for group 
A and group B, respectively. C–E Hybrid resection of the stomach 
using a laparoscopic suture-passer and linear staplers. F Possible 
ischemic area in the posterior wall. * indicates the points for capillary 
lactate test
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Materials and methods

Animals

A total of 8 Large White pigs (Sus scrofa domesticus; 
mean weight 32.5 ± 1.8 kg) were used. The animal experi-
ment protocol received full approval by the local Ethi-
cal Committee on Animal Experimentation (ICOMETH) 
and by the French Ministry of Superior Education and 
Research (protocol number: 38.2015.01.077). All animals 
were managed according to the directives of the Euro-
pean Community Council (2010/63/EU). Pigs were fasted 
for 24 h before surgery with free access to water. Small 
amount of pine apple juice was given to pigs to stimulate 
the bowel movement 10 min before the premedication. 
Premedication by intramuscular injection of ketamine 
(20 mg/kg) and azaperone (2 mg/kg) (Stresnil; Janssen 
Cilag, Belgium) was administered 10 min before surgery. 
Induction was achieved by intravenous propofol (3 mg/
kg), followed by totally intravenous anesthesia maintained 
with 0.17–0.2 mg/kg/min of propofol. No neuromuscular 
blocking agents were administered.

Four pigs were used for acute experiments to test the 
technical feasibility of the procedure, and were humanely 
sacrificed after the procedures, with an intravenous injec-
tion of a lethal dose of potassium chloride. The remain-
ing four pigs survived for 7 days and were housed, after 
the first procedure, in individual cage, under controlled 
humidity and temperature conditions and provided with 
toys. A standardized diet was given (Porc Spot G S25; 
COSTAL, Molsheim, France), 700–750 g divided 2–3 
times a day in the first 2 post-operative days (POD) and 
1000–1050 g divided 2–3 times a day thereafter, until the 
midday of the 6th POD (total amounts: 5150–5250 g).

Activity and presence of adverse events were observed 
daily. The second evaluation was performed at POD7 
under general anesthesia, as previously described. Body 
weight was recorded before the first procedure and at 
POD7. At the end of the second look procedure, animals 
were sacrificed with an intravenous injection of a lethal 
dose of potassium chloride under anesthesia.

Operative procedures

A dynamic MRI was performed as described later, and the 
pig was placed in the supine position. Four or five 12 mm 
trocars were placed in the lower abdomen, and a pneumo-
peritoneum was established.

An imaginary tumor location (about 2–3 cm of diam-
eter) was decided at the anterior wall of the body of 
the stomach. Normal saline (0.5 cc) was submucosally 

injected at the four corners of the pseudo-tumor to make 
blebs as a test injection to prevent extra-gastric leakage of 
ICG, and 0.5 cc of 0.2 mg/ml ICG was injected inside the 
saline bleb. Fluorescent signal indicating lymphatic chan-
nels in the gastric wall was observed by the laparoscopic 
near-infrared camera system (Karl Storz, Tuttlingen, Ger-
many), and the resection line was planned and marked 
along the outmost lymphatic pathway using mono-polar 
cautery (Fig. 2).

LN dissection was performed in LN station 3, 4d, par-
tial 4sb, and 6 (Figs. 1B, 2C–F). Left gastroepiploic artery 
was ligated after 1–2 branches to the stomach. LN dissec-
tion of station 6 (infrapyloric area) was performed with 
a preservation of the infrapyloric artery and vein as the 
same method used in the pylorus-preserving gastrectomy, 
and the right gastroepiploic artery was ligated after the 
branching of the infrapyloric artery [11].

LN station 3a and about proximal half of 3b was dis-
sected in all four acute experiments with a ligation of right 
gastric artery after branching of 3–4 vessels to the stom-
ach. In the survival model, two pigs (survival group A) 
underwent the same extent of LN dissection of the lesser 
curvature (3a + half of 3b), and the other two pigs (sur-
vival group B) underwent full 3a and 3b dissection with 
a ligation of the right gastric artery just after the first 1–2 
branch near the pylorus.

Multiple horizontal mattress sutures were placed using 
an endoscopy–laparoscopy hybrid method as described 
before [12] (Figs. 1C, D, 3). A laparoscopic suture-passer 
prototype carrying 2-0 nylon suture was introduced into 
the abdominal cavity and bended. The gastric wall just 
outside of the marked resection line around the pseudo-
tumor was penetrated by the suture-passer, and the thread 
was delivered to the endoscopic alligator grasper. The 
other side of the resection line was penetrated by an empty 
suture-passer, and received a suture from the endoscopic 
grasper. This maneuver is repeated in reverse direction 
to make a horizontal mattress suture around the tumor, 
and the suture was fastened and tied. Additional multi-
ple horizontal mattress sutures were progressively placed 
until the whole marked resection line was covered by the 
sutures. Selectively, a straight needle with 2-0 nylon suture 
was used to make horizontal mattress sutures when it is 
favorable due to an approximation of the proximal and 
distal resection line caused by previous sutures.

After completion of multiple sutures, laparoscopic 
linear staplers were applied beneath the sutures to resect 
the pseudo-tumor and the possible lymphatic spreading 
pathway shown by fluorescent signal. The specimen was 
removed through one of the trocar sites, after enlarging the 
incision. The length of the specimen, at lesser curvature 
side and greater curvature side, and the surface area were 



623Surgical Endoscopy (2019) 33:620–632	

1 3

Fig. 2   Extent of the resection. A Possible lymphatic spreading path-
way in the gastric wall highlighted by fluorescent signal; B resection 
line was marked by an electro-cautery; c extent of the lymph node 
dissection in lesser curvature side. Line A preserves 3–4 branches of 

the gastric artery for acute models and group A in survival models. 
Line B preserves 1–2 branches for group B; D–F Lymph node dissec-
tion of infrapyloric area. The right gastroepiploic artery was ligated 
after a branching of the infrapyloric artery

Fig. 3   Hybrid endoscopy/laparoscopy non-exposed resection tech-
nique. A–C Cooperative procedure between a laparoscopic suture-
passer and endoscopic grasper made multiple horizontal mattress 
sutures. D–F After sutures, fastening of the sutures forms a mush-
room-like structure containing the primary tumor and the lymphatic 

pathways; G linear staplers were applied beneath the sutures to resect 
the whole specimen; H the specimen resected with enough resec-
tion margin. It shows more diffused fluorescent signal compared with 
those at the beginning of the operation
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measured using an open source software (imageJ®, avail-
able at: http://www.image​j.net).

Evaluation of the perfusion of the remaining 
posterior wall

ICG (0.5 mg/kg in concentration of 2.5 mg/ml) was intrave-
nously injected to visually evaluate the perfusion to the rem-
nant stomach, especially the posterior wall of the resection 
site which has a high probability of ischemia due to devas-
cularization of both lesser and greater curvature (Fig. 4). 
Capillary lactate test was performed at four points on the 
posterior wall of the resection site (proximal/distal, lesser 
curvature/greater curvature side) as well as at a point near 
the short gastric artery (stomach control) and at the pig’s 
snout (systemic control) to evaluate the tissue ischemia. Gas-
tric wall was superficially cut by laparoscopic scissors, and 
blood was aspirated by means of a falcon tube attached to 
a motorized pipette, and the level was measured using a kit 
as previously described [13–18] (Figs. 1F, 4C). The ratio of 
capillary lactate level (stomach sampling site/systemic con-
trol) ≥ 3 and/or absolute value ≥ 3 mmol/l was preliminarily 
regarded as a cut-off value of possible ischemia, and was 
correlated with clinical manifestation.

Gastric motility function

Food intake was daily calculated after operation with a 
measurement of the amount of provided food and remaining 
food after eating. The amount of food residue in the remnant 
stomach was observed by endoscopy at the beginning of the 
procedure 7 days after surgery in survival models.

A dynamic MRI was performed to evaluate gastric peri-
stalsis in two cases of acute models and in all of the survival 
models using 1.5 T system (Magnetom Aera®, Siemens; 
Munich, Germany). Baseline test was performed before the 
procedure, and repeated right after procedure in acute mod-
els and 7 days later in survival models. Gastric content was 

aspirated by endoscopy, and a nasogastric tube was inserted 
through the mouth into the stomach. Five hundred millilit-
ers of pineapple juice were injected into the stomach via 
the nasogastric tube. Different positions (supine, prone, and 
right decubitus) of pig were tried in an exploratory purpose. 
The parameter of the dynamic sequence (TrueFISP) con-
sists of a field of view 30 * 30 cm2, 1 5-mm thick slice, TE/
TR = 1.27 ms/759 ms, flip angle 54°, fat saturation, in plane 
resolution 192 × 192 pixels yielding 1.56 × 1.56 mm2 pixels. 
The acquisition time was 1 min 1 s for 80 images with apnea, 
and the acquisitions were repeated 10 times with 3–5 min of 
recovery time between each acquisition.

The intensity of peristalsis was categorized as “strong” 
(amplitude of the contraction > 30% of the lumen) and 
“weak” (amplitude of the contraction < 30% of the lumen), 
and the frequency of the peristalsis was counted in recorded 
images reconstructed as movie clips.

Results

Technical feasibility of the fluorescent‑guidance 
hybrid single‑wall segmental resection 
with bilateral lymph node basin dissection (see 
Video 1 in Electronic Supplementary Material)

Fluorescent signals in the lymphatic channel in the gastric 
wall were clearly identified right after the endoscopic injec-
tion of ICG in both lesser curvature side and greater curva-
ture side in all cases (Fig. 2A, B).

In all acute but case 4, infrapyloric LN was highlighted as 
a sentinel lymph node (Table 1). In case 3 in acute model and 
case B2 in survival model, lymph nodes located in posterior 
side of lesser curvature (LN station 3) were highlighted.

LN dissection of station 4d, 6, 3a, and 3b (only in survival 
group B) were performed.

Five or six horizontal mattress sutures were successfully 
placed by means of hybrid endoscopy–laparoscopic method 

Fig. 4   Evaluation of remaining stomach perfusion. Tests to evaluate the perfusion in the remaining posterior wall by A visual observation under 
a white light, B fluorescent angiography after intravenous injection of ICG, and C capillary blood sampling and test of lactate level

http://www.imagej.net
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without significant spillage or bleeding. After fastening the 
sutures, the gastric wall was out pouched in a “mushroom” 
shape and included the area of a pseudo-tumor and all the 
area in the gastric wall showing fluorescent signal (Fig. 3F, 
H).

Linear staplers could be applied perpendicularly to the 
long axis of the stomach, and the whole mushroom and dis-
sected lymph nodes could be removed together.

Mean operation time (excluding time for trocar place-
ment and skin wound repair) was 93.5 ± 16.5 min (min 67, 
max 15). The length of the lesser and greater curvature 
side and the surface area of the specimen were 4.5 ± 0.6 cm 
(min 4.0, max 5.5), 10.0 ± 2.1 cm (min 6.5, max 12.8), and 
62.7 ± 17.0 cm2 (min 38.6, max 83.9), respectively.

Endoscopic observation after the resection found no evi-
dence of leakage or stenosis at the anastomosis site.

Ischemia of the remaining stomach

Immediately after injection of ICG intravenously, the gastric 
wall of the remaining stomach was uniformly highlighted by 
the fluorescent signal. The perfusion represented by fluores-
cent signal in the posterior wall was as bright and diffuse as 
in other part of the stomach (Fig. 3H).

Possibly ischemic area presumed with criteria of the 
lactate level ratio (stomach/systemic) ≥ 3 and the absolute 
value ≥ 3 mmol/l is found only one case; survival model B2 
at the greater curvature side, distal area. However, this site 
was well-perfused in the fluorescent imaging after systemic 
ICG injection, and return to a level below the criteria 7 days 
later. Points with lactate level ratio ≥ 3 were higher in sur-
vival group B2 compared to other groups; 2 out of 4 spots 
in B1and 3 out of 4 spots in B2. All these points were also 
well-perfused in the fluorescent imaging (Fig. 5) (Table 2).

Function (see Video 2 in Electronic Supplementary 
Material)

There was no significant impairment of overall general con-
dition or activity in all the 4 survival pigs. Pigs with limited 
lesser curvature dissection (A1 and A2) ate all the provided 
food, and there was almost no remnant food in the follow-up 
endoscopy on POD7. On the other hand, B1 in the group of 
complete LN 3 station ate all the provided food but presented 
with vomiting on POD7, and B2 pig could intake only 1/3 
of the provided food. Follow-up endoscopic finding showed 
large amount of remnant food in B1 and B2 pigs (Table 3).

The mean frequency of peristalsis counted by a dynamic 
MRI was 2.5 ± 0.6  times/min in pre-operative period in 
all six pigs. The frequency remained constant in the acute 
pigs, immediately after the operation, as well as in A1 and 
A2 pigs in the survival model on POD7. Conversely, the 
peristalsis could hardly be identified in B1 and B2 pigs on 
POD7, and the frequency was significantly lower than pre-
operative controls.

Discussion

Lymphatic metastasis is the most frequent mode of metas-
tasis in gastric cancer and a complete dissection of the 
metastatic lymphatic tissues can significantly increase the 
survival rate [19, 20].

The standard radical surgery for gastric cancer is com-
posed of resection of large proportion of the stomach (2/3 
of the stomach) and wide lymph node dissection. Such a 
wide dissection is needed to completely remove all the 
lymphatic channels in the gastric wall and extra-gastric 

Table 1   Operative procedure data

LC lesser curvature, GC greater curvature, SD standard deviation, station #3 lesser curvature lymph nodes, station #6 infrapyloric lymph nodes

No. Body weight Operative time (min) Specimen size Sentinel node station

LC (cm) GC (cm) Surface area (cm2)

Acute models
 1 30.0 67 4 6.5 38.6 # 6
 2 32.0 110 4.8 12.8 83.9 # 6
 3 33.5 106 4 12 81.4 # 6
 4 34.1 92 4.4 10.8 64.8 # 3

Survival group A
 A1 32.3 76 5.1 8.2 46.7 # 6
 A2 34.9 91 4.2 10.8 71.3 # 6

Survival group B
 B1 33.3 91 3.8 8.3 45.9 # 6
 B2 30.0 115 5.5 10.5 68.7 # 3 and # 6

Mean ± SD 32.5 ± 1.8 93.5 ± 16.5 4.5 ± 0.6 10.0 ± 2.1 62.7 ± 17.0
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lymphatic tissues, because the cancer spreading pathway 
of the individual gastric cancer cannot be accurately antic-
ipated [21].

Sentinel lymph node navigation (SLN) surgery has been 
investigated for gastric cancer to limit and tailor the extent 
of the lymph node dissection. Reduced extent of lymph 
node dissection may reduce some local surgical compli-
cations such as intra-abdominal abscess. However, the 
post-operative quality of life after gastrectomy may not be 
greatly improved by the limited lymphadenectomy since 
post-gastrectomy syndromes, including dumping, diarrhea, 
or delayed gastric emptying and the amount of oral intake 
are more related to the extent of the gastric resection itself. 
In fact, a reduced gastric resection, such in that achieved 
with a pylorus-preserving gastrectomy, is associated with 
less occurrence of post-gastrectomy syndrome and better 
preservation of nutritional profile [22].

The lymphatic spreading pathway inside the gastric wall 
is invisible and not predictable, which is one of the rea-
sons for designing a radical gastrectomy as resecting 2/3 of 
the stomach. Near-infrared fluorescent imaging using sub-
mucosal injection of ICG is a promising method of SLN, 
because of its high sensitivity, relatively high tissue depth 
penetration, and no biohazard [9, 23]. SLN enables also the 
visualization of the lymphatic channels within the gastric 
wall. The lymphatic channels highlighted by fluorescence 
imaging signals, can serve as possible indicators of the 
extent of a local FTR, which could eliminate all the viable 
cancer cells which could remain in the lymphatic tissues 
within the gastric wall even when the sentinel lymph node 
is metastasis free.

We have used a quite low concentration (0.1 mg/ml) and 
small volume (1 ml) of ICG to visualize the gastric lym-
phatic channels. A large amount of ICG can diffuse too 

Fig. 5   Gastric motility evaluation. Symmetric contractions (arrows) are maintained in the remaining antrum 7 days after operation in group A 
survival pigs. A, B A dynamic MRI images; C, D endoscopic view. Arrowheads indicate a stapling line
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widely at the injection site and cover a large proportion of 
the gastric wall, and thus might prevent from a meaningful 
tailored surgery [9]. To prevent from accidental extra-gas-
tric spillage of ICG, we used a double injection technique, 
similar to that used for tattooing of colon cancer. In fact, 
the body of the porcine gastric wall is sometimes hard to 
inject submucosally, and a spillage of ICG outside of the 
lumen of the stomach, could have significantly impaired the 
fluorescent view with a highly bright staining. Therefore, 
we injected 0.5 ml of saline first to make a bleb, and then 
injected 0.5 ml of 0.2 mg/ml of ICG inside of the bleb [24]. 
Although it is easier to perform a submucosal injection in 
the human stomach, this technique could be used during the 
learning curve to avoid extra-gastric leakages. The lymphatic 
channels within the gastric wall could be clearly identified 
by the near-infrared camera system right after injection. We 
observed that the fluorescent signal became blurred and dif-
fused a couple of hours after the injection, due to the low 
molecular weight and the rapidly diffusing characteristics of 
the ICG. Therefore, we suggest to perform the determination 
of the resection line right after the injection.

One of the challenges in FTR for gastric cancer is to pre-
vent free cancer cells spillage into the peritoneal cavity. In 
a previous study, we observed the presence of free cancer 
cells in the gastric lumen, even in case of early gastric cancer 
[25]. Hence, there is a theoretical possibility of peritoneal 
seeding through a widely opened gastric wall during FTR. 
A few “non-exposed” endoscopy/laparoscopy cooperative 
full-thickness resection techniques, such as “NEWS” or 
“CLEAN-NET”, have been suggested, to reduce this risk [4, 
26, 27]. Those techniques are ingenious and feasible, how-
ever, there are some drawbacks such as the need of long-time 
involvement of highly skilled endoscopists, long operation 

time, or limitation of the specimen size (< 3 cm) which is 
not feasible to be applied to the new concept of resection to 
remove the primary tumor as well as the lymphatic channels 
connected to the sentinel lymph nodes. We have designed 
a new non-exposed hybrid FTR technique using a lapa-
roscopic trans-gastric suture passer, which makes sutures 
around the tumor to generate a mushroom-like specimen and 
enable an easy stapling in a desirable direction [12]. In the 
present experiment, we have used a similar technique, except 
that we preferred multiple interrupted horizontal mattress 
over a continuous suturing. The other difference was that, in 
the present study, the size of the specimen was much larger.

Mean operation time to remove a large specimen 
(lesser curvature side: 4.0–5.5 cm, grater curvature side: 
6.5–12.8 cm) and to perform a bilateral lymph node dissec-
tion with a preservation of the infrapyloric artery was 1 h 
30 min. Compared to the operation time of other types of 
non-exposed as long as 2–5 h for the specimen < 3–5cm, it 
can be regarded as a relatively fast procedure [4]. As dis-
cussed in a previous report, the advantages of this technique 
include a fast operation time, an easier endoscopic perfor-
mance, which can be dealt with moderately experienced 
endoscopy, an easy control of the stapling line, and the 
applicability to large non-round specimen. All those advan-
tages were confirmed in the present study.

We designed one of extreme scenarios for a local FTR 
to examine a general feasibility of the procedure: a tumor 
located in the anterior wall of which the lymphatic spread-
ing pathways are both to the lesser and the greater curvature 
side. In our previous analysis on gastric cancer with 1–3 
metastatic lymph nodes, tumors located at anterior or pos-
terior wall of the body or the antrum of the stomach had a 
lymph node metastasis at the lesser curvature side in about 

Table 2   Capillary lactate level at the posterior wall of the resection site after operative procedure

Values are presented as mmol/L, and the values in the parenthesis are the ratio of the level over the that of the systemic control (pig’s snout). 
Fundus is a control in the stomach. The values of which the absolute level > 3.0 and the ratio > 3.0 was represented as bold characters
LC lesser curvature, GC greater curvature, dist. distal area, prox. proximal area

No. Immediately after resection 7 days after resection

Snout Fundus GC, dist. LC, dist. GC, prox. LC, prox. Philtrum Fundus GC, dist. LC, dist. GC, prox. LC, prox.

Acute model
 1 NA NA NA NA NA NA
 2 0.8 0.5 (0.6) 2.3 (2.9) 1.1 (1.4) 0.5 (0.6) 1.5 (1.9)
 3 0.5 1.8 (3.6) 0.5 (1.0) 0.5 (1.0) 0.5 (1.0) 0.5 (1.0)
 4 2.4 3.1 (1.3) 1.8 (0.8) 2.4 (1.0) 3.0 (1.3) 2.2 (0.9)

Survival group A
 A1 2.2 NA 4.4 (2.0) 1.6 (0.7) 2.4 (1.1) 2.0 (0.9) 3.2 3.4 (1.1) 5.1 (1.6) 2.1 (0.7) 5.0 (1.6) 6.2 (1.9)
 A2 1.0 1.0 (1.0) 1.8 (1.8) 1.0 (1.0) 1.0 (1.0) 0.5 (0.5) 0.9 1.2 (1.4) 1.5 (1.7) 1.1 (1.3) 1.0 (1.2) 0.9 (1.1)

Survival group B
 B1 0.5 0.5 (1.0) 1.7 (3.4) 2.0 (4.0) 0.8 (1.6) 0.5 (1.0) 0.8 1.5 (1.9) 1.1 (1.4) 1.2 (1.5) 2.6 (3.3) 0.6 (0.8)
 B2 0.5 1.2 (2.4) 5.0 (10.0) 1.5 (3.0) 1.2 (2.4) 2.1 (4.2) 2.1 3.4 (1.6) 3.1 (1.5) 2.0 (1.0) 2.7 (1.3) 3.7 (1.8)
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50% and at the greater curvature side in also about 50%. 
The incidence of “transversal metastasis”, which indicates 
the lymph node metastasis from the tumor located at either 
lesser or greater curvature side to the opposite curvature of 
the stomach in a “transverse” manner, was reported to occur 
in 16.7–41.2% and 4.3–50.8% for tumors located at lesser 
and greater curvature of the stomach, respectively [28–30].

The “single-wall segmental resection” was designed for 
this situation, in order to remove both the primary cancer 
site and the possible lymphatic spreading pathway guided 
by the ICG fluorescent signal and to preserve the other part 
of the stomach for a function-preservation. To estimate the 
benefits of the preservation of the remaining stomach, the 
resection technique was simulated in ex-vivo porcine stom-
achs. single-wall resections of the anterior and posterior wall 
as well as conventional segmental resection to resect both 
wall were simulated sequentially (Fig. 6). From simulations 
of resection of the part of the stomach (3 cm in the lesser 
curvature side and 7 cm in the greater curvature side), we 
could estimate that the single-wall resection will preserve 
about 10–20% more luminal volume when compared to seg-
mental resection of the both gastric wall.

In spite of possible benefits of volume preservation, there 
were a few concerns about the procedure. It has been sug-
gested that the lymph node basin dissection is safer than 
lymph node picking in the SLN in gastric cancer, because 
the metastatic non-sentinel nodes are usually found in the 
same basin of the examined sentinel nodes when the senti-
nel node is turned out to be negative and abandon further 
lymph node dissection [3]. Therefore, substantial extent of 
perigastric lymph node dissection may be needed for this 
tumors with a chance of bilateral (lesser and greater curva-
ture) lymph node metastasis, to remove lymph node basins 
in both lesser and greater curvature side. In spite of well-
developed vascular network of the gastric wall, this bilateral 
lymph node dissection may cause ischemia and denervation 
in remaining gastric wall theoretically.

We also paid attention to the wide resection of the ante-
rior wall, because we experienced that a relatively large 
posterior wall remained after operation acts as a denervated 
non-functioning sac and caused delayed emptying after dis-
tal gastrectomy. Unlike distal gastrectomy, we hypothesized 
that the remaining antrum and the pylorus may play a role 
for gastric emptying, like in case of the pylorus-preserving 
gastrectomy. Therefore, the lymph node dissection was 
performed according to the pylorus-preserving gastrec-
tomy technique, including the preservation of the infrapy-
loric artery and the pyloric branch of the hepatic branch of 
the anterior vagus nerve [11]. Considering the very short 
length of the lesser curvature of the porcine stomach, we 
preserved 3–4 branches to the antrum from the gastric artery 
in the acute model, and identified emptying movement in 
MRI. In the survival model, we repeated the same extent Ta
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of resection in two pigs (A1 and A2) and also we tested a 
larger dissection of the lymph node station 3b preserving 
only 1–2 branches as per the pylorus-preserving gastrectomy 
in human (B1 and B2).

In this setting, several explorative methods were cho-
sen to examine the blood perfusion and the function of the 
remaining stomach. In spite of the wide devascularization 
of both lesser and greater curvature side, the color of the 
remaining posterior wall of the stomach remained pinkish 
in observation by white light images. We also performed a 
fluorescence-based angiography by systemic ICG injection 
to qualitatively evaluate the perfusion. This method is cur-
rently actively been investigated to estimate the perfusion in 
colorectal or esophagogastric anastomosis [31, 32].

The whole gastric wall was evenly and rapidly high-
lighted with the fluorescent signal of ICG, regardless of the 
extent of the dissection at the lesser curvature side. Despite 
in this setting we did not use a computer-assisted quantita-
tive measure of the fluorescence signal [33], the rapidity of 
the tissue enhancement by the fluorophore is a good marker 
of the presence of blood supply.

The local capillary lactate test was found to be a very 
sensitive indicator of ischemia in our previous experiments 
for the small bowel and the colon. A cut-off value predic-
tive of improved anastomotic healing seemed to be > 2 
of capillary lactates local to systemic ratio [13, 14, 33]. 
However, the stomach had higher basal capillary lactates 
local to systemic ratio when compared to bowel, as high as 

1.5–2.0, possibly due to more complex vascular network 
and different metabolic activity [15]. From the previous 
data, we arbitrarily set the presumed cut-off value as cap-
illary lactates local to systemic ratio ≥ 3 and actual capil-
lary lactates level ≥ 3 mmol/L. There was a tendency that 
the survival group B had more points of lactates ratio ≥ 3 
compared with acute model or survival group A. Although 
almost all points return to normal range 7 days after sur-
gery, there is a chance that the larger devascularization of 
the lesser curvature side could play a role together with 
denervation to result in functioning loss in group B pigs. 
Further researches about the normal and pathologic cut-off 
value of the capillary lactate are needed.

The function of the stomach was dramatically different 
between survival group A and B depending on the extent 
of the lymph node dissection in the lesser curvature side. 
Pigs in group A took all the provided food with no residual 
food in the stomach, however, pigs in group B could not 
eat provided food well or vomited with a large amount 
of residual food in the remaining stomach. We interpret 
these result as that the denervation of the antrum from 
the pyloric branch of the vagus nerve that caused a loss of 
peristalsis function of the antrum in group B.

A dynamic MRI was also used to evaluate the function 
and movements of the stomach. This exam has already 
been tested in humans, and is expected to provide a more 
real time information about the cause of a functional 

Fig. 6   Simulation of the gastric resection. Simulation of the resection 
of anterior wall, posterior wall, and both walls to remove the gastric 
wall with a boundary of 3 cm of the lesser curvature and 7 cm of the 
greater curvature. Calculated volume with a fixed intragastric pres-

sure (10 mmHg) was A 1159 cm3 before resection, B 777 cm3 after 
anterior wall resection, C 686 cm3 after posterior wall resection, and 
D 564 cm3 after resection of both walls
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deterioration when compared to a gastric emptying scin-
tigraphy using radioisotopes [34–36].

There have been no investigations about bowel function 
using a dynamic MRI in the pig, probably because it cannot 
be done in awaking animals and because there have been 
rare needs to test the functional outcome of a new surgical 
procedure in the stomach. We expect that this technology 
can be useful to evaluate the function of the stomach after 
a new surgical procedure in preclinical validation steps. We 
used propofol-based totally intravenous anesthesia without 
muscle relaxants to minimize the effect of the drug to the 
bowel function. Pineapple juice, which has been reported as 
a good intraluminal contrast for MRI, was instilled inside 
of the stomach [37, 38]. The dynamic MRI provided good 
visual information on the peristaltic movements and on how 
the mixing of the food occurs. Gastric movements can be 
affected by multiple factors, including the status of fasting or 
the stress during the premedication process before the main 
anesthesia. The gastric movement is known to be composed 
of tonic contractions of the stomach (‘pressure pump’) or 
antral contraction waves (ACW) (‘peristaltic pump’), which 
are independent but coordinated with each other [39]. We 
categorized the observed movements as “strong” and “weak” 
based on the amplitude of the peristalsis, and weak peristal-
sis may accompany tonic contraction of the stomach. We 
could not calculate the exact contraction movement but cat-
egorized them more qualitatively, because only one plane 
can be selected for the acquisition of the dynamic MRI, and 
the plane could not cover the exact center of the pylorus 
and the whole stomach, especially in the post-operative 
period. The contraction may be calculated accurately if 
the plane is passing through the center of the lumen, but it 
could be exaggerated if the plane is far from the center. If 
a multi-axis acquisition dynamic MRI could be developed, 
it could be more useful for a complete understanding of the 
whole stomach and the accurate quantitative measurement 
of the strength of the peristalsis, especially in the stomach 
deformed by surgery.

There are some limitations in this study. First, the study 
was composed of small sample size. Secondly, there are 
some anatomic differences between the porcine and human 
stomach. Particularly, the end branches of the nerve of Latar-
jet, which runs through the whole lesser curvature, is sup-
posed to be preserved in the highly selective vagotomy to 
preserve the emptying function of the antrum in human. The 
human stomach can function after the pylorus-preserving 
gastrectomy with this nerve cut. However, it should be re-
validated in humans whether the emptying function could 
be preserved after a wide local FTR as we have performed in 
this study. Thirdly, applicability of cases with distal sentinel 
lymph nodes located in the D2 area could not be evaluated 
due to the limited number of cases and some anatomical dif-
ferences between humans and pigs. Finally, a normal meal 

was provided, instead of a soft meal adapted for post-gas-
trectomy feeding. We expected that the normal meal could 
be tolerable after the local resection at the beginning. How-
ever, it could have been difficult to digest with a partially 
denervated stomach.

In summary, we have provided the proof of concept of a 
local FTR strategy guided by fluorescent intragastric lym-
phangiography accompanied by a bilateral sentinel lymph 
node basin dissection using a diluted concentration of ICG. 
This fluorescent intra-parietal-gastric lymphangiography, 
per se, is expected to provide information and guidance for 
the extent of the gastric resection, regardless of the detailed 
resection method. We have also validated the feasibility of 
a new non-exposed endoscopy/laparoscopy hybrid resec-
tion techniques in a relatively large non-round specimen and 
single-wall gastric resection with bilateral lymph node basin 
dissection, identifying the preserved emptying function of 
the stomach in case of the limited dissection of the lesser 
curvature side. The possibility of a loss of emptying function 
after radical dissection of the lesser curvature of the stomach 
was noted, and safe extent of lymph node dissection should 
be cautiously determined in further human studies.
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