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Abstract
The blood supply of the right gastroepiploic artery after esophagectomy with gastric tube reconstruction is essential for 
avoiding anastomotic leakage. Near-infrared fluorescence (NIRF) imaging with indocyanine green is widely used to assess 
the blood supply because it can visualize it in real-time during navigation surgery. However, there is no established protocol 
for this modality. One reason for this lack of protocol is that NIRF provides subjective information. This study aimed to 
evaluate NIRF quantification. We conducted a literature review of risk factors for anastomotic leakage after esophagectomy, 
NIRF procedures, NIRF quantification, and new methods to compensate for NIRF limitations. Major methods for the quanti-
fication of NIRF include measuring the blood flow speed, visualization time, and fluorescence intensity. The cutoff value for 
the blood flow speed is 2.07 cm/s, and that for the visualization time is 30–90 s. Although the time-intensity curve provided 
patterns of change in the blood flow, it did not show an association with anastomotic leakage. However, to compensate for 
the limitations of NIRF, new devices have been reported that can assess tissue oxygenation perfusion, organ hemoglobin 
concentration, and microcirculation.

Keywords Near-infrared fluorescent imaging · Indocyanine green · Anastomotic leakage · Esophagectomy

Introduction

Esophagectomy is the main curative treatment for esopha-
geal cancer. To create anastomosis after esophageal resec-
tion, the stomach is commonly used as a reconstruction 
organ because it is easily pulled up and not easily necrotized 
because of the rich vascular networks in its wall [1] in com-
parison to the colon or jejunum. However, the incidence 
of anastomotic leakage (AL) after esophagectomy is higher 
than that after colon or jejunum surgery, with rates of  > 10% 
even for minimally invasive esophagectomy using a thora-
coscopic approach [2]. AL is not only a cause of prolonged 

hospital stays but also a risk factor for a poor prognosis after 
esophagectomy [3, 4]. Although there are several risk factors 
for AL after esophagectomy, including the patient’s comor-
bidities, surgical procedure, surgeon’s experience, and ten-
sion at the site of anastomosis, the ischemic condition of the 
conduit might be the most important factor [5].

The right gastroepiploic artery (RGEA) supplies blood to 
the site of esophagogastric anastomosis, and its sufficiency 
has been evaluated with color or vessel pulsation of the con-
duit by an experienced surgeon [6]. Recently, near-infrared 
fluorescence (NIRF) imaging with indocyanine green (ICG) 
has come to be widely used for visualizing the blood flow 
in real-time during navigation-assisted esophagectomy, as 
well as liver resection and colon resection [7, 8]. Van Daele 
et al. reviewed 19 articles in which ICG perfusion was used 
to assess the gastric conduit after esophagectomy and found 
that AL was reduced with the ICG-guided procedure in com-
parison to when ICG guidance was not used (9.9 vs. 20.5%) 
[9]. However, there is no established NIRF imaging proto-
col for reducing the incidence of AL after esophagectomy. 
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We, therefore, reviewed the relevant literature to address 
this issue.

We conducted an electronic search of the MEDLINE 
database using the search terms “indocyanine fluorescence” 
AND “blood flow” AND “esophagectomy”. Articles that 
did not report AL, Japanese articles and case reports were 
excluded. Of the 22 articles identified in 2021, 11 were 
selected for this study. Eight additional articles that included 
more than 20 cases were found by a manual hand search and 
selected for this study, resulting in a total of 19 articles [6, 8, 
10–26] (Fig. 1); these are summarized in Table 1.  

NIRF imaging with ICG to assess the blood supply 
to the gastric tube

NIRF imaging with ICG can visualize the blood flow in 
the arteries and perfusion in the intragastric wall arterial 
networks. Furthermore, it can be used for real-time surgical 
assessments during resection of the insufficient fluorescence 
area of the gastric tube [17], for the conversion of the anas-
tomosis procedure from end-to-side to end-to-end to relieve 
tension at the site of cervical anastomosis [18], and for addi-
tional procedures such as super drainage [27]. NIRF can be 
used repeatedly and does not prolong the overall surgical 

time [27]. Shimada et al. [10] evaluated the usefulness of 
NIRF using the Photodynamic Eye (Hamamatsu Photon-
ics K. K., Tokyo, Japan) in 40 cases (38 McKeown pro-
cedures; two cervical esophagectomies) and reported that 
no AL occurred in patients when the small vessels in the 
reconstructed organ could be visualized, and that vein anas-
tomosis could be performed for five patients using NIRF 
information.

Gastric tubes are classified based on width. A whole 
stomach tube is created by simple resection of the cardia. 
A narrow gastric tube, which is 3–5 cm wide, is created 
by resection of the lesser curvature of the stomach using a 
linear stapler. The whole stomach tube has the advantage 
of preserving the intra-wall vessels at the lesser curvature; 
however, with the narrow gastric tube, the blood flow to 
the tip depends on the connection of the left gastroepiploic 
artery (LGEA) and RGEA. Therefore, attention to these two 
factors is required during NIRF imaging with ICG. The pres-
ence of a connection between the RGEA and LGEA allows 
good perfusion to the top of the gastric tube; however, with-
out this connection, perfusion depends on the intragastric 
wall arterial networks [11]. Based on the ICG fluorescence 
information obtained using the Photodynamic Eye, Kumagai 
et al. [11] divided the gastric tube into the following three 

Fig. 1  Flowchart of the article 
selection process
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zones: zone 1, dominated by the RGEA; zone 2, dominated 
by the LGEA; and zone 3, dominated by short gastric ves-
sels. Zones 2 and 3 (when the right and left gastroepiploic 
connections were absent) were perfused by the intra-wall 
microvessels. The median time of ICG visualization from 
the root of the RGEA to the most cranial branch of the 
LGEA was 27 s. Interestingly, there was no difference in 
the time with and without connections between the RGEA 
and LGEA. However, two patients had gastric tube necrosis 
in zone 3, and their ICG visualization time was > 100 s. Dal-
ton et al. [17] compared 20 patients with and without NIRF 
imaging with ICG. Despite resection of the non-perfused 
area at the tip of the gastric tube in six (30%) patients in the 
NIRF group, AL occurred in two patients (10.0%); however, 
AL did not occur in the group without NIRF.

Color NIRF system

Various doses of ICG and NIRF systems are presented in 
Table 1. The association between these factors and AL 
reduction is unclear. Various instruments have been devel-
oped, including black and white, color, and high-vision 
systems. In comparison to the black and white system, 
the color system has advantages because it can be viewed 
and compared simultaneously and synchronously with the 
actual surgical field, and can be used with NIRF imaging 
with ICG during navigation surgery. The HyperEye Medi-
cal System (HEMS) [28] is the first color charge-coupled 
device system for intraoperative NIRF used for vessel anas-
tomosis during cardiovascular surgery [29], sentinel lymph 
node navigation during breast cancer surgery [30], and 
preserving the non-ischemic bowel area during surgery for 
non-occlusive mesenteric ischemia [31]. Kubota et al. [32] 
reported that the HEMS is useful for detecting the blood 
flow to the esophageal substitute (the gastric tube or colon) 
with microvascular anastomosis or sentinel lymph node 
detection during esophagectomy for five cases of esopha-
geal cancer. Kitagawa et al. [15] reported that the HEMS is 
useful for visualizing the intragastric wall arterial network 
borders between the blood flow from the greater and lesser 
curvatures of the stomach before the gastric tube is created 
to preserve the arterial networks on the greater curvature 
during esophagectomy (line marking method). Initially, the 
HEMS color system was not high-definition; however, it was 
later converted to high-definition. Unlike other bedside high-
definition color systems, the HEMS is portable, which is 
advantageous. Recently, the NIRF imaging system has been 
adopted for laparoscopy and robotic surgery, in addition to 
laparotomy. However, it is difficult to determine the cutoff 
value for AL development and to establish a protocol for 
NIRF with ICG to reduce AL. Because the results obtained 
with NIRF assessment are subjective, several instruments, 
procedures, ICG doses, and measurements have been 

developed. To address this issue, it is necessary to perform 
a quantitative assessment of NIRF imaging. We focused 
on ICG fluorescence time or the flow speed at which ICG 
reaches the tip of the gastric tube, and reviewed potential 
objective quantitative methods and their impact on reducing 
anastomotic leakage.

Quantification of NIRF

One of the quantitative methods used to assess NIRF is 
measuring the ICG perfusion speed in the stomach. Some 
researchers have attempted to determine a simpler cutoff 
value for the ICG visualization time. Ohi et al. [18] classi-
fied the gastric tube area using ICG visualization time infor-
mation as follows: rapid perfusion area, visualized within 
15–40 s from ICG injection (40 s rule); slow perfusion area; 
40–60 s; and low perfusion area, not visualized within 60 s. 
The low perfusion area has been recognized as unsafe for 
anastomosis. AL occurred in 1.7% of the ICG group and in 
14.7% of the non-ICG group. Noma et al. [20] demonstrated 
the significant benefits of ICG for reducing the severity and 
incidence of AL in comparison to not using ICG by per-
forming propensity score matching. They performed ICG 
visualization of the gastric tube and marked the point where 
visualization occurred at 20 s and 30 s after ICG injection. 
After pulling-up the gastric tube to the neck, they created 
anastomosis at the level visualized within 30 s (30 s rule). 
When it was difficult to perform anastomosis at the level 
where visualization occurred within 30 s, they performed 
further mobilization of the gastric tube or supercharge/drain-
age. In the Clavien-Dindo grading of the anastomotic leak-
age, the ICG group had a significantly lower incidence of 
anastomotic complications than the non-ICG group. Kuma-
gai et al. [19] performed end-to-side anastomosis at the point 
where visualization of the root of the RGEA occurred within 
90 s (90 s rule) based on their previous experience with 
gastric tube necrosis patients in which > 100 s were required 
before visualization of the gastric tube tip occurred [11]. In 
addition, they resected the tip of the gastric tube visualized 
after more than 60 s in 50% of the patients; only one of 70 
patients developed AL. With Noma’s 30 s rule, the aim is 
to perform anastomosis in the area that ICG could reach 
within 30 s. In contrast, with Kumagai’s 90 s rule, the aim is 
to prophylactically excise the tip of the gastric tube to avoid 
necrosis at sites that ICG does not reach within 90 s. Slooter 
et al. [24] performed NIRF imaging before anastomosis (Of 
the 84 patients, 67 underwent Ivor Lewis esophagectomy 
and the remaining 17 underwent McKeown esophagectomy. 
Ivor Lewis esophagectomy patients had NIRF imaging per-
formed in the trathorac cavity) and demonstrated that the 
ICG visualization time for patients with AL was longer than 
that for patients without AL. Yamaguchi et al. [26] con-
ducted a prospective, multicenter study and demonstrated 
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that incidence of AL was 2.4% for anastomoses created at 
the location visualized within 60 s and 33.3% for anastomo-
ses created at locations visualized within 60–90 s (P = 0.09). 
Based on these results, the creation of anastomosis at a loca-
tion visualized within 60 s would effectively reduce the risk 
of AL. These studies differed in their methods of measuring 
the ICG visualization time. Kumagai counted the time from 
the initial fluorescence of the RGEA to visualization of the 
gastric tube, it might be suitable for measuring the blood 
flow velocity from the RGEA to the gastric tube. While 
Noma and Kitagawa counted the time from ICG injection 
to gastric tube visualization. It may be easier, although it 
included the time from the injection of ICG to the RGEA. 
Kumagai and Noma placed the gastric tube in front of the 
chest wall so that the entire gastric tube could be observed, 
while Kitagawa observed the tip of the gastric tube after 
pulling up the gastric tube through the posterior mediastinal 
route. Although it was difficult to observe the root of the 
RGEA and the tip of the gastric tube in the neck at the same 
time, it was able to observe congestion or ischemia at the tip 
of the gastric tube that occurred after pulling up the gastric 
tube to the neck.

Koyanagi et al. [16] first reported the association between 
the ICG flow speed and AL by performing ICG visualization 
of the gastric tube before pulling up to the neck, measuring 
the distance between the antrum and the top of the visualized 
ICG in the gastric tube wall or RGEA, and calculating each 
ICG flow speed. Based on the ICG flow speed, they created 
two classifications: the simultaneous group, in which the 
ICG flow speed of the gastric tube wall was the same as that 
of the gastroepiploic artery, and the delayed group, which 
had a slower ICG flow speed. Among 40 patients, 7 experi-
enced AL; all 7 patients were in the delayed group. Further-
more, they determined a cutoff value of 1.76 cm/s (measured 
in the anterior chest wall). Koyanagi et al. [25] also reported 
that calcification of the superior mesenteric artery was asso-
ciated with slow ICG speed in the gastric wall and AL. AL 
occurred in 15 of their 109 patients. The ICG speed in the 
RGEA was not associated with AL; however, the ICG speed 
in the gastric tube of AL patients (1.91 cm/s) was signifi-
cantly lower than that in the non-AL patients (2.78 cm/s) 
(P < 0.001). According to the receiver-operating character-
istic curve, the cutoff value was 2.07 cm/s. Using this cutoff 
value in the multivariate analysis, the ICG speed was found 
to be an independent risk factor for AL. These results indi-
cate that the ICG speed reflects the arterial blood flow speed, 
which could influence the arterial vascular condition and 
lead to sclerosis or calcification.

Talavera-Urquijo et al. [23] performed ICG visualization 
of the stomach in 100 patients who underwent laparoscopic/
thoracoscopic Ivor-Lewis esophagectomy before the gastric 
tube was created laparoscopically with a near-infrared light 
source. They injected ICG and measured the visualization 

time from the root of the RGEA to the tip of the stomach, 
measured the length of the stomach, and calculated the 
ICG speed (cm/s). They calculated the ICG speed in the 
abdominal cavity (before creating the gastric tube) and at 
the thoracic stage (after creating the gastric tube). They 
demonstrated that the lower ICG speed measured in the 
abdominal cavity was associated with AL (4.23 ± 0.33 vs. 
2.93 ± 0.26 cm/s; P = 0.003); however, AL was not associ-
ated with the ICG speed in the thoracic cavity (3.02 ± 0.20 
vs. 2.51 ± 0.33 cm/s; P = 0.187). Kitagawa et al. [22] meas-
ured the time of ICG visualization from the RGEA to the top 
of the stomach before creation and after pulling the gastric 
tube to the neck through the posterior-mediastinal route. The 
association between the delayed ICG visualization time and 
AL was recognized after pulling up the gastric tube rather 
than before the creation of the gastric tube. Koyanagi et al. 
[25] reported no correlation between the congestion of the 
gastric tube and the blood flow speed or AL assessed before 
pulling was performed. These results suggest that when the 
anastomosis was made in the neck, compression and con-
gestion of the gastric tube tip because of the narrow size 
of the superior thoracic aperture (between the trachea and 
vertebra at the level of the sternum notch) [33] might affect 
the ICG speed, resulting in poor blood supply at the site of 
anastomosis and AL.

Another quantitative method used to assess NIRF is a 
measurement of the patterns of time and fluorescence inten-
sity. Yukaya et al. [14] reported three patterns of luminance 
change at two points of the gastric tube: the last branch of 
the RGEA, and the 3 cm proximal point. They used the 
HEMS to create a time-luminance curve and determined 
that 13 of 27 patients (48%) had a normal pattern, 9 (33%) 
had an inflow-delayed pattern, and 5 (19%) had an outflow-
delayed patter. Eight patients with the inflow-delayed pat-
tern lacked a connection between the RGEA and LGEA. 
However, there was no association between the changes in 
luminance and AL. Ishige et al. [21] quantified the fluo-
rescence intensity and created a time-fluorescence intensity 
curve at three timepoints: before the creation of the gastric 
tube, after the creation of the gastric tube, and after pulling 
up the gastric tube (just before anastomosis). The maximum 
increase in fluorescence intensity was decreased, and the 
time to reach the maximum increase in fluorescence inten-
sity was significantly extended after the creation and pulling 
up of the gastric tube in comparison to before the creation of 
the gastric tube. However, this result was not associated with 
AL because no AL occurred during the study.

Based on these results, arterial blood perfusion and 
venous return at the site of anastomosis were influenced 
by the occurrence of AL. However, NIRF imaging can-
not discriminate between the intensities of arterial perfu-
sion or venous return and the congestion of the pulled-up 
gastric tube. NIRF with ICG can assess the patency of 
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venous anastomosis, and this procedure can be repeated. 
However, when vascular permeability is increased, such 
as when ischemia is present, albumin seeps into the tissue 
and remains; therefore, ICG bound to albumin also remains 
and fluorescence does not disappear completely, resulting 
in blurred images. Therefore, it is difficult to quantitatively 
evaluate the degree of venous congestion with NIRF using 
ICG. Additionally, the fluorescence intensity is affected by 
several factors, including the distance or angulation between 
the target tissue and the camera and the brightness of the 
operating room. Because of these limitations of NIRF imag-
ing, another method is necessary.

New instrument that compensates 
for the limitations of NIRF

Recently, new modalities that compensate for the limita-
tions of NIRF have been reported. Hyperspectral imaging 
can assess physiological parameters, including tissue oxy-
genation perfusion, organ hemoglobin, and the tissue water 
index, that are used to detect the demarcation line during 
liver resection [34] or the ischemic status of the gastric tube 
during esophagectomy [35]. This modality may improve 
the assessment of the risk of AL and provide additional 
physiological information that would not be obtained by 
NIRF alone [36]. Tsutsumi et al. [37] reported the useful-
ness of a multispectral imaging device—which can evaluate 
the tissue oxygen saturation and hemoglobin level—in the 
evaluation of 39 esophageal cancer patients. They used this 
device before the creation of esophagogastric anastomosis 
and classified the gastric tube into four types: good circu-
lation, ischemic, congested, and mixed type (ischemic and 
congested), based on the values and patterns of  O2 saturation 
and hemoglobin levels. AL occurred in 2 of 39 patients with 
the mixed-type gastric tube with oxygen saturation  < 85%. 
This method is non-invasive and allows for real-time quan-
titative navigation surgery. Jansen et al. [38] evaluated the 
intraoperative gastric tube microcirculation using sidestream 
darkfield microscopy for 22 patients (20 Ivor-Lewis pro-
cedures and 2 McKeown procedures). They demonstrated 
that perfusion was decreased and vasodilation occurred 
toward the fundus area rather than the watershed area. Three 
patients developed AL (one died). The average capillary 
velocity, microvascular flow index, perfusion vessel den-
sity, and proportion of perfused vessels were decreased in 
the watershed area in comparison to the fundus area. How-
ever, patients with AL experienced the opposite effect. They 
considered that venous congestion resulted in high pressure 
and slow flow in the capillaries and resulted in poor arte-
rial perfusion. Milstein et al. [39] reported the effects of 
laser speckle contrast imaging, which has high temporal 
and spatial resolution and provides an index of the blood 
flow over large surface areas. They demonstrated that laser 

speckle contrast imaging could measure the changes in tissue 
perfusion at different regions of interest in the gastric tube, 
especially around anastomosis of the LGEA and RGEA at 
three different time points (before creating the gastric tube, 
after creating the gastric tube, and in the reverse Trendelen-
burg position) and created an overview and mapping of the 
microvascular flow at different time points during surgery.

We are still concerned about what the response should 
be when ICG fluorescence is poor around the anastomotic 
site. Changing the method of anastomosis from end-to-
side to end-to-end might be useful and easy [15]. Arterial 
reconstruction is an option for increasing the blood flow 
to the anastomotic site. However, the operative time would 
increase by approximately 40 min [40]. Saeki et al. [41] 
reported that super drainage reduced blood congestion 
and microcirculation of the colon conduit in 21 patients 
with esophageal cancer. Seven (33.3%) patients under-
went arterial anastomosis because of arterial blood flow 
insufficiency: AL occurred in five (23.8%) patients and 
no patients had colon necrosis. Fujioka et al. [42] com-
pared 20 patients with additional venous anastomosis and 
nine patients without venous anastomosis for esophageal 
or hypopharyngeal cancer. The venous anastomosis group 
had lower rates of AL (5.0 vs. 33.3%) and anastomotic 
strictures (0 vs. 66.7%). Kitagawa et al. [27] reported a 
case of super drainage at the neck using ICG fluorescence 
in esophageal cancer patients with right gastroepiploic 
vein injury at the root. NIRF was able to visualize the 
venous flow and AL could be avoided. Venous anasto-
mosis may be a useful option for shortening the operative 
time in comparison to the arterial anastomosis and could 
reduce the risk of serious complications, such as conduit 
necrosis. Kono et al. reported that transient bloodletting of 
the short gastric vein improved the microcirculation of the 
gastric tube [43]; therefore, it may be possible to evaluate 
improvements in congestion by increasing the fluorescence 
intensity of the gastric tube by transient bloodletting.

Conclusion

NIRF imaging with ICG has been used during esophagec-
tomy to avoid postoperative AL. It can visualize blood flow 
during real-time navigation surgery and provide informa-
tion about the suitable gastric tube location for anasto-
mosis. Arterial supply to the anastomotic site is essential. 
Furthermore, congestion caused by poor venous return is a 
risk factor for AL. NIRF is limited because of its subjective 
information and difficulty assessing venous return; however, 
these limitations are compensated by objective measure-
ments of the blood flow speed, fluorescence intensity, and 
tissue oxygenation in the gastric tube.
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