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Near‑infrared fluorescence

The recent development of optical imaging using near-
infrared (NIR) fluorescence is being applied as a navigating 
tool in various fields of surgery [1, 2]. Indocyanine green 
(ICG) is a hydrophilic tricarbocyanine dye with a molec-
ular mass of 776  Da, which rapidly binds to plasma pro-
teins in the body. It is used to test liver function and cardiac 
output, and in ophthalmic angiography [3]. ICG becomes 
fluorescent with a specific wavelength of light (~820 nm) in 
the NIR spectrum, emitted when excited by a flash of light 
with a wavelength of 760 nm (Fig. 1). According to previ-
ous studies, ICG was well tolerated with no immediate or 
short-term complications related to its administration [3–5]. 
ICG can be detected even within deep structures because it 
is transmitted through tissue [6, 7]; therefore, it can provide 
less-invasive imaging of vessels and lymphatic ducts deep 
inside organs, including in real time during surgery.

The HyperEye Medical System (HEMS; Mizuho Co., Ltd., 
Tokyo, Japan) was developed as a new color charge-coupled 
device camera system for detecting ICG fluorescence in our 
institution [8]. This system uses light-emitting diodes as a light 
source and contains optical filters and an ultrahigh sensitive 
color charge-coupled device imaging camera with non-Bayer 
color filter arrays (HyperEye Technology; SANYO Co., Ltd., 
Tokyo, Japan) [8]. Thus, it can simultaneously detect NIR rays 
under room light to deliver color imaging, providing the major 
advantage of navigation during surgery [7–10].

The procedures for fluorescence imaging techniques 
using HEMS have been described in detail elsewhere [6–10]. 
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Briefly, the charge-coupled device (CCD) video camera of 
HEMS is positioned about 30–50 cm above the surgical site. 
The focus, iris, and range are remote-controlled, thus ensur-
ing that the camera is in a free position and allowing for 
imaging in the surgical field using a hand-held camera. After 
HEMS set-up beside the surgical field, 0.05 mg/kg ICG dye 
is injected by an anesthesiologist via a central venous cathe-
ter, followed by a flush of 10 ml saline. The major difference 
between HEMS and other NIR fluorescence imaging sys-
tems is that HEMS can visualize the fluorescence distribu-
tion in the surgical field with a background of natural vivid 
color [9, 10]. Thus, HEMS is a simpler, more mobile, and 
improved version of the ICG imaging system [6, 9].

This review focuses on the clinical use of NIR fluores-
cence-guided surgery using ICG, and describes its prefer-
able fluorescent characteristics and widespread use in clini-
cal research.

Sentinel lymph node detection using ICG

Lymph node dissection is of both therapeutic and prognos-
tic value in various types of cancer as patients with tumor 
involvement in the lymph nodes have a higher risk of dis-
ease progression. Axillary lymph node status is consistently 
reported to be the most significant prognostic factor in 
patients with breast cancer, and sentinel lymph node (SLN) 
biopsy is now well accepted as a less-invasive technique 
for nodal staging than lymphadenectomy in breast can-
cer patients with clinically negative axillary lymph nodes 
[11–13].

While the SLN procedure is accepted for several can-
cers, conventional methods of sentinel node detection 
involve radioisotopes and blue dye [14, 15], which show 
particularly high-detection and low false-negative rates in 
breast cancer patients [16]. However, these conventional 
methods have several disadvantages, such as the need for 
a nuclear physician, lack of visual information in the radio-
isotope method, and lack of transmission through skin and 
fatty tissue in the blue dye method. Infrared ray electronic 
endoscopy combined with ICG was first used clinically to 
detect SLN in 11 patients with gastric cancer, and demon-
strated that illuminated SLNs included all metastases in the 
105 regional lymph nodes [17].

Many recent studies have demonstrated the value of 
NIR fluorescence imaging using ICG for SLN detection in 
breast cancer [18–29]. Table 1 summarizes the SLN biopsy 
results using these procedures, which yielded an identi-
fication rate of 93–100  % (mean 1.0–5.4 SLNs detected 
per study). These numbers are high in comparison with 
conventional methods. Because NIR fluorescence imag-
ing using ICG can visualize the lymphatic drainage route 
in real time, the SLN biopsy can commence at the precise 
moment when the flow reaches the axilla, reducing the risk 
of labeling a non-SLN [22, 30]. Thus, NIR fluorescence 

Fig. 1   Fluorescence properties of indocyanine green (ICG). ICG 
becomes fluorescent with a specific wavelength of light of approxi-
mately 820 nm in the near-infrared spectrum, emitted when excited 
by a flash of light with a wavelength of 760 nm. The emitted signal 
can be detected even within deep structures because it is transmitted 
through tissue

Table 1   Previous reports of 
sentinel lymph node detection 
by near-infrared fluorescence 
using indocyanine green for 
breast cancer

SLN sentinel lymph node

Study Year Number of patients SLN identification rate (%) Mean number of SLNs

Kitai et al. [18] 2005 18 94.0 2.8

Tagaya et al. [19] 2008 25 100 5.4

Murawa et al. [20] 2009 30 96.7 1.8

Troyan et al. [21] 2009 6 100 1.5

Hirche et al. [22] 2010 43 97.7 2.0

Hojo et al. [23] 2010 113 99.3 3.8

Mieog et al. [24] 2011 24 100 1.5

Tagaya et al. [25] 2011 50 100 3.7

van der Vorst et al. [26] 2012 24 95.8 1.5

Schaafsma et al. [27] 2013 32 100 1.0

Guo et al. [28] 2014 86 93.0 2.4

Tong et al. [29] 2014 96 96.9 3.8
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imaging using ICG is not only feasible and safe for the 
intraoperative detection of SLNs, allowing real-time obser-
vation without the need for training, but also gives high-
detection and low false-negative rates.

While the available data on ICG fluorescence for SLN 
detection and biopsy is limited beyond breast cancer stud-
ies, a small number of trials have involved skin, gastroin-
testinal, and bladder cancer [31–34]. In one of these stud-
ies, Fujisawa et al. [31] reported higher sensitivity for ICG 
fluorescence than for radioisotope or blue dye methods in 
34 skin cancer patients who underwent SLN biopsy. This 
may help to reduce false-negative diagnoses.

Among several NIR fluorescence imaging systems, 
HEMS can provide a color image overlaying the NIR visu-
alization under white light illumination of the surgical field 
(Fig. 2). The feasibility of SLN detection using HEMS has 
been demonstrated in animal models, with success rates 
comparable to the blue dye method [35, 36]. Thus, NIR flu-
orescence imaging using ICG and including HEMS has the 
potential to improve SLN mapping of breast cancer.

Assessment of the bypass graft 
during cardiovascular surgery

HEMS angiography has been used successfully in car-
diovascular surgery, including coronary artery bypass 
grafting (CABG) for coronary artery disease (CAD) and 
revascularization surgery for arteriosclerosis obliterans 
(ASO) [6–10, 37]. In CABG surgery, it is important to 
reduce the rate of graft occlusion or stenosis resulting 
from technical difficulties during anastomosis. Yama-
moto et  al. [6, 9] reported that the accuracy of intraop-
erative HEMS angiography was comparable to the transit 
time flow measurement (TTFM), based on the principle of 

transit time ultrasound technology. Indeed, fluoroscopic 
angiography performed 1  year later showed that 130 of 
133 grafts defined as normal by HEMS angiography were 
patent, representing a negative predictive value of 97.7 %, 
whereas 9 of 11 grafts deemed to be abnormal by HEMS 
angiography were occluded, representing a positive pre-
dictive value of 81.8  % [6]. The authors of that study 
concluded that intraoperative HEMS angiography during 
CABG provides an adequately accurate prediction of the 
graft patency.

Surgical reconstruction with a tube or graft for abdomi-
nal aortic aneurysms (AAAs) can also be complicated by 
malperfusion in the peripheral arteries, with reported rates 
of 6 and 42 %, respectively, for ischemic colitis after elec-
tive AAA surgery and AAA rupture [38]. To assess the 
potential risk of bowel ischemia associated with surgical 
repair of AAA, various intraoperative assessments have 
been introduced, such as inferior mesenteric artery (IMA) 
stump blood pressure and transanal Doppler ultrasound. 
However, a thorough assessment of perfusion in the mar-
ginal artery and intestinal wall is difficult [10, 39]. Using 
HEMS angiography, Yamamoto et  al. [10] also demon-
strated sequential visualization of blood flow in the mes-
enteric artery, marginal artery, intestines, and colon, in 
10 cases of AAA repair with no intestinal postoperative 
complications.

Blood supply evaluation of reconstructed organs

The stomach is commonly used for reconstruction of the 
alimentary tract after esophagectomy for esophageal can-
cer; thus, adequate blood supply of the esophageal sub-
stitute is essential for safe anastomosis without leakage. 
It is important to assess the blood supply to reconstructed 

Fig. 2   HyperEye Medical System imaging using indocyanine green 
(ICG) for breast cancer surgery. ICG fluorescence of the sentinel 
lymph node (arrow) and lymphatic routes toward the sentinel lymph 

node (arrowheads) can be seen transcutaneously in real time (a). 
After skin incision, the fluorescent sentinel lymph node (arrow) and 
lymphatic channel can be seen (arrowhead) (b)
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organs because only the right gastroepiploic artery is pre-
served when a gastric tube is constructed from the greater 
curvature.

Rino et  al. [40] evaluated blood flow of the recon-
structed stomach with ICG fluorescent imaging and noted 
the incidence of anastomotic leakage and stenosis in 33 
patients with thoracic esophageal cancer. They found that 
if the splenic hiatal vessels were present with a gastric 
tube, preservation of this “splenic hiatal route”, which 
was formed by large vessels or networks of small vessels, 
would maintain blood flow to the top of the reconstructed 
stomach. They concluded that ICG fluorescence could be 
used to assess blood supply to the reconstructed stomach 
in patients undergoing esophagectomy for esophageal 
cancer [40].

Kubota et  al. [41] used HEMS to confirm sufficient 
arterial blood flow and venous perfusion in the esopha-
geal substitute after esophagectomy in five patients with 
thoracic esophageal cancer. We also evaluated the blood 
supply of stomach used as a substitute for esophagectomy, 
and demonstrated abundant arterial blood supply provided 
via the right gastroepiploic artery and subsequent blood 
flow in the gastric tissue (Fig. 3). We used HEMS for 31 
patients who underwent thoracoscopic esophagectomy 
with gastric tube reconstruction for esophageal cancer 
and were able to evaluate the blood supply to the gastric 
tube within 10 s of the ICG injection in all of them. Two 
patients had an anastomotic leakage between the esoph-
agus and gastric tube, and their HEMS showed lower or 
poorer fluorescence intensity at the gastric tube than those 
of the other patients. Thus, HEMS can be used to assess 
tissue perfusion during reconstructive surgery for ablative 

defects following oncological surgery, and might be use-
ful to visualize the blood supply of reconstructed organs 
during esophagectomy.

Application in laparoscopic surgery

NIR fluorescence imaging using ICG has also been applied 
in laparoscopic surgery to improve visualization and pro-
vide detailed anatomical information during surgery [42–
46]. Tajima et al. [42] reported a detection rate and mean 
number of fluorescent nodes of 94.7  % and 7.9, respec-
tively, in SLN mapping guided by ICG fluorescence imag-
ing during laparoscopy-assisted gastrectomy for 77 patients 
with gastric cancer.

Application for visualization of the biliary tree during 
laparoscopic surgery has also been reported. Since more 
than 95 % of ICG is captured by hepatocytes and excreted 
into bile within 15 min of injection, the surgeon can iden-
tify normal anatomy and possible anatomic variations [43, 
44]. Boni et al. [45] reported 100 % sensitivity of ICG fluo-
rescence in identifying the cystic and common bile ducts 
during 52 laparoscopic cholecystectomies. Thus, ICG fluo-
rescence imaging can allow for identification of the biliary 
anatomy in the normal setting or in potentially dangerous 
situations.

HEMS angiography could also be suitable for assess-
ing regional perfusion, similarly to X-ray angiography. 
Furthermore, HEMS provides the advantage of allow-
ing for laparoscopic surgery, because it enables visualiza-
tion of ICG-enhanced structures against a background of 
natural surgical field light with vivid color, synchronously. 

Fig. 3   HyperEye Medical System imaging using indocyanine green 
(ICG) for esophageal cancer surgery. Mobilized stomach for the 
esophageal substitute is laid (a). Blood flow from the right gastroepi-
ploic artery can be seen as ICG fluorescence (b). ICG fluorescence 

is seen in the gastric wall vessels perfused by the right gastroepip-
loic artery, whereas the blood perfusion has not reached the tip of the 
stomach (c)
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Accordingly, surgeons can check the ICG fluorescence 
image of the actual visual field without any changes to sys-
tem settings.

Blood circulation confirmation for acute 
mesenteric ischemia

Mesenteric ischemia represents an abdominal emergency 
accounting for approximately 2 % of gastrointestinal illnesses 
[47]. Non-occlusive mesenteric ischemia (NOMI) consists 
of acute intestinal ischemia and/or necrosis in the absence 
of occlusion of the mesenteric artery or vein. It is caused by 
decreased cardiac output resulting in splanchnic hypoperfu-
sion and mesenteric vasoconstriction, and it is associated with 
a poor prognosis and a high mortality rate [48, 49]. Although 
selective mesenteric angiography is considered the gold stand-
ard for diagnosing acute mesenteric ischemia, NOMI often 
occurs in patients with poor or unstable systemic conditions, 
when conventional angiography may not be possible because 
of its complexity and invasiveness [48, 50]. Nitori et al. [51] 
reported the efficacy of visualizing mesenteric and bowel cir-
culation by ICG fluorescence using HEMS during surgery 
for NOMI, in which the extent of resection of the ileum was 
decided based on the mesenteric perfusion. We also reported 
the value of HEMS as an additional technique in deciding 
whether bowel resection is needed in patients with mesenteric 
artery disorders, including a ruptured aneurysm, because it 
clearly demonstrates blood flow in the mesentery and bowel 
[52]. To improve surgical outcomes, we have used HEMS in 
emergency operations including those for aneurysm rupture 
and NOMI (Table  2). The fluorescence illumination of ICG 
with NIR light enables real-time visualization of the perfusion 
of organs and the bowel prior to, or after anastomosis. There-
fore, this new technique could play an important role in decid-
ing on an additional or improved procedure.

Identification of tumor location and anatomical 
variations in liver surgery

It has been reported that hepatocellular carcinoma (HCC) 
could be visualized using NIR fluorescence imaging with 

ICG [53, 54]. Several investigators have demonstrated that 
NIR is a promising technique to visualize not only hepato-
cellular carcinoma, but also metastatic liver tumors against 
the contrast of normal liver tissue in real time, intraopera-
tively [53–57]. Morita et al. [57] reported that ICG fluorog-
raphy identified 73 of 76 preoperatively diagnosed HCC 
lesions, with a sensitivity of 96  % and a positive predic-
tive value of 71.5  %, noting that it is sometimes difficult 
to accurately diagnose all liver space-occupying lesions 
before treatment.

Although the underlying mechanism of ICG accumula-
tion in the transition area between the tumor and normal 
liver tissue is not well known, it is hypothesized that ICG 
accumulates in regions of tissue possessing leaky capil-
laries of vessels or disturbance of bile secretion [53]. Fur-
thermore, the dose and interval between ICG injection and 
surgery are key determinants of the remaining background 
fluorescence signal in the liver and the fluorescent rim sur-
rounding the tumor [54, 55].

NIR fluorescence imaging provides simultaneous, real 
time, and high resolution identification of bile ducts and 
hepatic arteries during biliary tract surgery [58, 59]. It is 
also useful to prevent unexpected laceration and hemor-
rhage by facilitating identification of the anatomical vari-
ations of the hepatic artery. However, Matsui et  al. [59] 
reported that the high liver uptake required almost 2  h 
before the fluorescence of ICG in bile exceeded that of 
the liver, resulting in a statistical correlation between NIR 
fluorescence in the liver and subsequent ICG excretion into 
bile. Therefore, it is necessary to inject ICG more than 2 h 
before imaging to capture superior optical properties.

Future indications for ICG fluorescence imaging

NIR fluorescence imaging can provide the surgeon with 
an image of the NIR fluorescence signal that would oth-
erwise be invisible to the human eye. HEMS is currently 
used in NIR fluorescence image-guided oncology surgery 
and emergency surgery, for multiple indications. Moreo-
ver, the use of ICG-conjugated antibodies directed at cell 
surface markers overexpressed on cancers might be realis-
tic technology with diagnostic and therapeutic benefits [3]. 

Table 2   Patient characteristics when the HyperEye Medical System (HEMS) was used to confirm blood circulation in acute ischemia

HEMS HyperEye Medical System, NOMI non-occlusive mesenteric ischemia, SMA superior mesenteric artery

Case Age (years) Gender Ischemic type Intestinal ischemia Intestinal resection Outcome

1 69 Female NOMI + + Alive

2 72 Male NOMI + + Alive

3 64 Female SMA aneurysm − − Alive

4 86 Male NOMI − − Alive
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Microdosing, using 1/100th of the dose that yields a phar-
macologic effect for imaging agents, is expected to fur-
ther reduce the probability of adverse events. For instance, 
microdose administration of NIR fluorescent contrast 
agents in optical techniques may justify the use of optical 
molecular imaging agents [60].

One limitation of NIR fluorescence imaging is the sub-
jective nature of assessing the fluorescent signal, with no 
quantitative evaluation of ICG fluorescence yet possible. 
Further investigations are needed to establish criteria with 
cutoffs determined by quantitative analysis, and tools must 
be developed to measure and analyze the intensity of the 
signals.

Recent advances in fluorescence techniques using photo-
dynamic diagnosis and NIR fluorescence imaging, includ-
ing HEMS, enable improved visualization and detection of 
various cancers, and confirmation of blood and lymphatic 
circulation [52, 61]. Further investigations on a large num-
ber of patients are needed to confirm the applicability of 
NIR fluorescence-guided imaging surgery as a new optical-
imaging technique.
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