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Abstract Indocyanine green (ICG)-based fluorescence imaging has been recently
applied to liver surgery to detect hepatocellular carcinoma (HCC). This technique is
quite safe and simple. Briefly, ICG is intravenously injected at a dose of 0.5 mg/kg
body weight as a routine preoperative liver function test before surgery. On the day
of surgery, after laparotomy, the liver surface is examined by a commercially
available near-infrared (NIR) camera system with the surgical lights turned off.
HCC nodules are usually detected as intense fluorescent signals by this method. In
this chapter, we introduce the clinical applications of ICG fluorescence imaging in
HCC surgery and review the clinical study literature to date. This technique is
highly sensitive and complementary to conventional modalities for the detection of
HCC. Although there are some limitations, such as the low penetration depth and
the detection of false-positive lesions, this technique is expected to be indispensable
for the diagnosis and treatment of HCC in the near future, with further develop-
ments in basic research and improvements of the devices.
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29.1 Introduction

Hepatocellular carcinoma (HCC) is one of the most common malignancies world-
wide. Following improvements in surgical techniques and preoperative imaging
modalities, long-term survival has been achieved in some patients treated with
hepatic resection [1]. However, even when curative resection is performed,
70-80 % of patients experience tumor recurrence within 5 years postoperatively
[2-4]. A possible explanation for this high early recurrence rate is the presence of
small metastatic lesions that are missed using current preoperative and
intraoperative detection methods [5, 6]. Therefore, conducting a more sensitive
and accurate intrahepatic imaging evaluation of these types of lesions is essential
for determining the extent of hepatic resection.

Recently, intraoperative imaging using near-infrared (NIR) fluorescence light
has been applied to various surgeries. Indocyanine green (ICG) is a NIR fluorescent
dye approved by the Food and Drug Administration for use in cardiocirculatory and
liver function diagnostic procedures. Several studies have reported the usefulness of
ICG intraoperative fluorescence imaging for detecting sentinel nodes in cases of
breast, gastric, and colon cancer [7-9]. In 2007, we incidentally found that HCC
tumors show very intense fluorescent signals using this method in patients given
with ICG several days prior to surgery as a routine preoperative liver function test.
[10] This technique provides not only real-time visualization of HCC nodules but
also highly sensitive identification of small and grossly unidentifiable HCC nod-
ules, enhancing the accuracy of liver resection.

This review describes the techniques, current applications, and future perspec-
tives regarding ICG fluorescence imaging for HCC.

29.2 Technique of ICG Fluorescence Imaging for HCC
Detection

The technique for ICG fluorescence imaging of HCC is quite safe and simple. The
patient is administered with ICG (Diagnogreen Inj., Daiichi Pharmaceutical,
Tokyo, Japan) intravenously at a dose of 0.5 mg/kg body weight as a routine
preoperative liver function test prior to undergoing surgery [11]. The interval
between ICG injection and surgery is usually within 14 days in HCC patients. On
the day of surgery, after laparotomy, the liver surface is observed using a commer-
cially available near-infrared (NIR) camera system with the surgical lights turned
off. This system activates ICG with emitted light at a wavelength of 760 nm and
filters out light with a wavelength below 820 nm. The light source is a light-emitting
diode (LED), and the detector is a charge-coupled device (CCD) camera. The
camera unit of the device is handled directly, and real-time fluorescence images
are obtained on the monitor in the operating room.
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29.3 Detection of HCC Nodules Using ICG Fluorescence
Imaging

HCC nodules are usually detected as intense fluorescent signals using
intraoperative ICG fluorescence imaging (Fig. 29.1). In a preliminary study, we
reported that ten primary HCC nodules showed intense fluorescent signals and were
easily detected using this method [10]. At the same time, Ishizawa et al. reported
detecting 63 primary HCC nodules using the same technique [12]. Previously
published studies of HCC detection are summarized in Table 29.1 [10, 12—
14]. The rate of HCC detection on intraoperative fluorescence imaging is reported
to be 52—-100 % and is strongly dependent on the distance from the liver surface to
the tumor. There is a technical limitation in that the tissue penetration depth of the
fluorescence emitted by ICG is only 5-10 mm. Morita et al. demonstrated that the
average distance from the liver surface to tumors unidentified on intraoperative
fluorescence imaging is 10.4 (0-27) mm [13]. In that study, 26 tumors unidentified
on intraoperative fluorescence imaging were identified in the sectioned specimens
using ex vivo fluorescence imaging. Van der Vorst et al. reported that, in their
study, 71 liver metastases, all of which were <6.2 mm from the liver surface, were

Liver surface ICG fluorescence

PDE

HEMS

Fig. 29.1 ICG fluorescence imaging for primary HCC. Gross appearance (leff) and
intraoperative ICG fluorescence imaging (right) of liver surfaces. Fluorescence imaging by
using a commercially available near-infrared (NIR) camera system (a) Photodynamic Eye
(PDE; Hamamatsu Photonics K.K., Hamamatsu, Japan) and (b) HyperEye Medical System
(HEMS, Mizuho Co., Tokyo, Japan)
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Table 29.1 HCC detection using ICG fluorescence imaging

Time HCC
between HCC detection
injection | detection rate | rate by
Number |and by ex vivo Newly Newly
of surgery intraoperative | imaging detected | detected
Author Year |patients | (days) imaging (%) (%) lesions HCC
Gotoh 2009 | 10 1-8 100 (10/10) 100 8 4
(10/10)
Ishizawa |2009 | 37 1-7 51 (21/41) 100 13 8
(63/63)
Morita 2011 | 58 3-28 62 (47/76) 96 (73/76) |35 6
Ishizawa |2013 | 170 1-52 NA 99 37 21
(273/276)

HCC hepatocellular carcinoma, NA not available

detected on intraoperative ICG fluorescence imaging, whereas 26 liver metastases
identified on conventional imaging could not be detected using intraoperative ICG
fluorescence imaging, all of which were deeper than 8 mm from the liver surface
[15]. Therefore, this technique is expected to improve the performance of imaging
devices in terms of achieving deeper visualization.

Following resection and sectioning, all liver tumors are examined using ICG
fluorescence imaging ex vivo. The detection rate is reported to be almost 100 %
[10, 12—-14]. Ishizawa et al. reported that, in false-negative cases of ICG fluorescence
imaging, the interval between the intravenous injection of ICG and surgery is excep-
tionally long compared with that seen in the remaining identified patients [14]. On the
other hand, they found that the signal intensity of the noncancerous liver parenchyma
was higher especially in patients with advanced cirrhosis who had received the ICG
injection within 24 h before surgery [12]. A previously performed study in rats showed
an optimal cancer-to-liver contrast in the group where ICG was administered at 72 h
prior to surgery [16]. Further studies are needed to determine the optimal interval
between ICG injection and surgery for obtaining good cancer-to-liver contrast.

29.4 Correlation Between the ICG Fluorescence Pattern
and HCC Differentiation

The fluorescence patterns observed under NIR are classified into three groups: total
fluorescent type, partial fluorescent type, and rim fluorescent type (Fig. 29.2).
Several studies have reported a significant correlation between HCC differentiation
and the fluorescence pattern [13, 14]. Combining these studies, a total of
346 patients were included (total type (n = 150), partial type (n=145), and rim
type (n=51)). Among the rim fluorescent-type patients, three cases (6 %) were
classified as well-differentiated carcinoma, and 22 cases (43 %) were classified as
poorly differentiated carcinoma. On the other hand, in the other fluorescent-type
groups (total and partial), 85 cases (29 %) involved well-differentiated carcinoma,
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Introperative Ex vivo
ICG fluorescence Liver cut surface ICG fluorescence

Fig. 29.2 ICG fluorescence patterns of HCC. Intraoperative ICG fluorescence imaging (/ef?),
gross appearance (middle), and postoperative ICG fluorescence imaging (right) of liver cut
surfaces. (a) Total fluorescence type. (b) Partial fluorescence type. (¢) Rim fluorescence type

and five cases (2 %) involved poorly differentiated carcinoma. These results
suggest that the rate of the rim fluorescent type is significantly lower among cases
of well-differentiated carcinoma and higher among cases of poorly differentiated
carcinoma compared to that of the other fluorescent types. It is hypothesized that
the mechanisms of ICG accumulation in HCC nodules are associated with ICG
transporter expression levels. Ishizawa et al. reported the expression of Na*/
taurocholate cotransporting polypeptide (NTCP) and organic anion-transporting
polypeptide 8 (OATPS), the major uptake transporters for ICG [17], in the cancer-
ous tissues of HCC lesions showing total and partial fluorescence patterns, but not
lesions showing rim-type fluorescence, according to a gene expression and
immunostaining analysis [14]. These results suggest that, in differentiated HCC
tissues, the portal uptake function is preserved, whereas the biliary excretion of ICG
is likely impaired. It has also been suggested that most poorly differentiated HCCs
exhibit rim-type fluorescence on ICG fluorescence images as a result of an impaired
portal uptake function in cancerous tissues. However, further research is needed to
confirm the mechanism and pattern of ICG accumulation in HCC nodules.
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29.5 Newly Detected Lesions on ICG Fluorescence Imaging

ICG fluorescence imaging technique can be used to achieve the enhanced detection
of small HCC nodules undetectable with conventional detection methods, including
preoperative CT, intraoperative ultrasound (IOUS), palpation, and visual inspection
(Fig. 29.3). Previously published studies of newly detected HCC nodules are also
summarized in Table 29.1 [10, 12—14]. The detection rate of new HCC lesions on
intraoperative ICG fluorescence imaging is reported to be 10—40 %. Despite recent
advances in preoperative imaging modalities, this technique detected new HCC
nodules in 40 % of the patients in our preliminary study. Because most small HCC
nodules (<10 mm in diameter) are pathologically well differentiated [18], lack
typical imaging patterns for HCC, and are not always hypervascular [19], it is
sometimes very difficult to diagnose these lesions as HCC preoperatively. In fact,
all of the new HCC nodules detected in our study were very small (3—6 mm), and
most of them were diagnosed as well-differentiated HCC. Sahani et al. reported that
one of the main limitations of IOUS is the hampered detection of superficial and
small tumors [20]. ICG fluorescence imaging performs well in cases of superficial
and small tumors, although it is unable to visualize deeper tumors. Therefore,
intraoperative ICG fluorescence imaging should be viewed as a complementary
adjuvant to conventional imaging techniques for the preoperative and
intraoperative detection of HCC.

On the other hand, previous studies have demonstrated that nonmalignant
lesions (regenerative nodules, dysplastic nodules, bile duct proliferation, cysts,
fibrosis, and normal liver parenchyma) display ICG uptake [10, 12—-14]. The
false-positive rate on intraoperative ICG fluorescence imaging is reported to be
38-83 % (Table 29.1). Since ICG is not a cancer-specific dye, it is difficult to
distinguish HCC from benign lesions using ICG fluorescence imaging. Therefore,
further basic studies, including molecular, genetic, and immunohistochemical
research, are needed to clarify the mechanisms and patterns of ICG accumulation
in HCC nodules.

Fig. 29.3 Newly detected HCC under ICG fluorescence imaging. (a) New single HCC (thin
arrow) was detected in a different hepatic segment from main tumor. (b) Small newly HCCs (thick
arrows) were detected around the main tumor. (¢) Tiny newly HCCs (arrowheads) were scattered
around the main tumor
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29.6 Detection of Extrahepatic HCC Tumors Using ICG
Fluorescence Imaging

HCC tumors are sometimes found outside the liver, in cases of extrahepatic
metastasis or ectopic HCC, a rare clinical entity defined as HCC arising from
extrahepatic liver tissue. Extrahepatic HCC tumors also demonstrate ICG uptake
and emit fluorescence when illuminated by NIR light. We experienced two rare
cases of HCC metastasis. The first case involved solitary and metachronous metas-
tasis to the appendix arising from HCC [21], while the second case comprised
abdominal wall metastasis of HCC. The tumors showed intense fluorescent signals
on intraoperative ICG fluorescence imaging (Fig. 29.4a, b). In particular, in the

Color ICG fluorescence

Fig. 29.4 ICG fluorescence imaging for extrahepatic HCC. Gross appearance (leff) and
intraoperative ICG fluorescence imaging (right). (a) HCC metastasis to the appendix. (b) HCC
metastasis to the abdominal wall. (¢) Ectopic HCC arising in the left triangular ligament of the liver
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second case, small metastasis lesions were observed around the main tumor on ICG
fluorescence imaging and were completely resected with negative margins under
guidance with this system. We also previously reported the usefulness of ICG
fluorescence imaging for detecting ectopic HCC arising in the left triangular
ligament of the liver [22]. In that report, the tumor was examined using a prototype
laparoscopic near-infrared camera system (Hamamatsu Photonics K.K., Hamama-
tsu, Japan) and was found to show bright fluorescent signals (Fig. 29.4c). The tumor
was subsequently resected with an adequate margin under guidance with the above
system. Satou et al. reported that, of 28 lesions for which ICG fluorescence was
performed intraoperatively, 24 lesions exhibited fluorescence and were proven to be
HCC metastases pathologically [23]. Five of these lesions were newly identified on
ICG fluorescent imaging. Therefore, ICG fluorescence imaging is also a useful tool
for intraoperatively detecting HCC tumors outside the liver.

29.7 Future Perspectives

As described above, there are two major challenges when identifying HCC using
ICG fluorescent imaging: the low tissue penetration depth and the detection of
false-positive lesions. The available literature currently reports a penetration depth
ranging from approximately 5—-10 mm. The ability to visualize tumors located in
deeper regions would provide further improvements in the accuracy of resection of
HCC lesions. In particular, ICG fluorescence imaging may be of great value in
laparoscopic and robotic liver surgery, as it is not possible to palpate the liver.
Moreover, modifying the ICG with a cancer-specific antibody would not only
enhance the accuracy of this technique for tumor diagnosis and localization but
also provide a novel photosensitive substance for use in photodynamic therapy.
Since ICG is also a photosensitive substance, the development of novel photody-
namic therapy that takes advantage of this property and the accumulation of ICG in
HCC tumor may be possible [24]. Therefore, further improvements in camera
systems and fluorophores are needed for ICG fluorescence imaging to become an
indispensable technique for the diagnosis and treatment of HCC.

29.8 Conclusion

ICG fluorescence imaging for HCC detection is already useful in clinical settings
for hepatic surgeons. With further developments in basic research and improve-
ments of the devices, this technique is expected to be indispensable for the diag-
nosis and treatment in HCC surgery.
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