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Abstract

Over the past ten years, numerous papers have been published on the use of
indocyanine green (ICG) fluorescence in liver surgery for hepatocellular carcinoma
(HCC). There are many different applications. The first is targeting superficial tumours
in patients with macro-nodular cirrhosis and an irregular liver surface. In a minimally
invasive setting, the lack of tactile feedback on the hepatic surface makes detecting
subcapsular HCC with ultrasound alone challenging. ICG fusion images can mimic the
tactile feedback of the hand and act as an ultrasound booster. ICG fluorescence can be
used to evaluate tumour residues after minimally invasive thermal ablation. ICG
fluorescence imaging can be also used to identify the grade of HCC early on and

evaluate the microinvasive component.
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Core Tip: We report the clinical application of indocyanine green fluorescence (ICG) in
the treatment of hepatocellular carcinoma (HCC). In minimally invasive surgery, ICG is
used for precise delineation of hepatic segments during anatomical liver resection. This
innovative technique can also serve as a powerful tool for detecting superficial HCC in
patients with macronodular cirrhosis, through intravenous ICG injection prior to
surgery. In some cases, ICG can also be employed to assess tumor remnants during
laparoscopic thermal ablation. A proven correlation exists between ICG fluorescence
patterns and tumor differentiation. Strong and homogeneous fluorescence is typical of
well-differentiated HCC, while moderately differentiated HCC exhibits partial
fluorescence, and poorly differentiated HCC is characterized by rim-type

fluorescence. Of particular interest is the relationship between ICG fluorescence




patterns and microinvasive components, such as ascular microinfiltration of the portal
or hepatic veins, bile duct infiltration, and the presence of satellite nodules. Finally, a
new frontier in ICG fluorescence lies in its ability to identify lymphatic drainage
pathways and sentinel lymph nodes during surgery, though further research is needed

to optimize its application.

INTRODUCTION

Indocyanine green fluorescence (ICG) exploits the fact that the dye is taken up by
hepatocellular carcinoma (HCC), but not washed out due to downregulation of ligandin
and other transporter proteins in neoplastic liver tissue[1]. This property has led to ICG
being widely used in the clinical management of HCC. Over the past ten years,
numerous papers have been published on the use of ICG fluorescence in liver surgery
for HCC. A recent systematic review and meta-analysis proved that laparoscopic liver
resection guided by ICG for HCC significantly increases the rate of tumour margin-
negative (R0) resections, reduces intraoperative time and blood loss, and decreases the
rate of intraoperative transfusions and postoperative complications[2].For liver tumours
formed by non-hepatocyte cells, such as epithelial cells found in colorectal liver
metastases (CRLM), the rim-type fluorescence signal is due to the compressed
hepatocytes surrounding the metastatic lesion that have a decreased bile excretion
ability.The European Association of Endoscopic Surgery (EAES) strongly recommend
gle use of ICG fluorescence imaging in combination with intraoperative ultrasound to
improve the detection of superficial liver metastases[3].In minimally invasive setting,
ICG can also be used to assess the surgical margin in real time by evaluating the
integrity of the fluorescent rim around lesions during wedge resections[4].Recent
studies have shown that patients who underwent ICG-guided liver resection for CRLM
had a higher rate of tumour margin-negative (R0) resection than those in the non-ICG
group[5,6].Laparoscopic liver resection for CRLM using ICG improves not only RO
resection rates, but also perioperative outcomes (shorter operative times, less blood

loss) and reduce margin recurrence[7]. Conversely, there is little evidence regarding the




use of ICG for other non-hepatocyte cells liver tumours, such as liver metastasis from
neuroendocrine tumours (NETM), uveal melanoma, breast cancer or intrahepatic
cholangiocarcinoma (ICC).According to the literature, 21-90% of patients affected by
neuroendocrine tumours (NETs) develop liver metastases, with 12-74% of these patients
presenting with metastases at the time of diagnosis[8]. Only liver resection with clear
margins (RO) can improve the prognosis, due to the large burden and high risk of
recurrence, therefore parenchymal sparing liver resection is the right choice.The role of
ICG in patients undergoing parenchyma-sparing liver resection for NETM remains
unclear. Recently, Wang et al.[9] reported a retrospective observational study
investigating the use of ICG for detecting and assessing the margins of NETM. The
authors compared two groups of patients: Those who underwent ICG-guided liver
resection (31 patients) and those who underwent resection without ICG imaging (20
patients). They found that ICG fluorescence imaging effectively ensured the safety of
surgical margins, achieving an RO resection in 97% of cases compared to 75% in the
group without ICG fluorescence guidance. However, although the recurrence-free
survival (RFS) Kaplan-Meier curve of patients in the ICG group showed a better trend,
the difference was not statistically significant[9].Another application of ICG is the
detection of liver metastases from uveal melanoma. This is due to the high risk of
multiple small metastases that cannot be identified by preoperative imaging and can
only be observed with ICG fluorescence[10]. Also ICC itself does not uptake ICG dye
and the surrounding hepatic surface is stained due to cholestasis caused by tumours
compression or bile duct infiltration. gccording to these preliminary studies, most
mass-forming (MF) ICC type showed negative or rim-fluorescence pattern, while the
periductal infiltrating (PI) and the mixed type (MF-PI) showed segmental
fluorescence[11,12]. During surgery, segmental fluorescence on the liver surface helps
surgeons estimate the extent of liver resection. The presence of fluorescence may
indicate compression or invasion of the bile ducts in this area. Therefore, resection
should extend beyond the fluorescing regions to achieve an RO resection. In a

retrospective pilot study evaluating the feasibility of indocyanine green (ICG) as a real-




time navigation tool, the authors reported that the scheduled operation was changed
intraoperatively for two patients due to fluorescence imaging[12]. ICG can also be used

to identify superficial satellite nodules[11].

ICG fluorescence to identify segmental hepatic region.
In hepatobiliary surgery, ICG can be adopted for a precise delineation of the hepatic
segments during anatomical liver resection for HCC. The first application dates back to
2008, when goki et al reported using ICG imaging to identify segmental hepatic regions
and obtain greater precision during parenchymal transection[13]. Two different
techniques for visualization of the segmental hepatic anatomy with ICG have been
described. In the positive visualization ICG is directly injected into a segmental portal
branch. In the negative staining technique, after selective clamping of the segmental
portal pedicle, ICG is injected intravenously[14-17].

ecent studies have also showed that complete resection of all the ischemic liver
tissue from the healthy liver is an independent predictor of long-term outcomes[18].
gforeover, during major hepatectomies, intrahepatic biliary anatomy can be evaluated
using intraoperative fluorescent cholangiography with ICG to avoid severe

complications such as biliary injury[19].

ICG fluorescence to target superficial lesions in patients with macronodular
cirrhosis.
In minimally invasive surgeries, such as laparoscopy or robotic surgeries, small
superficial lesions may be missed due to the limited ability of ultrasound to visualize
small lesions on an irregular liver surface and the presence of air between the probe and
the Glissonian surface[20,21].

Therefore, identifying lesions that must be removed in patients with macronodular
cirrhosis can be very challenging. IICG fluorescence fusion images can mimic the tactile
feedback of the hand and improve ultrasound imaging, assisting in the identification of

superficial nodules.




Kudo et al.[22] first proposed the use of laparoscopic ICG fluorescence imaging for
the real-time identification of subcapsular hepatic lesions. Seventeen patients
were included in the pioneering study, including 10 with HCC. ICG fluorescence
staining successfully visualised 12 out of 16 (75%) HCCs. All lesions identified by ICG

were close to the liver surface and were not identified by laparoscopic inspection

(Figure 1).

él a prospective study including 22 patients affected by primary and metastatic liver
tumours, Boogerd et al.[23] reported that ICG/near infrared (NIR) fluorescence imaging
had the highest sensitivity (92.3%) among all preoperative (CT and MR scans of the
abdomen) or intraoperative (visual inspection, laparoscopic ultrasound (LUS), and
ICG/NIR fluorescence) imaging modalities.

Similar findings were reported by Piccolo ef al.[24] in a prospective study of 18
patients with primary and metastatic liver tumours. The authors compared
preoperative imaging (CT and MR scans of the abdomen) with LUS and ICG/NIR
fluorescence imaging. Twenty-nine tumours (100%) were correctly identified using
ICG/NIR fluorescence imaging, whereas twenty-one tumours (72.4%) were correctly
identified using only LUS. The lesions that could not be identified using LUS were
smaller ( <1 cm) and located in the posterolateral segments or at the edge of the liver in
patients with macronodular alterations.

Based on the available data, we suggest that, in minimally invasive surgery where
tactile feedback is absent, ICG fluorescence plays a critical role in the detection of

superficial hepatocellular carcinoma (HCC) in patients with macronodular cirrhosis.

ICG fluorescence guidance for laparoscopic thermal ablation.

Laparoscopic microwave ablation of HCC is typically performed under ultrasound
guidance. However, the presence of macronodular cirrhosis and an irregular liver
surface make it difficult to detect superficial nodules due to inadequate contact between
the probe and the liver surface. ICG fluorescence can overcome these difficulties. In

some cases, ICG can also be used to evaluate tumour residues after thermal ablation.




Fewer studies have evaluated these topics[25-28]. In a retrospective study, You et al.[26]
compared patients who underwent laparoscopic microwave ablation with and without
the aid of ICG fluorescence (29 vs. 32 patients, respectively). Five additional lesions
were found in the first group, which were detected only via ICG fluorescence and not
identified by preoperative imaging. There was no difference in overall survival between
the two groups of patients, but the authors reported significantly lower recurrence-free
survival among patients treated with the integration of the two techniques (LUS + ICG).

Similar data were presented by Hu et al.[28], who evaluated 40 Liver lesions in 27
patients who underwent fluorescence-assisted laparoscopic thermal ablation
(radiofrequency and microwave) in a prospective study. The detection rate of HCCs
through ICG fluorescence was 82.5% (33 out of 40 Lesions). ICG fluorescence staining
revealed four additional lesions that had not been identified preoperatively and could
not be seen on intraoperative ultrasound. Technical success was defined as the
achievement of a necrotic zone with at least a 5 mm ablative margin around the outer
edge of the ICG fluorescence image. Complete necrosis of the lesion was achieved in
92.5% (37/40) of the patients, and local tumour progression occurred in 7.5% (3/40) of
patients.

In conclusion, we believe that ICG fluorescence guidance for laparoscopic thermal
ablation is feasible and useful; however, the available data require further studies

involving larger numbers of patients.

ICG fluorescence patterns and tumour characteristics.

Hepatocytes take up ICG dye via two specific transmembrane transport systems:
Organic anion-transporting polypeptides (OATPs) and sodium taurocholate-
cotransporting polypeptides (NTCPs). These proteins are present at higher levels in
cancerous hepatocytes than in normal liver tissue. Therefore, hepatocellular carcinomas
(HCGs) typically exhibit homogeneous or partial fluorescence. Rim-type fluorescence
occurs in only a few cases and is due to decreased levels of these specific portal uptake

transporters. However, there are many different ICG pattern classifications, and few




studies have correlated fluorescence patterns with the pathological features of
HCCs[29-33].

Ishizawa et al.[29] first identified three patterns of ICG fluorescence in HCCs: Total,
partial and rim fluorescence. The authors reported that, compared with patients with
rim type ICG fluorescence, patients with total or partial ICG fluorescence had better
cancer cell differentiation, a smaller tumour diameter and a lower incidence of
microvascular invasion. Similar data were recently shown in a Western prospective
cohort study[30].

Piccolo et al.[30] evaluated the correlation between ICG patterns and HCC
differentiation grade. They divided the lesions into two groups: Total fluorescence
(where all tumoral tissue showed strong, homogeneous fluorescence; n = 9/33, 27.3%)
and non-total fluorescence (where there was partial or rim fluorescence; n = 24/33,
72.7%).

They reported a statistical correlation between ICG patterns and differentiation
grade. Almost all lesions with a uniform fluorescence pattern were well-differentiated
HCCs (G1-G2), whereas a partial or rim fluorescence pattern was more prevalent
among moderately and poorly differentiated HCCs (G3-G4) (88.9% vs. 11.1%; 37.5% vs.
62.5%; P = 0.025).

In contrast, Kaibori et al. [31] classified resected specimens into two groups: The high
cancerous (HC) group, where high ICG fluorescence was present in the neoplastic area,
and the high surrounding (HS) group, where high ICG fluorescence was present in the
surrounding liver tissue.

The authors reported that patients in the HC group had a significantly
higher incidence of cirrhosis, a higher 15-minute clearance retention rate (R15) as
measured using the LIMON® test and lower levels of total bilirubin, AST, ALT, and
platelets than patients in the HS group.

Poorly differentiated HCCs were more common in the rim-type subgroup..

Tashiro et al. [32] reported a similar classification, dividing HCCs into two groups

based on ICG fluorescence: Rim-negative and rim-positive. The rim-negative group was




further divided into two subtypes: Total and partial fluorescence. The authors reported
that cirrhosis was significantly more prevalent among patients in the rim-positive
group. Furthermore, well-differentiated HCCs were more prevalent among total
fluorescence types than in the other subgroups.

Recently, hepatobiliary surgeons from Paul-Brousse Hospital proposed a more
complex classification, in which they evaluated the fluorescence of both the tumour and
the surrounding liver tissue separately[33]. HCCs with intralesional ICG fluorescence
were categorised into three groups: 1) uniform emission, 2) heterogeneous emission and
3) no emission. Each of these subtypes was also classified into two subgroups according
to the presence or absence of rim-like ICG fluorescence in the peritumoral liver tissue.

Patients with HCCs that showed homogeneous fluorescence within the lesion had a
lower necrosis rate and higher serum alpha-fetoprotein (AFP) levels. Conversely,
emission was associated with peritumoral vascular changes, lower differentiation, and
lower serum AFP levels.

Of particular interest is the correlation between ICG fluorescence patterns and
microinvasive components, such as vascular microinfiltration of the portal or hepatic
veins or infiltration of the bile ducts, and the presence of satellite nodules. In our
experience, HCCs with vascular microinfiltration exhibit more nodules with intense
ICG fluorescence during surgery (Figure 2; intensity maps of IMAGE1 S™ Rubina®,
Karl Storz Endoscope). We also find a rare case of HCC with microinvasive components
due to periductal infiltrating growth. This presented as a homogeneous and intensely
fluorescent area of neoplastic tissue around the peritumoral area (Figure 3; intensity

maps of IMAGE1 S™ Rubina®, Karl Storz Endoscope).

CONCLUSION

Future prospects
ICG technology is currently widely used in hepatobiliary surgery for staining liver
segments during anatomical liver resection, for detecting liver tumours, and for

identifying fluorescence patterns and tumour characteristics. One new frontier in the




use of ICG in HCC is investigating the lymphatic drainage of liver tumours (Figure 3).
Ruzzenente et al.[34] proposed the use of ICG fluorescence to identify lymphatic
outflow pathways and sentinel lymph nodes (SLNs) during surgery for liver and biliary
cancers. The study protocol provided the peritumoral administration of 1 mL of a
solution obtained diluting 25 mg of ICG in 20 mL of water for injection. After the
injection, a specific infrared camera (Stryker™) detects fluorescence was used.
Visualisation of the lymphatic outflow pathway was obtained in 77.8% (n = 14) of
patients. Specifically, the hepato-celiac (left route) was visualised m 10 patients, the
hepato-cholecystic-retropancreatic (right route) in three patients, and the diaphragm
route in two patients. The median time for visualisation was three minutes after ICG
injection. The sentinel lymph node was detected in 13 patients (77.2%), with a
median visualization time of 5 minutes. SLN was localised along the common
hepatic artery (station 8) in six patients, in the hepatoduodenal ligament (station 12) in
five patients, and at the posterior aspect of the pancreatic head (station 13) in two
patients. Histological examination of the SLN confirmed the presence of lymphatic
tissue in 92.3% of cases (1 = 12) and neoplastic cells in 25% of cases (metastatic SLN, n =
3). Despite these promising initial results, we believe that further studies are needed to

confirm them.
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