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Abstract

Background. After surgery for liver tumors, recurrence rates remain high because of residual positive margins or
undiagnosed lesions. It has been suggested that detection of hepatic tumors can be obtained with near-infrared
fluorescence imaging (Fl). Indocyanine green (ICG) has been used with contrasting results. The aims of this study were
to explore ICG-Fl-guided surgery methodology and to assess its potential applications. Materials and Methods. Out of
14 patients with liver tumors, 5 were not operated on, and 9 patients (3 primary and 6 metastatic tumors) underwent
surgery. ICG (0.5 mg/kg) was injected intravenously 24 hours before surgery. Fluorescence was investigated prior to
resection to detect liver lesions, during hepatic transection to guide surgery, on both cross-section and benchtop to
assess surgical margins, and for pathological evaluation. Results. All operations were successful and had a short duration.
ICG-FI detected all already known lesions (n = 10), and identified 2 additional small tumors (I hepatocarcinoma and
| metastasis, diagnostic improvement = 20%). Two hepatocarcinomas were hyperfluorescent; the remaining one,
with a central hypofluorescent area and a hyperfluorescent ring, was indeed a mixed cholangiohepatocarcinoma. All
metastatic nodules were hypofluorescent with a hyperfluorescent rim. In all cases, in vivo and ex vivo fluorescence
revealed clear liver margins. Postoperative pathological examination greatly benefited of liver fluorescence to assess
radicality. Conclusion. ICG-Fl-guided surgery was shown to be an effective tool to improve both intraoperative staging
and radicality in the surgical treatment of primary and metastatic liver tumors.
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Introduction the breast, uterus and ovary, lung, prostate, and skin.?
Almost 20% to 25% of colorectal cancer patients harbor
distant metastases at the time of diagnosis, and the median
overall survival rate does not exceed 2 years. The liver is
involved in 80% to 90% of the cases and, in almost 50%
of which, is the only site of metastasis.*

Liver surgical resection, if feasible, results in a sur-
vival benefit for patients with primary or metastatic
hepatic tumors.’ The long-term outcome is directly linked

The liver can be affected by primary and secondary neo-
plasms. Among malignant primary tumors, the most fre-
quent are hepatocellular carcinoma (HCC), which occurs
in 75% of cases, and cholangiocarcinoma (6% of all
cases).' HCC ranks among the top 5 causes of death from
cancer in males of any age (7%). Hepatitis B and C are
the main risk factors; other causes are alcohol abuse,
some inherited metabolic diseases (hemochromatosis and
a-1-antitrypsin deficiency), and metabolic syndrome (a
group of risk factors capable to raise the risk for heart
disease, diabetes, and stroke, namely, obesity, high fast- Corresponding Author:
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to complete removal of all tumor cells based on micro-
scopic examination of the margins (defined as “R0” sur-
gical resection). Preoperative conventional imaging using
contrast-enhanced ultrasound, computed tomography
scan and/or magnetic resonance imaging, and metabolic
imaging using FDG-PET/CT (FDG positron emission
tomography/computed tomography) are currently used
for diagnosis of cancer and as an aid to guide its resec-
tion.® However, translation of imaging findings to the
operating field is extremely difficult for oncological sur-
geons. Visual appearance, palpation, and intraoperative
ultrasonography findings are the only available means for
discriminating between tumor and normal tissue and,
consequently, for determining whether or not an adequate
tumor-free margin has been obtained during surgery.”®
Moreover, intraoperative histopathological analysis of
frozen tumor margins is expensive, time consuming, and
may be inadequate in the presence of large lesions.’ In
addition, identification of small and/or superficial lesions
may be problematic, leading to high postoperative recur-
rence rates.>'*"!

During surgery, hepatic tumors can be identified by
near-infrared (NIR) fluorescence imaging (FI) through
the visualization of substances that are retained in the
liver after intravenous injection.'*'* Indocyanine green
(ICG) is a water-soluble anionic probe with excitation
and emission wavelengths in serum at 778 and 830 nm,
respectively.”” ICG is normally used for liver function
assessment.'® Following intravenous injection, ICG binds
to plasma proteins and is then rapidly taken up by hepato-
cytes, thus quickly disappearing from the bloodstream
(half-life ~3-4 minutes).'” ICG is secreted unmetabolized
into the bile, although in some instances, it may accumu-
late in particular areas making them detectable through
their acquired fluorescence.'*'® This feature, combined
with its rapid clearance from the circulation, makes ICG
a potentially good probe for the NIR-FI of solid tumors,
including liver tumors.'*?! In addition, it could be useful
to detect superficial or subcapsular liver tumors that fre-
quently go undiagnosed by conventional imaging.**?*

The aims of this study were thus to explore the meth-
odology of ICG-FI-guided surgery and to assess its
potential applications in the surgical treatment of primary
and metastatic liver tumors.

Materials and Methods
Patient Cohort

All patients with primary or metastatic liver tumors suit-
able for hepatic resection, observed at our institution
from December 1, 2016, to February 28, 2017, were ini-
tially eligible for this study. Exclusion criteria for liver
surgery were the following: age older than 80 years, poor

liver function (Child-Pugh score B/C and model for end-
stage liver disease score >15), insufficient estimated rem-
nant liver volume after radical resection, extrahepatic
metastases, and presence of severe comorbidities with
performance status >1. Further exclusion criteria were
contraindications to the use of ICG: estimated glomerular
filtration rate <55 mL/min, pregnancy, breastfeeding,
hyperthyroidism, or allergy to iodine, shellfish, or ICG.

There were 5 patients with a primary liver tumor and 9
patients with liver metastases from colorectal cancer liver
metastases. Two patients with primary liver cancer were
excluded from surgical treatment because of diffuse
intrahepatic tumor invasion (1 patient) or poor hepatic
function (1 patient). In metastatic patients, 3 cases were
not operated on because of advanced intrahepatic tumor
diffusion (2 cases) or poor general condition (1 case).
Ultimately, 9 patients (3 primary and 6 metastatic tumors)
underwent surgery; in all cases, no contraindications to
the use of ICG were recorded. Liver tumor behavior was
assessed through conventional and metabolic imaging,
complemented by serum levels of a-fetoprotein and car-
bohydrate antigen 19-9 in cases of primary liver cancer.
No preoperative liver biopsy was performed in these
patients. Out of 6 metastatic patients, 4 had previously
undergone resection of their colorectal cancer 14 to 26
months earlier, while 2 patients had synchronous hepatic
metastases. After resection of the primary bowel tumor,
all patients received 5-fluorouracil + oxaliplatin-based
adjuvant chemotherapy and were followed-up at 3
monthly intervals until tumor recurrence. The Ethics
Committee of the “Luigi Vanvitelli” University of
Campania approved the use of ICG, and all patients gave
written informed consent.

ICG-FI-Guided Surgery

In all patients, ICG (PULSION Medical Systems SE,
FeldKirchen, Germany) at a dose of 0.5 mg/kg was
injected intravenously 24 hours before surgery. No patient
underwent ICG _ retention test. The patients with a pri-
mary liver tumor underwent a bisubcostal laparotomy; in
metastatic patients, a median laparotomy with right costal
incision was preferred. The liver was exposed as usual,
and the organ was carefully checked by visual inspection,
manual palpation, and intraoperative ultrasound.
Fluorescent images of the primary and metastatic liver
tumors as well as the semiquantization of fluorescent sig-
nals were obtained using a commercially available FI
system, namely, Fluobeam (Fluoptics Imaging Inc,
Cambridge, MA). Fluobeam is a class Ila CE-marked
medical device. It allows the visualization of fluorescent
moiety with a maximum emission between 760 and 850
nm for an excitation wavelength of 750 nm. Fluobeam
includes a class 1 laser source that is safe under all
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Table 1. Clinicopathological Characteristics.

Number of Lesions

Patient Age Preoperative Conventional ICG-FI, n  Operation Time Time ICG-FI
Number (Years) Sex Diagnosis  Procedures, n (@ mm) (@ mm) (Minutes) (Minutes) ICG-FI Findings
I 64 Male Metastasis | (45) | (45) 190 20 Hypofluorescent
2 72 Male HCC | (40) | (40) 200 15 Hyperfluorescent
3 65 Male Metastasis 1 (30) 1 (30) 170 20 Hypofluorescent
4 65  Female HCC® 1 (60) 1 (60) 220 20 Mixed cholangio-
hepatocarcinoma
5 65  Female Metastasis 1 (25) 1 (25) 150 15 Hypofluorescent
6 70  Female Metastasis 1 (40) 2 (10-40) 210 30 Hypofluorescent
7 64  Female Metastasis 2 (20-30) 2 (20-30) 240 25 Hypofluorescent
8 79  Female HCC 1 (35) 2 (7-35) 230 30 Hyperfluorescent
9 70 Male Metastasis 1 (30) 1 (30) 180 10 Hypofluorescent
Total nodules 10 nodules 12 nodules

Abbreviations: ICG-Fl, indocyanine green-fluorescence imaging; HCC, hepatocellular carcinoma.
*At postoperative pathology the nodule was a mixed cholangio-hepatocarcinoma.

conditions of normal use. The laser light is conveyed
from the control box to the optical head via an optical
fiber. Two laser beams are emitted from the optical head
shedding light on an elliptic area of 15 x 10 cm at dis-
tance of 20 cm from the optical head. The Fluobeam
allows visualizing, on a computer screen, the accumula-
tion of NIR fluorescent agents in lesions located up to 8
mm from liver surface.* Hepatic transection was guided
by ICG-FI to obtain free tumor margins; after resection,
the hepatic surgical margins were checked again to evalu-
ate residual fluorescence. In the operating room immedi-
ately after liver resection, all specimens were observed ex
vivo on the benchtop with Fluobeam to confirm their pre-
vious appearance and to investigate the margins of the
resected tissue. Finally, postoperative pathological exam-
ination was performed using optical and NIR confocal
microscopy, along with conventional methods, to assess
fluorescence behavior and surgical radicality.

Results

The clinicopathological characteristics are shown in
Table 1. Five patients were females. The median age was
65 years (range = 64-79 years; interquartile range [IQR]
= 64-70 years). All operations were successful and no
complications were recorded; the postoperative course
was uneventful and all patients were discharged between
the 7th and the 14th postoperative days. The operation
time ranged from 150 to 240 minutes (median = 200 min-
utes; IQR = 180-220 minutes). ICG-FI took a median
time of 20 minutes (range = 10-30 minutes; IQR = 15-25
minutes); all images collected by Fluobeam were con-
verted into pictures and videos. Since 1 patient presented
with 2 hepatic metastases, the total number of lesions

diagnosed with current pre- and intraoperative diagnostic
procedures was 10. However, ICG-FI identified 2 addi-
tional subcapsular hepatic nodules with a diameter of 7
and 10 mm, respectively. Eventually, a total of 12 lesions
were detected (diameter ranging from 7 to 60 mm; median
=35 mm; IQR = 25-45 mm). On Fluobeam examination,
all livers, including cirrhotic livers, showed a diffuse and
homogenous slight fluorescence. In the 3 patients with
primary liver tumors, Fluobeam examination revealed
intense and homogenous fluorescent (hyperfluorescent)
nodules in 2 patients, one of whom had also a small (7
mm) subcapsular undiagnosed nodule in a different seg-
ment (Figure 1A). In the remaining patients, ICG-FI
identified a large nodule (60 mm) with central hypofluo-
rescent areas and a thin hyperfluorescent ring surround-
ing the lesion (Figure 2A). This nodule was radically
resected; on postoperative pathological examination, it
was shown to be a mixed neoplasm with central areas of
cholangiocarcinoma surrounded by a peripheral ring of
hepatocellular tumor cells. On the contrary, all metastatic
lesions appeared as hypofluorescent nodules with an
intense fluorescent rim; in 1 patient, ICG-FI identified a
further small and subcapsular nodule, which was demon-
strated to be a metastatic lesion on postoperative patho-
logical examination (Figure 3).

According to the fluorescence detected by the NIR
camera, the surgeon was able to make real-time decisions
as to how to modify the cut surface away from the tumor
in order to perform a complete surgical resection. In all
cases, postresection Fluobeam examination of the hepatic
cross-section displayed clear margins (Figure 1B). On the
benchtop, a complete correspondence between in vivo
and ex vivo observations was found; furthermore, for
each specimen, a boundary of normal tissue around each
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Figure |. Intraoperative indocyanine green-fluorescence
imaging (ICG-FI) in a hepatocellular carcinoma (HCC)

patient (case number 8). (A) Before hepatic resection.
Twenty-four hours after the intravenous injection of ICG

0.5 mg/kg, the liver showed a diffuse and homogenous slight
fluorescence. The already diagnosed HCC in the VIII segment
is hyperfluorescent. A small, subcapsular nodule undetectable
even with manual palpation was detected in the VI segment.
(B) After ICG-Fl-guided hepatic resection. Complete absence
of fluorescence around the hepatic margins.
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Figure 2. Mixed cholangio-hepatocarcinoma preoperatively
diagnosed as hepatocellular carcinoma (HCC; case number
4). (A) Intraoperative indocyanine green-fluorescence imaging
(ICG-Fl). A large nodule in the VII segment with a central
hypofluorescent area and a hyperfluorescent ring is visible. (B)
ICG-FI on the benchtop. Same aspect as the intraoperative
one. Beyond the fluorescent ring, the hypofluorescent liver
(clear hepatic margins) is clearly detectable.

lesion was identified (Figures 2B and 4). On postopera-
tive pathological examination, all surgical resections
could be shown to be potentially radical with free hepatic
margins. All analyses confirmed that ICG fluorescence
was retained in the cancer cells of HCCs and in the non-
cancerous liver cells surrounding the metastatic nodules.
Although tumor fluorescence was low, its presence was a
remarkable tool to evaluate surgical radicality. In primary
liver tumors, ICG-FI allowed to establish a clear demar-
cation from peripheral noncancerous tissue; instead, in
metastatic nodules, a fluorescent ring confirmed com-
plete removal of the lesion.
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Figure 3. Intraoperative indocyanine green-fluorescence
imaging (ICG-FI) in patients with a metastatic hepatic lesion
from colorectal cancer (case number 6). ICG-Fl detected the
already known lesion in the VIl segment as a hypofluorescent
nodule with a hyperfluorescent rim. In cartouche: An
additional undetected subcapsular nodule was identified by
ICG-FI on the right side of the gallbladder (V segment).
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Figure 4. Same case as Figure 3 showing indocyanine green-
fluorescence imaging (ICG-Fl) on the benchtop after hepatic
resection. Both metastatic lesions (main nodule of the VI
segment and an additional nodule of the V segment—cartouche)
had the same aspect as the one observed intraoperatively,
with a hypofluorescent ring around the hyperfluorescent rim
(clear hepatic margins).

Discussion

This study shows that ICG-FI correctly identified pri-
mary and metastatic liver tumors previously diagnosed
with current conventional methods. In addition, ICG-FI
was demonstrated to be a promising and useful intraop-
erative tool to detect additional small, superficial, and
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subcapsular tumor nodules that have gone unrecognized
by other diagnostic tools. Moreover, this procedure
seemed to be particularly useful during liver transection
in order to obtain free surgical margins and may consti-
tute a remarkable help to assess radicality both immedi-
ately after resection and during pathological analysis.

Surgical resection of primary and metastatic liver
tumors has been demonstrated to be the cornerstone of
treatment along with other combined therapies, such as
ablation and systemic chemotherapy. However, intra- and
extrahepatic recurrence rates remain high, even after
potentially curative surgery, with disappointing long-
term outcome.'®*>® It has been suggested that the pres-
ence of undetected lesions during liver surgery could lead
to disease underestimation, particularly for small and
subcapsular lesions that are very difficult to detect.”’
Therefore, improvements in pre- and intraoperative diag-
nostic tools are believed to be a crucial issue.

The fluorophores are substances that, under light exci-
tation, emit fluorescence in the NIR light spectrum rang-
ing from about 700 to 850 nm. This range has the
advantage of avoiding the absorption of light by hemo-
globin in the visible light spectrum (<600 nm) and other
molecules in the infrared spectrum (> 900 nm), thus
offering a better contrast. The detection of tumoral tissue
depends on the tumor-to-background ratio, which is the
ratio between the fluorescence intensity of the tumoral
tissue and the surrounding normal tissue.*® Several fluo-
rescent agents have been investigated in animal models,
but only a few have reached the clinic, and none has
obtained Food and Drug Administration approval. On the
contrary, ICG is a registered and Food and Drug
Administration—approved fluorescent agent for optical
imaging, and is a safe and inexpensive NIR fluorescent
probe. Because of its rapid blood clearance, ICG is nor-
mally used for liver function assessment and for visual-
ization of the biliary tree.'® However, thanks to the
serendipitous experiences of Ishizawa et al, ICG has been
noted to be retained in primary and metastatic liver
tumors after preoperative intravenous injection.'?
Therefore, ICG has emerged as a potentially useful tool
for intraoperative detection and evaluation of hepatic
neoplasms."*'*'® However, experiences with NIR ICG-FI
are still limited and mechanisms underlying the accumu-
lation of this fluorescent agent have not been clearly
elucidated."**

In HCC, neoplastic hepatocytes can take up ICG but
are unable to eliminate the fluorescent probe because of
biliary excretion disorders at their biliary pole, as demon-
strated by evidence of fluorescence in the canalicular side
of cancer cells by fluorescent microscopy. Therefore,
unlike noncancerous tissue, tumoral pseudoglands tend to
accumulate ICG and, as a result, HCC is characterized by

a strong staining.'>'*'® Another possible explanation for
hyperfluorescence is represented by the enhanced perme-
ability effect. Abnormally permeable tumoral vessels are
thought to underlie the enhanced permeability effect,
with consequent ICG passage and accumulation in the
extravascular space, leading to tumoral tissue hyperfluo-
rescence as compared with surrounding normal tissues.”!
There is now sufficient evidence for HCC to behave as a
hyperfluorescent nodule on ICG-FI, although poorly dif-
ferentiated HCCs may not accumulate ICG, thus appear-
ing as hypofluorescent areas.'*'* In our series, both HCCs
displayed an intense fluorescence; since none of them
was poorly differentiated, we cannot add our contribution
to this issue. To date, the role of ICG-FI in cholangiocar-
cinoma has been described in very few cases.”'®*" In con-
trast with some authors,”’ and in agreement with others, '
our case showed a hypofluorescent pattern. Indeed, hepa-
tocytes accumulating ICG are usually absent in this
tumor; thus, cholangiocarcinoma appears as a hypofluo-
rescent area surrounded by a hyperfluorescent ring. This
latter has been attributed to compressed thin biliary ducts
containing ICG, with concomitant intrahepatic cholesta-
sis produced by the tumor itself. Interestingly, our case
showed a central hypofluorescent area (constituted by
neoplastic biliary cells) surrounded by a thin hyperfluo-
rescent ring represented by HCC without areas of cho-
lestasis. To the best of our knowledge, this is the first time
that the ICG-FI pattern of a mixed cholangio-hepatocar-
cinoma has been reported. Like cholangiocarcinoma,
metastatic liver tumors also appear as hypofluorescent
nodules because they do not accumulate ICG.'*2%2!2430
The characteristic hyperfluorescent rim surrounding the
tumor is believed to be constituted by compressed hepa-
tocytes, with increased ductular transformation and
severe disorders of bile excretion.”

Timing of injection and optimal dosage of ICG are
important issues for standardization of the technique.
Some authors have suggested to inject ICG before sur-
gery, and time interval ranged from 1 to 14 days, while
others proposed an intraoperative injection.”®'® In agree-
ment with the majority of authors, we preferred to inject
ICG 24 hours before surgery, in order to consistently
reduce physiological hepatic uptake and to allow the drug
to concentrate in the tumor.*'**** Accordingly, 0.5 mg/kg
represents the most commonly used dose.

In our experience, ICG-FI identified all previously
known hepatic lesions and detected 2 further small subcap-
sular tumors undiagnosed by conventional procedures,
with a resulting 20% diagnostic improvement. This finding
confirms the utility of ICG-FI for more accurate disease
staging. However, in our present and previous experiences,
with the technology currently available, the total sensitiv-
ity of ICG-FI still remains fairly limited because lesions at
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greater than 8 mm of liver depth may escape detection.'***

On the other hand, ICG-FI confers the surgeon the remark-
able advantages to guide hepatic resection in a real-time
fashion and to immediately evaluate surgical margins as a
benchtop system.*”** In addition, previous experiences
have already demonstrated that ICG-FI-guided surgery
during laparoscopic approach to several hepatic tumors
may improve staging and oncologic radicality, and avoid
unnecessary laparotomies.*****® Finally, ICG-FI may
also contribute to improvements in pathological examina-
tion because identification of fluorescent regions before
microscopic evaluation would allow focused attention to
highly suspicious areas.**’

This study presents some weakness. The limited sam-
ple size of patients and conflicting results with previous
studies require caution. However, ICG-FI-guided surgery
seems a promising and effective tool to improve intraop-
erative staging and radicality in the surgical treatment of
primary and metastatic liver tumors. Further studies are
needed to standardize the technique and to determine its
role in this patient population.
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