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History and Basic Technique of Fluorescence lmaging for Hepatobiliary-Pancreatic Surgery
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Abstract

Recently, fluorescence imaging using indocyanine green (]G} has been used clinically to visualize
the vascular/lymphatic anatomy and cancerous tissues in real time during surgery. Potentially,
among the best indications-for {CG fluorescence imaging are hepatobiliary and pancreatic diseases
since not only the fluorescent property of ICG but also its biliary excretion property can be utilized
for imaging. In fact, 1CG fluorascence imaging is already being used in clinical settings to identify the
anatomy of the bile duct during laparoscopic surgery as well as open surgery in cases of liver cancer.
5-aminolevulinic acid is another fluorescent probe that has been administered to humans for iden-
tification of malignant glioma, bladder cancer and epidermal tumor, although its application to hep-
atobiliary and pancreatic diseasas has rarely been evaluated. Preclinically, numerous kinds of noval
fluorescent probes are being developed to improve the sensitivity and specificity of ICG fluorescence
* imaging. making in vivo flucrescence imaging one of the most active research fields in the world.
Copyright © 2013 5. Karger AG, Basel

“

In vivo fluorescence imaging, aimed at delineating cancerous tissues and anatomic
structures for accurate diagnosis and surgical treatment, has become one of the most
active areas of medical research. Among the enormous amount of basic research be-
ing published, however, very few techniques have reached the level of clinical use,
except for real-time fluorescence imaging techniques using indocyanine green (ICG)
and 5-aminolevulinic acid (5-ALA). Herein, we review the history of research on flu-
orescence imaging techniques using ICG and 5-ALA, and introduce recent advances
in the development of novel fluorescent probes that could be applied in the near future
to the management of hepatobiliary and pancreatic diseases.
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* human bile {right test tuba).

Fig. 1. In vitro fluorescence
images of ICG solutions (feft)
and thelr gross appearance
{right). a Although pure ILG
solution {0.025 mg/mi) does
not show fluorescence {left
test tube), it begins to emit
strong flucrescence following
addition of a small amount of

b Increasing fluorescence in-
tensity according to the ICG
concentrations is visualized on
pseudocolor images (left). In
the present series, the highest
fluorescence intensity was ob-
served at the ICG concentra-
tion of 0.025 mg/ml.

Indocyanine Green

For more than 50 years since its approval by the Food and Drug Administration (FDA)
in 1954, ICG has been used in clinical settings mainly to estimate cardiac output and
liver function. The fluorescence property of ICG was characterized in detail in the
1970s, i.e. protein-bound ICG emits fluorescence that peaks at about 840 nm when il-
tuminated with near-infrared light (750-810 nmy; fig. 1) [1]. Because this wavelength is
hardly affected due to absorption by hemoglobin or water, structures that contain ICG
can be visualized through connective tissue thicknesses of up to 5-10 mm by combined
use of an appropriate filter and a4 camera that is sensitive to the infrared region.

By utilizing the potential of ICG asa fluorescent probe to delineate biological struc-
tures, fluorescence imaging using 1CG began to be applied clinically to fundus angi-
ography in the field of ophthalmology in the early 1990s [2]. In the 21st century, the
application of ICG fluorescence imaging has been extended to the field of surgery, as
an intraoperative navigation tool to determine the lymphatic flow in the extremities
[3], identify sentinel lymph nodes in patients with breast [4] and gastric cancer {5],
and track blood flow during coronary artery bypass grafting [6] and clipping of cere-
bral artery aneurysms [7]. Little attention, however, has been paid to the fluorescence
property of ICG in the fields of hepatobiliary and pancreatic surgery (probably be-

~ cause ICG has been widely adopted as a reagent for measuring liver function}, except
for the use of portal injection of ICG during surgery as a dye to delineate hepatic seg-

ments to be resected. In the last years, though, some researchers revisited the first
known property of ICG, ie. its biliary excretion, and developed the technique of in-
traoperative fluorescence cholangiography (table 1) [8-10].
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Table 1. Clinical applications of ICG fluorescence imaging in hepatobiliary and pancreatic surgery

Reference -

Indications : ' Concomnitant use

identif cation of hepatic segment
Aoki et al, [35]

Uchiyama et al. {36]

Kasuya et al. [37]

Ishizawa T et al, [38]

liver resection

Jiverresection
Jiver resection -

laparoscopic liver resection

Cholangiography
Mitsuhashi et al. [9]
Ishizawa et al. {39]
ishizawa et al. [15}
Ackistal. [4D]

Tagaya et al. [41]
Sakaguchi et al, [42]
Mizuno and Isaji [43]
Ishizawa et al, [16]
Hutteman et al. [44]
Kaibori et al, [45]
Kawaguchi et al. {46]
Sherwinter [17]

' open cholecystectomy ' angiography

liver resection and open cholecystectomy
laparoscapic cholecystectomy

laparoscopic cholecystectomy © identification-of

hepatic segments
open/iaparoscopic cholecystectomy * angiography
liver resection bile leak test

liver transplantation (donor)
single incision laparoscopic cholecystectomy

‘pancreatoduodenectomy

liver resection o bile leak test
liver resection and transplantation angiography
faparoscapic cholecystectomy

Identification of liver cancer
Ishizawa etal. [11]

Gotoh etal. [12]

ishizdwa et al. {47}
Yokoyama etal. [13]
|shizuka et al. [48)

Satou et al. [49]

Mgorita et al. [50]

liver resection (HCC and colorectal metastasis)

liver resection (HCC)

laparoscopic liver resection (HCC)

liver resection {metastasis of pancreatic cancer)
Hver resection {colorectal metastasis)

resection of extrahepatic metastasis of HCC
fiver resection (HCC)

Identification of chofec;tic venous flow
Kaietal.[51]

open cholecystectomy

Identification of cholestatic hepatic segments

Harada, et al. [52]

liver resection (liver cancer and bile duct cancer)

Identification of lymphatic drainage
Hutteman et al. [44]
- Hirono et al, [53]

pancreaticoduodenectomy
pancreaticoduodenectomy

Angiography
Kubota et al. [8]
Kaneko et al. [54]

liver transplantation '
laparoscopic choiescystectomy

Evaluation of liver functton in veno-occlusive regions

Kawaguchi et al. [55]

tiver resection and transplantation

HCC = Hepatocellular carcinoma. -
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Fig. 2. Fluorescence cholangi-
ography during laparoscopic
cholecystectomy. a Fluores-
cence cholangiography before
dissection of Calot’s triangle
using the 1-CCD fluorescence
imaging system (Olympus
Medical Systems, Tokyo,
Japan). b Fluorescence chol-
angiography after dissection
of Calot’s triangle using the
3-CCD fluorescence imaging
system (standard-definition
model; Karl Storz, Tuttlingen,
Germany).

As a navigational tool during surgery in patients with malignancy, the first clinical
applications of ICG fluorescence imaging were identification of sentinel nodes in cas-
es of breast and gastric cancer [4, 5]. Although intraoperative fluorescence imaging of
lymph node distribution may have the potential to minimize the dissection area in
surgeries for malignancies, fluorescence imaging does not reveal cancer-specific ac-
curnulation in metastatic lymph nodes - it only delineates the lymphatic drainage
routes from the cancer tissue to the ymph nodes. By contrast, the nature of {CG fluo-
rescence imaging of hepatocellular carcinoma, which was described for the first time
in Japan in 2009 [11, 12], is very different from other fluorescence imaging techniques:
it allows visualization of the hepatocellular carcinoma itself, Following intravencus
administration, the ICG is taken up by the cancer cells, remaining in the cancer tissues
at the time of surgery as a result of biliary excretion disorder.

Fluorescence imaging using preoperative intravenous administration of ICG also
enables identification of small metastases in the liver, which are difficult to detect by
visual inspection, palpation or ultrasonography during surgery [11, 13]. In the case of
metastases, ICG accumulates not in the cancerous tissue itself, but in the noncancer-
ous liver parenchyma surrounding the tumor, resulting in the appearance of rim flu-
orescence around the metastatic cancer on the cut surface of resectéd specimens [11].

Fluorescence imaging has the potential to be highly suitable for laparoscopic sur-
gery, in which surgeons complete surgical procedures by video imaging, Indeed, since
laparoscopic fluorescence imaging systems became commercially available in 2011,
the ICG fluorescence imaging technique has begun to be applied to laparoscopic sur-
gery in clinical settings not only in Japan [14-16], but also in the USA {17, 18], Swit-
zerland [19] and Argentina [20], mainly as a tool for navigation of the bile duct anat-
omy during laparoscopic cholecystectomy (fig. 2). Another application of ICG fluo-

4 . . . Ishizawa - Kokudo



rescence imaging is real-time microscopic visualization of the cellular structure during
endoscopic or laparoscopic examinations, which may partly replace pathological di-
agnosis based on biopsy samples [21]. :

5-Aminolevulinic Acid

5-ALA is the natural precursor of the heme pathway. In noncancerous cells, exoge-

nous application of 5-ALA results in production of protoporphyrin IX (PPIX) with a

fluorescent property; however, PPIX is rapidly metabolized to nonfluorescent heme,
In contrast, in malignant cells, administration of 5-ALA can cause overproduction of
PPIX, probably as a result of increased activity of porphobilinogen deaminase and/or
decreased activity of ferrochelatase [22,23], enabling identification of canccrous tis-
sues using 5-ALA-induced PPIX fluorescence.

Oral 5-ALA has been approved as an agent for photodynamic therapy of keratosis
by the FDA and as an optical imaging agent f{or intraoperative identification of ma-
lignant glioma [24] in Europe and Korea. Intravesical administration of a 5-ALA de-
rivative has also been used for the detection of bladder cancer [25]. However, there
are few reports of fluorescence imaging using 5-ALA in the field of digestive surgery,
except for its application to the detection of metastasis from gastric [26] and colorec-
tal caricer [27]. A previous report revealed that the tissue concentration of protopor-
phyrin in the liver and pancreas gradually increases to reach its peak 7-10 h after oral
administration of 5-ALA [28]. The author’s group also confirmed fluorescence of
PPIX in swine liver, pancreas and bile by naked-eye observation {ollowing oral 5-ALA
administration (fig. 3), suggesting the potential use of 5-ALA as a fluorescent agent
for intraoperative navigation during hepatobiliary and pancreatic surgery. The major
~ advantage of 5-ALA-induced PPIX fluorescence is that it lies within optical regions
(excitation: 440 nm; emission: 575-675 nm), while this fluorescent property may also
pose a limitation with respect to tissue permeability to delineate deeply located can-
- cerous lissues and bile ducts covered with connective tissue.

Novel Fluorescent Probes

Recently, there have been reports on numerous kinds of novel fluorescent probes for
in vivo imaging of biological structures every month. Among these, close-lo-clinical
application techniques are introduced hercin {please see the section ‘Near-future
technology’). :

One of the most promising indications of intraoperative fluorescence imaging is
{luorescence cholangiography to avoid bile duct injury, or at least reduce the need for
conventional radiological cholangiography during laparoscopic cholecystectomy,
which has become one of the most popular surgical procedures worldwide. Although
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Fig. 3. Fluorescence imaging following aral
administration of 5-ALA using a swine model.
Fluorescing pancreatictissue {a), common bile
duct {b) and bile juice (¢} can be detected by
naked-eye exarnination through light-blocking
glasses using a light source with a wavelength
of around 440 nm. ~

ICG seems to have ideal properties for fluorescence cholangiography, novel preclini-
cal agents with optimized pharmacokinetics and tissue permeability have also been
developed for use in fluorescence cholangiography [29]. Frangioni and colleagues
[30] have developed novel fluorescent probes to be used with ICG and/or methylene
blue for simultaneous identification of the bile duct and vascular anammy using a
- dual-channel near-infrared imaging system. :

Considering the fact that ICG is almost the only fluorescent agent that can be ad-
ministered intravenously to human subjects and will therefore remain the mainstay
for the next few decades, Kobayashi and colleagues [31] at the National Institutes of
Health continue to develop antibody-ICG conjugates to visualize specific receptor
expressions in cancerous tissues in real time. In contrast, another group has produced
novel fluorescent agents biy conjugating known antigenic carbohydrates, such as car-
cinoembryonic antigen, with commercially available fluorophores other than ICG,
enabling detection of metastatic lesions from pancreatic cancer in animal models [32].
Instead of utilizing the antigen- -antibody reactions between fluorescent agents and
cancerous tissues; Urano et al. [33] focused on cancer-specific overexpression of
membrane enzymes and developed v- glutamyl- hydroxymethy! rhodamine green,
which is completely quenched by spirocyclic caging, but is activated rapidly by a one-
step enzymatic reaction in the presence of y-glutamyltranspeptidase. This kind of
probe may be applicable not only to detection of cancerous tissues overexpressing
y-glutamyltranspeptidase {34] during digestive surgery, but also for real-time visual-
ization of pancreatic leaks based on the peptidase activities in pancreatic juice.
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Conclusion

Fluorescence imaging using ICG has been used clinically to visualize the lymphatic
drainage, liver cancer and bile duct anatomy in real time during su.rgery, and is begin-
ning to be applied to laparoscepic surgery. In order to further enhance the sensitivity
and specificity of intraoperative fluorescence imaging, we need to improve the imag-
ing systems used for visualizing the fluorescence of ICG and also develop novel fluo-
rescent agents that would enable cancer-specific identification of other hepatobitiary
and pancreatic malignancies besides hepatocellular carcinoma.
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