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Foreword

Professor Mitsuo Kusano, a former professor in the Department of Surgery, Showa

University, and a former president of the Kushiro Rosai Hospital, has published this

remarkable book, ICG Fluorescence Imaging and Navigation Surgery. His work
has been supported and assisted proactively by the co-editors Professor Norihiro

Kokudo, in the Department of Hepato-Biliary-Pancreatic Surgery, Tokyo Univer-

sity; Professor Masakazu Toi, in the Department of Breast Surgery, Kyoto Univer-

sity Hospital; and Associate Professor Masaki Kaibori, in the Department of

Surgery, Kansai Medical University. This book reports updated information on

some of the most widely investigated indocyanine green (ICG) fluorescence

methods.

As a member of the Japan Surgical Society and the Japan Surgical Association,

Professor Kusano, the chief editor of the book, is well known for being one of the

most energetic surgeons in his field, as well as for his gentle nature. He graduated

from the School of Medicine, Hokkaido University, Japan, in 1970. After his

residency in surgery, he spent more than 18 years in the Department of Surgery,

Asahikawa Medical University, Japan. During that time as an associate professor,

he already had been recognized as one of the most skilled surgeons. He was also

interested in surgical research such as for liver cirrhosis, hepatocyte function,

hepatocytes, and islet cell transplantation. After moving to the Department of

Surgery, Showa University, as professor and chairman in 1993, he built upon his

achievements and distinguished himself in the field of hepato-biliary-pancreatic

surgery. Establishing a way to carry out safe and appropriate surgery, Professor

Kusano devoted his attention to ICG as a contrast medium for a new method of

imaging which was obtained after the emission of LED in addition to a test drug to

evaluate liver function. He has contributed many studies of sentinel node navigation

surgery in the field of gastroenterological and breast surgery.

This book is a collection of recent developments in ICG fluorescence. One of the

most valuable aspects of the book is its detailed description of ICG, elucidating the

basic nature of ICG fluorescence, the characteristics of photodynamic detection

methods, and its applications for surgery. Interestingly, intraoperative ICG angiog-

raphy and lymphography in addition to sentinel node navigation surgery in various

v



areas, including the brain, head and neck, breast, gastrointestinal, hepato-biliary-

pancreatic, and pediatric surgery, are described here.

Fulfilling Professor Kusano’s dream, safe and appropriate therapy using ICG

fluorescence can be provided to patients in various surgical fields and then the

established technology can spread from Japan to the rest of the world. I hope this

book will provide useful information to both the readers and their patients in

applying this advanced technology using ICG fluorescence.

Department of Gastroenterological Surgery I Akinobu Taketomi

Hokkaido University

Sapporo, Japan

July 14, 2015
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Preface

It is our great pleasure to publish ICG Fluorescence Imaging and Navigation
Surgery, a book comprising 43 chapters in which the latest information from

basic and clinical research of indocyanine green (ICG) fluorescence surgery are

described. The reader may be surprised to learn that ICG fluorescence imaging has

been employed in so many clinical fields.

First, we express our sincere appreciation to all authors and staff who contrib-

uted to the publication of this book.

The basic study of ICG fluorescence imaging began in the 1970s. It was then

applied in the ophthalmic field, and in the 2000s it started being used in breast

cancer surgery to detect sentinel nodes. Its application to the digestive system

started from 2006, demonstrating the detection of sentinel lymph nodes of stomach

and colon cancers.

In recent years, it has come to be widely applied in various clinical fields. First, it

can be used as a contrast agent not only for cerebral and coronary angiography but

also for lymphangiography and cholangiography. Second, the usefulness of this

method has been recognized in hepatic surgery, such as the tattooing of hepatic

segments and the detection of liver tumors. The assessment of the vascularity of

skin grafts by ICG fluorescence is one of its attractive applications in plastic

surgery. In this book, many other useful and promising ICG fluorescence

approaches are described.

ICG has been used as a vital dye to measure the circulating blood volume and as

a diagnostic test reagent to evaluate liver function tests. Several decades have

passed since it was discovered that ICG possessed the characteristic property to

generate a fluorescence following conjugation with plasma protein. But the mech-

anism of the fluorescence-quenching phenomenon and the generation of ICG

fluorescence in response to other substances such as methanol and ethanol have

not been fully elucidated.

In recent years, the ICG fluorescent endoscope for thoracoscopic and laparo-

scopic surgery has been developed, enabling sentinel node navigation surgery in
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gastrointestinal tract cancers. We are convinced that endoscopic surgery when

combined with ICG fluorescent imaging provides a more powerful approach for

minimally invasive surgery.

We wish to express many thanks again to all authors for their great contribution

to the publication of this important book that accelerates not only research of

fluorescence imaging but also ICG fluorescent-navigated surgery.

Sapporo, Japan Mitsu Kusano

Tokyo, Japan Norihiro Kokudo

Kyoto, Japan Masakazu Toi

Hirakata, Japan Masaki Kaibori
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Chapter 1

Photodynamic Characteristics of ICG
Fluorescence Imaging

Mitsuharu Miwa

Abstract A recently developed ICG fluorescence imaging technique (termed ICG

fluorescence method) has shown promise in clinical imaging. The ICG fluorescence

method is suitable for use as an intraoperative diagnostic tool and has been applied

to many clinical fields including breast cancer sentinel lymph navigation surgery,

coronary artery bypass grafting, brain surgery, plastic surgery, and digestive sur-

gery, owing to its safety (nonradioactive tracer), small size, light weight, and

reasonable instrumentation costs. In this section, the optical characteristics and

important considerations for ICG are described.

Keywords Indocyanine green (ICG) • Near infrared • Fluorescence

1.1 Indocyanine Green (ICG)

Indocyanine green (ICG) is a water-soluble compound that has been clinically

approved in many countries for over 50 years for use in medical diagnostics,

including determining cardiac output, hepatic function, and liver blood flow. The

molecular formula of ICG is shown in Fig. 1.1, with a molecular weight of 755.

When ICG is injected into human tissues, it immediately binds tightly to blood

plasma. The majority of injected ICG is accumulated by hepatic parenchymal cells

and is then excreted from hepatic cells into bile juice without being metabolized.

The typical medical applications of ICG include hepatic function and liver blood

flow diagnostics, which use measurement of optical absorption functions. ICG

exhibits well-established fluorescence properties, and the fluorescence characteris-

tics are commonly used for diagnostic retina or choroid imaging in the field of

ophthalmology [1]. The peak optical absorption wavelength of ICG is approximately

800 nm, with peak fluorescence wavelengths of approximately 840 nm in the blood.

These near-infrared wavelengths are able to penetrate deeper into human tissue

compared with visible wavelength fluorescence compounds such as fluorescein.

M. Miwa (*)

Hamamatsu Photonics K.K. Development Center, 5000 Hirakuchi, Hamakita-ku, Hamamatsu,
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1.2 Optical Characteristics of ICG

The optical characteristics of ICG is shown in Fig. 1.2.

The peak optical absorption wavelength of ICG is approximately 800 nm, with a

fluorescence wavelength of approximately 810 nm in water and 840 nm in the

blood. These wavelengths cannot be observed by the naked eye, while the use of

video camera with high sensitivity in the near-infrared wavelength is used for

measuring ICG fluorescence. The use of optical technology in the near-infrared

wavelength for tissue measurement of ICG is advantageous as it can avoid the

influence of autofluorescence and allow measurement of relatively deep tissues.

The limitation of depth observation in human tissues is strongly related to the

wavelength. For tissue measurement, hemoglobin and water are the main absor-

bance molecules. The optical absorption spectra of hemoglobin and water are also

shown in Fig. 1.2. Hemoglobin strongly absorbs light at wavelengths shorter than

650 nm, while water absorbs light at wavelengths longer than 900 nm. The

wavelength between 650 and 900 nm, termed the “optical window,” has a high

transparency because of low light absorbance by hemoglobin and water. The peak

excitation and emission wavelengths of ICG are 800 nm and 840 nm in the blood,

respectively, which are both within the optical window. Thus, the ICG fluorescence

method can be used to provide angiographic assessment of blood vessels or

lymphatic vessels located relatively deep (up to 10 mm) in tissue. With respect to

image quality for tissue measurement, it is necessary to consider both light absorp-

tion and scattering. In particular, adipose tissue has low optical absorption but very

high scattering characteristics, which results in blurring of the fluorescent image.

Fig. 1.1 Molecular formula of ICG

Absorption of Hb

Absorption of HbO2

ICG Excitation ICG 
fluorescence

Absorption of Water

Fig. 1.2 Optical characteristics of ICG and absorption spectra of hemoglobin and water
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1.3 How ICG Generates Fluorescence

The color images (Fig. 1.3, left panel) and fluorescence images (Fig. 1.3, right

panel) under conditions of ICG diluted by water (Fig. 1.3, left image) and addition

of a small amount of blood plasma (Fig. 1.3, right image) are presented. ICG that

has just been diluted by water exhibits an unstable and relatively weak fluorescence

intensity (Fig. 1.3c). However, the fluorescence intensity increases when blood

plasma is added to the ICG solution (Fig. 1.3d). A similar phenomenon occurs in

human tissues, whereby an injected ICG solution immediately combines with blood

plasma to generate strong fluorescence. Although ICG was originally considered to

combine with albumin, it was more recently reported to predominantly bind to

alpha-1 lipoprotein [2]. Yoneya et al. also demonstrated that ICG fluorescence is

generated by high-density lipoprotein (HDL) and low-density lipoprotein (LDL)

from blood plasma using electrophoresis and suggested that HDL is the major

component involved in ICG fluorescence [3]. ICG fluorescence is also induced by

dimethyl sulfoxide (DMSO), methanol (CH3OH), and ethanol (C2H6O) [4], which

are easier to use than lipoprotein for creating an ICG fluorescence phantom.

1.4 Considerations of the ICG Fluorescence Method

1.4.1 Toxicity

ICG exhibits a low toxicity with few side effects (36 out of 21,278 cases; 0.17 %),

which include shock symptoms (0.02 %), nausea (0.08 %), angialgia (0.04 %), and

fever (0.02 %). ICG should be used carefully in elder subjects with decreased

physiological function, as well as in pregnant and lactating women [5].

ICG in water

(b) (c) (d)

ICG in + Blood plasma

Color Image Fluorescence Image

ICG in water ICG in + Blood plasma

(a)

Fig. 1.3 ICG diluted by water (left) and ICG diluted by water with blood plasma (right). Color
Image: (a) ICG in water, (b) ICG in water + Blood plasma. Fluorescence Image: (c) ICG in water,

(d) ICG in water + Blood plasma

1 Photodynamic Characteristics of ICG Fluorescence Imaging 5



1.4.2 Concentration and Dose of ICG Injection
for Fluorescence Imaging

The typical concentration and dose of ICG injection for a diagnostic liver function

test using the light absorption properties of ICG are 5 mg/ml and 0.5 mg/kg,

respectively. However, for ICG fluorescence imaging, much lower concentrations

and doses are recommended for improved fluorescence efficiency and to avoid the

quenching effect. The concentration and total dose of ICG injection vary with the

application. For example, 2.5 mg/ml concentration and approximately 0.5–1.0 ml

ICG are typically used for breast cancer sentinel lymph node (SLN) navigation

surgery, although there is some evidence of improved SLN detection rate with

concentrations �0.5 mg/ml.

1.4.3 Quenching Effect

The fluorescence intensity of ICG does not always correspond to its concentration.

In the case of fluorescence imaging, the fluorescence intensity of ICG is almost

linearly increased with concentration within a low concentration range, while the

fluorescence intensity then peaks and subsequently decreases at higher concentra-

tions, a phenomenon termed the “quenching effect.” ICG acts as a fluorescent

substance as well as an optical absorber. When the ICG concentration is too high,

ICG will absorb the fluorescence light itself, which is the main cause of quenching.

The fluorescence intensity at two different concentrations of ICG/ethanol solution

is shown in Fig. 1.4 (color image, Fig. 1.4a, b; fluorescence image, Fig. 1.4c, d).

Although the concentration of the left solution is 25 mg/5 ml (25 mg ICG diluted by

5 ml ethanol), while the right solution is 25 mg/1000 ml solution, the light

excitation intensities are the same. Thus, a very high-concentration ICG solution

shows lower fluorescence intensity, while a low-concentration ICG solution shows

(a) (b)
(c) (d)

Color Image Fluorescence Image

ICG 25mg/ Ethanol 1000ml ICG 25mg/ Ethanol 1000ml ICG 25mg/ Ethanol 5ml ICG 25mg/ Ethanol 5ml 

Fig. 1.4 Quenching effect. Color Image: (a) ICG 25 mg/ Ethanol 5ml, (b) ICG 25 mg/Ethanol

1000ml. Fluorescence Image: (c) ICG 25 mg/Ethanol 5ml, (d) ICG 25 mg/Ethanol 1000ml

6 M. Miwa



higher fluorescence intensity. Clinically, a very dark ICG color-stained lymph node

with very low fluorescence intensity due to quenching is rarely observed.

References
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Chapter 2

Indocyanine Green Fluorescence Properties

Seiji Ohtsubo and Mitsuo Kusano

Abstract The properties of indocyanine green (ICG) enable the observation of

fluorescence images with a photodynamic eye (PDE) system after ICG is injected

into a subject locally or intravenously. Over the last decade, many clinical appli-

cations using an ICG approach have been introduced, e.g., the detection of sentinel

nodes in breast cancer and melanoma and the use of ICG as the contrast medium in

cerebral angiography. However, an insufficient amount of basic research on the

fluorescence properties of ICG has been done. In the present study, we first sought

to identify the optimal ICG concentration that provides the maximum brightness

fluorescence, in an in vitro experiment. The ICG solution used was 2.5 mg/10 mL of

distilled water (original ICG solution). For additional diluted ICG solutions, we

used physiological saline (saline) and distilled water. The results did not reveal the

optimal concentration ratio of ICG and diluted solutions for obtaining the maxi-

mum fluorescence and intensity in each respective solution. In the next experiment,

we added bovine albumin (2 g/dL) to each diluted solution. We then evaluated the

appropriate dilution ratio of bovine albumin solution and ICG solution, and the

maximum brightness of the ICG fluorescence was observed using the dilution of

ICG solution to approx. 90-fold from 100-fold. In another experiment, the maxi-

mum intensity of ICG fluorescence was present in approx. 90-fold-diluted ICG

solution in plasma. We further assessed the characteristics of ICG fluorescence in

various conditions of temperature, pH, and light/dark. We observed no remarkable

changes of ICG fluorescence intensity from 10 to 50 �C. Additionally, the ICG

fluorescence was affected by the acid or alkali status and was preserved under the

cold/dark condition.

Keywords Indocyanine green • Fluorescence properties • Basic research
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2.1 Introduction

The liver function test agent indocyanine green (ICG) is known to emit fluorescence

at 845 nm [1], and ICG fluorescence imaging methods have been widely used in the

clinical fields to evaluate vascular and lymphatic systems [2–5]. The fluorescence

images produced with ICG cannot be observed without using an ICG fluorescence

near-infrared camera. We have used 25-mg ICG diluted with 10 mL of distilled

water in our studies, but the fluorescence intensity of ICG changes with variations

in the ICG concentration, temperature, and pH conditions. As the fluorescence

properties of ICG have not been carefully evaluated, we carried out a series of

experiments to elucidate the characteristic properties of ICG fluorescence.

2.2 Materials and Methods

2.2.1 Experimental Protocol

In our observations of ICG fluorescence intensity, we used the observation platform

of a PDE camera (Photo Dynamic Eye [PDE], Hamamatsu Photonics, Iwata, Japan)

fixed 50 mm away from the samples (Fig. 2.1).

1. The evaluation of the ICG fluorescence intensity (FI) in various concentrations

of ICG solutions

We prepared the original ICG solution (25 mg, with 10-mL distilled water), with

saline, with distilled water, and with plasma. We used filter paper (0.6 mm thick,

6-mm dia.) to which 20 μL of ICG solution was instilled (Fig. 2.1). We prepared

ICG solutions with the following concentration ratios: 2, 4, 8, 16, 32, 64, 128, 256,

512, 1,024, and 2,048 times (Fig. 2.2). The FI of the saline and distilled water after

adding the 2.0 g/dL bovine albumin was used throughout the experiment.

We evaluated the histogram of each sample using image analysis software after

the histogram was captured by a personal computer. We also examined the absor-

bance of the ICG solutions by spectrophotometry.

2. The fluorescence properties of ICG under changes of temperature, pH, and light

conditions

Based on the results of a preliminary experiment (data not shown), we used ICG

solution diluted by 100 times the original ICG solution with 2 g/dL bovine albumin.

First, under the same imaging conditions, we evaluated the FI with variations in

temperature, pH status, and the light/dark condition as follows: (a) at room tem-

perature (RT) under light from a fluorescent lamp for 24 h (the RT/light condition),

(b) at RT in a completely dark darkroom (the RT/dark condition), (c) at 4 �C under

fluorescent lamp light for 24 h (cold/light condition), and (d) at 4 �C in the
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darkroom (cold/dark condition). We assessed the FI in each condition up to 56 days

at 7-day intervals.

We next examined the FI of the samples at the same concentrations from 10 to

50 �C. Lastly, we examined the FI of samples at the same concentrations from

pH 3.0 to pH 11.0.

Four samples in each experimental group were prepared under the same condi-

tion, and the average FI value of the four samples was evaluated throughout the

experiment.

Fig. 2.1 The PDE camera

was fixed 50 mm away from

the sample (white arrows).
Yellow arrowhead: the filter
paper (0.6 mm thick, 6-mm

dia.) to which 20 μL of ICG

solution was instilled
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2.2.2 Preliminary Study of the Clinical Applications
of Fluorescence Imaging Using the Optimal
Concentration of ICG Solution

Based on the results of the above experiments, we examined the ICG FI after a

subcutaneous injection of 0.4 mL of a 100-fold dilution of the original ICG solution

into the palm side of the forearm of a consenting breast cancer patient with

lymphedema. We also injected the ICG original solution into the back of the

hand on the same side.

2.3 Results

Our measurements of the absorbance provided by the various dilution series, saline,

distilled water, and plasma dilution showed the correct hyperbolic pattern, which

demonstrated that the ICG diluting procedure in this experiment was acceptable

(Fig. 2.3). We were able to observe the ICG fluorescence in both saline and distilled

water, although these samples showed very low fluorescence intensity compared to

that of the plasma (Fig. 2.4). The maximum FI of the plasma was in the vicinity of

the original ICG solution diluted 80-fold from 90-fold (Fig. 2.5).

Fig. 2.2 ICG solutions with concentration ratios (human plasma)
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Fig. 2.3 Concentration-absorption curves for saline, distilled water, and human plasma
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However, in saline and in distilled water, there were variations in the FI, and it

was not clear what the appropriate ICG concentration was for maximum brightness

(Fig. 2.6). We therefore added bovine albumin (2 g/dL) to the original ICG solution.

We were then able to obtain the maximum brightness in the vicinity of the original

ICG solution diluted 90-fold from 100-fold ICG solution. The FI of the plasma was

not changed by adding bovine albumin (Fig. 2.7).

With the subcutaneous injection of a 100-fold dilution of the original ICG

solution in a breast cancer patient with postoperative lymphedema, the FI did not

decline (Fig. 2.8).

The time-dependent change of ICG fluorescence intensity is shown (Fig. 2.9).

The FI at 7 days in the RT/light condition was attenuated by 80 %. In an additional

Fig. 2.4 ICG fluorescence images of the same intensity (32� dilution)

Fig. 2.5 Density-intensity curve of human plasma. The maximum FI of the plasma was in the

vicinity of the original ICG solution diluted 80-fold from 90-fold (red bar)
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Fig. 2.6 Density-intensity curves of three samples. In the saline and distilled water, it was not

clear what the appropriate ICG concentration was for maximum brightness (red and blue lines)

Fig. 2.7 Density-intensity curve of three samples with added bovine albumin. The maximum

brightness was in the vicinity of the original ICG solution diluted 90-fold from 100-fold ICG

solution (red bar)
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experiment, the FI was linearly attenuated (Fig. 2.10). In the RT/dark and the cold/

light conditions, the attenuation of FI was observed from day 14. The attenuation

rate reached 50 % in the RT/dark condition around day 21, and in the cold/light

Fig. 2.8 ICG fluorescence

intensity. White arrowhead:
the fluorescence of the ICG

original solution. Yellow
arrowhead: the
fluorescence of the

100-fold-diluted ICG

original solution

Fig. 2.9 Time-dependent

changes of ICG

fluorescence images. (a): At
room temperature under

light from a fluorescent

lamp for 24 h (RT/light).

(b): At room temperature in

a completely dark darkroom

(RT/dark). (c): At 4 �C
under fluorescent lamp light

for 24 h (cold/light). (d): At
4 �C in the darkroom (cold/

dark)
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condition, it did so by about day 28. The FI decayed from day 35 in the cold/dark

conditions. At day 56, the attenuation rate was less than 50 % in the cold/dark

conditions (Fig. 2.11).

Fig. 2.10 Fluorescence intensity at 7 days in the RT/light condition

Fig. 2.11 Time-dependent changes in the ICG fluorescence intensity level. (a): RT/light. (b):
RT/dark. (c): Cold/light. (d): Cold/dark
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We show the FI in temperature and brightness changes in Fig. 2.12. No notable

change in FI was observed with the different temperature conditions (Fig. 2.12).

Regarding the pH conditions, we found that the FI was affected by the acid versus

alkali status of a dilute solution (Fig. 2.13).

Fig. 2.12 Fluorescence intensity in accord with the temperature (from 10 �C to 50 �C)

Fig. 2.13 Fluorescence intensity and pH (from pH 3.0 to pH 11.0)
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2.4 Discussion

ICG fluorescence navigation surgery has been widely used [2–5], but varying

amounts of ICG and concentrations of ICG solution for local and intravenous

injections have been used in different clinical fields, and the optimal parameters

for the use of ICG have not been established. ICG solution made of 25 mg of ICG

dissolved in distilled water has been used conventionally for intravenous or subcu-

taneous injections, whereas in the ophthalmic field, 3 mL of 25 mg of ICG dissolved

in distilled water has been used. The lack of basic research regarding the use of ICG

needed to be addressed, and thus, in the present study, we attempted to elucidate the

characteristic properties of ICG solution [6–8]. We prepared samples of ICG

solution with different concentrations to identify the best concentration(s) for

producing the strongest ICG intensity.

It is known that that ICG in itself does not possess the property of emitting

fluorescence without coupling with albumin or α- or β-lipoprotein [6]. However, we
observed the fluorescence of saline and that of distilled water itself even though the

FI was rather poor (Fig. 2.4). In addition, the FI values were not constant, and we

thus did not identify the appropriate ICG concentration or solution that produces the

strongest FI (Fig. 2.6).

The reasons why the present results were obtained are not yet known. Prior

studies and drug information inserts [9] including explanations such as “this drug is

unstable in the solution state, and rapidly stabilized by the photochemical reaction

after being combined with serum protein” [9, 10] provide a clue; ICG solution is

apparently unstable when combined with saline or distilled water alone. It seems

that bovine albumin should be added to the ICG in a diluted solution of saline or

distilled water to obtain the maximum brightness. In the present study, the ICG

original solution diluted 100-fold from 90-fold provided the highest FI (Fig. 2.7).

When a similar dilution procedure is used in vivo, the highest ICG FI could be

obtained. In our preliminary clinical trial using an injection into the palm of

lymphedema patients, there was no difference in FI values between the ICG

original solution and the 100-fold-diluted solution (Fig. 2.8).

Our search for the optimal concentration for the highest ICG fluorescence

intensity in plasma, with or without bovine albumin added, showed the maximum

ICG fluorescence intensity when the stock solution was diluted 90-fold from an

80-fold solution (Fig. 2.5). Therefore, by using the concentration diluted 90-fold

from 80-fold stock solution in the blood vessels, higher ICG fluorescence intensity

should be observable.

Our experiments also revealed that differences in temperature and pH affect

ICG’s fluorescence intensity and confirmed that the FI is strongly affected by the

presence/absence of light (Figs. 2.9, 2.12, and 2.13). Observations of resected

tissues using ICG fluorescence should be the focus of future studies. Our present

findings suggest that when using ICG to evaluate resected tissues, it is better to use

dark and cold conditions, which can maintain the ICG fluorescence brightness.
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Our results also confirmed that the ICG fluorescence declines with time and that

it is affected by the acid and alkali status of a dilute solution (Fig. 2.13). Sites of

inflammation in vivo tend to be acidic, whereas pus tends to be alkaline. It may be

possible to obtain sufficient ICG fluorescence images even at low concentrations for

such tissue or pus materials. Since there is little basic research on ICG, we

introduced an empirical approach in an attempt to identify the best ICG concentra-

tions for clinical use. We found that by controlling the concentration of ICG, the

amount of the injection of ICG solution, and the light/dark and pH conditions, it is

possible to obtain useful information based on ICG fluorescence.

We also examined the FI of distilled water and physiological saline. Distilled

water and physiological saline were confirmed to emit ICG fluorescence. Although

we were unable to identify the optimal concentration providing the highest ICG

fluorescence intensity, we found that with distilled water and with physiological

saline solution with added albumin, the FI was higher in the vicinity of the original

solution following 90–100-fold dilution. Regardless of the presence or absence of

albumin in the plasma, the FI was higher in the vicinity of the original solution

following 80–90-fold dilution. The ICG was strongly affected by the light and by

the acid/alkali status, without being affected by temperature.
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Chapter 3

Characteristics of the Photodynamic Eye

Camera

Takahiro Shikayama

Abstract We developed near-infrared fluorescence imaging system for

indocyanine green (ICG) as optical enhancer and tried to use the system for

evaluation purpose of blood and/or lymphatic vessel observation during the oper-

ation. The excitation wavelength of ICG is in the near-infrared wavelength between

750 and 810 nm, and the fluorescence occurs maximum wavelength at 845 nm in

plasma.

The near-infrared fluorescence imaging system Photodynamic Eye (pde-neo,

Hamamatsu Photonics, Hamamatsu, Japan) is equipped with light emitting diode

(LED) that emits near-infrared wavelength of 760 nm as excite light and a charge-

coupled device (CCD) as image detector with an optical high-pass filter in front of

CCD so that fluorescence signal can be detected efficiently. This system consists of

the camera unit, controller which operates the camera unit, and remote controller

which controls the LED intensity, video gain, and offset. The fluorescence image is

sent to a digital video processor to be displayed on a TV monitor in real time.

The features of the system are safe (X-ray radgiation-free), compact size, real

time, user-friendly, and cost-effective. It’s verified that the system is applicable to

various applications and promising technique for intraoperative diagnosis.

Keywords Near-infrared fluorescence • Fluorescence imaging • Indocyanine

green • Intraoperative imaging

3.1 History of Development of the pde-neo

Medical imaging technologies such as PET using a radiation tracer, X-rays CT

using radiation, MRI using a nuclear magnetic resonance phenomenon, and ultra-

sonic wave CT using an ultrasonic wave are key methods for assessment of human

tissues. By contrast, imaging technologies using light are not as well developed

as they exhibit strong scattering and absorption problems in living tissue.
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Nevertheless, recent studies on the behavior of light in the living body have

developed a technique termed light CT. Fluorescence imaging using the contrast

media of light is a widely used optical imaging technique. Herein, we provide a

description of near-infrared fluorescence imaging equipment that uses ICG for

measurement of the contrast media of light.

Hemoglobin and water are the principal optical absorption molecules in the

living body. Hemoglobin has strong absorption of wavelengths of visible light less

than 600 nm, while water has strong absorption against wavelengths greater than

900 nm. Thus, it was generally considered that the permeability of light in the living

body tissue is poor. However, near-infrared wavelength light (600–900 nm; “opti-

cal window”) can be transmitted to relatively deep tissues, as the absorption of

hemoglobin or water is low. Therefore, near-infrared light has been developed as an

imaging technique for safe and noninvasive tissue diagnosis in humans. For exam-

ple, if near-infrared light is illuminated within a living body, comparatively thin

parts will be visualized, including the palm and deeper structures such as blood

vessels; as near-infrared light is absorbed by intravascular hemoglobin, selective

imaging of parts of blood vessels is possible.

Although the absorption of water and hemoglobin is small and near-infrared

wavelength light has a comparatively high permeability in living tissues, degrada-

tion of image quality occurs due to light scattering. As such, prior to near-infrared

imaging, fluorescent and luminescent materials can be injected and detected for

initial tissue imaging. For example, a near-infrared fluorescence imaging instru-

ment using a fluorescent material was used recently reported to improve the

sensitivity and the signal-to-noise ratio of imaging sensors such as charge-coupled

device (CCD) and complementary metal oxide semiconductor (CMOS). Near-

infrared fluorescence imaging is safe (no radiation) and simple and provides real-

time data, and large and expensive equipments including PET, X-ray CT, and MRI

are not required.

3.2 The Basic Configuration of pde-neo

An infrared observation camera system, Photodynamic Eye (pde-neo or PDE;

Hamamatsu Photonics K.K., Japan) has been developed for clinical near-infrared

fluorescence imaging (Fig. 3.1). The basic configuration of pde-neo consists of a

camera unit and an image processing controller (Fig. 3.2). The system is connected

with a camera cable for exclusive use, and the image output is displayed on an

external monitor. The basic specification of pde-neo is shown in Table 3.1.
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Fig. 3.1 The appearance picture of the infrared observation camera system Photodynamic Eye

(pde-neo)

Fig. 3.2 Basic composition of pde-neo

Table 3.1 Basic specification

Camera unit Sensor: solid-state image sensing device

White LED and infrared auxiliary lighting function

Hand operation function

Contrast enhancement function, auxiliary lighting intensity

control

Controller Contrast enhancement function

Video output 2ch (BNC), 1ch (Y/C)

Outside

dimension

Camera unit About 80� 182� 80 mm (W�D�H)

Controller About 322� 283� 55 mm (W�D�H)

Mass Camera unit About 0.5 kg

Controller About 2.6 kg

3 Characteristics of the Photodynamic Eye Camera 23



3.3 Camera Unit

The camera unit is small, lightweight, and handheld (Fig. 3.3). Near-infrared

wavelength excitation light of an LED (IEC class 1) is located at the front of the

unit to provide an infrared auxiliary lighting function. A white LED is also attached

for general lighting. The CCD camera has sensitivity in the visible to near-infrared

wavelength domain, and the camera lens and optimal filter are built into a camera

unit. Four switches on the camera unit allow handheld control over the infrared

LED, white LED, and color image/fluorescence imaging. Connection of a remote

control device (Fig. 3.4) allows control over infrared LED, white LED, selection of

color image/fluorescence image, control of color display, contrast, and brightness,

and equipment setup. Focus control is provided by turning the camera head.

3.4 Controller Part

The controller of the pde-neo provides contrast enhancement function. The image

output of the pde-neo is an NTSC signal, and two BNC terminals and one

S-connector allow output to multiple external input devices, as well as one monitor

or multiple handy cams or HDD recorders to save dynamic images. The contrast

enhancement function provides brightness and contrast control. Contrast is the

difference between intensity of the white and black parts on a screen. An increase

in contrast will increase the brightness of the white display on the screen, although

it is important for the luminance of the black part of the image not to change. It is

the feature that the difference of control of intensity is emphasized. As brightness

reflects signal intensity, it also reflects the degree of luminance of the whole screen

Fig. 3.3 Camera unit of

pde-neo
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display. If intensity is raised, the increase of luminance of the whole display will

result in an increase in brightness of the white part, although the luminance of the

black part is also increased.

3.5 User Directions for the pde-neo

Pde-neo can image the fluorescence of ICG, a near-infrared fluorescence reagent.

Fluorescence is a phenomenon involving emission of light of a wavelength other

than the excitation wavelength. The directions for pde-neo are described in Fig. 3.5.
First, the fluorescence reagent ICG is injected into the tissue for observation. Next,

the target for observation is imaged by the camera unit of pde-neo using the near-

infrared LED. A fluorescence reagent is then excited by the near-infrared LED,

resulting in emission of light with a wavelength of approximately 845 nm

[1]. The reflected light is detected and imaged by pde-neo on the body surface.

Fig. 3.4 Remote controller

of pde-neo
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Using pde-neo, fluorescence imaging can be assessed in real time after injection, to

a depth of approximately 10–15 mm, depending on the tissues to be imaged.

There are a number of important considerations for measurement of fluores-

cence, including the light volume in which near-infrared LED emits. When the

target for observation (e.g., a lymph vessel and lymph node) is covered with fat or

other tissues, an image may blur due to the effect of scattering. By performing a

skin incision over the tissue to be imaged, the scattering effects can be reduced and

the fluorescence intensity increased. When the fluorescence intensity is too high,

the distinction of a lymph vessel and lymph node becomes difficult due to image

saturation. Thus, improved imaging can be obtained by reducing the fluorescence

intensity and adjusting the light volume by lowering the light volume of the LED,

before and after performing the skin incision.

There are two important considerations when using the pde-neo in an operating

room. First, the camera unit of pde-neo cannot be sterilized by gaseous or plasma

sterilization. Therefore, when using it in a clean area, a sterilized surgical drape is

used. Surgical light is also an important consideration. The wavelength of the light

of a surgical light (as well as halogen light or xenon light) contains a near-infrared

wavelength far stronger than the fluorescence of ICG. Thus, the surgical light needs

to be turned off at the time of fluorescence observation. As fluorescent light

produces only minimal near-infrared light, it does not have a strong effect on

image observation.

An example of angiography using ICG and PDE in the rat is shown in Fig. 3.6.

The visible observation image using the common camera is shown in Fig. 3.6a. The

fluorescence observation image using PDE is shown in Fig. 3.6b. ICG at 0.1–0.2 cc

volumes are injected into the rat tail vein. Although we cannot identify the green

ICG on the visible observation image, the ICG fluorescence image of the blood

vessel is clearly identified using PDE.

In summary, pde-neo and PDE are near-infrared fluorescence imaging systems

that allow noninvasive visualization of a blood vessel or a lymph vessel in real time

Fig. 3.5 Schematic view of the directions for PDE
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from the body surface, by imaging infrared fluorescence from the fluorescence

reagent injected into the body. Near-infrared fluorescence imaging by pde-neo was

originally used for sentinel lymph node biopsy in breast cancer [2]. However, there

is now increasing application to cardiovascular surgery, cerebral blood vessel

surgery [3], plastic surgery [4], and digestive organ surgery [5, 6].
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Chapter 4

ICG Videoangiography in Neurosurgical

Procedures

Yoshiaki Kumon, Hideaki Watanabe, Shiro Ohue, and Takanori Ohnishi

Abstract Indocyanine green videoangiography (ICG-VAG) has recently been

used for neurosurgical procedures, and its usefulness and drawbacks were evalu-

ated. ICG-VAG showed blood flow in the vessels as the hemodynamic change of

ICG fluorescence intensity. In clipping cerebral aneurysms, preservation of blood

flow in the parent and perforating arteries and occlusion of the aneurysm were

recognized. In bypass surgery, the patency of blood flow from the graft was

observed. In carotid endarterectomy, the precise stenosis area or residual stenosis

was observed before or after surgery. In removal of arteriovenous malformation, the

feeding arteries, draining veins, and the nidus were clearly demonstrated. In tumor

surgery, tumor-related vessels, normal brain parenchyma vessels, bridging veins,

and tumor margin infiltration were observed. These findings obtained using

ICG-VAG were useful to achieve these surgeries safely and completely without

complications associated with the use of ICG-VAG.

Recently, the semiquantitative flow measurement using the analysis software

such as FLOW 800 was used for bypass, vascular malformation, and acute stroke

surgery. Endoscopic ICG-VAG was applied in aneurysm clipping and pituitary

adenoma surgery.

Although there are some drawbacks associated with the use of ICG-VAG such as

the presence of blind spots and the difficulty with true quantitative blood flow

analysis, it is a useful intraoperative examination because of its safety and

convenience.

Keywords Indocyanine green videoangiography • Neurosurgical procedure •

Cerebral blood flow
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4.1 Introduction

Indocyanine green (ICG) is a dark green-blue-colored, water-soluble compound

with a molecular weight of 774.96. In the body, ICG combined with lipoprotein in

the blood is transported to liver, and it is absorbed into liver cells and excreted into

the bile without metabolism. ICG has been used to examine liver cell function.

Since ICG is a fluorescent material emitting fluorescence [1], it has been used for

angiography of the retina and choroid in the field of ophthalmology [2, 3].

The fluorescent material is stimulated by absorption of specific wavelength light,

and it emits energy as fluorescence while returning from the stimulated state to the

resting condition. In ICG, the wavelength of the stimulating light is 790–805 nm

and that of fluorescence is 835 nm [4]. Both waves are infrared and difficult to

observe by the naked eye. Thus, a camera capable of detecting infrared radiation is

necessary for fluorescent imaging. ICG florescence imaging becomes possible by a

system in which the camera irradiates infrared radiation with a specific wavelength

and detects the ICG fluorescent wavelength. The development of ICG observing

systems has led to its application in other medical fields. It has been used

intraoperatively for cerebral angiography in neurosurgery [5, 6], coronary angiog-

raphy in heart surgery [7], neck angiography in neck surgery [8], and visualization

of lymph nodes in cancer surgery [9, 10]. Although usual intraoperative angiogra-

phy has some complications such as embolic events, ICG-videoangiography

(ICG-VAG) can be done easily with intravenous injection of ICG, in a short time,

and without leaving the operative field. This method may further develop and its use

will be expanded.

We are using this method for neurosurgical procedures such as cerebrovascular

surgeries and tumor surgeries. Therefore, we present our experience and review

literatures concerning this method. Its usefulness and drawbacks in these neurosur-

gical procedures were evaluated.

4.2 Patients and Methods (Experience in our Hospital)

Using ICG-VAG, aneurysmal clipping surgery (77 cases), bypass surgery

(14 cases), carotid endarterectomy (35 cases), surgery for vascular malformation

(6 cases), and removal of brain tumor (13 cases) have been performed in our

hospital. One ampoule of ICG (25 mg) was diluted with 5 mL of vaporized

water, and 2.5–25 mg were injected intravenously and flushed with 10-mL saline.

The intensity of light in the operating room was then reduced for observation of

ICG fluorescence with the monitor camera. ICG fluorescence cannot be observed

by naked eye observation; it can be seen only on the monitor. One examination

usually requires 5 mg of ICG, and one surgical procedure usually requires up to

25 mg of ICG. After ICG intravenous injection, ICG fluorescence can be observed

15–20 s later in the intracranial arteries and 30–40 s later in the veins. The intensity
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of fluorescence usually reaches its peak at 50–60 s and then decreases, so that

fluorescence disappears 10 min after injection. We usually observed ICG fluores-

cence in the vessels for 2 min after injection; no side effects occurred due to

ICG-VAG.

In the present study, two types of microscope-integrated ICG-VAG (Zeiss and

Leica) were used.

4.3 Results and Discussion

4.3.1 ICG-VAG for Clipping Cerebral Aneurysm

The purpose of clipping the neck of a cerebral aneurysm is to occlude the aneurysm

neck without stenosis or occlusion of the parent arteries and perforating arteries.

However, it has been reported that, after clipping surgery, a neck remnant could be

seen in 4–19 % of cases, and occlusion of parent arteries and/or perforating arteries

was observed in 0.3–12 % of cases [11–16]. Therefore, it may be necessary to

improve surgical technique and to monitor these findings during surgery. Although

the precise examination for this purpose is cerebral angiography, this examination

takes time and has various side effects, such as embolic events [17–19]. Recently,

Doppler ultrasound imaging and endoscopy have been used for intraoperative

monitoring [20–22], but it is difficult to detect a neck remnant and flow disturbances

of fine arteries such as perforating arteries with Doppler ultrasound, and endoscopy

has difficulties in that there is a blind area, and intravascular blood flow is hard to

recognize. Therefore, ICG-VAG was found to be a useful examination instead of

cerebral angiography [6, 23–26], following the report by Raabe et al. in 2003

[5]. Especially for preservation of perforating arteries, ICG-VAG is superior to

conventional cerebral angiography.

ICG-VAG, as well as Doppler ultrasound and endoscopy, was performed for

77 cases (87 aneurysms) in our hospital. There are several important points for this

examination. (1) The operative field should be clean, because cotton and blood

disturbed the observation of ICG fluorescence. (2) The magnification rate should be

controlled, and it has been reported that 6–8 X is appropriate. Usually, ICG-VAG

was done before and after clipping a cerebral aneurysm and added if necessary for

each case. Before clipping, the anatomical relationship between the aneurysm neck

and the parent or perforating arteries was observed. Fine arteries from the anterior

and posterior communicating arteries of 0.2 mm in diameter could be observed

using ICG-VAG, as well as the anterior choroidal artery, Heubner’s artery, and the

posterior communicating artery (Fig. 4.1a–d). However, it is important to note that

calcified and/or sclerotic arteries decrease the intensity of ICG fluorescence on the

monitor (Fig. 4.1e, f). After clipping, ICG-VAG was done following Doppler

ultrasound and endoscopic observation. Several points should be observed, such

as (1) occlusion of the aneurysm (no recognition of ICG fluorescence in the
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aneurysm), (2) no occlusion of perforating arteries, (3) no aneurysm neck remnant,

and (4) no stenosis of parent arteries. The compression of the vascular structure

using a suction tip or a micro-sonde and change of the microscope angle are

sometimes necessary for observation of microscopic dead field behind the parent

artery, aneurysm, and clip.

In addition to these points, change of flow velocity during ICG-VAG should be

mentioned. One case showed decreased fluorescence intensity at the parent artery

(internal carotid artery) proximal to the aneurysm after clipping (Fig. 4.2b, c). The

flow velocity of ICG fluorescence at this artery and the ophthalmic artery became

normal after clip reapplication (Fig. 4.2d, e).

Furthermore, ICG fluorescence remains observed in the vessels (especially in the

veins); an interval more than 5 min may usually be necessary for repeated exam-

inations. When the clip was reapplied in a short time after a first incomplete

clipping procedure, ICG fluorescence remained in the aneurysm. In this situation,

Fig. 4.1 Operative findings of an anterior communicating artery (ACoA) aneurysm, a left internal

carotid artery (ICA)–posterior communicating artery (PCoA) aneurysm, and a right ICA–PCoA

aneurysm. (a) Operative view through the microscope of an ACoA aneurysm via the

interhemispheric approach. (b) ICG-VAG image during ACoA aneurysm surgery via the

interhemispheric approach. Fine perforating arteries from the anterior cerebral artery (ACA)

(arrows), as well as Heubner’s arteries (arrowheads), can be observed. (c) Operative view through

the microscope of a left ICA–PCoA aneurysm via the left pterional approach. (d) ICG-VAG image

during left ICA–PCoA aneurysm surgery via the left pterional approach. Fine perforating arteries

from the PCoA (arrow) and anterior choroidal artery (arrowhead) can be observed. (e) Operative

view through the microscope of a right ICA–PCoA aneurysm via the right pterional approach. (f):

ICG-VAG image shows poor blood flow at the sclerotic portion of the ICA (arrowheads) and good
blood flow at the aneurysm and ICA with a normal wall (arrows)

34 Y. Kumon et al.



it is important to observe whether intensity of ICG fluorescence in the aneurysm

increases for 3 min after injection. The duration of examination needs to be

considered, because it has been reported that brain temperature increased during

observation using ICG-VAG [27]. The Zeiss microscope system stops automati-

cally after 5 min of usage.

Since ICG-VAG is easy and safe for neurosurgical procedures with a micro-

scope, it has become the routine examination for clipping cerebral aneurysms.

However, surgical complications have been reported even though ICG-VAG was

done [23, 24, 26]. Dashti et al. reported that a neck remnant was recognized in 6 %

of surgeries, especially for anterior communicating artery aneurysms, and parent

Fig. 4.2 Operative findings of right ICA–ophthalmic artery (OphA) aneurysm surgery via the

right pterional approach.

(a) Operative view through the microscope shows an aneurysm located under the right optic nerve

(arrow). (b) Operative view through the microscope after first clipping aneurysm using one

fenestrated clip is suspected the stenosis of ICA (arrowhead). (c) ICG-VAG image after first

clipping aneurysm shows decreased ICG fluorescence intensity in the ICA proximal to the

aneurysm (arrowhead) due to stenosis of this artery. (d) Operative view through the microscope

after reapplication using two fenestrated clips to reduce ICA stenosis (arrowhead). (e) ICG-VAG
image after reapplication shows good intensity of ICG fluorescence in ICA (arrowhead) and OphA
(arrow). (f) Operative view through the microscope after clip reapplication shows preservation of

perforating arteries (arrow). (g) ICG-VAG image shows good intensity of ICG fluorescence in the

perforating arteries from PCoA (arrow). (h) Operative view through the microscope after puncture

of aneurysm shows decompression of optic nerve (arrow) by aneurysm
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artery stenosis and occlusion of the perforating artery were observed in 6 % of

surgeries, especially for middle cerebral artery aneurysms [28]. Roessler

et al. reported that the postoperative angiography demonstrated unexpected residual

aneurysms in 9.1 % of successful ICG-VAG-guided clip applications [29]. In the

present study, perforating artery infarction was observed in 5 cases with a middle

cerebral artery aneurysm and one case with anterior communicating artery aneu-

rysm. Among them, one case showed transient hemiparesis, and others were

asymptomatic fortunately. Because a blind field such as behind the clip may exist

even with ICG-VAG, Doppler ultrasound, endoscopic observation, and electro-

physiological monitoring should be added for safe and precise clipping surgery.

Recently, the association of endoscopic ICG-VAG with microscopic ICG-VAG

allowed a better observation of perforating arteries located deeply [30, 31].

4.3.2 ICG-VAG for Bypass Surgery

Extracranial (EC)–intracranial (IC) bypass surgery is performed for patients with

hemodynamic atherosclerotic vascular lesion or moyamoya disease and patients

with large or complex cerebral aneurysms that require proximal artery occlusion or

trapping aneurysm. The intraoperative assessment of graft patency is essential for

successful EC–IC bypass surgery. The usefulness of ICG-VAG for flow evaluation

in bypass surgery has been reported [6, 32–34]. Woitzik et al. reported that this

examination was useful for recognition of patency of anastomosis by comparing the

findings of ICG-VAG with those of postoperative computed tomography

angiography [6].

We performed ICG-VAG for 14 cases involving superficial temporal artery

(STA) and middle cerebral artery (MCA) anastomosis. After the anastomosis,

ICG-VAG was done to observe the patency of the anastomosis and blood flow

from the STA to the anastomosed MCA, following Doppler ultrasound examina-

tion. The patency of the anastomosis observed on ICG-VAG was recognized also

on postoperative cerebral angiography or computed tomography angiography.

Although patency of the anastomosis can be recognized using Doppler ultrasound,

ICG-VAG could show blood flow itself.

ICG-VAG demonstrated the flow from the STA 20 s after ICG injection

(Fig. 4.3b), and the vessels of the brain surface were recognized 40 s later

(Fig. 4.3c). In this case, the fine arterial network characteristic of moyamoya

disease was observed clearly. Furthermore, in ICG-VAG for bypass surgery,

cleaning the operative field is important, and surgicel applied on the anastomosed

region for hemostasis is mentioned. We usually remove this surgicel before

ICG-VAG, since a small amount of surgicel disturbs observation of ICG fluores-

cence at the anastomotic region.

Recently, a microscope-integrated software tool for instant color-coded visual-

ization and analysis of the temporal distribution dynamics of the fluorescence ICG

(FLOW 800) was created. Prinz et al. evaluated usefulness of FLOW 800 in
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30 cases undergoing bypass surgery and concluded that FLOW 800 may detect

procedure-related hemodynamic changes within the microcirculation and macrocir-

culation but should not be used as a stand-alone tool for quantitative flow assess-

ment [34]. Figure 4.3d shows our case using FLOW 800. The fast-flow area (area

supplied by the bypass) was shown as yellow green, the medium speed flow area

(area supplied by an intracerebral artery) was shown as light blue, and the show

speed area (veins) was shown as blue.

4.3.3 ICG-VAG for Carotid Endarterectomy (CEA)

CEA is a safe and durable treatment that has been shown to prevent ipsilateral

stroke. This procedure should be performed without cerebral embolism or residual

Fig. 4.3 Operative findings during bypass surgery for moyamoya disease.

(a) Operative view through the microscope after anastomosis of the left superficial temporal artery

(STA) (arrow) and middle cerebral artery. (b) Image 20 s after ICG injection shows patency of the

anastomosed portion (arrowhead) from STA (arrow). (c) Image 40 s after ICG injection shows

blood flow from the STA (arrowheads) and from the collateral circulation (arrows). (d) Image by

FLOW 800 shows the timing of fluorescence flow as a different color. The number means the time

after the start of recording
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plaque. The usefulness and limitations of ICG-VAG for CEA have been reported,

and authors emphasized the importance of usage of a mixture of 12.5 mg of ICG

and 5 ml of distilled water as a single injection to visualize ICA blood stream

[35, 36].

We performed ICG-VAG for CEA in 35 surgeries. In early 10 surgeries, we

injected 5 mg of ICG for one examination, and it was difficult to recognize the

usefulness of ICG-VAG for this surgery. The reasons for this lack of usefulness

were the thick wall of the carotid artery, sclerotic changes, calcified regions, vasa

vasorum of the carotid artery, and difficulty of cleaning the operative field due to

oozing blood. In later 25 surgeries, we injected 12.5 mg of ICG for one examina-

tion. Before arteriotomy, blood flow within the ICA was rapidly visualized with a

latency of 10–20 s following ICG injection, followed by subsequent contrast

enhancement of the venous system. Definitive lack of fluorescence was observed

in some cases (Fig. 4.4a, b), although severe calcification of the plaque did not

allow determination of the exact location of the stenosis. At the distal end, ICA

patency was seen with no stenosis in many cases. At the end of surgery, the ICA

was demonstrated to be patent by homogeneous enhancement, although the cotton

and blood disturbed observation of ICG fluorescence (Fig. 4.4c, d). Image by

FLOW 800 showed the time–intensity curves at the plotted areas, and it was useful

to recognize the flow improvement after CEA (Fig. 4.4e, f).

Fig. 4.4 Operative findings of carotid endarterectomy (CEA) for right carotid stenosis. (a)

Operative views through the microscope before arteriotomy. (b) ICG-VAG image before the

arteriotomy shows poor blood flow at the carotid bifurcation where the plaque is located (arrow).
(c) Operative views through the microscope after CEA. (d) ICG-VAG image after CEA shows

good intensity of ICG fluorescence at the carotid bifurcation (arrow), but the cotton and the blood
obscured the fluorescence intensity in the artery (arrowheads). (e, f) Flow 800 analysis showing

the time–intensity curves at the plotted areas demonstrates the improvement of blood flow at the

area plaque located (plotted areas 2, green; 5, light blue)
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4.3.4 ICG-VAG for Vascular Malformations

In surgery of arteriovenous malformations (AVMs), it is crucial to recognize the

feeding arteries, nidus, and draining veins. ICG-VAG provides information about

vessel architecture and patency by the difference in the timing of enhancement of

these structures. The usefulness and limitations of ICG-VAG for AVM surgery

have been reported [37–41]. This technique is useful for early identification of

AVM arteries and veins, helping the surgeon to formulate and modify the operative

strategy for attacking these formidable lesions. The information, which is provided

within seconds of an injection, can potentially make surgery safer and faster, giving

the surgeon more confidence in resecting AVM arteries while preserving draining

veins. The major limitation of ICG-VAG is that it captures only what is visible

within the field of the microscope. Consequently, ICG is frequently of limited use

for deep-seated AVMs such as thalamic lesion. Although intraoperative digital

subtraction angiography (DSA) remains the “gold standard” for evaluation of

vascular flow in AVM surgery, ICG-VAG may decrease the need to perform

DSA multiple times.

We performed ICG-VAG for cerebral AVMs in 2 surgeries. In the cryptic AVM

hidden in the occipital sulcus, recognition of draining vein using ICG-VAG was

useful to confirm the location of nidus (Fig. 4.5b, c, d). After removal of AVM

(Fig. 4.5e), the draining vein was not shown on ICG-VAG image (Fig. 4.5f). These

findings were confirmed using intraoperative DSA (Fig. 4.5a, g).

Faber et al. reported the usefulness of FLOW 800 in two patients with frontal or

temporal AVMs [37]. They concluded that color-coded analytical ICG-VAG with

FLOW 800 enabled intraoperative real-time analysis of arterial and venous vessel

architecture and might increase the efficacy and safety of neurovascular surgery in a

selected subset of superficial AVMs.

4.3.5 ICG-VAG for Spinal Arteriovenous Fistula (AVF)

In surgical treatment of spinal AVF, identification and complete interruption of

fistulae are essential, but not always obvious during surgery. The reported advan-

tages of ICG-VAG for this surgery are the identification of the fistulous site and

confirmation of its obliteration during surgery [42–44]. The reported disadvantages

are the increase of operating time and the limited visualization to the operating field

with a need to fully expose the fistula [43, 44]. Intra-arterial ICG-VAGmay localize

the exact fistula portion by minimizing the influence of normal arterial vasculature

simultaneously enhanced by conventional peripheral venous ICG injection [44].
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4.3.6 ICG-VAG for Cavernous Malformations (CMs)

The usefulness of ICG-VAG for removing CMs has been reported

[45, 46]. Murakami et al. reported that ICG-VAG could directly visualize cerebral

CMs and orbital cavernous angiomas, and it demonstrated slow and low perfusion

within the lesions. They concluded that, by understanding the characteristic features

of flow dynamics, the intraoperative ICG-VAG provides useful information for

microsurgical resection of cerebral CMs [45]. Endo et al. examined the potential

utility of ICG-VAG for the surgical treatment of intramedullary CMs in 8 cases.

They concluded that ICG-VAG provided useful information with regard to the

detection of lesion margins by demonstrating intramedullary CMs as avascular

areas. In cases with venous anomalies, ICG-VAG contributed to safe and complete

removal of the lesions by visualizing the venous structure. In extramedullary CMs,

ICG-VAG demonstrated the characteristics of slow blood flow within cavernous

malformations [46].

On the other hand, Niemela et al. commented that its clinical value for micro-

surgery of brain CM is very limited, since ICG-VAG does not help in finding the

Fig. 4.5 Operative findings of arteriovenous malformation (AVM) hidden in the right occipital

lobe sulcus. (a) Intraoperative vertebral angiography (VAG) shows early venous filling (arrow).
(b) Operative view through microscope shows a draining vein as a red vein (arrow) at the right

occipital cortex before removal. (c, d) ICG-VAG images before removal show early appearance of

ICG fluorescence in this vessel (arrow). (e) Operative view through the microscope shows a feeder

(arrowhead) and a drainer (arrow). (f) After removal, ICG-VAG image shows no early venous

enhancement of ICG. (g) Intraoperative VAG shows disappearance of early venous filling recog-

nized before surgery (arrow)
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lesion. Furthermore, the extent of removal of a CM cannot by reliably estimated

using ICG-VAG [47].

4.3.7 ICG-VAG for Tumors in the Central Nervous System

For tumor surgeries, ICG-VAG was used in the identification of tumor vessels,

normal brain parenchyma vessels, bridging veins, and tumor margin [48–53].

Hemangioblastomas remain a surgical challenge due to their AVM-like vascular

structure. Identification of the feeding arteries and draining veins, as well as tumor

location, is crucial for en bloc tumor resection and cure during surgery. ICG-VAG

could provide dynamic images of blood flow in the tumor and its related vessels

under surgical view. The usefulness of ICG-VAG for resection of hemangio-

blastomas has been reported previously [48–50]. Tamura et al. reported the useful-

ness of this method in nine surgeries for patients with hemangioblastomas of the

cerebellum, medulla oblongata, or spinal cord. They concluded that ICG-VAG was

a safe and easy modality for confirming the vascular flow patterns in hemangio-

blastomas. In addition, ICG-VAG provided useful information for intracystic small

lesions or lesions concealed under thin brain tissue in order to accomplish total

resection of these tumors [48]. Hao et al. reported the limitations in their experience

of 7 surgeries for spinal hemangioblastomas; one was partially removed, though

6 tumors were completely removed. The partially removed tumor was located deep

in the spinal cord parenchyma, which did not take up fluorescent dye and was,

therefore, not visualized by ICG-VAG. They concluded that the benefits of this

technique might be limited for deep tumors and ventral tumors [50].

We used ICG-VAG for removing hemangioblastoma in the brain stem. Before

removal, ICG-VAG could demonstrate the feeding arteries and draining veins, as

well as tumor location, in the brain by differences in flow velocity of ICG fluores-

cence (Fig. 4.6a, b, c). Feeding arteries are recognized first, followed by tumor

itself, and then finally draining veins. During the removal procedure, the feeding

arteries and draining veins are coagulated and cut, and then the tumor is resected,

according to the information provided by ICG-VAG, as well as preoperative

angiography. Interpretation of these dynamic images of tumor blood flow was

useful to discriminate the transit feeders from the true feeding artery and to decide

which draining vein to preserve until the last stage of the procedure. After tumor

removal, ICG-VAG images confirmed tumor elimination (Fig. 4.6d, e, f).

There are some reports concerning other brain tumor surgeries using ICG-VAG

[51–53]. D’Avella et al. evaluated the usefulness for surgery of parasagittal menin-

giomas occluding the superior sagittal sinus in 5 cases. During this surgery, for a

safe and radical resection, crucial issues are accurate preoperative radiological

examination, preservation of functional veins during both dura opening and

tumor dissection, and boundary identification of the invaded portions of the venous

sinus. Using ICG-VAG, the venous collateral pathway was easily identified and

preserved in all cases [51]. Ferroli et al. also reported that the recognition of flow
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pattern in the venous ICG-VAG might be useful to predict the presence of a safe

collateral circulation for the veins that are at risk for intentional or unintentional

damage during surgery [52]. Litvack et al. used ICG fluorescence endoscopy for

pituitary tumor surgery in 16 patients and concluded that ICG fluorescence endos-

copy showed promise as an intraoperative modality to visually distinguish pituitary

tumors from normal tissue and to visually identify areas of dural invasion, thereby

facilitating complete tumor resection and minimizing injury to surrounding

structures [53].

4.4 Conclusion and Future Considerations

ICG-VAG is an easy and safe intraoperative angiography procedure, and it can

demonstrate precise information about blood flow in neurosurgical procedures.

This method has already become the standard intraoperative examination for

vascular and tumor surgeries; therefore, some limitations should be heeded.

Recently, semiquantitative blood flow analysis using FLOW 800 has also come

to be used for objective evaluation instead of subjective recognition of ICG

fluorescence flow [34, 37]. This flow analysis could demonstrate brain hemody-

namic changes during decompression craniectomy for malignant cerebral infarction

and clipping for ruptured cerebral aneurysm and contribute to recognize the path-

ophysiology of human stroke or to predict the prognosis of patients [54, 55]. But

flow images using this software should not be understood as a stand-alone tool for

quantitative flow assessment [34]. In the future, true quantitative blood flow

Fig. 4.6 Operative findings of brainstem hemangioblastoma via the midline suboccipital

approach. (a) Operative view through the microscope shows red-colored tumor at the brainstem.

(b, c) ICG-VAG images before tumor removal show feeding artery (arrowheads) and draining

veins (arrows). (d) Operative view through the microscope shows total removal of the tumor. (e, f)

ICG-VAG images after removal of the tumor show normal filling of ICG in the main draining vein

(arrow)
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analysis using fluorescence angiography may become possible following studies

coupled with thermal imaging [56], magnetic resonance imaging [57], and fluores-

cence molecular tomography [58].
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Chapter 5

ICG Fluorescent Image-Guided Surgery

in Head and Neck Cancer

Junkichi Yokoyama and Shinich Ohba

Abstract Neck lymph node metastasis is the most significant prognostic factor of

head and neck cancer; however, there remains debate as to the most effective

treatment of clinical N0 neck metastasis. Sentinel lymph node (SLN) navigation

surgery decreases morbidity associated with neck dissections and reduces the

potential of recurrences. While radiocolloids have been previously used to detect

SLN, disadvantages of radiocolloids are not only the lack of real-time

intraoperative visual information but also the phenomena of “shine-through” radio-

activity due to scattering from the primary site. This is especially problematic in

cases of cancer located at the floor of the mouth. Additionally, radiocolloids may

expose patients and medical staff to irradiation.

To negotiate these problems, ICG (indocyanine green) fluorescence imaging has

been used for the detection of SLN, translymphatic chemotherapy, and intra-arterial

chemotherapy in cases of head and neck cancer. The advantages of ICG fluores-

cence imaging include access to real-time intraoperative visual information and

little affections of “shine through” even in cases of the floor of the mouth.

Keywords ICG (indocyanine green) fluorescence imaging • Sentinel lymph node

(SLN) • Head and neck cancer • Translymphatic chemotherapy • Intra-arterial

chemotherapy

5.1 Introduction

The sentinel lymph node (SLN) is defined as the lymph node that first receives

lymphatic drainage from the primary cancer [1]. The SLN is thought to be the

foremost possible micrometastatic site via lymphatic drainage from the primary

J. Yokoyama (*)

Department of Otolaryngology Head and Neck Surgery, Juntendo University, Tokyo, Japan

Department of Otolaryngology Head and Neck Surgery, Moriyama Memorial Hospital, 7-12-7

Nishikasai, Edogawa-ku, Tokyo 134-0088, Japan

e-mail: jyokoya@juntendo.ac.jp

S. Ohba

Department of Otolaryngology Head and Neck Surgery, Juntendo University, Tokyo, Japan

© Springer Japan 2016

M. Kusano et al. (eds.), ICG Fluorescence Imaging and Navigation Surgery,
DOI 10.1007/978-4-431-55528-5_5

49

mailto:jyokoya@juntendo.ac.jp


cancer. Consequently, the pathological status of the SLN can be examined to

predict the status of all regional lymph nodes. For this reason, if the SLN is

recognized as being negative for cancer metastasis, unnecessary dissection can be

avoided and a positive prognosis achieved. This SLN concept is well established in

the treatment of patients with several types of solid carcinomas, such as melanoma

and breast cancer [2–4]. The SLN concept has revolutionized surgical strategies and

modern techniques benefit patients by preventing a range of complications associ-

ated with unnecessary prophylactic dissection in cases when the SLN is negative for

cancer metastasis. Recently, this highly advantageous SLN concept has been

applied to the examination of head and neck cancers [5, 6].

5.2 Sentinel Lymph Node (SLN) Navigation Surgery

In clinically negative neck (cN0) of oral cancer, 20 to 30 % of patients have occult

nodal metastases [7]. Neck metastasis is the most significant prognostic factor in

oral cancer. However, to date there is no effective noninvasive diagnostic modality

for the identification of occult regional disease in patients with cN0. As a result,

prophylactic neck dissection in patients with T1/T2 oral cancer with cN0 neck is the

procedure typically conducted. This is a significant concern given that approxi-

mately 70 to 80 % of neck dissection specimens are found to be negative for

regional metastatic disease. In addition, prophylactic neck dissection is associated

with severe postoperative complications such as swallowing and shoulder

dysfunction.

Due to the critical need for an accurate noninvasive diagnostic approach to cN0

neck, SLN navigation surgery has been applied to patients with oral cancer of the

cN0 neck.

Paleri et al. [8] performed a meta-analysis on 19 of these studies in order to

examine a larger combined body of data. They reviewed 367 patients, including

301 patients with oral cavity lesions, and found a 97.7 % sentinel node identifica-

tion rate. The combined sensitivity of SLN biopsy was 92.6 % with a false-negative

rate of 3 %. The pooled data provides compelling evidence that there is no statistical

difference between SND (selective neck dissection) and SLN biopsy in terms of

recurrence, disease-free survival, and mortality.

In 2004, Ross et al. [9] performed a prospective randomized study of 134 patients

with T1/T2 oral cavity cancer. They randomized 79 patients to receive SLN biopsy

alone and 55 patients to receive SLN biopsy plus elective neck dissection. Sentinel

node detection rates were 93 %, and 42 (34 %) patients were upstaged as a result of

SLN biopsy.

Overall sensitivity was 93 % with an average follow-up of 2 years. However,

sensitivity for floor-of-mouth (FOM) lesions proved to be only 80 % due to “shine

through,” which was significantly lower than the results of other subsites in whose

sensitivity was 100 %. Of those patients treated with SLN biopsy, only 3.8 %

experienced recurrences of disease within 24 months. Those treated with SLN
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biopsy plus elective neck dissection recorded a 4 % false-negative rate. This study

clearly demonstrates that SLN biopsy is as good as elective neck dissection with

regard to identifying metastatic disease. However, the study also identified the

FOM as a site prone to failure with SLN biopsy.

The obvious pitfall of SLN biopsy is its poor performance in identifying true

sentinel nodes in patients with FOM tumors. Many researchers believe that the

close proximity of level I nodes to the primary tumor leads to “shine-through”

radioactivity, thus masking signals from the relevant SLN [8, 9]. This is a consid-

erable problem associated not only with anatomy but also the properties of the

radiolabeled agent.

To overcome the disadvantages of radioactive agents, ICG fluorescence imaging

has been applied for detection of SLN of head and neck cancer. SLN around the

submandibular lymph nodes can be clearly identified by ICG fluorescence imaging

[10, 11]. Additionally, the cost of ICG fluorescence imaging is minimal and does

not result in exposure to irradiation as is the case in conventional procedures using

technesium 99 m-labeled sulfur colloid.

5.3 ICG Fluorescence Imaging-Guided Surgery

for Parapharyngeal Space Tumors

5.3.1 Introduction

In the narrow parapharyngeal space, it is exceedingly difficult to resect tumors

without complications such as dysphagia and carotid artery rupture [12]. In order to

minimize surgical complications and preserve organs, endoscopic or robotic sur-

gery is often executed when performing head and neck surgery. While highly

effective, a disadvantage of these procedures is that it is not possible for the surgeon

to physically touch tumors or to directly observe diffusely invaded deep organs. As

a result, we have proposed using ICG florescence method for navigation surgery

and have demonstrated the advantageous and effectiveness of ICG fluorescent

image-guided surgery for the safe resection of parapharyngeal space tumors [13].

5.3.2 Methods

0.5 mg/kg of ICG was injected via the cephalic vein. Observation of the fluorescent

image was conducted with HEMS (Hyper Eye Medical System) at 10–30 min after

injection. At first, the position of the tumor was marked over pharyngeal mucosa

through the use of ICG fluorescence imaging with HEMS. We could confirm the

submucosal tumor although obscured by fascia under HEMS imaging and then

carried out resection.
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5.3.3 Results

All tumors displayed bright fluorescence emissions which clearly contrasted with

the surrounding normal structures. Even with the submucosal tumor covered with

and obscured by fascia, we could observe the tumor clearly under HEMS imaging

(Fig. 5.1). Tumors behind the carotid artery and lower cranial nerves also displayed

bright fluorescence emissions and could therefore be clearly detected. Accordingly,

we could remove the tumor safely and noninvasively which enabled successful

preservation of pharyngeal functions.

5.3.4 Discussion

The handheld HEMS can significantly aid in the detection and visual confirmation

of pharyngeal tumors located behind the oral cavity or nasal cavity by

Fig. 5.1 Operative findings of metastatic parapharyngeal space from hypopharyngeal cancer

(a): Arrow represents a metastatic lymph node

(b): Dotted circle demonstrates the metastatic lymph node detected by ICG fluorescence Imaging

over soft plate

(c): ICG fluorescence Imaging detects the metastatic lymph node (arrows)
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ICG-enhanced imaging with vivid color. Of note is that it can be freely operated

intraoperatively by surgeons. Because of the high sensitivity of ICG fluorescence

imaging, ICG fluorescence imaging under HEMS can assist surgeons in the iden-

tification and resection of tumors which have invaded the parapharyngeal space

behind the internal carotid artery, internal jugular vein, and lower cranial nerves.

We have demonstrated a successful method of distinguishing cancer from

healthy tissue and the optimum surgical time with HEMS in animal models

[14]. Application of endoscopic and robotic surgery for the parapharyngeal space

lesions enables surgeons to perform minimally invasive surgery with superior

results [15]. However, we need to be able to detect parapharyngeal tumors in

deeper and invisible areas when palpation is not possible. This is required in

order to resect tumors safely and can be aided through effective tumor detection

carried out with ICG fluorescent imaging.

5.3.5 Conclusion

ICG fluorescence imaging is effective for the detection and resection of the

parapharyngeal space tumors which enables greater preservation of functions.

5.4 Lymphatic Chemotherapy for Head and Neck Cancer

According to the sentinel theory, metastatic lymph nodes are directly connected

with primary tumors via lymphatic canals. Lymphatic chemotherapy is defined as

chemotherapy using lymphatic canals between metastatic lymph nodes and primary

tumors. This therapy is viewed as an ultimate cancer treatment which is both highly

effective and noninvasive.

(a) Clinical N0 Cases (Occult Neck Metastasis)

In the following, we consider a newly developed lymphatic chemotherapy

procedure targeting the SLN using intra-arterial (I-A) chemotherapy for oral cancer

in order to improve prognosis and to preserve organs while avoiding surgical

complications [11, 16–18]. Our concept of lymphatic chemotherapy is shown in

Fig. 5.2. Namely, the schema of lymphatic chemotherapy demonstrates an antican-

cer drug administered to the primary cancer which moves selectively to SLNs via

lymphatic canals. As a result, the anticancer drug is accumulated in the SLNs and

results in a higher anticancer drug concentration in the SLNs than non-SLNs.

Because cis-diamminedichloroplatinum (CDDP) is the most promising drug for

the treatment of head and neck cancers, we have adopted intra-arterial chemother-

apy administered to the primary cancer so as to increase the CDDP concentration.

To examine the potential advantages, we compared the CDDP concentration of

SLNs with that of non-SLNs. The mean CDDP concentrations in the SLNs and
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non-SLNs were 1.2 μg/g and 0.35 μg/g, respectively. Our ICG fluorescence proce-

dure revealed that all metastatic lymph nodes, including SLNs, were without false-

negative SLNs. However, of 7 metastatic lymph nodes, one was not identified by

means of the conventional radiocolloid method [11]. Detection of SLNs was clearly

demonstrated by ICG fluorescence imaging (Fig. 5.3). The mean number of SLNs

was 5.6 (3–8). ICG fluorescence imaging showed a greater number of SLNs than

seen when injecting radiocolloid intratumor (mean 3.4). SLNs detected by ICG

fluorescence imaging included all of the SLNs detected by the conventional radio-

active method.

(b) Clinical Neck Metastasis Cases

In the case of oral cancer with neck metastasis, modified radical neck dissection

is often conducted to prevent cancer recurrence. However, this procedure can be the

cause of severe postoperative complications. Instead of neck dissection and the

associated surgical complications, minimally invasive lymphatic chemotherapy

targeting neck metastasis based on the sentinel concept may contribute to the

development of a revolutionary cancer treatment. This could potentially provide a

superior method for the treatment of head and neck cancer which has been a key

objective for researchers over many years. In our research, we consider I-A

chemotherapy administered to primary oral cancers as not only organ preservation

therapy but also a newly developed lymphatic chemotherapy targeting neck metas-

tasis in order to improve prognosis.

Fig. 5.2 Schema of lymphatic chemotherapy using intra-arterial chemotherapy
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In our examination we evaluate the effect of lymphatic chemotherapy targeting

neck metastases in patients with oral cancer (T3N2bM0) by measuring CDDP

concentrations in metastatic lymph nodes and pathological effects [19].

5.4.1 Methods

Seven patients with tongue cancer (cT3N2bM0) were treated by intra-arterial

chemotherapy as neoadjuvant chemotherapy. After a week of chemotherapy,

patients underwent surgical treatment. Intra-arterial chemotherapy was adminis-

tered at 75 mg/m2 of CDDP two times weekly. At the beginning of surgery, 5 mg of

ICG was administered to the lingual artery. SLNs were detected using ICG fluo-

rescence imaging and a conventional radioactive method. The effect of lymphatic

chemotherapy was evaluated based on the Ohboshi and Shimosato classification

using the surgical specimens [20] and apoptosis using Trevigen’s apoptosis

detection kit.

Fig. 5.3 Intraoperative navigation surgery using ICG fluorescence imaging

Upper figures (a, c) illustrate intraoperative navigation surgery by natural light; lower figures (b,

d) illustrate intraoperative navigation surgery by ICG fluorescence imaging.

Number (1–5) means SLNs. (a) and (b) represent level II and III dissection. (c) and (d) represent

level III and IV dissection
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5.4.2 Results

The mean CDDP concentrations in the metastatic lymph nodes and non-SLNs were

2.35 μg/g and 1.08 μg/g, respectively ( p¼ 0.034). Of 27 metastatic nodes,

24 (89 %) were identified by ICG fluorescence imaging; however, only 18 (67 %)

were identified by the conventional method ( p¼ 0.043). Of 22 measurable meta-

static nodes, eight responded (partial response) and 14 did not respond (stable

disease). Vast metastatic cancer was almost entirely diminished and resulted in

scar tissue. Apoptosis was detected in all 27 metastatic lymph nodes and a patho-

logical effect was achieved (Fig. 5.4).

5.4.3 Discussion

We have recently demonstrated that intra-arterial chemotherapy for the treatment of

primary tongue cancers is also effective as a means of lymphatic chemotherapy as it

aids in the control of the subclinical metastatic tumors in SLNs (11). All SLNs were

detected by ICG fluorescence imaging infused via the lingual artery in cT3N0M0

Fig. 5.4 Pathological findings of metastatic lymph nodes after chemotherapy

(a) Most of the metastatic cancer resulted in scar tissue; however, small cancer nests were residual

(low-power magnification). (b) Cancer cells appeared to survive within small cancer nests (high-

power magnification). (c) Many apoptotic bodies were detected within small cancer nests. Arrows
indicate apoptotic cells
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tongue cancer patients. However, of 27 metastatic lymph nodes, 24 (89 %) were

detected by ICG fluorescence imaging infused via the lingual artery in seven

cT3N2bM0 tongue cancer patients. The number of SLNs including metastatic

lymph nodes resulting from I-A infusion was greater than that observed by means

of a conventional injection into the tumor. Even in the case of micrometastatic

SLNs, an afferent lymphatic canal was sometimes occluded by micrometastatic

cancer based on sentinel navigation or CT lymphography [21]. In the current study,

we also did not detect 9 (33 %) metastatic lymph nodes by conventional methods

due to occlusion of afferent lymphatics from the tongue cancer (Fig. 5.5). However,

the lymph nodes contained CDDP concentrations as high as 4.65 μg/g. This was
because each lymph node has several afferent lymphatics and ICG or CDDP could

move to metastatic lymph nodes via several other afferent lymphatics in the case of

intra-arterial infusion. CDDP was released continuously from the primary tongue

cancer via the lymphatic canal for a period of over more than 1 week. CDDP was

selectively accumulated in metastatic lymph nodes and continued to affect meta-

static lymph nodes over a long period.

Our intra-arterial chemotherapy is expected to contribute not only to primary

organ preservation but also to positive prognosis by controlling the metastatic

SLNs. Preservation of patients’ quality of life in advanced cT3N2bM0 tongue

cancer can be effectively achieved by intra-arterial chemotherapy and targeting

metastatic lymph nodes with lymphatic chemotherapy.

Fig. 5.5 Schema of increasing CDDP concentration of metastatic lymph nodes

Despite occlusion of afferent lymphatics from the tongue cancer, each lymph node has several

afferent lymphatics, and ICG or CDDP could move to metastatic lymph nodes via several other

afferent lymphatics in the case of intra-arterial infusion. (1) Occluded afferent lymphatics (red
arrow). (2–4) Open afferent lymphatics (black arrows)
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As for ICG fluorescence imaging, metastatic SLNs were clearly detected even in

close proximity to the primary tumor and “shine through” could be avoided. The

ICG fluorescence imaging procedure demonstrated higher success rates for the

detection of SLNs in patients with tumors located in the tongue than the radioac-

tivity method.

5.4.4 Conclusion

CDDP concentrations in metastatic nodes were significantly higher than those in

non-SLNs. This novel drug delivery system is feasible for lymphatic chemotherapy

targeting metastatic nodes in patients with cT-3N2bM0 tongue cancer.

5.5 Significant Contribution to Superselective Intra-

arterial Chemotherapy for Advanced Head and Neck

Cancer

5.5.1 Introduction

For advanced paranasal sinus cancer, which is resistant to conventional systemic

chemotherapy, superselective intra-arterial chemotherapy is believed to increase

the concentration of anticancer drugs in the tumor [11, 22–24]. It is most important

for I-A chemotherapy to obtain precise information about the blood supply to

tumors. In 1998, we conducted CT angiography in order to accurately determine

the blood supply to tumors in cases of head and neck cancer. This was the first time

such a study had ever been conducted [25]. Our procedure can provide accurate and

detailed information about the vascular supply to head and neck cancers [22, 26-

29]. At the same time, it is difficult to confirm the drug distribution areas when the

tumor is superficially invasive or the patient has undergone dental treatment

involving metal fillings.

Recent advances in ICG fluorescence imaging have enabled visualization of the

blood flow in tissues [11, 30, 31]. To date, the only report in which the ICG

technique has been applied with intra-arterial chemotherapy was in a case involving

oral cancer [32]. We have also utilized ICG fluorescence technique in combination

with CT angiography in cases of advanced paranasal sinus cancer [33].

The purpose of this investigation was to assess the feasibility of the ICG

fluorescence technique during intra-arterial chemotherapy for advanced paranasal

sinus cancer.

Patients: Thirty-six patients with paranasal sinus cancer who were treated by

intra-arterial chemotherapy were included in the study. Conventional CT
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angiography followed by 5 mg of ICG injection was performed to confirm the areas

in which the drug had dispersed.

5.5.2 Results

Out of 36 cases, in 17 (47 %) the blood supply to the cancer was clearly detected by

CT angiography (Fig. 5.6). By means of adding the infrared ICG evaluation, the

blood supply to tumors could be easily confirmed in all cases without exposure to

radiation. The information obtained from fluorescence imaging was advantageous

when making decisions concerning the administration of chemo-agents for

paranasal sinus cancers in cases involving dental metal fillings or skin invasion.

Fig. 5.6 CT angiography and ICG fluorescence imaging of maxillary cancer

(a) CT angiography obtained in the selected left side maxillary artery. It was difficult to confirm

the vascular territory due to the presence of dental metals. (b) CT angiography obtained in the

selected left side maxillary artery. It was difficult to confirm the vascular territory due to obstacle

enhancement. (c) CT angiography obtained in the selected left side internal carotid artery. It was

difficult to confirm the vascular territory due to obstacle enhancement. (d) ICG fluorescence

imaging of the left maxillary artery. It was sufficiently clear to confirm the vascular territory. (e)

ICG fluorescence imaging of the left internal carotid artery. Cancer involving the facial skin was

clearly visible under fluorescent imaging of each vascular area. (f) Maxillary cancer invading the

face before treatment
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ICG fluorescence imaging combined with I-A chemotherapy compensated for the

deficiencies of CT angiography for paranasal sinus cancer. ICG fluorescence

provided greater clarity and more constructive information concerning the feeders

to cancers (Fig. 5.6).

5.5.3 Discussion

Chemoradiotherapy for head and neck cancer plays an important role in organ

preservation; nevertheless there are many cases, such as paranasal sinus cancer, for

which conventional systemic chemotherapy does not work at all. For such chemo-

resistant cancers including paranasal sinus cancer, superselective I-A chemotherapy

is considered the most effective method by which to overcome these cancers due to

increased concentrations of anticancer drugs in the cancer [11, 22–24]. To achieve

effective therapeutic results for paranasal sinus cancer with I-A chemotherapy,

precise evaluation of the tumor-feeding artery and drug distribution territories is

required. CT angiography provides more precise identification of the blood supply

to the tumor than digital subtraction angiography (DSA) [22, 25, 26, 32]. However,

we are sometimes unable to confirm the tumor-feeding artery in paranasal sinus

cancer patients with dental metal fillings or when the tumor has spread to oral

cavities or superficially to the facial skin.

Recently the ICG fluorescence technique has been developed and applied to

various fields [11, 30, 31]. We have reported that the ICG fluorescence technique

can be a very useful method for treating oral cancers with I-A chemotherapy in

patients with dental metal fillings [32]. We also reported our success in identifying

the tumor-feeding arteries in paranasal sinus cancer by means of ICG fluorescence

imaging. We found that the ICG fluorescence technique was a very useful method

even in patients with dental metal fillings.

One of most problematic issues involving the application of I-A chemotherapy

for advanced paranasal sinus cancers is that the tumors are often supplied by the

internal carotid artery, and consequently, to prevent brain complications, I-A

chemotherapies were previously not employed for such cases. However, tumors

are often recurrences at the regions where CDDP is not administered by the internal

carotid artery. These recurrent tumors in the skull base cannot be resected, and

consequently, patient’s prognosis is very poor. The development of ICG fluorescent

image has enabled us to clearly detect tumor staining and evaluate the contribution

to blood supplying for the tumor by the internal carotid artery. Minimal dose of

CDDP via the internal carotid artery has enabled us to safely treat advanced

paranasal sinus cancer, while improving patient prognosis and preserving organs.
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5.6 Conclusion

ICG fluorescence imaging for intra-arterial chemotherapy reveals the blood sup-

plies to paranasal sinus cancers more accurately than CT angiography, especially in

cases of superficial spread or those involving dental metal. The application of ICG

fluorescence together with CT angiography provides more accurate information

about the feeding arteries to tumors and enables effective intra-arterial chemother-

apy, while avoiding complications.
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Chapter 6

Innovative SPY Intraoperative Imaging

and Validation Technologies for Coronary

Artery Bypass Graft Surgery

Masao Takahashi, Munetaka Masuda, Keisuke Miyajima,

Toshihiro Ishikawa, Kazuyoshi Hatada, and Tsuyoshi Kobayashi

Abstract Off-pump Coronary Artery Bypass Graft (CABG) Surgery has rapidly

increased in popularity, because of its less invasiveness and lower complication

rates. However, graft patency rate highly depends on the operators’ skill level due
to technical difficulties associate with the technique.

The SPY® Intraoperative Imaging System (“SPY System”) is an innovative

device developed to assist surgeons in achieving 100 % graft patency. Introduced in

2002, the authors were the first site in the Asia-Pacific region to use the SPY system,

as a noninvasive imaging device for intraoperative graft validation. After injection

of Indocyanine Green (ICG) dye via a central venous line, real-time graft images

can be obtained, without catheter insertion, X-rays, or iodine contrast media.

High contrast quality SPY images could be obtained in all 1921 distal anastomoses

performed during 579 off-pumpCABG cases. Twenty-four anastomoses (1.2%)were

revised intraoperatively, because of unfavorable SPY images. All revised grafts

revealed patent in the post-CABG catheter angiography or 64-slice MDCT.

Using the SPY system, technical failures could be completely resolved before

closing the chest incision. All heart team staff members can always monitor the

surgeon’s skill during surgery using the SPY system to assess graft patency much

like assessing the interventionist’s technique during PCI in the catheterization lab.

We conclude that the use of SPY in the operating room eliminates the need

for invasive post-CABG angiography except in the rare instance of symptomatic
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or eventful patients. The use of the SPY system for intraoperative graft validation

during CABG may become the golden standard.

Keywords Off-pump CABG • Intraoperative graft assessment • Indocyanine green

(ICG) • Intraoperative fluorescence imaging (IFI)

6.1 Introduction

A surgery, in general, is quite invasive however patients typically tolerate to some

extent an incision made to his or her body. Nevertheless, the evolution of minimally

invasive surgery has been one of the predomiant themes for surgeons in the twenty-first

century. Ever since Dr. Ludwig Rehn [1] performed the first successful human heart

surgery in 1896 in Frankfurt, it had been believed that cardiac surgery was the furthest

from its application to the minimally invasive surgery. In 1996, however, minimally

invasive direct coronary artery bypass (MIDCAB) was introduced in Japan, which

opened the door to the minimally invasive cardiac surgery [2]. The MIDCAB proce-

dure enabled cardiac surgeons to approach the epicardial coronary artery and perform

an anastomosis on a beating-heart without using a cardiopulmonary bypass machine.

MIDCAB acceptance became rapidly widespread in Japan because it was viewed as

less invasive to the patient. In 1998, similarly, the safe approach to the coronary

arteries located in the anterior and posterior regions of the heart through a median

full sternotomywithout the use of cardiopulmonary bypass pumpwaswell established.

This technique resulted inmore than a 60%of the adoption rate for off-pump coronary

artery bypass grafting (OPCAB) throughout Japan [3] (Fig. 6.1).

Fig. 6.1 Changes in OPCAB frequency rate of initial elective CABG in Japan
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Since off-pump CABG is considered to be a more technically demanding surgery

than traditional CABG, graft patency rate highly depends on the surgeon’s skill level.
The method for the graft assessment was either intraoperative angiography using

portable digital subtraction angiography (DSA) or postoperative catheter angiography,

both of which involve X-ray radiation exposure for the patient and staff members,

potantial renal injury to patients due to the use of iodinated contrast media, and other

complications due to the need for percutaneus catheter insertion. Furthermore, even if

postoperative angiography were to comfirm graft occlusion, it would be impossible to

immediately reopen the patient’s chest to repair the technical graft failure. The SPY

System (Novadaq Technologies Inc., Toronto, Canada) is the first commercially avail-

able fluorescence angiographic device which allows surgeons to assess the bypassed

graft during the operation while the chest is still open without the concerns for radiation

exposure or potentially harmful contrast agents. Intraoperativefinding of technical errors

using SPY system enables surgeons to revise the graft anastomosis during the operation.

6.2 About SPY System

The trend for the treatment of coronary artery diseases has been shifting from surgical

CABG to percutaneous catheter intervention (PCI) with drug-eluting stents. The main

reason for shifting to PCI may be its less invasiveness and immediate visual confirma-

tion of the effectiveness of the treatment during its procedure through the use of X-ray

angiography in the catheterization laboratory. As shown in Fig. 6.2, successful results

can be confirmedquickly and easily during PCI; however, traditionally graft patency or

Fig. 6.2 Differences between PCI and CABG

Left: In PCI, blood flow and a successful result can be recognized at a glance using X-ray

angiography.

Right: In CABG, using the human eye we can see there is no bleeding at the site of the graft

anastomosis, but we cannot assess the quality of blood flow within the graft or graft patency
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blood flow cannot be seen without significant difficulty during CABG surgery. More-

over, angiographic confirmation of the results of PCI can be seen by the human eye, but

anastomotic quality and blood flow through a graft cannot be seen by the surgeon’s

eyes alone during CABG. In addition, there are other kinds of complementary tech-

nologieswhich can be used during PCI to evaluate the success of the procedure, such as

intravascular ultrasound (IVUS), optimal coherence tomography (OCT), cardioan-

gioscopy, and optical frequency domain imaging (OFDI) (Fig. 6.3).

In order to make CABG a standard treatment option for the coronary artery

diseases, it has been believed that highly useful intraoperative graft assessment

tools are essential to sustain higher rates of graft patency. With the exception of

X-ray angiography which is extremely difficult to use during CABG, there had

never been reliable easy to use tools to visualize blood flow in the native coronary

arteries and bypass graft particularly under the beating-heart OPCAB circumstance.

The SPY system (Fig. 6.4) is an innovative intraoperative graft patency assessment

device that is ideal for use during both traditional CABG and OPCAB because of its

ease of use and reliability. The SPY system was first introduced to the Asia Pacific

region and to this author in 2002 [4, 5]. Since that time, the system has been further

developed to improve the quality of the image, the ease of image capture, to provide

objective analysis tools and to add other features that meet the needs of surgery.

Fig. 6.3 Various imaging methods support procedure success in PCI
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The main characteristics of SPY system are:

1. It enables surgeons to visually assess blood flow in vessels and graft patency

immediately after the anastomosis is created.

2. The real-time image of flow through the graft is equal or even superior to an

X-ray angiogram.

3. It does not involve the need for catheter insertion, ionizing radiation exposure or

potentially nephrotoxic contrast media.

How to capture SPY image:

1. After creating the anastomosis, the camera head is positioned approximately

30 cm above the area of the interest (Fig. 6.4 center).

2. 0.5 ~ 1.0 ml of 20 times diluted indocyanine green (ICG, 1.25 mg/ml) is injected

through the central venous line followed by a 10 ml brisk bolus of saline

(Fig. 6.5).

3. 10 ml of saline flush was administrated as a bolus injection following the ICG

into the right atrium to ensure rapid circulation of the ICG. (Fig. 6.5).

4. High quality fluorescence image will then be shown up on the monitor in a few

seconds.

5. ICG is excreted by the liver unchanged into the bile; hence, it does not have a

negative affect on kidney function.

Fig. 6.4 SPY Intraoperative Imaging System

Left: First generation SPY system (SP-2000)

Center: In surgery, the imaging head is draped fixed 30 cm above the heart

Right: The latest generation SPY system (SP-3000)
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6. SPY imaging is used not only to assess the graft and coronary arteries, it is

possible to detect and verify the course of coronary veins of less than 0.5mm

diameter.

7. SPY imaging does not involve X-ray, but instead relies upon a laser (averaged

output of 2.0 watt) to excite ICG which absorbs and emits light at 830nm which

is then captured by the system’s CCD camera and the video output is displayed

on the monitor.

The adverse drug reaction rate of ICG has been known to be much lower than the

conventional iohexol iodine contrast media (Table 6.1), and it has been reported to

be safely usable.

Image sequences of this ICG fluorescence imaging (Fig. 6.6) are captured and

saved in the computer of the SPY system in either AVI or MPEG format. The

latest version of SPY system allows saving the sequences in compressed DICOM

format, which enables the users to export the data of more than 20 patients into

one CD-R.

Fig. 6.5 How to inject the ICG imaging agent

Left: Prepare the required number of 0.5 ml or 1.0 ml of ICG diluted with 10ml of aqueous solvent in

1.0 ml syringes and 10 ml of saline syringes for immediate bolus flush are prepared for SPY imaging

Right: Administer the diluted ICG in the central venous line, and flush it using 10 ml of saline
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6.3 Intraoperative SPY Images and Postoperative

Angiography or MDCT

Several SPY system images utilizing the fluorescence properties of ICG were pro-

vided here (Figs. 6.7, 6.8, 6.9, and 6.10). The image quality of SPY system’s
fluorescence angiogram including the internal thoracic artery (ITA), the sequential

graft of radial artery (RA), saphenous vein graft (SVG), and gastroepiploic artery

(GEA) is excellent. The quality of the SPY image appears equivalent to the conven-

tional X-ray angiogram [6–10]. The actual real time moving SPY image sequences

available on the SPY system monitor at the time of surgery are of even higher quality

that those that can be published in this textbook. The blood flow inside the patet graft is

highly visible. The head camera of the SPY system can rotate freely so that the

circumflex (CX) site and the distal site of the right coronary artery (RCA) can be

also visible. As shown in Fig. 6.11, similar images can be revealed between

intraoperative SPY image and postoperative MDCT scanning.

Table 6.1 Adverse drug reaction (ADR) reporting rate comparison between iodine contrast media

and ICG

Contrast media (iohexol) ICG

ADR reporting no./total no. 452/17,039 36/21,278

ADR % 2.65 % 0.17 %

Cardiovascular ADR % 0.33 % 0.023 %

Fig. 6.6 Intraoperative SPY images

High quality graft images can be obtained wherever the distal anastomoses are performed in

anterior, lateral, or inferior wall

(a) LITA-LAD, (b) SVG-HL-OM-PL, (c) RA-HL-OM, d GEA-4PD
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6.4 Usefulness of the SPY System

Using the SPY system, we can revise a failed graft as soon as possible in the

operation room while the chest is still open. Technical failures can be almost

avoided through the use of the SPY system.

Figure 6.12 shows the tremendous effectiveness of the SPY system. Off-pump

CABG with four anastomoses was performed in an 88-year-old female patient.

Transit time flow measurement (TTFM) indicated an adequate flow (22 ml/min) on

the sequential left ITA graft to the diagonal and on to the LAD. The SPY image,

however, showed occlusion of the ITA graft between the diagonal and the LAD

Fig. 6.7 SPY images and postoperative angiography of the left internal thoracic artery (LITA)

graft

Almost same images could be seen in both SPY and angiography

Left: LITA-LAD on-lay patch graft

Middle: LTA-LAD-LAD sequential graft

Right: LITA-Diagonal-LAD sequential graft
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(Fig. 6.12a). Following the revision of the anastomosis to the diagonal artery,

excellent flow to the LAD could be observed (Fig. 6.12b). Detection of graft

occlusion with the SPY system significantly affected the patient’s prognosis. In

fact, the patient lived to the age of 98 years old.

Effectiveness of the SPY system is also shown in Fig. 6.13. A 66-year-old male

patient underwent emergency off-pump CABG with five distal anastomoses due to

acute coronary syndrome. SVG graft was anastomosed from the aorta to the distal

RCA sequentially. TTFM showed quite favorable diastolic flow waveform, but

the SPY system image suggested that there was an occlusion of the SVG graft

between 4PD and 4AV (Fig. 6.13 Left). After the revision of the 4AV anastomosis,

the SPY system showed good fluorescence images of blood flow through the graft

(Fig. 6.13 Right). The surgeon was able to close the chest with strong belief that there

was no need for further revision of the anastomosis. The follow-up angiography at 1

year after surgery revealed good patency of the revised graft (Fig. 6.13 Lower).

In Fig. 6.14, LITA was anastomosed to the very thin chronic total occluded LAD

less than 1 mm in a diameter. The SPY image could detect the toe-site occlusion of

the LITA graft, although TTFM showed adequate flow (34ml/min). After revision,

Fig. 6.8 SPY images and postoperative angiography of the radial artery (RA) graft

Left: RA-OM-PL sequential graft

Right: RA-Diagonal-HL sequential graft
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the distal flow of the LITA to LAD was visible, and the TTFM increased up to

40 ml/min. Postoperative angiography showed a patent LITA to LAD graft.

A female patient who received steroids for a long period of time underwent

LITA to LAD grafting via MIDCAB procedure. SPY detected retrograde dissection

of the LITA graft as Fig. 6.15 Upper. Drastic change to the grafting operative plan

was made and a radial artery graft from left axillary artery to the LAD was

performed.

Thus, the clinical benefits of SPY system are summarized as follows:

1. The SPY system allows surgeons to intraoperatively identify bypass graft

technical failure and to revise the anastomosis accordingly.

2. SPY allows surgeons to visualize the graft anastomoses to determine the need to

perform graft revision.

3. It allows the surgeons to share visual information about intraoperative graft

patency with the patients and his or her family just after the surgery.

Fig. 6.9 SPY images and postoperative angiography of the saphenous vein graft (SVG)

Left: SVG-4PD
Right: SVG-Diagonal-OM sequential graft
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6.5 Our Experiences Using SPY System

Since March 2002, off -pump CABG with SPY intraoperative graft validation was

performed in 579 cases (Table 6.2). Total numbers of the distal anastomoses

equaled 1921, and all anastomoses were evaluated using the SPY system.

In these series, 24 distal anastomoses could be revised intraoperatively, due to

unfavorable SPY images (Table 6.3). That was 4.1 % of the total off-pump CABG

cases and 1.2 % of the total numbers of distal anastomoses. Patency of revised

grafts was confirmed in all cases by postoperative angiography or coronary CT

scanning.

Fig. 6.10 SPY images and postoperative angiography of the gastroepiploic artery (GEA) graft

Left: GEA-4AV
Right: GEA-4PD-15PL sequential graft
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Fig. 6.12 Efficacy of the SPY system (LITA-diagonal sequential graft)

Left: SPY detected ITA graft occlusion between diagonal and LAD, although TTFM indicated an

adequate flow

Right: After revision, excellent flow to the LAD could be observed

Fig. 6.11 SPY images and postoperative MDCT

Similar images could be seen in both SPY and MDCT
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6.6 The World’s First Two Cases with Nine-Anastomosis

Off-Pump CABG

In 2003, two cases received nine bypass grafting during off-pump CABG. They

were the world’s first two reported cases of maximum distal anastomoses in

off-pump CABG. The first case was a 74-year-old male patient. Graft designs

were LITA-Diag-LAD, RA-HL-OM-PL, RA-4PD-4PD-4AV, and RITA-RV

branch. Intraoperative SPY angiography gave us confidence that all the grafts

were patent. Ten years after surgery, all bypass grafts were still patent by coronary

CT (Figs. 6.16, 6.17, and 6.18).

Another case was a 67-year-old male. Grafts were LITA-Diag1-Diag2-LAD,

RA-HL-OM-CX, and RA-RV-4PD-15PL. Coronary CT 10 years after the surgery

showed all of the grafts were patent (Figs. 6.19 and 6.20).

Using SPY system, we can completely avoid intraoperative technical failure.

Consequently, long-term graft patency can be obtained like these cases.

Fig. 6.13 Effectiveness of the SPY system (SVG-4PD-4AV sequential graft)

Left: SPY system detected occlusion of the SVG between 4PD and 4AV

Right: After revision, good blood flow could be obtained

Lower: Graft angiography 1 year after the surgery revealed good patency of the graft
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6.7 Intraoperative Graft Assessment Tools Comparison

There have been several conventional methods for the intraoperative graft assess-

ment such as:

1. Transit time flowmeter (TTFM)

2. Echo

3. IRIS (thermographic technology)

4. Portable DSA

However, there has been no graft assessment tool which is less invasive and fully

visually assisted. Intraoperative graft assessment needs to be performed on each

anastomosis during the peformance of every CABG operation, and in this way an

echo, IRIS, and portable DSA are not really a convenient method. TTFM is a simple

and convenient tool for the graft assessment, but it occasionally shows false

Fig. 6.14 Efficacy of the SPY system (LITA-LAD graft)

Left: SPY detected the toe-site occlusion of the LITA graft

Right: After revision, toe site can be visible, and TTFM flow increased

Lower: Postoperative angiography revealed excellent patency
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positive. Therefore, the SPY system, which allows surgeons to identify any tech-

nical error related to the graft anastomosis and in which surgeons can visually

confirm the patency of the graft. By reviewing a SPY movie sequence, makes it a

unique and extremely efficient graft assessment tool (Table 6.4).

Fig. 6.15 Critical case of

the MIDCAB

Upper: Retrograde
dissection of the LITA

anastomosis could be

detected by the SPY image

Lower: After revision of the

LAD anastomosis using

the radial artery, an

excellent image was

obtained. The inflow of the

radial artery was placed on

the left axillary artery

Table 6.2 Case number

using SPY system from

March 2002 to

December 2014

Off-pump CABG no. 579

MIDCAB/OPCAB 126/453

Age 69.2 +/� 9.5

Gender (f/m) 140/439

Total no. of distal anastomoses 1921

Mean distal anastomoses MIDCAB/OPCAB 1.5/3.8

Arrested CABG 6

Combined CABG with valve, aorta, LV 86

Table 6.3 Intraoperative

graft revision due to

unfavorable SPY image

Revision /Cases /Distal anastomosis

Total off pump 24/579, 4.1 % 24/1921, 1.2 %

MIDCAB 2/126, 1.6 % 2/184, 1.1 %

OPCAB 22/453, 4.9 % 22/1737, 1.3 %
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Fig. 6.16 Operative strategy of the OPCAB, nine grafting in a 74-year-old male patient

Fig. 6.17 SPY Intraoperative Imaging System could show all grafts patency

Especially, RA sequential graft to three distal right coronary arteries was shown excellent clear

image
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Fig. 6.18 Coronary CT scanning 10 years after surgery showed all patent grafts

Fig. 6.19 Operative strategy of the OPCAB, nine grafting in a 67-year-old male patient
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6.8 SPY System for Arrested Heart

Another examples highlighting the usefulness of the SPY system can be shown

(Fig. 6.21) in arrested heart CABG surgery. In Fig. 6.21 left, diluted ICG with blood

was injected directly from the proximal site of the saphenous vein graft. In Fig. 6.21

right, ICG was injected into the arterial filter of the cardiopulmonary bypass pump

machine, and then LITA-LAD could be clearly shown.

6.9 DICOM Movie Network System

It is very essential to record and document any patients’ intraoperative surgical data.
The first generation of SPY system records its movie file of the fluorescence images

with AVI file format, and the image can be exported only to CD-R. Each AVI file

image has approximately 360 MB capacity, and it has not been convenient for the

Fig. 6.20 Coronary CT scanning 10 years after surgery showed all patent grafts

Table 6.4 Comparison of intraoperative graft validation method

Method Pros Cons Evaluation

TTFM Quantification Easy to use Non-visually assisted ○

Echo Visual

assessment

Noninvasive Not suitable for posterior wall △

IRIS Visual

assessment

Noninvasive Not clear △

Not suitable for posterior

wall

Portable

DSA

Visual

assessment

Clear Quite invasive △

SPY system Visual

assessment

Noninvasive Needs graft skeletonization ◎
Clear
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surgeons to show the intraoperative angiography images as a proof of the graft patency

to the patients’ family or referring physicians. The newoperating SPYsystem software

is now available with the excellent file compression with the file conversion fromAVI

to the compressed DICOM file format. As a result, moving image sequences can be

now saved and exported into CD-R or other archiving programs.

We import SPY angiogram images through CD to our internal hospital network

system and demonstrate its fluorescence images of each graft anastomosis to the

patients’ family immediately after the operation (Fig. 6.22). With the SPY system,

surgeons can confirm the graft patency during the CABG procedure just as the

interventional cardiologists can see the immediate result of PCI procedures. So, our

explanation to the patients’ family goes, thanks to this SPY system, “we have done

XXX (number of anastomosis and) grafts and all of them were patent,” while it used

to be simply “we have done XXX (number of anastomosis) grafts.” SPY system is a

noninvasive, novel, and the most useful intraoperative graft assessment device.

6.10 Future Directions

The SPY system has been used to quantify perfusion improvements and image

competitive flow. Because the intensity of fluorescence in a SPY image can be

correlated with the volume of blood flow in an area, the SPY system and an

investigational version of the SPY-Q analytical software, developed by Novadaq

Technologies, Inc., can be used to compare epicardial blood flow before and after a

bypass graft in a given segment of myocardium. To measure the perfusion improve-

ment conferred by the bypass, the surgeon takes pre-bypass and post-bypass

myocardial perfusion SPY images. Using the investigational analytical software

(SPY-Q) in the SPY system, the surgeon compares the pre- and post-graft images

using the criteria of fluorescence intensity (Fig. 6.23). In a series of 167 patients and

Fig. 6.21 SPY Intraoperative Imaging System for the arrested heart CABG surgery

Left: ICG diluted with blood was injected from the proximal saphenous vein graft

Right: ICG was injected into the arterial filter of the cardiopulmonary bypass machine
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Fig. 6.22 SPY system and DICOM movie network system

DICOM movie file can be incorporated into the DICOM movie network system. We can show the

SPY images to the patient’s family, just after the surgery in the informed consent room

Fig. 6.23 SPY-Q analysis of LITA-LAD bypass graft demonstrating a significant improvement in

post-graft tissue perfusion
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359 grafts performed by T. Bruce Ferguson, Jr, MD, et al., all grafts were patent by

SPY image, but 24 % of the arterial and 22 % of the saphenous vein grafts conferred

no regional myocardial perfusion improvement. As more experience is gained with

SPY and its analytic capabilities, surgeons may be better able to determine regional

perfusion improvements offered by each graft, allowing surgeons to offer more or

fewer grafts in each myocardial segment and provide the optimal revascularization

procedure for each patient [11].

6.11 Conclusion

The SPY system produces real time images that can clearly show the quality of

blood flow through native vessels and bypass grafts. SPY allow surgeons to

assess graft patency and resolve technical graft failures before the chest is closed.

The heart team staff members can also monitor the quality of the bypass grafts

created during surgery in much the same way as the catheterization lab staff can

assess the outcomes during PCI. We conclude that the need for invasive post-

CABG X-ray angiography may be eliminated or needed only for a few symp-

tomatic or eventful patients. The use of the SPY system for intraoperative graft

validation during traditional CABG and OPCAB may become the golden

standard.
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Chapter 7

Application of an Angiographic Blood Flow

Evaluation Technique in Cardiovascular

Surgery Using the Hyper EyeMedical System

Masaki Yamamoto, Kazumasa Orihashi, and Takayuki Sato

Abstract Anastomotic insufficiency of coronary artery bypass grafting (CABG)

needs to be detected during surgery, to increase graft patency. The HyperEye

Medical System (HEMS) provides a clear view of the blood flow and ischemic

area with color visualization. The HEMS images are classified by smoothness of

graft opacification into normal, delay, and occlusion during CABG. Though there

are pitfalls of assessing graft, one is fluorescence permeability of indocyanine green

(ICG), and the other is enhancement time lag by several parameters. Moreover, we

described the concomitant use of HEMS and transit time flowmeter and showed the

positive and negative predictive values were 100 and 97.6 %. Furthermore, this

assessment technique was employed to revascularization surgery in arteriosclerosis

obliterans. The other usage is to visualize ischemic region of the intestine in cases

of acute or chronic ischemic colitis.

This chapter described the accuracy of HEMS angiography for cardiovascular

surgeries.

Keywords Indocyanine green (ICG) • HyperEye Medical System (HEMS) •

Coronary artery bypass grafting (CABG) • Arteriosclerosis obliterans (ASO) •

Abdominal aortic aneurysm (AAA)

7.1 Introduction

Indocyanine green (ICG) exposed to near-infrared light at a wavelength of

760–780 nm generates fluorescence at a wavelength of 800–850 nm [1]. Although

the fluorescence of ICG solution in plasma is weak, it increases after being
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combined with albumin and alpha1-lipoprotein. In 1960, Novotny first reported the

use of ICG angiography and the effect of ICG fluorescence in ophthalmic

fundoscopy [2]. Later, Rubens et al. reported the use of ICG angiography in

coronary artery bypass grafting (CABG) in 2002 [3]. Since then, other ICG imaging

devices have been developed and used for graft assessment of CABG, such as the

SPY™ imaging system and photodynamic eye (PDE) imaging system [4–

6]. Recently, Sato et al. developed the HyperEye Medical System (HEMS, model

MNIRC-1000; Mizuho Ikakogyo, Co., Ltd., Tokyo, Japan) angiography ICG imag-

ing system at Kochi Medical School [7]. Investigators have reported the reliability

of ICG imaging system in clinical and experimental studies on CABG (Table 7.1)

[3–5, 7–11].

Here we report our experience with bypass evaluation by HEMS angiography

during CABG and peripheral arterial bypass grafting in cardiovascular surgery

[8, 12, 13]. Furthermore, we introduce an appraisal method to evaluate intestinal

blood flow for patients with acute intestinal ischemia [12].

7.2 Usefulness of HEMS Angiography in CABG

Off-pump coronary artery bypass grafting (OPCAB) was established as standard

technique of CABG for treatment of angina patients, which has lowered the

incidence of cerebral infarction and reduced operative mortality about 0.6 %

[14]. On the other hand, OPCAB maintains heart rhythm for anastomosis during

bypass of the coronary arteries. Moreover, the anastomotic site is displaced down-

ward to the distal side of the coronary artery in OPCAB, compared to cardiac arrest

in conventional CABG [15]. The difficulty of CABG is due to these two factors. As

a result, a decrease in bypass patency in OPCAB and worsening of bypass anasto-

mosis as an early operative result have been reported [15]. By evaluating bypass

flow and the anastomotic state during surgery, surgeons are able to reanastomose

the bypass intraoperatively. Such an approach was required by risk management

Table 7.1 Reported clinical studies on the indocyanine green imaging system in coronary artery

bypass grafting

Investigators Year Patients Graft no. Sensitivity Specificity

FD. Rubens 2002 20 – – –

O. Reuthebuch 2003 38 124 – –

DP. Taggart 2003 84 213 – –

L. Balacumaraswami 2004 200 533 – –

M. Takahashi 2004 72 290 – –

ND. Desai 2006 46 139 83.3 100

T. Handa 2009 39 116 100 100

T. Handa 2010 51 129 85.7 100

Reprinted from Surgery Today, 2011;41:1467–1474, Yamamoto M et al
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and further clinical training of cardiovascular surgeons. Various types of flowme-

ters, echography systems, and X-ray coronary angiography (CAG) using a catheter

have been used to evaluate bypass grafting during surgery. The transit time flow-

meter (TTF) to evaluate the bypass graft by measuring the flow volume and flow

pattern has been reported that noted the sensitivity and specificity of the device

[16]. Even if there is a lot of flow volume of blood, it does not reflect the state of its

anastomotic site. Although the anastomotic site can be visualized during CABG,

manipulation of the catheter can be cumbersome during surgery, and X-ray imaging

can be difficult to employ during surgery in a general hospital setting. The ICG

angiography system using ICG fluorescence was developed to increase the preci-

sion of the bypass appraisal method by visualization of bypass flow in CAG to

better describe the anastomosis. Although, several types of ICG imaging devices

are commercially available, the HEMS angiography has two distinct advantages

[7, 8, 13]. The first is visualization of blood flow, which is shown as ICG fluores-

cence of the bypass graft displayed on the monitor of the HEMS. Blood flow

appears as fluorescent white in the bypass graft against a colored background of

the surgical field on the monitor. As a second advantage, excitation light is

generated from a light-emitting diode (LED), as opposed to a medical-grade

laser; thus, the imaging time is unrestricted with the HEMS. An assessment method

to describe and evaluate myocardial perfusion flow during CABG has also been

reported [17]. Because an observation time of 30 s or more is required, this

procedure by HEMS angiography is considered useful [7, 8, 13].

7.2.1 Setup and Imaging by HEMS Angiography for CABG

We recently developed the HEMS to resolve some problems with current ICG

imaging devices [13]. The HEMS consists of an imaging unit, control unit, and

monitor. The imaging unit consists of multiple LEDs around an ultrasensitive color

charged-coupled device (CCD) imaging camera with non-Bayer color filter arrays

(HyperEye Technology; SANYO Co., Ltd, Tokyo, Japan), which can detect near-

infrared rays (380–1200 nm) and visible light at 30 frames/s at a time. The control

unit consists of a computer and controller to record and adjust the focus and iris.

The HEMS employs Diagnogreen (Daiichi Sankyo, Tokyo, Japan) as the ICG dye,

which is prepared with 2.5 mg/mL dissolved in distilled water [8, 12]. The imaging

head is draped by a sterile cover and placed 30–50 cm above the target (Fig. 7.1A).

The LED illumination area is approximately 78.5 cm2 on the surgical field. Con-

ventionally, the standard dose of ICG solution is 5 mg per imaging sequence. The

ICG solution is intravenously injected through a central or peripheral venous

catheter and flushed with 10 mL of physiological saline (Fig. 7.1B). This allergy

reaction has been reported to occur at an incidence of an approximately 1:40,000.

The fluorescence of arterial blood flow is displayed on the monitor and recorded

using a digital image-processing system with an audio video interweave or

SmartDraw format.
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7.2.2 Evaluation of Coronary Artery Bypass Patency by
HEMS Angiography

The bypass graft of an anastomotic stenosis has a time lag from imaging of the graft

to the distal side of the coronary artery. The HEMS angiographic images are

classified into two categories, normal and abnormal opacification, with the latter

subclassified into two categories, as follows [8]:

Normal: smooth opacification of the graft, coronary artery, and myocardium

(Fig. 7.2A)

Abnormal: delayed or inadequate opacification of the graft

Occlusion: no enhancement of the graft (Fig. 7.2B)

Delay: delayed graft enhancement compared with other grafts (Fig. 7.2C)

Fig. 7.1 HyperEye Medical System (HEMS). (A) The imaging head is draped by a sterile cover

and placed 30–50 cm above the target. (B) ICG solution is injected through a central or peripheral

venous catheter. ICG indocyanine green

Fig. 7.2 The HEMS angiographic images are classified into three categories: (A) normal, smooth

opacification of the graft and coronary artery; (B) occlusion, no enhancement of the graft; and

(C) delay, delayed graft enhancement compared with other grafts. Arrow head shows anastomo-

ses. Arrow showed the delayed enhanced bypass graft (blue arrow) and patent graft (red arrow)
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Resolution of the HEMS angiograph showing arterial dissection of the bypass

can distinguish a true lumen from a pseudo lumen. Although the flow competition

from the coronary artery was classified as abnormal, it was considered an exception

to these criteria because it was not a problem associated with anastomosis.

7.2.3 Pitfalls of HEMS Angiography

The setup and use of HEMS angiography are relatively simple, and the passage of

blood flow can be observed with the monitoring screen; however, experience of

HEMS is essential. Therefore, the surgeon should have knowledge of the properties

of ICG and the features of each component of the ICG angiography apparatus.

Several points to consider in the evaluation of HEMS angiography are discussed

below.

7.2.3.1 Penetration Depth and Fluorescent Luminescence

There are differences between HEMS angiography and X-ray CAG because an

X-ray passes through the human body to show an anastomotic site of the coronary

artery, whereas ICG fluorescence is unable to pass through the thoracic wall; thus,

its actual permeable depth is approximately 2–3 mm [13]. The accuracy of ICG

angiography to estimate the degree of stricture of the lumen at an anastomotic site is

limited. Moreover, ICG solution adheres to the vessel walls as it passes through the

bypass grafts. Therefore, although the bypass and anastomotic site are imaged, only

the vessel outline of the bypass graft can be observed. Figure 7.3 shows an image of

three bypassed branches following OPCAB (left internal thoracic artery (LITA)/left

anterior descending artery (LAD), radial artery/posterolateral branch, and greater

saphenous vein (SV)/right posterior descending branch of a 69-year-old man with

unstable angina) (Fig. 7.3A). The HEMS angiography showed no stenosis of

anastomosis and bypass graft with smooth opacification (Fig. 7.3B). Though,

X-ray CAG in the early postoperative stage showed that the distal end of the graft

had a diffuse stricture and that blood flow was obstructed (Fig. 7.3C). In a review of

HEMS angiography results, the rate of blood flow through the LITA was decreased

in this case. However, although blood flowed through the entire graft, we were

unable to identify the stricture by HEMS angiography. Therefore, we have devel-

oped a qualitative method to evaluate the time lag of flow passage [8, 13]. If ICG

imaging of the bypass has delayed enhancement, it can be estimated with a delayed

image called category “delay” (Fig. 7.2C). Fat deposits reflect ICG fluorescence;

therefore, if the fat layer covers the arterial surface, it disrupts flow evaluation.

Thus, although the ICG fluid adheres to the anastomotic surface, permeability is

decreased. When the coronary artery, which is buried in the myocardium, and fat

layer are thick, native coronary arterial blood flow cannot be visualized but is rather

judged by influent and washout of ICG fluorescence passing through the grafts.

7 Application of an Angiographic Blood Flow Evaluation Technique in. . . 91



Because the distal side of the LAD isn’t often buried in the ventricular wall, the

patency was evaluated by smoothness of flow from the ITA graft to LAD. On the

other hand, it is often difficult to navigate the coronary artery downward. At the

time of reoperation, the coronary artery is unobservable from the heart surface

because of scar tissue on the coronary arteries. Although we examined the useful-

ness of angiography using the HEMS to navigate the target coronary artery during

CABG, the ability to identify the coronary artery is decreased compared with that of

echography of the cardiac surface because of its low ICG permeability. However,

the coronary veins are thick with thin walls and run more superficially within the

heart. Even when the coronary veins are covered with a scar layer, they can be

visualized by HEMS angiography. In addition, the target coronary artery can be

identified by contrasting the coronary vein described by the HEMS angiography

with the coronary arteries identified by computed tomography and CAG before

surgery. Furthermore, Shikayama reported that the penetration depth of the PDE

imaging system is approximately 10 mm. The PDE system is maybe effective for

observations at limited depths.

7.2.3.2 Time Lag of ICG Fluorescence

After intravenous injection of diluted ICG fluid from a central venous catheter, the

right atrium, right ventricle, pulmonary artery, and lung gleam appeared white.

Because the myocardium wall was thick, the left ventricle image appeared thin.

Fig. 7.3 Coronary arterial bypass grafting, left internal thoracic artery (LITA)/left anterior

descending artery (LAD), radial artery/posterolateral branch, and greater saphenous vein (SV)/

right posterior descending branch of a 69-year-old man with unstable angina. The LITA is

indicated by anastomotic site with an arrow head (A). (B) HEMS showed the smooth opacification

of the graft to coronary artery. (C) X-ray CAG in the early postoperative stage showed that the

distal end of the graft had a diffuse stricture (arrow), although there was no anastomotic stenosis

(arrow head)
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Then, the radial artery and saphenous vein, which were anastomosed to the ascend-

ing aorta, were imaged clearly. Finally, the internal thoracic arteries (ITAs) were

identified in relation to the subclavian artery. After imaging of the bypass grafts, the

image of the coronary artery appeared smooth, if there was no anastomotic stricture.

Even if there was coronary stenosis, the native coronary blood flow reached the

distal end earlier than the blood flow from the ITA graft, which is used as an in situ

graft. For multiple aortocoronary bypass, which passes flow to the ascending aorta,

a comparison of each bypass was useful [8]. However, ICG from the first images

combines with proteins of the vessel wall and remains there, making evaluation

difficult because of the increased ICG luminescence before passage of ICG blood

flow. To achieve an accurate evaluation, it may be necessary to delete illumination

from sources other than excitation by LEDs of the HEMS and to increase the

contrast by changing the image from color to monochromatic.

7.2.3.3 Impact of Imaging Velocity and Fluorescent Luminescence

We sometimes experience a delay in HEMS angiography of grafts by administra-

tion of diluted ICG fluid because the concentration of ICG luminescence within a

graft differs among individuals. We speculate that blood flow rate, diameter of the

graft and native coronary artery, and myocardial runoff are factors that influence

ICG luminescence of the bypass graft. In addition, ICG concentration, left ventric-

ular volume, and stroke volume should be considered as general factors. Although

qualitative evaluation during HEMS angiography is relatively simple, it requires a

certain level of experience, and it also is necessary to consider the abovementioned

factors.

7.2.4 General Assessment with Concomitant TTF

A TTF is often employed for graft assessment during CABG with HEMS angiog-

raphy [7, 16]. The concurrent use of these modalities is possible during surgery;

thus, we assessed them together [8]. Desai et al. reported a method to evaluate TTF,

which included a 2-mm probe for the internal thoracic artery graft and a 3- or 4-mm

probe for the other grafts [18]. The mean graft flow (MGF), pulsatile index (PI), and

diastolic filling percentage (DF) were measured according to the criteria reported

by previous reports [4, 7, 8, 18, 19]. The graft was classified as abnormal when at

least one of these parameters was not within normal range (MGF> 10 mL/min,

PI< 5, and DF> 50 %), as described in our previous reports. Moreover, in our

previous report, we described the concomitant use of HEMS angiography and TTF.

We also compared final imaging results of HEMS angiography and postoperative

CAG and examined the final data from intraoperative HEMS angiography and TTF

in all cases [8]. When the graft was judged as abnormal by either HEMS angiog-

raphy or TTF, graft revision was performed. X-ray CAG showed that 130 of
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133 normal grafts were patent, whereas nine of 11 abnormal grafts were occluded

[8]. Therefore, the negative and positive predictive values were 97.7 % and 81.8 %,

respectively, and the negative and positive predicting values were 100 % and

97.6 %, respectively. Conflicting results between the two assessment modalities

were noted in 17 grafts. A total of eight cases were judged as normal by HEMS and

abnormal by TTF; thus, we assessed the graft patency in all eight cases by X-ray

CAG, which indicated a decrease in coronary arterial spasm and blood flow

immediately after coronary anastomosis. Nine cases showed normal TTF data but

abnormal HEMS angiographic findings, of which seven had occlusions. Although

one graft showed graft dissection by HEMS angiography, it was not discovered

during surgery. The other occlusions had unknown etiologies.

7.3 Application to Peripheral Artery Bypass Surgery

An increasing number of patients with critical limb ischemia caused by arterioscle-

rosis obliterans (ASO) require advanced revascularization of the perimalleolar

arteries; however, this procedure carries the risk of limb amputation if the anasto-

mosis is not successful [20]. If malperfusion in the distal region can be accurately

assessed intraoperatively, revision of the anastomosis or placement of an additional

graft can be performed. Unno et al. reported a series of nine ASO patients in which

ICG angiography with monochromatic visualization was used to assess bypass

grafts of the perimalleolar arteries [6]. We first reported the application of HEMS

angiography for revascularization surgery in ASO patients [21]. Figure 7.4A is

image of critical limb ischemia in a 70-year-old man who underwent end-to-side

bypass of the posterior tibial artery with a saphenous vein graft. Angiographic

imaging of peripheral artery bypass with the HEMS is possible using the same

technique of graft evaluation by CABG, in which the graft image is obtained after

ICG administration via a central venous catheter (Fig. 7.4A) [13, 21]. If a central

venous catheter is not used, diluted ICG fluid can be intravenously injected into a

peripheral vein of the upper limb and then flushed through with 20 mL of physio-

logical saline solution. And, there are three points to consider with CABG. First, the

concentration of ICG is more diluted because the imaging site is distal from the

heart. Therefore, ICG fluid is further diluted and injected intravenously, although

the ICG imaging luminescence is sufficient only to evaluate blood flow through the

bypass grafts. Second, there are differences in graft types. For example, the SV is a

good choice to image blood flow via ICG angiography. The blood flow in a vascular

prosthesis, such as Dacron and polytetrafluoroethylene grafts, cannot be imaged in

white because of poor penetration of fluorescence (Fig. 7.4C–F). Although the

target artery is minimally dissected in peripheral vascular surgery, the anastomotic

peripheral artery is peeled, and qualitative evaluation is performed by measurement

of flow through the anastomotic site and bypass grafts. Third, stroke volume, blood
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pressure, and peripheral perfusion vary among patients; therefore, peripheral per-

fusion assessment should be carefully performed for each patient.

7.4 Evaluation of Blood Flow in Abdominal Organs

Abdominal aortic aneurysm (AAA) surgery has recently shifted to endovascular

therapy following the development of some devices. However, aortic replacement

is often required for a ruptured AAA, and patients with intestinal ischemia often

require revascularization surgery of the abdominal organs. Intestinal ischemia is the

most undesirable complication in AAA surgery [22]. Shock status in preoperative

period is the most important predictor of ischemic colitis. The incidences of

ischemic colitis after elective AAA surgery and ruptured AAA are reported to be

6 and 42 % [22]. Therefore, it is necessary to also maintain function of the intestine

by performing suitable transection of necrotic intestine. We previously validated

HEMS angiography to identify intestinal ischemia [13, 21]. Surgeons can monitor

blood flow of the intestine by HEMS angiography. The ICG fluorescence can

penetrate the mesentery to visualize flow through the mesenteric artery by HEMS

angiography (Fig. 7.5). First, the mesenteric artery (arrow) was identified and the

intestine wall enhanced. Although there was a time lag of ICG fluorescence

enhancement in part of the ileum, the imaging effect was homogeneous

Fig. 7.4 HEMS assessment of graft in peripheral arterial surgery. Visual image and ICG angio-

gram in vein graft (A, B), PTFE graft (C, D), and Dacron graft (E, F). (A), (C), and (E) show

pre-ICG imaging with HEMS. (B), (D), and (F) are color scale HEMS imaging. Arrow shows

peripheral arteries. Opacification is poor in prosthesis grafts. PTA posterior tibial artery, SV
saphenous vein, PA popliteal artery, PTFE polytetrafluoroethylene (Reprinted from © 2013

Masaki Yamamoto, Kazumasa Orihashi, Takayuki Sato Originally published in Artery Bypass,

2013; Chapter 5, 81–97 under CC BY 3.0 license. Available from: http://dx.doi.org/10.5772/

55311)
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immediately afterward [21]. Furthermore, ischemic regions of the intestine can be

identified by color imaging via HEMS angiography (Fig. 7.6). Although X-ray

angiography can identify the exact site of the occlusion, it is difficult to detect the

occluded regions of the entire intestine in the surgical field. Figure 7.6 is a HEMS

angiographic image of the small intestine of a patient with acute intestinal ischemic

syndrome because of “shaggy” aorta syndrome. In this case, HEMS angiography

detected flow of ICG-stained blood to part of the small intestine and was useful to

determine the extent of resection.

Fig. 7.5 Sequential HEMS images demonstrating mesenteric perfusion. (A) Pre-ICG imaging of

ICG, (B) fluorescence in the mesenteric artery (arrow), (C, D) fluorescence in the intestinal wall

with slightly in the sigmoid colon (Reprinted from Eur J Vasc Endovasc Surg, 2012; 43: 426–432,

Yamamoto M et al.)
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7.5 Conclusion

Here we described the usefulness of an appraisal procedure of HEMS angiography

during CABG. HEMS angiography is a useful technique to visualize bypass flow,

although ICG fluorescence permeability varies among individuals.

In addition, we discussed our experience with HEMS angiography as well as

differences between anastomosis inspection methods and measurement devices

among hospitals. Moreover, peripheral artery surgery and assessment of blood

flow to the abdominal organs were described.
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Chapter 8

Principle and Development of ICG Method

Toshiyuki Kitai

Abstract Indocyanine green (ICG) fluorescence method is a modification of the

dye method, in which the detection of sentinel node (SN) is facilitated by fluores-

cence navigation. Tissue penetration of near-infrared light is an important aspect of

this method. Visualization of subcutaneous lymphatic vessels and lymph nodes

during the dissection was useful to increase the accuracy of SN biopsy. However,

pre-incisional localization of SN is sometimes difficult by ICG fluorescence method

alone. Further improvement and investigation are necessary to be a possible

replacement of radioactive colloid.

Keywords Sentinel node biopsy • ICG fluorescence imaging • Near-infrared light •

Compression technique

8.1 Introduction

Numerous studies have been published during the last decade in which the optical

imaging was applied for surgical navigation. There are several advantages in the

intraoperative use of optical imaging: (1) real-time feedback is possible and

(2) optical measurement provides unique biological information derived from the

wavelength-dependent properties of the tracer. Among them, the usefulness of ICG

fluorescence imaging has been demonstrated in the clinical settings. Especially,

sentinel node biopsy is one of the platforms currently available.

Sentinel node biopsy (SNB) is an established procedure to access the lymph

node status in early breast cancer to avoid unnecessary axillary dissection [1–

3]. Radioisotope method is the worldwide standard. Dye method is also advanta-

geous, because it is free from radiation exposure and does not require radioisotope

facilities. Indocyanine green (ICG) fluorescence method is a modification of the dye

method, in which the detection of sentinel nodes is facilitated by fluorescence

navigation. Tissue penetration of near-infrared (NIR) light is an important aspect

of this method. Under visible light, subcutaneous lymphatic vessels and the lymph
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nodes in the fatty tissue are not visible to the naked eye, but fluorescence imaging

makes these structures visible. High sensitivity is also beneficial. Even in cases

where one can hardly tell which nodes are stained by the ICG color, fluorescence

imaging clearly shows which nodes are sentinel nodes (Fig. 8.1). However, one of

the main drawbacks is the difficulty in localization of the sentinel node before skin

incision. The sentinel node is usually embedded in the axillary fatty tissue at a depth

of 2 cm or more, and the fluorescence signal from the sentinel node is attenuated by

light scattering in the tissue. In most cases, especially in the cases of fatty patients,

the location of skin incision was decided with the help of radioisotope or by

surgeon’s experience. In this chapter, we describe the principle and the clinical

development of the ICG fluorescence method for sentinel node biopsy in breast

cancer.

Fig. 8.1 Advantages of NIR fluorescence over visible light: Tissue penetration (upper panel):
lymphatic vessels under the skin and lymph nodes in the fatty tissue can be detected by fluores-

cence. High sensitivity (lower panel): lymph nodes stained by ICG can be judged with high

sensitivity
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8.2 Principle

8.2.1 Molecular Fluorescence of ICG

Molecular fluorescence of ICG consists of a two-step process, excitation and

emission (Fig. 8.2). When light at 765 nm is emitted at ICG molecules, they

move from ground state to excited state (excitation). When the molecules return

to ground state, a part of the absorbed energy is radiated as fluorescent emission at

830 nm. The fluorescent emission is at a longer wavelength than the fluorescent

excitation. Since the combination of these wavelengths is specific to the ICG

molecule, highly sensitive measurement is possible by selecting proper wave-

lengths in the light source and the detector.

The general law of fluorescence spectroscopy is shown in the equation below

[4]. The quantum efficiency shows that only 1.2 % of absorbed energy is emitted as

fluorescence. The equation also indicates the nonlinear relationship between the

fluorescence intensity and the ICG concentration, meaning that quantitative mea-

surement is difficult. When the concentration of ICG is greater than 0.08 g/l, the

fluorescence intensity becomes weaker (quenching effect). However, the quenching

effect usually does not disturb the lymphatic detection in the clinical setting, since

the administered ICG is adequately diluted by the lymphatic fluid.

F ¼ φP0 1� exp �εCbð Þf g

F: Intensity of fluorescent light

P0: Intensity of excitation light

Fig. 8.2 Molecular fluorescence of indocyanine green (ICG): The wavelengths of fluorescent

excitation and emission are specific to ICG. High signal-to-noise ratio can be obtained by

fluorescence measurement. P0 excitation light, F fluorescent light
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φ: Quantum efficiency (ICG: 0.012)

exp: Natural log

ε: Absorption coefficient

C: ICG concentration

b: Cell size

8.2.2 Optical Properties of ICG in the Living Tissue

ICG has characteristic fluorescence spectra in the NIR wavelengths [5] (Fig. 8.3),

ranging from 700 to 900 nm, which is called “an optical window.” This is advan-

tageous to clinical application, because the NIR light can penetrate deep into the

tissue without being absorbed by hemoglobin or water. However, when applied to

the living tissue, light scattering becomes an important issue [6] (Fig. 8.4). The

fluorescent excitation and emission are attenuated by scattering when the light

travels in the tissue. Fat droplets in the axilla are the main scatterers [7]. In the

preliminary experiment, an ICG fluorescent signal at the depth of 1 cm in the breast

phantom was detectable, but detection was difficult as the depth increases. The limit

of detectable depth by fluorescence in the axilla is supposed to be 1–2 cm.

Fig. 8.3 Indocyanine green’s fluorescence spectra in the near-infrared wavelengths: The wave-

lengths between 700 and 900 nm are called the “optical window,” since the light at these

wavelengths can penetrate deep into the tissue as escaped from the absorption by hemoglobin

(Hb) and water
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8.3 Clinical Development for Sentinel Node Biopsy

in Breast Cancer

8.3.1 Equipment

An infrared fluorescence imaging system (photodynamic eye, Hamamatsu Photon-

ics, Japan), which consists of light-emitting diodes at 760 nm as a light source, and a

charge-coupled device (CCD) camera with a cut filter below 820 nm as a detector

were used to measure NIR fluorescence images [8] (Fig. 8.5).

Fig. 8.4 Attenuation of fluorescence by scattering in living tissue: The fluorescent light is

attenuated by scattering while traveling in the subcutaneous tissue. A main scatterer is subcuta-

neous fat droplets

Fig. 8.5 Infrared fluorescence imaging system (Photodynamic eye, Hamamatsu Photonics,

Japan): Prototype machine (left) and commercially available photodynamic eye (right)
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8.3.2 Surgical Procedures

After induction of general anesthesia and sterilization of the operation site, 25 mg/

5 ml indocyanine green (Diagnogreen 0.5 %; Daiichi Pharmaceutical, Tokyo,

Japan) was injected in the subareolar breast tissue. Following a few seconds of

massage, subcutaneous lymphatic drainage was then observed with fluorescent

images (Fig. 8.6). Subcutaneous lymphatic streams could be detected over the

skin usually within 1 or 2 min, and they disappeared before entering the axillary

space. The subcutaneous lymphatic streams were marked again over the skin, and a

4-cm skin incision was made at the point where the lymphatic channels drained into

the axilla. After skin incision, the subcutaneous lymphatics were more clearly

observed. Green or fluorescent lymphatic channels were carefully dissected and

traced until the first-drained lymph node was found in the axilla. The lymph node

was then dissected with the surrounding fatty tissue. Usually, two or more lymph

Fig. 8.6 (a) Subcutaneous lymphatic channels were detected by fluorescence. Two streams from

the areola joined together before they drained into the axilla. The point to be incised was marked

(b) After skin incision, the subcutaneous lymphatics were more clearly visible by fluorescence

(c) The lymphatic channels and nodes that received ICG appeared as shining fluorescent streams

and spots in the fluorescence image. The lymph node was dissected along with its surrounding

fatty tissue

(d) Two of three dissected lymph nodes showed fluorescence signals inside the nodes (right and
left). No fluorescence was seen inside the node but was observed in the surrounding fat with the

other specimen (middle)
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nodes embedded in the surrounding tissue were found. Fluorescence imaging was

useful for the navigation of dissection. The lymphatic channels and nodes receiving

ICG appeared as shining streams and spots with fluorescence in the fluorescence

image. After removal, it was ensured that no fluorescent spot was left in the axilla.

Lymph nodes in the dissected specimen were isolated from the surrounding fatty

tissue, and we investigated whether each lymph node was fluorescent inside. All

fluorescent lymph nodes were regarded as sentinel nodes.

8.3.3 Initial Results

Thirty-three patients with clinically node-negative breast cancer were examined

from October 2003 to November 2004 at Osaka Red Cross Hospital [9]. Sentinel

nodes were successfully identified in 31 of 33 cases (detection rate: 94 %), and the

number of sentinel nodes was 2.7 on average (one to seven). Eleven patients had

metastatic sentinel nodes. For one patient, the intraoperative pathological report

was negative, but the permanent report was positive. Five out of 11 sentinel-

positive patients were metastatic in the non-sentinel nodes. One patient was met-

astatic in the non-sentinel nodes among 20 sentinel-negative patients (negative

predictive value, 95 %; false negative rate, 8.3 %).

Green lymphatic channels were visible in 24 of 33 patients. For eight patients in

whom green lymphatic channels were not seen, further dissection was performed by

fluorescent imaging. Green nodes were visible only in 13 patients, whereas fluo-

rescence signals in the sentinel nodes were clearly observed in 30 patients.

8.4 Axillary Compression Technique

One of the main drawbacks of ICG fluorescence method was that the localization of

the sentinel nodes could not be identified before skin incision. We introduced

axillary compression technique to overcome this problem [10].

8.4.1 Principle and Procedures

The principle of the axillary compression technique is shown in Fig. 8.7. The

fluorescence signal of a subcutaneous LV becomes invisible where it runs deeper

in the axillary space (Fig. 8.7a). When the axillary skin is compressed against the

chest wall with a transparent plastic device (Hamamatsu Photonics, Japan)

(Fig. 8.8), a fluorescence signal appears at the bottom of the device because the

LV or the LN comes near to the surface. As shown in Fig. 8.7b and c, the shape and

intensity of the compression-inducible fluorescence signal depend on the
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underlying structure. Typically, a linear-shaped and sharp signal represents a LV

(B), and a round-shaped and intense signal represents a LN (C). Transcutaneous

lymphatic mapping can be undertaken by tracing the compression-inducible fluo-

rescence signal toward the axilla. The first pressure-inducible, round, and intense

fluorescence signal is supposed to be the first SN. It usually takes several minutes

after ICG injection until adequate amount of ICG is accumulated in the SNs. A skin

incision is made at the estimated site, and the SN is directly approached without

dissecting the LV. The dissecting procedure is as simple as severing the subcuta-

neous tissue and the axillary fascia toward the fluorescent signal. As the dissection

plane becomes deep, the intensity of the fluorescence signal from the SN increases.

Fig. 8.7 Principle of axillary compression technique:

(a) Fluorescence signal of a subcutaneous lymphatic vessel becomes invisible where it runs deeper

in the axillary space

(b) When the axillary skin is compressed against the chest wall with a transparent plastic device, a

fluorescence signal appears at the bottom of the device. A linear-shaped and sharp signal

represents a lymphatic vessel

(c) A round-shaped and intense signal represents a lymph node

Fig. 8.8 (a) We used two types of compression devices, which were a hemispheric bowl with a

diameter of 4 cm (right) and a cone-shaped device (left)
(b) The axillary skin was compressed against the chest wall by a plastic compression device
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When the fluorescent nodes are extracted out of the wound, a subcutaneous LV

draining to the nodes can be observed using a fluorescence image to ensure that the

SNs are correctly excised. In most cases, when the first SL was pulled out of the

wound with the surrounding fatty tissue, a few more fluorescent nodes were

observed in the fat. We excised these nodes with the fatty tissue as a lymphatic

basin. In order to clearly observe these SNs and draining LV without injury, it is

important to widely open the axillary fascias and adequately pull them out of the

wound by freeing the adjacent vessels and nerves. Electrical dissection was useful

to minimize ICG contamination in the surgical field. In cases where only one node

could be removed, the axillary space was observed again by fluorescence whether

any fluorescent nodes were left after removal of the first node. The following

procedures are the same as the original method.

8.4.2 Clinical Results

The axillary compression technique was used in 50 patients with clinically node-

negative breast cancer who underwent SNB from January 2008 to August 2009.

The mean age was 63.1 (41–93), and the body mass index (BMI) was 22.9

(17.6–36.4). Compression-inducible fluorescence signal in the axilla could be

observed in all cases. Transcutaneous identification and direct approach to the

SNs were successfully carried out in 47 cases. In the three other cases, where the

SNs could not be directly approached, an axillary LV was first detected and then

traced to the SNs following the original method. Finally, SNs were successfully

removed in all cases. The average number of dissected nodes was 3.6 (1–8), and six

cases were metastatic. It took 24.1 (10–47) minutes to remove the SNs after ICG

injection. Transcutaneous detection and direct approach to the SN were also

effective in twelve patients with BMI greater than 25. Three cases of unsuccessful

results were nonobese and elderly patients.

Figure 8.9 shows a case of a 35-year-old female. Subcutaneous lymphatic

drainage was observed, and the signal disappeared at the lateral edge of the

pectoralis major muscle (A). Beyond the disappearing point, a linear-shaped fluo-

rescence signal was seen by compression, representing a LV (B). Upon tracing

toward the axilla, a round-shaped intense fluorescence signal was then observed and

supposed to be the signal from the SN (C). A skin incision was made, and the

subcutaneous tissue was dissected until a SN was exposed without tracing the LV

(D, E). A LV draining to the SN was observed when the fluorescent node was

extracted from the wound (F).
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Fig. 8.9 Fluorescence images using the axillary compression technique:

(a) Subcutaneous lymphatic drainage was observed, and the signal disappeared beyond the lateral

edge of the pectoralis major muscle (arrow)
(b) A linear-shaped fluorescence signal was seen by compression, representing a lymphatic vessel

(arrow)
(c) A round-shaped intense fluorescence signal was observed, representing a sentinel node (arrow)
(d, e) After skin incision (d) and fascial dissection (e), the sentinel node showed more intense

fluorescence signal (arrows)
(f) A lymphatic vessel (LV) draining to the sentinel node (SN) was observed
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8.5 Conclusions

1. ICG fluorescence method was developed for the sentinel node biopsy in breast

cancer.

2. Although the usefulness of the ICG fluorescence method has been demonstrated,

it is not a replacement of the radioisotope method. Further improvement and

investigation are necessary.
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Chapter 9

Practice of Fluorescence Navigation Surgery

Using Indocyanine Green for Sentinel Lymph

Node Biopsy in Breast Cancer

Kazuhiko Yamagami, Teruyuki Deai, Hajime Matumoto,

and Takashi Hashimoto

Abstract The indocyanine green (ICG) navigation method enables a high detec-

tion rate and a low false-negative rate (FNR) in sentinel lymph node biopsy

(SLNB). Unlike the blue dye-guided method (BD method), it emits a stronger

fluorescence signal in the sentinel lymph node (SLN), contributing to its high

detection rate and requiring less training. Unlike the radioisotope-guided

(RI) method, it does not require radioactive colloids, expensive equipment, and

legal permission. The ICG injection is diluted considering “quenching reaction,”

and this dilution shows that enough sensitivity for SLN detection is attainable even

at lower-dose ICG. Compression of the chest wall and axilla using hemispherical

transplant device enables the identification of fluorescent SLN locations prior to the

skin incision. The reduced FNR observed with the ICG method is due to its high

detection rate of involvement SLNs and its ability to aid examination of more than

one or two SLNs at anatomical order. This paper describes the current clinical

practice of the ICG fluorescence navigation method and its availability compared to

conventional methods (BD or RI method).

Keywords Indocyanine green • ICG • Fluorescence • Sentinel lymph node • Breast

cancer
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9.1 Sentinel Lymph Node Biopsy in Breast Cancer

Although axillary lymph node dissection (ALND) has long been a standard part of

the local therapy of breast cancer, the rate of patients with axillary nodal metastases

is not so high in daily clinical experience. The probability of axillary metastases

increases with increasing tumor size. The TNM staging system is a cancer-staging

notation system of the American Joint Committee on Cancer. The T category,

which is the invasive components of the primary lesion, predicts the axillary

nodal positivity (T1a:5 %, T1b: 16 %, T1c: 28 %, T2: 48 %) [1]. Therefore,

considering the high rate of negative nodes, the uniform use of the ALND in all

cases is irrational.

The sentinel lymph node (SLN) is defined as the first node that receives

lymphatic drainage from the breast cancer cells, and hence, the most likely node

to contain invading cancer cells. Sentinel lymph node biopsy (SLNB) in breast

cancer is a promising surgical technique to assess the axillary nodal status, avoiding

unnecessary ALND and leading to less morbidities, such as lymphedema, numb-

ness, and pain. SLNB with nodal assessment in clinically node-negative patients is

accepted as the standard technique by the American Society of Clinical Oncology

(ASCO) guideline [2] and the National Comprehensive Cancer Network (NCCN)

guideline.

9.2 Conventional Methods for SLN Detection

In general, three methods of SLN mapping are the current standards of care: the

radioisotope method (RI method), the blue dye method (BD method), and a

combination of both as the tracer. These conventional techniques have certain

disadvantages.

The BD method alone does not require any special device and is therefore

convenient. However, blue dye does not penetrate the dermis; therefore, it cannot

provide the precise location of the SLNs prior to skin incision. Moreover, it is

impossible to detect the small amount of dye in the SLNs with the naked eye.

Additionally, the blue dye disperses easily, contributing to poor tissue contrast. The

identification of deep SLNs is more difficult due to low penetration of blue color.

All this results in lower detection rates of 73.8 % [3] and 83.1 % [4] compared to the

RI method and combination method [4–6]. Additionally, two meta-analysis

research studies reported higher false-negative rates (FNR) with the BD method

alone compared to that of the RI method alone or the combination of both method

[4, 7]. Visualization of the blue color is easily impaired because of dense fat,

intraoperative bleeding, or rapid transition. For the reasons stated above, the breast

surgeon needs a certain experience using dye method until a satisfactory

identification rate.
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Radioactive colloids are essential for stagnation of one or two nodes without

spreading. Radionuclide scanning provides good accuracy allowing transcutaneous

navigation from the skin to the more deeply located SLNs [8]. However, there are

potential drawbacks associated with the use of radioactive colloids including the

exposure of patients and health-care workers to a cumulative radiation dose and the

use of expensive tracers and expensive equipment; therefore, radioactive colloids

are not widely available [9]. Owing to the length of time it takes for the radioactive

tracer to reach the SLN, all the necessary evaluation cannot be completed during the

operation. In addition, radioactive signal from the injection site interferes with the

detection of SLNs [10]. Moreover this method does not provide real-time visual

guidance because it is guided by sound.

9.3 SLN Detection with the Indocyanine Green

Fluorescence Navigation Method

Indocyanine green (ICG) as a tracer has been shown to be very safe and has low

toxicity with iodine allergy (0.001 %) [11]. It does not require any special licensing,

storage, or handling procedure. We proposed that ICG fluorescence navigation

method (ICG method) has a great efficacy. It allows real-time transcutaneous and

intraoperative visualization of lymphatic channels and superior recognition of SLN

in early breast cancer patients [12, 13]. The ICG method has several characteristics

that are advantageous for the SLNB procedure, including a higher detection rate for

SLNs compared with that of the BD method alone, as outlined in Tables 9.1 [13]

and Table 9.2 [11, 14–19]. The ability to observe subcutaneous lymphatic channels

through the skin often helps to identify the optimal location for the skin incision.

The high sensitivity and specificity of detection of the fluorescent nodes, without

radiation exposure, is a clear advantage of this method. As a result, there is no need

for any specialized training for detection of SLNs. The main weakness of ICG

method is its poor tissue penetration (less than 2 cm) due to the excitation light and

fluorescence of ICG. Unlike the RI method, it is generally necessary with the ICG

method to separate subcutaneous tissue for identification of SLNs. The SLNs are

usually located at a depth of 2 cm or more in the axilla. Observation of illuminated

lymphatic channels and SLNs must be carried out with the shadowless light

switched off, because of the interference from the near-infrared component of the

shadowless light. However, the fluorescence image can be easily observed under

the room light. Moreover, the higher number of SLNs captured due to the easy

dispersal and high sensitivity of the fluorescence signal is considered a negative

aspect of the treatment because of the possibility of the morbidity in the upper arm.
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9.3.1 Device Used

Fluorescence navigation of lymphatic channels and SLNs is achieved using a near-

infrared fluorescence navigation device (Photodynamic Eye (PDE) camera or Pho-

todynamic Eye-neo (PDE-neo) camera, Hamamatsu Photonics K.K., Hamamatsu,

Japan).

9.3.2 Use of ICG as a Tracer

Figure 9.1 shows the strong illumination of diluted ICG. The dilution must be

considered to be due to a “quenching reaction.” All fluorophores exhibit fluores-

cence quenching if their concentration is too high, and near-infrared fluorophores

are no exception [20]. That is, increasing the concentration actually decreases the

fluorescence, so theoretically there would be no benefit to injecting a high concen-

tration for SLN mapping [21]. It has been suggested that the degree of hypersen-

sitivity symptoms resulting from diluted ICG is lower compared to a non-diluted

dose; therefore the diluted ICG is also preferable from a safety perspective. In our

Table 9.1 Detection rate of

sentinel lymph node using

fluorescence and dye

Group Characteristic Patients, (%) (n¼ 410)

A (Flu+/Dye+) 381 (92.9 %)

B (Flu+/Dye-) 18 (4.4 %)

C (Flu-/Dye+) 0 (0 %)

D (Flu-/Dye-) 11 (2.7 %)

Table 9.2 Comparison of detection rate (upper) and identified mean numbers (lower) in sentinel

lymph nodes in clinical trials

Study Year ICG BD RI

Tagaya et al. [14] 2008 100 % (25/25) 92 % (23/25)

5.5 2.3

Abe et al. [15] 2011 100 % (128/128) 66 % (84/128)

3.1 1.0

Hirano et al. [16] 2012 99 % (107/108) 93 % (100/108)

2.2 1.6

Sugie et al. [17] 2013 99 % (98/99) 78 % (77/99)

3.4 2.4

Hojo et al. [18] 2010 99 % (140/141) 92.9 % (105/113) 100 % (28/28)

3.8 1.9 2.0

Wishart et al. [11] 2012 100 % (104/104) 99 % (103/104) 91 % (95/104)

– – –

Jung et al. [19] 2014 100 % (43/43) 91 % (39/43) 100 % (43/43)

3.4 – 2.3
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previous study of 410 patients who received an intraoperative injection of ICG,

none of these patients experienced any related adverse reactions or complications

[13]. Careful attention to concentration and dilution is a factor that enables

improved performance of the technology [22].

9.3.3 Tracer Preparation and Injection

ICG (25 mg/5 mL, Diagnogreen; Daiichi–Sankyo Co., Ltd., Tokyo, Japan) is

diluted 100 times with saline considering “quenching reaction,” resulting in ICG

concentration of 0.05 mg/mL (0.064 mM). Then the mixture agents of 1.0 ml

(0.05 mg) of diluted ICG and 1.0 ml of blue dye (indigo carmine (4 mg): Daiichi–

Sankyo Co., Ltd., Tokyo, Japan) is injected subdermally into the areola. A thin

injection needle (thinner than 27 gauge) is used for the purpose of taking pressure.

If using ICG alone without using blue dye, 2.0 ml of diluted ICG has been found to

be effective with this method.

9.3.4 Surgical Procedures

Within a couple of seconds after injection, the illuminated subcutaneous lymphatic

channels and veins traveling toward the axilla can be visualized clearly. Gentle

Fig. 9.1 Concentration-dependent quenching. The fluorescence intensity of changed in each

sample (indocyanine green) when proportionally diluted with saline
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massage of the pomphus, which forms due to retention of the tracer, helps the

lymphatic drainage. After a fewminutes, only illuminated lymphatic channels remain

visible (Fig. 9.2A); usually these lymphatic channels converge toward a single duct in

the region of the axilla tail, and they can be traced to the axillary region where

occasionally nodes can be seen percutaneously. These subcutaneous lymphatic chan-

nels are often invisible through the skin beyond the lateral edge of the greater pectoral

muscle, where they extend deeper into the axillary space (Fig. 9.2A). To overcome the

invisible SLNs from the skin, axillary compression technique was designed [23]. Use

of a hemispherical transparent device (Hamamatsu Photonics K.K., Hamamatsu,

Japan) enables the easy observation of deeper lymphatic structures. Figure 9.2B

(left) depicts the principal of the technique and an actual observation. From the

point where the illumination disappears, the chest wall is compressed by the hemi-

spherical transplant device, allowing the observation of the liner fluorescence signals,

which are lymphatic channels. Searching the illuminated lymphatic channels, the

SLNs appear as round- or oval-shaped illuminated objects with intensity fluorescence

signals as shown in Fig. 9.2B (middle). The site of the skin incision can be more

precisely localized following this compressionmethod. Themajor disadvantage of the

ICGmethod compared to the RImethod, the low penetration of the signal, is improved

using this axillary compression technique. If transcutaneous identification of the SLNs

is unsuccessful, the original method, in which a skin incision is made around 2 cm

ahead from the vanishing point of fluorescence or at approximately 1–2 cm proximal

to the hairline, is used. Once the axillary skin incision on the round- or oval-shaped

illumination, following to the superficial connective tissue separation, has been

performed. A vague, weak, and ill-defined fluorescence signal can be observed

without a transparent device, affecting the fluorescence signal from the SLNs. As

shown in Fig. 9.2C, in the combination of ICG and blue dye, a blue-stained structure is

not clear, but a vague fluorescence is observed. When the tissue and fascia are

dissected and separated toward the fluorescence signal, the intensity of the signal

increases as the SLNs are approached. The illuminated fat tissues including SLNs are

pulled from the surgical field, and the intensive fluorescence nodes are separated from

any surrounding fatty tissue (Fig. 9.2D). The illuminated SLNs, with or without blue

dye, are resected under the guidance of an ICG fluorescent image. A wide cut in the

axillary fascia and the adequate pulling of the fluorescent fat tissue are effective in

avoiding injury of the neighboring blood vessels and nerves. During dissection of the

illuminated nodes, ICG sometimes can leak into the surgical field and produce

nonspecific fluorescence staining, leading to difficulties in detection of other fluores-

cence nodes. As a solution, decreasing the excitation light leads to a line or disap-

pearance of the nonspecific fluorescence staining. On the other hand, residual SLNs

can remain as round- or oval-shaped illuminations even if the excitation light

decreases. Finally, all dissected lymph nodes are investigated by the ICG camera

(Fig. 9.2E).
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Fig. 9.2 Fluorescence-guided sentinel lymph node (SLN) mapping with a combination of

indocyanine green (ICG) and blue dye by using a PDE-neo camera. Fluorescence-color imaging

shows fluorescence intensity; red indicates strong intensity, while green indicates weak intensity.

Row A: The fluorescent lymphatic channels were visualized percutaneously. The fluorescent line

disappeared at the lateral edge of the greater pectoral muscle. Row B: A schema representing the

principle of the axillary compression technique (left panel). Compression with a hemispherical

transplant device enabled the detection of an intense, oval-shaped fluorescence signal depicting a

SLN (center and right panels). Row C: After skin incision and superficial connective tissue

separation, blue stained structures were not observed (left panel); however, a vague of fluorescence
signal was visible (center panel). Row D Detection of the illuminated SLN (center panel). The red
area in the fluorescent color image showed the accurate location of SLNs. Row E: Examination of
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9.4 Comparison of SLNB Guided by the ICG Method

Versus BD or RI Method

Table 9.1 shows the detection ratio of SLNs after applying the ICG and blue dye

mixture method [13]. Although the detection rate (92.9 %) with the BD method

(Group A and Group C) is relatively high compared with that of other reports

(Table 9.2), 4.4 % of patients (Group B (Flu+/ Dye-)) could not be identified with

blue dye alone. All SLNs stained with blue dye were identified by fluorescence

(Group C (Flu-/ Dye+: 0 %)). Other reports also showed the higher detection rate of

SLNs with the ICG method than the BD method (Table 9.2). In particular, the

detection rate of SLNs with metastases was higher in the ICG method than in the

BD method [11, 16, 18, 24], resulting in lower FNR in the ICG method [18]. The

presence of tumor in the lymph nodes may interfere with their ability to take up the

dye. Furthermore, one of other reasons for false-negative results may be a change in

lymphatic flow due to a tumor cell embolism in the lymphatic systems. Unlike the

BD method that needs large amounts of blue dye to visual recognition, very small

amounts of ICG can illuminate the involvement of nodes that are occupied by tumor

cells. Moreover, the weak signal of the BD method alone means it is sometimes

necessary to search the blue stained lymphatic channels or SLNs in a large surgical

field. Although it is difficult to express in data, all surgeons have experience to

search for the weak blue-signal nodes with much stress resulting in considerable

invasive searching operation. The ICG method requires less time than the BD

method, which may prove the above indirectly [19, 24]. In the combination ICG

and BDmethod, the fluorescence signal was particularly beneficial in difficult cases

that were not readily identified using the dye method [18]. It is clear that the ICG

fluorescence navigation method is superior to the dye method for the detection

of SLNs.

How does the ICG method compare with the RI method in the detection of

SLNs? The advantages in ICG method include no need of a radioactive facility,

radiation exposure, and the high cost of a radioactive tracer. Visible ICG fluores-

cence guiding is effective without the need for extended tissue dissection [24] On

the other hand, the fluorescent excitation and emission of ICG penetrates human

tissue only to a depth of 2 cm, much less than radioactive tracers. In a study by

Verbeek et al., axillary lymph nodes could be seen through the skin in only 31 % of

cases (30/95) [22]. The axillary compression technique enabled transcutaneous

detection (94 %: 47/50) and the mapping of a direct approach to the SLNs,

independent of body mass index (mean 22.9 (17.6–36.4)) [23]. Other studies proved

no difference in the detection rates between the ICG method and the RI method in

keeping the high level (Table 9.2). A number of reports show that fluorescence

Fig. 9.2 (continued) all dissected lymph nodes. From left to right: Flu+/Dye+, Flu+/Dye-, Flu+/
Dye-, Flu-/Dye-. Using the ICG navigation method, the three nodes from the left were identified as

SLNs
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SLNs with macrometastases could not be identified by radioactivity [11, 22]. The

ICG reagent is a 776-Da disulfonated small molecule and has an affinity-binding

site on human serum albumin [25]. The hydrodynamic diameter of ICG tracer,

which is defined as serum albumin (2–3 nm), and radioactive colloid

(200–1000 nm) are vastly different and can have a major impact on performance

[26]. Serum albumin-binding ICG has a potential access to the reduced lumen of

afferent lymphatic and lymphatic channels occupied by tumor cell. ICG flows much

faster and passes through the first SLN into secondary nodes due to the low

molecular weight and the low hydrodynamic diameter. On the other hand, radio-

active colloids require hours to travel but have excellent retention in the SLNs

[22]. Table 9.2 shows the number of nodes removed using the ICG method is

greater than those removed using the RI method. Evaluating additionally second or

third SLN detection in the order of anatomical lymphatic flow reduces the FNR. In

particular, fluorescent SLNs with macrometastases sometimes could not be

detected by using conventional methods (blue dye and/or RI) [11, 22]. A small

study (n¼ 30) showed the FNR for the ICG and RI method were 8 % and 23 %,

respectively, including those with high rate of involvement nodes [27]. One of the

criticisms made in the initial period of use with the ICG method is that the large

number of sentinel nodes identified may lead to postoperative complications of the

axilla and upper arm. Nonetheless, the surgeon can resect more than one or two

SLNs, in the order of anatomical lymphatic flow without a random. Resection of

more than one or two illuminated SLNs, which are not in a large field, does not

appear to increase morbidity.

The American College of Surgeons Oncology Group (ACOSOG) Z0011 clinical

trial was a randomized trial designed to compare overall survival and disease-free

survival in SLN-positive patients with and without ALND [28]. If patients had

limited SLN metastases, it was proposed that ALND was not useful [28]. Patients

were ineligible for the Z-11 trial if they had three or more positive SLNs. Precisely,

it is necessary to examine at least three SLNs to prove more than three metastases

nodes. The ACOSOG Z1071 clinical trial determined the FNR for SLNB following

chemotherapy in women initially presenting with biopsy-proven clinically node-

positive patients [29]. SLNB using both blue dye and a radiolabeled colloid-

mapping agent was encouraged. Although a high FNR (21.1 %, 19/90) was found

in a two-SLN examination, examination of three or more SLNs reduced the FNR

(9.1 %, 20/220). The ICG navigation method is effective in the identification of

SLN involvement. Moreover examination of more than one or two SLNs, which are

located in anatomical order, has the hidden potential of actually being a positive

feature of the method instead of a negative.

Additionally, the radiocolloid tracers are produced as a bi-product of the nuclear

industry, and a worldwide shortage of radioisotopes broke out in 2009. The

decommissioning of deteriorated reactors means that there is a concern regarding

unstable radioactive tracer supply. On the other hand, supply of ICG has not

become a problem.
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9.5 Summary

ICG fluorescence navigation for breast cancer patients does not require a radioiso-

tope facility: it is safe, allows real-time and high-resolution imaging, provides a

high detection rate and a low FNR, and does not require any specialized training.

The axillary compression technique improved the transcutaneous detection of SLNs

with ICG. Moreover, when more than one or two SLNs were identified in anatom-

ical order compared with other methods, it provided a better outcome, including a

reduction of the FNR. Considering the stable supply of ICG as a tracer, it will

become a more and more promising method in the future.
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Chapter 10

A Perspective on Current Status and Future

Directions of Sentinel Node Biopsy Using

Fluorescence Imaging System in Breast

Cancer

Tomoharu Sugie

Abstract Near-infrared (NIR) imaging using indocyanine green (ICG) fluores-

cence can localize sentinel lymph node (SLN) in context with lymphatic flows

and leads to navigation surgery to identify SLN at high detection rate. Cumulative

results of clinical trials demonstrate that this NIR fluorescence imaging could be

good alternative to a standard SLN mapping using a radioactive tracer in breast

cancer. Though there are some drawbacks for attenuation in the depth and larger

number of SLN removed, NIR imaging using ICG achieves high SLN detection and

has a potential to reduce false-negative study after neoadjuvant chemotherapy.

Keywords Near-infrared imaging • Sentinel lymph node biopsy • Indocyanine

green • Breast cancer

10.1 Introduction

Sentinel lymph node (SLN) biopsy is now the standard of care for axillary staging

in women with early breast cancer. Since Morton and colleagues [1] first applied

SLN theory for melanoma in 1994, cumulative results demonstrated that comple-

tion of axillary lymph node dissection can be spared in early breast cancer without

SLN involvement. Dual mapping using radioactive colloid and blue dye is currently

the standard method for SLN mapping and can achieve a high detection rate and

a low false-negative rate [2, 3]. However, these modalities have some drawbacks.

Dye cannot be seen over the skin and often cause hypersensitivity. The RI method

requires restricted facility and has to access to nuclear medicine. These logistical

and legislative issues make SLN biopsy applicable in the high-volume center in

urbanized countries.
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There is an increasing evidence to support near-infrared (NIR) imaging using

indocyanine green (ICG) applicable for SLN mapping in women with early breast

cancer. ICG is an amphiphilic molecule and widely used in clinical practice for

assessment of liver function and cardiac output. ICG binds to plasma proteins in the

vascular compartment, and this protein-binding ICG obtains fluorescence bright-

ness within a near-infrared optic window. NIR imaging using ICG utilizes these

fluorescence spectra of ICG [4]. For the detection device, a photodynamic eye

(PDE) is widely used in many clinical trial. PDE is composed of light-emitting

diode (LED) producing light at a wavelength of 760 nm and a charged-couple

device (CCD) camera which filters out a wavelength below 820 nm. This NIR

fluorescence imaging system visualizes lymphatic channels over the skin and

enables a real-time navigation surgery to harvest SLN [5].

This chapter presents a perspective on current status and discusses future

directions of SLN biopsy using fluorescence imaging system in breast cancer.

10.2 A Perspective on Current Status of the ICG

Fluorescence Imaging

10.2.1 Comparison Between ICG Fluorescence and Blue Dye

This novel ICG technique is currently adopted at the discretion of physicians in

view of the following advantages: (1) no risk for exposure to irradiation, (2) appli-

cable in a small-volume center because it does not require a mandatory licensing

and a nuclear medicine department, (3) a real-time imaging of subcutaneous lymph

flow that enables surgeon to the orderly and sequential dissection, and (4) requiring

little skill.

When ICG is used in the daylight, the detection rate is no more than 73.8 %

[6]. When ICG is used in PDE system, cumulative results in previous studies [7–13]

demonstrated that the ICG fluorescence method is better than the blue dye method

for SLN detection (Table 10.1). The recent meta-analysis confirmed that ICG

fluorescence is significantly better for SLN detection (OR 18.37, 95 % CI

8.63–39.10) than the dye method [14]. Van der Vorst and colleagues [11] assessed

the value of blue dye when used in combination with ICG and RI. Their study

showed that an addition of blue dye does not provide any benefit to SLN biopsy, and

they concluded that blue dye can be spared when ICG fluorescence is used in

combination with radioactivity. Based on these results, blue dye can be spared when

NIR imaging system is used.
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10.2.2 Comparison Between ICG Fluorescence and RI

Dual mapping involved with RI and blue dye is currently the standard technique for

SLN localization. The detection rate for this technique was 96 % with low false-

negative rate of 7.3 % [15]. Regardless of this clinical usefulness, the RI method has

some drawbacks as mentioned above and cannot be uptaken in the small-volume

center without involvement of nuclear medicine. As shown in Table 10.2, previous

studies reported that ICG fluorescence was comparable or superior to RI for overall

SLN detection [10–13, 16–19]. Two studies reported that SLN detection rate for

ICG was 100 % compared with 88-89 % for RI and 78-88 % for blue dye

[11, 12]. Wishart GC and colleagues [13] used tree tracer agents (ICG, RI, and

blue dye) and compared SLN detection between these three techniques. In their

study, the detection rates were 91.3 % for RI, 99 % for blue dye, and 100 % for ICG,

and the combination of ICG and blue dye had the highest nodal sensitivity at

95.0 %. As blue dye does not have any impact for SLN detection when ICG is

used simultaneously, the ICG fluorescence method has a potential to be an alter-

native to a dual technique with RI and blue dye. On the basis of these results, ICG

fluorescence method alone is applicable as clinical practice if access to RI is not

available.

Table 10.1 Surgical

outcomes of SLN biopsy

using blue dye and ICG
N

SLN detection rate

Blue dye (%) ICG (%)

Tagaya [7] 25 92 100

Abe [8] 128 65.4 100

Sugie [9] 99 78 100

Hojo [10] 113 93 100

Van der Vorst [11] 24 84 100

Shasfsma [12] 32 88 100

Wichart [13] 100 99 100

Table 10.2 Surgical

outcome of SLN biopsy using

RI and ICG
N

SLN detection rate

RI (%) ICG (%)

Hojo [10] 113 100 93.1

Van der Vorst [11] 24 95.8 95.8

Shasfsma [12] 32 100 100

Wishart [13] 100 91.3 100

Murawa [16] 20 85 100

Ballardinni [17] 134 99.2 100

Verbeek [18] 95 97.9 98.9

Samorani [19] 301 95.3 98.6
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10.2.3 Clinical Issue for the ICG Fluorescence Method

One drawback of the ICG fluorescence method is attenuation of fluorescence signal.

As emitted fluorescence from ICG is scattered through fat droplets, detection of

fluorescence signal deeper than 1 cm is difficult. As RI is superior to ICG fluores-

cence for tissue penetration, patients with high BMI is better subject for the RI

method. Some previous studies reported that BMI was correlated with lower

detection rate and longer time to identify SLN [8, 11]. In other studies, however,

the detection rate for ICG fluorescence is independent of BMI and yields high

detection rate regardless of high BMI [9, 19].

The second disadvantage was the larger number of SLN removed for the ICG

fluorescence method. In previous studies, the mean number for SLN removed using

ICG fluorescence ranged from 1.5 to 5.4 which was significantly higher than that

using RI and/ or blue dye. ICG’s small molecular size and spilt of ICG in the

operation field might cause the larger number of fluorescence positive lymph nodes.

To obtain an optimal concentration of ICG, Mieog JS and colleagues [20] examined

the signal to background ratio (SBR) at the various concentration of human serum

albumin-conjugated ICG (ICG: HSA), and they obtained the highest SBR at the

concentration of 400–800 μM. The other study for melanoma also reported that a

dose of 600 μM ICG: HAS was optimal to obtain high SBR [21]. A dose of 0.5 %

(6.4 mM) which was widely used is approximately 10-fold higher than the optimal

dose reported. Because the standard dose and concentration of ICG have not been

determined yet, a larger study to address the optimal technique may be required.

10.3 Future Direction

SLN biopsy after neoadjuvant chemotherapy (NAC) is still controversial in terms of

accuracy for axillary staging. The previous multicenter trial reported that the

detection rate for SLN after NAC was 88.9 % for RI alone, 78.1 % for blue dye,

and 87.6 % for the combination of RI and blue dye [22]. Three meta-analyses

addressing accuracy for SLN biopsy after NAC reported that the RI and/or blue dye

method provided a detection rate of 89.6–90.9 % and a false-negative rate of

8.4–12 % [23–25]. Updated ASCO clinical practice guideline reported that SLN

may be offered after NAC [26]. The RI method after NAC, however, had a trend for

a lower detection rate than before NAC. In the SENTIA trial [27], a false-negative

rate for SLN mapping was 14.2 % for the patients who converted from clinically

node-node positive to node-negative disease after NAC. This impairment of the

SLN detection might be related with fibrosis and lymphatic obstruction by cyto-

toxic reagents.

For detection technique, additional use of blue dye tends to improve false-

negative rate. This false-negative rate was associated with the number of SLN
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removed, and the accuracy for SLN biopsy was apparently improved when more

than two nodes were removed. As the smaller size of ICG (<1 nm) can flow through

narrowing lymphatic channels than the larger size of radio colloid (>50 nm), ICG

potentially enables to reach the first SLN or the further tier more smoothly than

RIafter NAC. A large-scale clinical trial is required to confirm the usefulness of

theICG fluorescence method after NAC in the patients with clinically node-positive

breast cancer.
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Chapter 11

Indocyanine Green Fluorescence Axillary

Reverse Mapping for Sentinel Node

Navigation Surgery in Breast Cancer

Takashi Sakurai

Abstract Introduction: We investigated whether indocyanine green (ICG) fluores-

cence axillary reverse mapping (ICG-ARM) is beneficial for evaluating the risk of

lymphedema.

Patients and Methods: Between August 2009 and November 2013, 455 patients

were enrolled in this study. Using a fluorescence camera, we checked the ICG

accumulation of sentinel nodes and divided into corresponding group and

non-corresponding group. Rate of concordance between ARM lymphatics and

localization of SN was also investigated.

Results: Among the 455 axillary sites, 105 cases (23.1 %) were included in the

corresponding group. Lymphedema developed in 6 of the 455 cases (1.3 %) in the

overall population and in 6 of 105 cases (5.7 %) in the corresponding group, and no

patient from the non-corresponding group developed lymphedema. In the upper

side of the second intercostobrachial nerve (2ICBN), concordance rate of UE

lymphatics and breast SN was 47/101 (46.5 %) and around the 2ICBN was

117/277 (42.2 %). On the other hand, only one patient observed UE lymphatics

in the caudal side of 2ICBN.

Conclusion: ICG-ARM for sentinel node navigation surgery is useful for the

selection of patients who are at risk for lymphedema.

Keywords Breast cancer • Axillary reverse mapping • Sentinel lymph node

biopsy • Lymphedema • Fluorescence image

11.1 Introduction

In May 2014, the ASCO recommended against axillary dissection for

macrometastases involving one or two sentinel lymph nodes (SNs); hence, axillary

dissection for positive SNs has not been used during breast-conserving surgery.
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However, 0–13 % of patients undergoing only SNB were still at risk for postoper-

ative upper extremity (UE) lymphedema. We investigated whether indocyanine

green (ICG) fluorescence axillary reverse mapping (ICG-ARM) is beneficial for

evaluating the risk of lymphedema.

11.1.1 History of Axillary Reverse Mapping

In the 1990s, SNB was developed for malignant melanoma surgery and breast

axillary surgery. The technique of ARM is standard except when identifying UE

lymphatics during breast axillary dissections.

Thompson and Nos first reported ARM results in 2007 [1, 2]. They used a dye

method and discovered that there was a watershed at the axillary lymphatics that

received drainage both from the breast and UE. Moreover, they concluded that

lymph nodes draining from the UE had low risk for breast cancer metastasis.

In 2009, we reported a 46 % ARM lymphatic detection rate for 35 Japanese

patients who underwent axillary dissection. Of all detected lymphatics, 94 % were

in between the axillary vein and the second intercostobrachial nerve (2ICBN)

[3]. This study highlighted that the detection rate for UE lymphatics and lymph

nodes is low and that UE lymphatics sometimes flow near the 2ICBN. To solve

these problems, we introduced the ICG fluorescence technique and started to

evaluate the influence of lymphedema during SNB.

The usefulness of fluorescence imaging for detection of ARM nodes was first

reported by Noguchi, who reported a 75 % identification rate for ARM nodes and/or

lymphatics during SNB [4, 5].

11.2 Patients and Methods

11.2.1 Patients

Between August 2009 and November 2013, 455 patients who underwent surgery

for Stage 0–IIB (Tis-T3, N0, and M0) primary breast cancer, without bilateral

disease or primary chemotherapy, were enrolled in this study.

11.2.2 Methods

The procedure of ICG-ARM was as same as previously reported [6]. More than 2 h

before SNB, 0.15 mL of ICG (25 mg of ICG plus 10 mL of 5 % glucose) was

injected subcutaneously into the interdigital area of the affected side (Fig. 11.1). In
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the operation room, we first detected the pattern of UE subcutaneous lymphatics

using a fluorescence camera. Using the same detector, we checked the ICG accu-

mulation of sentinel nodes. When a lymph node was clearly luminous, we consid-

ered this to be an SN draining both lymphatic routes from the breast and UE and

counted this to the corresponding group; when the lymph node was not or only

faintly luminous, we considered this to be draining a different lymphatic route and

counted this to the non-corresponding group.

SNB procedures include preoperative lymphoscintigraphy and intraoperative

radioisotope (RI) plus dye method (triple mapping method).

We assessed lymphedema in all patients at baseline and at 1, 6, and 12 months

after surgery, and every 6 months thereafter. The measurement point was based on

an international consensus on the best practice for the management of lymphedema

[7]. Based on the average body size of a Japanese individual, we designated a

1–2 cm enlargement of the arm as mild edema and >2 cm enlargement as severe

edema [8].

Rate of concordance between ARM lymphatics and localization of SN was also

investigated. We divided the axillary region into three groups: (zone A) cranial side

of the 2ICBN, (zone B) around the 2ICBN, and (zone C) caudal side or the 2ICBN.

11.3 Results

The baseline characteristics of 455 patients who underwent ICG-ARM were shown

(Table 11.1). The median age, mean body mass index, mean number of removed

lymph nodes, clinical stages, postoperative chemotherapy, and postoperative whole

breast irradiation were not different between the two groups statistically.

Among the 455 axillary sites, 105 cases (23.1 %) were included in the

corresponding group.

Fig. 11.1 Injection of

0.15 ml ICG at interdigital

area subcutaneously
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The difference in postoperative lymphedema rates between the corresponding

group and non-corresponding group was reported in 2014 [6]. Now we updated the

data of the total 455 cases, only 6 patients from the corresponding group and no

patient from the non-corresponding group developed lymphedema (Table 11.2).

Mild lymphedema was noted in 5 of 6 cases and only 1 case progressed to severe

lymphedema.

In the non-corresponding group, we found 47 of 505 cases (9.3 %) with luminous

non-SNs, which were dissected because of direct attachment to nonluminous SN.

In the zone A, concordance rate of UE lymphatics and breast SN was 47/101

(46.5 %) and in the zone B was 117/277 (42.2 %). On the other hand, only one

patient observed UE lymphatics in the zone C, in this case, the lymphatic drainage

around the third intercostobrachial nerve (Figure 11.2).

11.4 Discussion

As axillary dissection for positive SNs during breast-conserving surgery has been

minimized, we must consider the risk of lymphedema during SNB procedures.

In this study, the rate of concordance between ARM lymphatics and SN

(corresponding group) is almost same as that reported by Noguchi and Ikeda

[5, 9]. It was thought that the high sensitivity of ICG-ARM technique contributed

to this higher rate of concordance compared with other reports that used dye or RI

Table 11.1 A comparison of clinical features between the patients with (corresponding group) or

without (non-corresponding group) lymphatics flowing into the breast sentinel node using

ICG-ARM

Corresponding group

(n¼ 105)

Non-corresponding group

(n¼ 350) P-value

Age median (range) 58 (24–89) 56 (28–88) NS

BMI mean (range) 22.2 (17.1–32.9) 22.3 (15.7–40.7) NS

Number of removed nodes

mean (range)

1.69 (1–6) 1.77 (1–6) NS

Clinical stage (T stage)

0 (Tis) 23 76 0.76

IA (T1) 52 191

IIA (T2) 27 74

IIB (T3) 3 9

Chemotherapy

No 98 311 0.18

Yes 7 39

Breast irradiation

No 19 56 0.61

Yes 86 294

BMI body mass index, NS not significant
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[10]. Initially, we used ICG-ARM combined with indigo carmine dye. Now we only

use ICG-ARM because of the high ICG sensitivity rate (97.7 %).

Ikeda reported on the usefulness of ICG-ARM during axillary dissection on

76 patients. During a 24-month follow-up, 24 (32 %) patients developed lymph-

edema and 52 patients did not develop lymphedema. The positive node rate from

UE lymphatics in the lymphedema group was 42 %; this is significantly greater than

that of the no lymphedema group. He concluded that ICG-ARM could predict the

incidence of postoperative lymphedema [11].

Lymphedema developed in 6 of the 455 cases (1.3 %) in the overall population

and in 6 of 105 cases (5.7 %) in the corresponding group. All six cases that

developed lymphedema belonged to the corresponding group. This shows the

usefulness of ICG-ARM technique.

The low rate of lymphedema was the result of less SN pickup rates during less

invasive surgery.

The 9.3 % rate of detecting luminous non-SNs indicates that dissection of lymph

nodes other than the SNs was a risk for developing lymphedema.

Table 11.2 Occurrence of lymphedema in the two groups

Corresponding group

(n¼ 105)

Non-corresponding group

(n¼ 350) P-value

Postoperative LE

+ 6 0 <0.0001

� 99 350

LE lymphedema

Fig. 11.2 Location of SN and ARM lymphatic concordance rate (No. of SN¼ARM nodes

(corresponding group)/No. of SN)
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Since the positional relationship between the 2ICBN and the SN cannot clearly

delineate only two upper and lower positions, we used the 2ICBN as an important

landmark to divide the location of the SN and ARM lymphatics into three groups:

around, cranial, and caudal side of 2ICBN.

In the corresponding group, almost all SNs were located zone A or B. There were

a few lymphatics found at zone C, signifying that if an SN was located in the caudal

side of the 2ICBN, there will be no risk of developing lymphedema after operation.

The merit of ICG-ARM for sentinel node navigation surgery is the selection of

patients who are at risk for lymphedema. It can be limited to approximately a

quarter of patients who need to know the risk of LE. It can be effectively instructed

by a medical human resources staff and can eliminate unnecessary care of the UE in

non-corresponding group patients.

11.4.1 Prospects for the Future

At present, the proven merit of this procedure was limited to the identification of

lymphedema risk group. In the near future, we must examine more limited risk

groups in the corresponding group and develop more effective prophylactic therapy

such as lymph-venous anastomosis [12].
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Chapter 12

A New Concept for Axillary Treatment

of Primary Breast Cancer Using Indocyanine

Green Fluorescence Imaging

Masahiro Takada and Masakazu Toi

Abstract Sentinel lymph node (SLN) biopsy using fluorescence indocyanine

green (fICG) method can visualize lymphatic vessels by real-time imaging and is

technically straightforward. Identification and false-negative rates of SLN biopsy

using fICG ranged from 93 to 100 % and 0 to 10 %, respectively, which were

comparable to blue dye or radioisotope method. Four SLNs should be removed for

the accurate staging of the axillary lymph node status. The fICG method seems to

be advantageous for effective SLN dissection by the intraoperative visualization of

a sentinel node bed. However, the number of SLNs removed can be adjusted by the

risk of lymph node metastasis. SLN biopsy after preoperative systemic therapy

(PST) in patients with clinical node positive is still challenging. There may be some

advantage in fICG method for SLN detection after PST because the fICG method

can identify an average of three SLNs. A prospective study to evaluate the accuracy

of SLN identification using fICG after PST in node-positive patients is now

warranted.

Keywords Sentinel lymph node biopsy • Fluorescence indocyanine green •

Preoperative systemic therapy

12.1 Introduction

Sentinel lymph node (SLN) biopsy is now regarded as standard care for breast

cancer patients with no clinical signs of metastasis in the axillary node. In fact,

randomized trials have shown that patients with negative SLNs by SLN biopsy do

not require further axillary lymph node dissection (ALND) [1, 2]. In a recent report,

when limited SLN metastasis was detected by SLN biopsy in patients treated with
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breast-conserving surgery and radiation therapy, the addition of ALND resulted in

no survival benefit [3].

Current standard techniques for SLN detection are blue dye (dye), radioisotope

(RI), and both (dual tracer). A meta-analysis including 63 trials from 1970 to 2003

comparing each method for SLN mapping and biopsy in early-stage breast carci-

noma reported identification and false-negative rates of 83 % and 11 % for dye,

89 % and 9 % for RI, and 92 % and 7 % for dual tracer [4], respectively, suggesting

additional benefits of the dual-tracer method. In the subsequent National Surgical

Adjuvant Breast and Bowel Project (NSABP) B-32 trial comparing SLN resection

plus ALND to SLN resection alone (in which dual-tracer imaging was a

recommended method), the identification rate was 97.2 % and the false-negative

rate 9.8 % [5].

In the fluorescence indocyanine green (fICG) method, subcutaneous lymphatic

flow is observed using a near-infrared light camera after subareolar injection of ICG

[6]. Real-time images of lymphatic flow into the axilla are then obtained. After skin

incision, subcutaneous lymphatics are clearly observed by both real-time fluores-

cent imaging and macroscopic lymphatic mapping. The fICG method involves no

radiation exposure and no scheduling of injection before surgery. Furthermore, it is

technically straightforward.

In light of these advantages, we review the accuracy of fICG imaging and

describe a new concept for axillary surgery using fICG.

12.2 Sentinel Node Identification by the fICG Method

Identification and false-negative rates from recent clinical trials of SLN biopsy

using the fICG method are summarized in Table 12.1. Identification rates ranged

from 93 to 100 %, which is within the range reported in dye, RI, and dual-tracer

studies. However, only two randomized controlled trials actually compared the

identification rates of the fICG method to the dye or RI methods. In the trial

conducted by van der Vorst et al., patients were randomly assigned to undergo

SLN biopsy involving fICG and RI with or without dye. They reported no addi-

tional benefit of dye for SLN identification [7]. Similarly, Jung et al. compared the

identification rate for SLN biopsy using a mixture of fICG, RI, and dye with that

obtained using RI alone and found identification rates of 100 % in both arms [8]. In

contrast, we conducted a multicenter prospective study of SLN identification using

both fICG and dye methods in 99 patients and found a substantially higher identi-

fication rate using the fICG method (99 % vs. 78 %, p< 0.001) [9]. Moreover,

although a recent meta-analysis found no statistically significant difference in

identification rate between the fICG and RI methods, the identification rate tended

to be higher using fICG [10]. Five out of 16 studies reported the false-negative rate

of the fICG method, which ranged from 0 to 10 %. The number of SLNs removed

varied from 1.5 to 5.4 per patient.

Age and body mass index (BMI) can affect the accuracy of SLN biopsy. A

retrospective study of 1356 patients showed that the odds of successful SLN biopsy
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decreased with age and higher BMI [11]. In the validation phase of the ALMANAC

study using the dual-tracer method, an inverse relationship between BMI and

success rate of SLN biopsy was also reported [12]. On the other hand, the identi-

fication rate of SLN using the fICG method was independent of age and BMI [9].

Most clinical trials of the fICG method are cohort studies, and no randomized

trial has directly compared the efficacy of the fICG method to that of the dual-tracer

technique for SLN identification. According to recent studies and our own experi-

ence, the capability of the fICG method for SLN identification appears equal to that

of the RI method; however, limited data is available on the adverse effects of fICG

imaging, such as arm edema. Therefore, to clarify the clinical usefulness of the

fICG method, further prospective studies with long-term follow-up are required.

12.3 Axillary Staging by the fICG Method

SLN biopsy involves examination of the axillary lymph node because it receives

direct lymphatic flow from the mammary gland. In reality, however, tumor cells do

not always pass from the primary tumor into a single lymph node followed by

sequential passage to second and third echelon nodes. Rather, lymphatics from

primary tumors initially drain into a group of three to five lymph nodes [13]. Using

the fICG method, fluorescent images of lymphatic flow through multiple nodes in

cutaneous and subcutaneous tissue are acquired almost in real time. Multiple

lymphatic routes into axilla were identified in 47 % of patients by the fICG method

[14]. Thus, intraoperative visualization of a sentinel node bed is advantageous for

effective sentinel lymph node dissection, and this is possible using fICG.

At the MD Anderson Cancer Center, the relationship between the order of the

SLN and metastatic status was examined in detail among 777 patients with positive

SLNs. In 579 patients (74.5 %), the first SLN removed contained metastatic disease.

However, tumor cells skipped the first SLN in 198 patients. In 16 patients (2.1 %),

the metastasis was detected only after 4 or more SLNs were removed [15]. In our

study, skip metastasis to the second or third SLN was detected in 6 of 28 patients,

while no patients had skip metastasis in the fourth SLN. Therefore, four SLNs

should be removed for the accurate staging of the axillary lymph node status.

It was suggested that ICG travels to deeper echelon nodes than dye or RI. We

reported an average of 3.4 SLNs identified using the fICG method, which is

significantly higher than when using the dye method [9]. In the same study, all

positive SLNs were detected by fICG. When the first SLN was the only metastatic

lymph node, no residual metastasis was detected in non-SLNs. However, 50 % of

patients with positive second or higher-echelon SLNs had non-SLN metastasis

[9]. Thus, four-node dissection of SLNs using fICG may be useful for risk strati-

fication of non-SLN metastasis in patients with positive SLNs.

There is a trade-off between the number of SLNs removed and the invasiveness

of the SLN biopsy procedure, so the number removed should be adjusted according

to the risk of SLN metastasis. In patients with a low risk of lymph node metastasis,

we can minimize the number removed. Alternatively, four-node SLN dissection
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should be considered for patients at a higher risk of lymph node metastasis and also

possibly following preoperative systemic therapy (Fig. 12.1).

12.4 SLN Biopsy After Preoperative Systemic Therapy

Preoperative systemic chemotherapy (PST) increases the rate of breast conservation

by downstaging the breast tumor [16]. It was reported that about 40 % of patients

with axillary lymph node metastasis at diagnosis were node-negative after conven-

tional PST [17]. The node-negative conversion rates could be even higher following

more potent combination therapy such anti-HER-2 therapy and dose-dense chemo-

therapies if, as presumed, node-negative conversion rate correlates with patholog-

ical complete response (pCR) rate. In general, at the time of post-PST, ALND is

frequently considered for patients who were clinically node positive before PST. A

meta-analysis of retrospective and prospective cohort studies (1993–2003) evalu-

ating SLN biopsy after PST for clinically node-positive breast cancer reported an

identification rate of 89 % and false-negative rate around 14 % [18].

The American College of Surgeons Oncology Group (ACOSOG) Z1071 trial

evaluated the accuracy of SLN biopsy after PST in patients with clinically node-

positive breast cancer. Here, dual tracer was the recommended method for SLN

Risk predic�on for lymph node metastasis
Imaging studies (e.g., US, CE-CT, PET/CT)

Predic�on tools (e.g., nomogram)

FNA SLNB
(Minimal)

SLNB
(4-node)

High risk Low risk

ALND No surgery

Posi�ve Nega�ve

NAC

2nd SLN status No surgery

Posi�ve Nega�ve

ALND No surgery

Posi�ve Nega�ve

Posi�ve Nega�ve

SLNB
(4-node)

ALND

ycN+ ycN0

ALND No surgery

Posi�ve Nega�ve

Fig. 12.1 Axillary management algorithm including sentinel lymph node biopsy using fluores-

cence indocyanine green method. Abbreviations: FNA fine needle aspiration, SLNB sentinel lymph

node biopsy, ALND axillary lymph node dissection, NAC neoadjuvant chemotherapy
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biopsy. The identification rate was 92.7 % and false-negative rate was 12.6 %,

higher than the predefined threshold of 10 % [17]. In the exploratory analysis,

however, the false-negative rate was reduced to 9.1 % in patients with three or more

SLNs removed.

In the SENTINA trial, the accuracy of SLN biopsy after PST in node-positive

patients was also evaluated, but the dual-tracer method was used in only 28 % of the

participants. In this case, the identification rate was markedly lower at 80.1 % and

false-negative rate higher at 14.2 % [19]. In patients with three or more SLNs

examined, however, the false-negative rate was below 10 %.

A recent exploratory study using fICG reported that the lymphatic pathway

changed after preoperative chemotherapy in 42.8 % of the examined cases. None-

theless, the location of sentinel nodes was not changed substantially. Thus, if the

location of the sentinel node bed is identified and marked before PST, sentinel node

dissection after PST may be more accurate [20].

In summary, SLN could not be examined in 10–20 % of node-positive patients

after PST in these trials, and such patients did not benefit from axillary node

downstaging by PST. When only one or two SLNs were removed, estimated

false-negative rate was unacceptable and ALND was unavoidable. In the NSABP

B-32 trial using the dual-tracer method, a median of two SLNs was removed

[5]. Therefore, few node-positive patients may benefit from SLN biopsy after

PST using dual-tracer imaging.

Alternatively, using the fICG method, SLNs were systemically excised and a

median of 3 SLNs was examined. In the exploratory analysis of Sugie et al., the

identification rate of metastatic SLNs after PST was 100 % using fICG and 91 %

using RI. A prospective study to evaluate the accuracy of SLN identification using

fICG after PST in node-positive patients is now warranted.

12.5 Conclusions

SLN biopsy using fICG is at least as accurate as the RI or dye method, but is

technically easier and does not require special management like the RI method. The

fICG method can become an alternative to RI or dye method in the presence of

standard systemic treatment. Four-node SLN dissection using fICG may contribute

to optimal axillary management, especially in patients who undergo preoperative

systemic therapy.
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Part VI

Sentinel Node Navigation Surgery and
Other Applications for Gastrointestial

Tract Cancers: Stomach Cancer



Chapter 13

Function-Preserving Curative Gastrectomy

Guided by ICG Fluorescence Imaging

for Early Gastric Cancer

Shinichi Kinami

Abstract Recently, the SNNS study provided proof of the sentinel node

(SN) concept in gastric cancer. The result highlights the credibility of the clinical

application of SN biopsy for indicating function-preserving curative surgery in

early gastric cancer. In the SNNS study, combination mapping with technetium-

99 m tin colloid and isosulfan blue was used and has been adopted as a temporary

standard. Nevertheless, blue dye deteriorates quickly, and radioactive colloids

exhibit a shine-through effect during gamma probe detection of hot nodes in the

surgical field. These limitations increase the difficulty in performing laparoscopic

SN biopsy. In contrast, ICG seemed to be a promising tracer candidate for laparo-

scopic SN biopsy. ICG fluorescence imaging was developed after the recent

invention of Photodynamic Eye. The advantages of ICG fluorescence imaging are

as follows: obvious visualization, easier detection of bright nodes and lymphatic

canals than with the naked eye, very high sensitivity to detect minute concentrations

of ICG, and signal stability. ICG fluorescence imaging for SN biopsy might be

feasible in both open and laparoscopic surgery for early gastric cancer; therefore,

laparoscopic function-preserving curative gastrectomy would be a good alternative

to the commonly used D1+ gastrectomy for patients with node-negative gastric

cancer.

Keywords Gastric cancer • Sentinel lymph node biopsy • Indocyanine green •

Fluorescence imaging

13.1 The Need for Function-Preserving Gastrectomy

Early gastric cancer is a curable cancer for the following reasons: rare distant

metastasis, low rate of nodal metastasis, and high curability with nodal dissection

even in metastatic cases. Some cases diagnosed as node negative based on
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clinicopathological findings are treated by endoscopic submucosal dissection

[1]. Therefore, the standard curative procedure for early gastric cancers falling

outside the indication parameters for endoscopic resection is gastrectomy with

lymph node dissection. A nodal dissection extent of D1+ is recommended by the

Gastric Cancer Treatment Guidelines [2].

The standard lymph node dissection technique results in wide-area resection of

the stomach because it eliminates some of the main arteries feeding this region.

Patients undergoing standard gastrectomy with lymph node dissection experience

postgastrectomy symptoms [3]. These symptoms often pose lifelong problems for

patients. Thus, lymph node dissection should be avoided to preserve the stomach,

alleviate the aforementioned symptoms, and improve postoperative quality of life.

At present, sentinel lymph node (SN) biopsy is the most reliable method for

identification of node-negative cases and recommendation of oncologically safe,

function-preserving gastrectomy.

13.2 SN Concept in Early Gastric Cancer

An SN is defined as a node that directly receives lymphatic drainage from a primary

tumor [4]. SN biopsy has two main roles in the treatment of various cancers:

ultrastaging and determining if lymph node dissection is needed. In malignant

melanoma and colorectal cancer management, SN biopsy is primarily used for

ultrastaging [4, 5]. On the other hand, SN biopsy is mainly used to determine if

lymph node dissection should be performed in breast cancer surgery [6].

Gastric cancer is one of the cancers that are well investigated by many

researchers whether the SN concept is valid. Over the past few decades, the

application of SN mapping in gastric cancer, which has relatively complicated

lymphatic flow, has been controversial [7]. However, recent prospective studies

have successfully demonstrated the utility of SN biopsies in gastric cancer [8–

12]. Two large-scale, nationwide, multicenter prospective studies were conducted

to establish the usefulness of SN biopsy in gastric cancer: the JCOG0302 [13] study

and the SNNS study [14]. Unfortunately, the JCOG0302 trial was terminated

because of the high proportion of false-negative results obtained from

intraoperative histological examinations. On the other hand, the SNNS study

provided proof of the SN concept in gastric cancer. In this study, the sensitivity

and specificity of SN biopsy were 93 % and 99 %, respectively. The major

difference between these two multicenter trials was study design. The JCOG0302

trial was designed to evaluate the usefulness of intraoperative SN biopsy for

guiding local resection in early gastric cancer and not specifically to verify the

SN concept. Therefore, the results of this study were influenced not only by the SN

concept but also by intraoperative SN detection techniques and the intraoperative

diagnosis of nodal metastasis. This trial demonstrated that a learning curve exists in

conducting SN biopsies and that intraoperative histological examination using a

single plane is not suitable for clinical application. On the other hand, the sole
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purpose of the SNNS study was to scientifically verify the SN concept in gastric

cancer. Therefore, learning curve issues and the intraoperative diagnostic ability of

SN biopsy for nodal metastasis did not influence the results of this study. The

hospitals that participated in the study were highly skilled in SN biopsy, with over

30 procedures performed at each institution. Metastasis was diagnosed using

permanent sections, and the sensitivity of intraoperative frozen section diagnosis

was 79 %. Based on these findings, the SN node concept seems to be scientifically

valid, even in patients with small-sized early gastric cancers.

13.3 Clinical Application of SN Navigation Surgery

The results of the SNNS study highlight the credibility of the clinical application of

SN biopsy for indicating function-preserving curative surgery without lymph node

dissection in early gastric cancer. However, the decision to exclude lymph node

dissection should be carefully considered, because standard lymph node dissection

has been shown to improve prognoses in patients with gastric cancer [15]. Further-

more, in contrast to breast cancer, reoperation for additional nodal dissection is

rarely performed for gastric cancers.

These issues could be resolved by lymphatic basin dissection. The lymphatic

basin is defined as the lymphatic zone divided by the stream of the dyed lymphatic

canals in dye mapping; the proximal border is the fatty tissue attached to the

stomach wall, and the distal border is the front of the blue node furthest from the

stomach. The lymphatic basins are thought to be the primary lymphatic drainage

areas in each patient, and patients with gastric cancer often have two or three basins.

All sentinel nodes exist within the lymphatic basin. Lymphatic basin dissection is a

selective lymphadenectomy to dissect lymphatic basins en bloc, containing lymph

nodes and lymphatic vessels stained with dye [16, 17]. Lymphatic basin dissection

is considered a standard SN biopsy technique for gastric cancer, unlike for other

cancers. SNs are retrieved after lymphatic basin dissection and subjected to

intraoperative pathological analysis. Lymphatic basin dissection is superior to the

ordinary pickup method in not only minimizing the rate of missed SNs, but also in

terms of oncological safety as it complements intraoperative pathological diagnosis

by serving as a backup dissection [17–19]. Kinami et al. reported that there were no

recurrent cases, including two false-negative cases, in 190 patients diagnosed as

node negative by SN biopsy intraoperatively and treated by function-preserving

gastrectomy with lymphatic basin dissection.

From these findings, the most optimal and oncologically safe surgery indicated

by SN biopsy would appear to be small-area gastrectomy with lymphatic basin

dissection.
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13.4 Technical Difficulty of Combination Mapping

for Laparoscopic Gastrectomy

SN biopsy is a complex multistep surgical technique. This technique requires

limited indication, the selection of an adequate tracer, a proper tracer injection

method, the objective detection of tracer uptake by the nodes, a reliable biopsy

technique for the nodes that have taken up the tracer, and the precise intraoperative

detection (micrometastasis level) of nodal metastasis. Many studies have provided

recommendations regarding the suitable indication and tracer injection method for

SN biopsy in gastric cancer. In a meta-analysis of SN biopsy for gastric cancer by

Wang et al. [20], early T stage, combined tracers, the submucosal injection method,

conventional open surgery, and immunohistochemistry were found to be associated

with a higher SN identification rate and sensitivity. In the SNNS study, an indica-

tion of clinically early stage cancers less than 4 cm in diameter, the dual-tracer

method, and endoscopic submucosal injection were adopted. Based on the findings

of these studies, the indication of SN biopsy for gastric cancer should be limited to

clinical T1 cancers less than 4 cm in diameter, and endoscopic submucosal injection

into four points surrounding the tumor should be adopted as the tracer injection

method. As mentioned in the previous chapter, lymphatic basin dissection is

thought to be the appropriate SN biopsy technique. In contrast to these solvable

issues, the precise intraoperative detection of nodal metastasis is a serious problem.

Therefore, the molecular diagnosis of metastasis must be investigated.

In comparison with these technical issues, the selection of an appropriate tracer

and the objective detection of tracer uptake by the nodes are important issues in the

treatment of gastric cancer. In the SNNS study, combination mapping with tech-

netium-99 m tin colloid and isosulfan blue was used and has been adopted as a

temporary standard. Combination mapping is thought to be superior to single-tracer

mapping because of its synergistic effect [21]. However, blue dye deteriorates

quickly, and radioactive colloids exhibit a shine-through effect during gamma

probe detection of hot nodes in the surgical field. These limitations increase the

difficulty in performing laparoscopic SN biopsy by impairing lymphatic basin

visualization and hot node detection. Thus, this type of combination mapping has

limited clinical use in laparoscopic surgery, which is the most commonly used

approach for early gastric cancers in Japan.

13.5 Feasibility of ICG Fluorescence Mapping for Early

Gastric Cancer

ICG is a promising tracer candidate for laparoscopic gastrectomy. ICG is a widely

used diagnostic reagent that is clinically approved for use in the assessment of

hepatic function and cardiac output. ICG was formerly used as a dye tracer for

gastric cancer [9, 11]. However, ICG is generally thought to be less visible than
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blue dye because of its weaker contrast against the background adipose tissue. On

the other hand, ICG absorbs light in the near-infrared range, with maximum

absorption at a wavelength of 800 nm. ICG also emits maximal fluorescence at a

wavelength of 840 nm when it binds to plasma proteins. Nimura et al. developed an

infrared ray electronic endoscopy system for ICG detection and invented a new SN

biopsy technique known as the infrared ray method. This electro-optic system can

detect minute concentrations of ICG with high sensitivity and is considered to be

suitable for performing SN biopsy in laparoscopic gastrectomy [22, 23]. The other

method is ICG fluorescence imaging. This technique was developed after the recent

invention of the camera system known as the Photodynamic Eye (PDE; Hamamatsu

Photonics Co. Ltd., Hamamatsu, Shizuoka, Japan). The PDE has been widely used

in various cancer surgeries in the past several years [24–35]. Kusano

et al. demonstrated the high sensitivity of this ICG fluorescence imaging system

for SN mapping in gastric cancer [36].

The advantages of ICG fluorescence imaging are as follows: lower cost, lower

equipment costs than that for radioactive tracers, does not require radioactivity,

lower frequency of allergic reactions than that with blue dye, ability to detect bright

nodes under thick adipose tissue [36], obvious visualization, easier detection of

bright nodes and lymphatic canals than with the naked eye or infrared ray imaging

[29], very high sensitivity to detect minute concentrations of ICG [34, 37], and

signal stability [29, 34, 37]. Signal stability is a unique characteristic of ICG

fluorescence imaging. After injection into the submucosa, ICG binds to plasma

lipoproteins and is trapped in the peripheral sinus and lymphatic labyrinth of the

SN. The stability of ICG fluorescence imaging allowed us to successfully use

preoperative injections for SN detection. Tajima et al. found signal stability to be

the most important advantage of ICG fluorescence imaging over dye- and

radioisotope-guided methods [37].

We performed feasibility tests of ICG fluorescence imaging for SN biopsy for

early gastric cancer. From October 2009, patients with histologically confirmed

clinical type 0 (superficial type) adenocarcinoma of the stomach, single primary

lesions less than 5 cm in diameter, no history of chemotherapy, and no distant

metastasis (cM0) or obvious nodal metastasis (cN0) and those who did not satisfy

the criteria for endoscopic submucosal dissection were enrolled in the study. All

patients provided written informed consent. The PDE or PDE neo (a newer version

of the PDE with similar sensor sensitivity) was used to detect ICG fluorescence.

The day before surgery, ICG solution was endoscopically injected into four quad-

rants of the submucosal layer of the primary lesion using an endoscopic puncture

needle. To determine the adequate ICG concentration for SN biopsy, 0.5 mL� 4

injection points of 2.5 mg/mL, 125 μg/mL, 50 μg/mL, and 5 μg/mL ICG were

preliminarily assessed in one or two cases. After identifying the adequate concen-

tration, ICG injection volumes of 0.5 mL� 4 points and 0.2 mL� 4 points were

evaluated. Bright nodes were defined as obvious fluorescent nodes. The bright

nodes were thought to contain SNs. The number and direction of the lymphatic

basins were observed and recorded intraoperatively by the surgeon. The patients

underwent standard gastrectomy with lymph node dissection up to D1+ or D2
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according to the Gastric Cancer Treatment Guidelines. Postoperatively, the only

one well-trained surgeon (S.K.) managed all resected specimens, harvested the

dissected nodes, and mapped them. The regional lymph nodes of the stomach

were classified into numbered stations according to the Japanese Classification of

Gastric Carcinoma.

Forty-two patients were enrolled. Patient characteristics are shown in Table 13.1.

A laparoscopic approach was performed in 64 % of patients. No serious allergic

reactions were observed after tracer injection. Bright nodes and lymphatic basins

were detected in all cases (Fig. 13.1), and the detection rate of ICG fluorescence

imaging was therefore 100 %. Bright node detection was performed postoperatively

in the initial 16 patients. The other 26 patients underwent intraoperative bright node

biopsy and intraoperative frozen section diagnosis. In this series, seven patients had

lymph node metastasis, and all patients were diagnosed using bright node biopsy.

Table 13.1 Patient

characteristics
Patient characteristics

Age (years) 68 (47–82)

Male/female 26/16

Tumor location

Upper/middle/lower 5/23/14

Less/ant/post/gre 24/5/3/10

Pathological depth of invasion

T1a(M)/T1b(SM)/T2(MP)/T3(SS) 16/17/8/1

Tumor size after gastrectomy (mm) 27 (10–65)

Surgical approach

Open/laparoscopic 15/27

M mucosal, MP proper muscle, SM submucosal, SS subserosal

Fig. 13.1 Bright node

detected by ICG

fluorescence imaging with

the Photodynamic Eye. An

intraoperative image

obtained after distal partial

gastrectomy with standard

lymph node dissection up to

D2 is shown. The tumor is

seen at the greater curvature

of the middle third of the

stomach. Fluorescence is

noted in the lymphatics and

lymph nodes. In this case,

the lymphatic basin is in the

right gastroepiploic artery

area, and bright nodes are

No. 4d
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The sensitivity, specificity, and accuracy of ICG fluorescence SN mapping were all

100 % (Table 13.2). Of these seven metastatic patients, four were diagnosed

postoperatively using permanent pathological sections, and three were diagnosed

intraoperatively using frozen sections.

13.6 Unsolvable Issues of ICG Fluorescence Mapping

Our results suggested that ICG fluorescence imaging for SN biopsy might be

feasible in both open and laparoscopic surgery for early gastric cancers. On the

other hand, some disadvantages of ICG fluorescence imaging were also obvious in

our analysis, the subjectivity of SN evaluation and potential secondary node

contamination because of the high sensitivity of the PDE system.

In the preliminary phase of our study, we attempted intraoperative mapping.

However, intraoperative mapping was difficult because of pollution of the surgical

field by ICG leakage from the edge of the dissected lymphatic basin (data not

shown). A reduction in ICG dose is essential when performing SN biopsy for gastric

cancer, as this region has a rich lymphatic flow. We thought that the PDE was

sensitive enough to detect minute ICG concentrations. We next changed the timing

of injection from intraoperative to preoperative (the day before surgery). A marked

reduction in the pollution of the surgical field was achieved with this modification.

The adequate concentration of ICG was determined in the initial eight cases, which

were all node negative. Table 13.3 shows the relationship between the number of

bright nodes and ICG concentration. At an ICG concentration of 5 μg/mL (�1000),

bright lymphatics and bright nodes were detected despite the weak fluorescence.

Therefore, the adequate concentration of ICG was determined to be 50 μg/mL

(�100). Next, we determined the adequate injection volume. Fifteen and 19 sequen-

tial patients were injected with 0.5 mL� 4 points and 0.2 mL� 4 points of

Table 13.2 Bright node

biopsy results
Bright node biopsy

Status of all dissected nodes

Metastasis No metastasis

Metastasis 7 0

No metastasis 0 35

Table 13.3 Relationship between the number of bright nodes and ICG concentration

Concentration Volume No. of cases No. of bright nodes (median)

�2 (2.5 mg/mL) 0.5 mL� 4 1 17

�40 (125 μg/mL) 0.5 mL� 4 2 8 (8, 8)

�100 (50 μg/mL) 0.5 mL� 4 4 5 (4–7)

�1000 (5 μg/mL) 0.5 mL� 4 1 3

�100 (50 μg/mL) 0.5 mL� 4 15 6 (3–11)

�100 (50 μg/mL) 0.2 mL� 4 19 6 (2–7)
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50 μg/mL ICG, respectively. The visualization of bright nodes and bright lym-

phatics was similar between the two groups. The median number of bright nodes

was not significantly different between the two groups. Therefore, the adequate

injection volume of ICG solution was determined to be 0.5 mL� 4 points because

of its technical reliability.

The numbers of bright nodes depended on the concentration of the ICG solution

injected. Therefore, the bright nodes detected by the PDE seemed to contain a few

secondary nodes. Secondary node contamination is a significant drawback of ICG

fluorescence imaging resulting from its high sensitivity, because true SNs are

difficult to distinguish from secondary nodes. In the radioisotope method, the

threshold for distinguishing true SNs from secondary nodes is determined by

measuring the radioactive count of hot nodes. This is because the SNs receive

much greater lymphatic flow and take up more radioactive colloid than secondary

nodes. We hypothesize that ICG-lipoprotein complexes might behave in the same

manner as radioactive colloids and, therefore, the threshold level for true SN

detection could be determined by measuring ICG fluorescence intensity. Further

investigation is needed to validate our hypothesis and to overcome this limitation of

ICG fluorescence imaging.

13.7 The Future of Laparoscopic Gastric Surgery

At present, laparoscopic gastrectomy merely replicates standard gastrectomy. It is

difficult to perform function-preserving curative gastrectomy using the laparo-

scopic approach. However, if ICG fluorescence mapping for early gastric cancer

becomes feasible, laparoscopic function-preserving curative gastrectomy would be

a good alternative to the commonly used D1+ gastrectomy for patients with node-

negative gastric cancer. Schematic diagrams of function-preserving gastrectomy

with lymphatic basin dissection are shown in Fig. 13.2.

Our results were obtained using the PDE, so a small incision at the upper

abdomen was needed to assess the direction of the lymphatic basins. However,

several ICG fluorescence imaging systems have been developed and are available,

Fig. 13.2 Schematic diagrams of function-preserving gastrectomy with lymphatic basin dissec-

tion. (a) Limited proximal gastrectomy, (b) segmental gastrectomy, (c) local resection
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including the IMAGE 1 HD system by Karl Storz, the IRI system by Olympus, the

ICG fluorescent laparoscope by Shinko-Optical, and the PINPOINT system by

Novadaq. The use of these systems would allow avoidance of the upper abdomen

incision and promote widespread proliferation of ICG fluorescence imaging and

function-preserving curative gastrectomy. Nevertheless, the proper concentration

of ICG should be reexamined if these detection devices are to be used.

A limitation of ICG fluorescence imaging is the subjectivity of SN evaluation

and potential secondary node contamination. Nevertheless, the elimination of

secondary node contamination will be possible by using new agents. New fluores-

cence agents with both fluorescence and colloid particle characteristics have been

developed [38–42]. These agents detect only fluorescent SNs and not secondary

nodes and could potentially be useful in laparoscopic SN biopsy in cases of gastric

cancer. Furthermore, they may be used alone as a standard tracer instead of in

combination with other SN mapping tracers.
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Chapter 14

Fluorescent Navigation Surgery

for Gastrointestinal Tract Cancers: Detection

of Sentinel Nodes, Tumor Tattooing,

and Harvesting of Lymph Nodes

Mitsuo Kusano, Hiromi Ono, Yasushi Danjo, Futoshi Kawamata,

Yusuke Tajima, Seiji Ohtsubo, Shingo Shimada, and Kaname Koyanagi

Abstract The applications of indocyanine green (ICG) fluorescence imaging (IFI)

for fluorescent-guided surgery have been expanding. Here we assessed the use of

IFI in gastrointestinal tract surgeries. We first evaluated the feasibility of sentinel

lymph node (SLN) mapping guided by IFI in gastrointestinal cancers. Twenty-two

gastric cancer patients and 26 colorectal cancer patients who had undergone

standard surgical resection were enrolled. The SLN detection rate in our prelimi-

nary study was 90.9 % and the mean number of SLNs was 3.6 in the gastric cancer

patients, and the corresponding values in the colorectal cancer patients were 88.5 %

and 2.6. Among the gastric cancer patients, the accuracy was 88.9 % and the false-

negative rate was 33.3 %. Secondly, we assessed the efficacy of a new method for

tattooing the tumor location using IFI instead of India ink. We succeeded in the ICG

marking of early-stage stomach cancer and colon cancer, and our results may lead

to the establishment of a new marking procedure instead of the conventional India
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ink and clipping methods. Lastly, we evaluated whether an IFI method of

harvesting lymph nodes (LNs) from resected specimens could improve the accu-

racy of LN staging. ICG fluorescence-labeled LNs were found even though the ICG

solution was injected ex vivo. The IFI method thus improved the LN harvest from

resected specimens. This method will provide precise evaluations of the patholog-

ical status of LNs.

Keywords Sentinel node navigation surgery • Tumor tattooing • Fluorescent

endoscope • Lymph node harvest

14.1 Introduction

Sentinel lymph nodes (SLNs) drain directly from primary lesions and the initial

sites of metastasis (Fig. 14.1). When there is no metastasis in the SLNs, the

dissection area of lymph nodes can be minimized. SLN navigation surgery

(SLNNS) for malignancies has been used in breast cancers [1] and melanomas

[2]. The feasibility of SLNs for gastrointestinal (GI) malignancies, gastric cancer,

and colon cancers has not yet been established. Various dye-guided [3] and

radioisotopic radio-guided methods [4] have been used to detect SLNs, but each

method has some technical and cost-benefit disadvantages. Here, we evaluated the

usefulness of indocyanine green (ICG) fluorescence imaging (IFI) for the detection of

SLNs in GI tract malignancies (Fig. 14.2a).

The correct marking of the tumor lesion is essential for the laparoscopic or other

minimally invasive surgery for GI tract cancers. Tattooing by India ink and a

Fig. 14.1 The

identification of SLNs. ICG

can be injected around a

tumor by endoscopy prior to

surgery or by the direct

injection of ICG during the

surgery
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clipping procedure have been widely employed, but they present risks of dirty

staining or the leakage of India ink into the abdominal cavity [5] and the dropout of

clips. We developed a novel endoscopic device [6], and here we evaluated the ICG

fluorescence marking method as a new way to tattoo a GI tumor.

Several studies [7–9] have reported a significant correlation between the number

of lymph node (LN) metastases and the number of retrieved LNs, and the number of

metastatic LNs is the main prognostic factor in patients with gastric cancers. It is

thus mandatory to harvest LNs from resected specimens very precisely for the

accurate determination of the clinical stage in gastric cancer.

In this study, we tested the efficacy of the IFI method for the retrieval of LNs

from resected GI cancer specimens.

14.2 Materials and Methods

14.2.1 The Detection of SLNs

Fluorescence images were obtained after an injection of ICG using a charge-coupled

device fluorescent endoscope with a cut filter as the detector and light-emitting

Fig. 14.2 (a) Intraoperative detection of SLNs. (b) When no micrometastasis is detected in SLNs,

is the partial resection of stomach acceptable?
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xenon at 840 nm as the light source. There are two ICG injection approaches.

In one approach, ICG is injected into the subserosa around the tumor. In the

present study, 0.3 mL of ICG solution was injected at three points around the

tumor prior to the patients’ surgeries. In the second approach, the ICG is injected

intraoperatively.

The patient series in our preliminary study consisted of 22 patients with gastric

cancer and 26 patients with colorectal cancer, all of whom had undergone a

standard surgical resection [10]. In the open laparotomy cases, we observed the

SLNs using a fluorescence imaging device (photodynamic emission [PDE] camera)

after the laparotomy. In the laparoscopy-assisted gastrectomy cases, a fluorescent

endoscope was used.

14.2.2 Tattooing the Tumor Region Using ICG Fluorescence

ICG injections were given to the patients undergoing preoperative gastrectomy or

colectomy for early-stage stomach and colon cancers or adenomas. After the

laparotomy, the stomach or colon was first observed with the naked eye, and then

the PDE camera or fluorescent endoscope was used.

14.2.3 ICG Fluorescence-Assisted Ex Vivo Lymph Node
Harvest in Gastric Cancer

Three timings for the ICG injection have been explored: preoperative,

intraoperative, and postoperative injection. Here we focused on the ex vivo injec-

tion of ICG in 20 patients with proven gastric cancer. After resection, 0.3 mL of

ICG solution was injected into four or five points of the submucosal areas. LNs

were then harvested by the conventional procedure. We reexamined whether there

were any LNs left behind, using the PDE camera. Lastly, we evaluated IF-labeled

LNs in paraffin-embedded specimens from the patients.

14.3 Results

14.3.1 The Detection of SLNs

We observed that during the surgeries, soon after the laparotomy, the tumors were

easily recognized and lymphatic channels draining from the tumor to the SLNs

were clearly visible by fluorescence and the SLNs’ bighting fluorescence

(Fig. 14.2a). Even the SLNs that were not fluorescent green in color could be easily
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and clearly visualized by the IFI imaging. The SLN detection rate in our prelimi-

nary study was 90.9 % and the mean number of SLNs was 3.6 in the gastric cancer

patients, and the corresponding values in the colorectal cancer patients were 88.5 %

and 2.6.

14.3.2 The Tattooing of the Tumor Region by ICG
Fluorescence

After the laparotomy, we observed the tattooing areas by using the PDE camera or

fluorescent endoscope (Figs. 14.3 and 14.4). In our preliminary study we combined

the injection of ICG and India ink and the clipping method in an attempt to identify

the marking spots without fail. However, when we injected India ink prior to the

ICG injection, we could not detect the tattooing points due to the ink’s obstruction
of the ICG pathway to the LNs.

a b

c

e

d

Fig. 14.3 Tattooing the tumor region by ICG fluorescence in the early gastric cancer. The

stomach was mobilized laparoscopically and exteriorized through a minilaparotomy incision (a).

The fluorescence-marked tumor localization was clearly visualized (b). (c–e) Fluorescent laparo-

scopic findings during a colon surgery. The fluorescent area around the tumor (a) was clearly

visualized by fluorescent endoscopy (e). After marking using pyoktanin dye (d), a segmental

colectomy was performed
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14.3.3 ICG Fluorescence-Assisted Ex Vivo Lymph Node
Harvest in Gastric Cancer

Soon after the gastrectomies, we injected ICG at several points in submucosal areas

around the tumors in resected specimen. A few minutes later, the lymphatic ducts

and lymph nodes that generated fluorescence were detectable by the PDE camera

(Fig. 14.5d–f). LNs were found by IFI even after the conventional harvesting of

LNs.

Of the 20 gastric cancer patients in our patient series, eight patients had early-

stage cancer and 12 had advanced-stage cancer. The mean number of residual LNs

in the early cancers was 3.1, and that in advanced cancers was 6.2. Residual lymph

nodes were detected in 19 of the 20 gastric cancer cases. Pathology-based upstaging

was done for one patient. In that case, at primary harvest, we found 19 lymph nodes,

and two were metastatic. At the patient’s secondary harvest, 19 more lymph nodes

were detected and three were metastatic. The pathological stage of this patient was

thus upstaged form stage 2B to 3A.

This result prompted us to conduct a further study of the relationship between

fluorescence and lymph nodes, using paraffin-embedded specimens (Fig. 14.6).

a b

c ed

Fig. 14.4 Rectum cancer with tattooing by ICG. (a, b) The marking spot cannot be seen by the

naked eye, but fluorescent spots were clearly observed at the upper and lower sides of the tumor by

the PDE camera (see Fig. 14.4b). (c) The observation of fluorescent-tattoo spot by PDE camera.

(d) The marking spot cannot be seen by the naked eye (Fig. 14.4c), but fluorescent spots were

clearly detected (serous side, Fig. 14.4d). (e) Resected specimen tattooed by India ink (the case

shown in Fig. 14.4e)
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Fig. 14.5 ICG fluorescence-assisted ex vivo lymph node harvest in GI tract cancers. (a–c) Ex vivo

ICG injection (gastric cancer). ICG was injected directly into the subserosa. A conventional LN

harvest (b) and additional LN harvest (c) were then performed. (d–f) Ex vivo ICG injection (colon

cancer). After the injection of ICG, the lymphatic flows appeared gradually. One min (d) and

15 min (e, f) after the injection

Fig. 14.6 Observation of paraffin-embedded LNs. (a) Observation of the fluorescence of LNs by

the prototype PDE system. (b, c) Observation of fluorescent LNs (b) and LNs with hematoxylin

and eosin stain. Red spots: LNs with metastasis
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14.4 Discussion

We confirmed the efficacy of navigation surgery using the ICG fluorescent imaging,

but several questions remain unanswered. Sentinel navigation surgery in breast

cancer and malignant melanoma has been recognized as an established method, but

there is no evidence regarding sentinel navigation surgery in stomach [11, 12] or

colon cancer [10]. However, Takeuchi et al. [13] reported promising data from both

a meta-analysis and a prospective multicenter trial of SLN mapping for early-stage

gastric cancer. In their report, the SLN detection rates and the accuracy of the

determination of lymph node status were acceptable for the establishment of the

concept of SLNNS in gastric cancer. In the study [13], a dual-tracer method that

uses blue dyes [3] and radioactive colloids [4] was used, but the authors emphasized

that new technologies such as ICG infrared or fluorescence imaging might be a

promising approach for the SLN mapping procedures in gastric cancer.

The concept of sentinel navigation surgery not only in early gastric cancers but

also in early colon cancer may be beneficial for patients by preventing various

complications related to unnecessary prophylactic regional LN dissection in

patients with cancer-negative SLNs. When sentinel navigation surgery in gastric

cancer is established, the partial resection of the stomach also becomes possible as a

minimally invasive surgery for cancers of the gastrointestinal tract (Fig. 14.2b).

Regarding the tracer used to detect the SLNs, three tracers have been used: dye,

RI, and ICG. Each tracer has its respective disadvantages. The disadvantages of the

dye method are a low recognition rate and a short leveling time. The high cost and

the exposure problem of radioactivity are disadvantages of RI tracers. The use of

the ICG fluorescence method has officially been approved in Japan in SLNNS of

breast cancer and malignant melanoma, and it thus appears that ICG can be an

acceptable tracer for the detection of SLNs in gastric and colon cancer.

In the present examination of 110 cases, we found that the ICG tattooing method

was very useful for the marking of the early gastric and colonic cancers, especially

when using a laparoscopic approach (Fig. 14.3). Our clinical experience of suc-

cessful ICG marking of early-stage stomach and colon cancers may lead to the

establishment of new marking procedures that could be used as alternatives to the

conventional India ink and clipping methods.

The injection of India ink has been used frequently for marking tumors, but there

are some disadvantages of India ink [5]. One is that the marking portion is stained

black (Fig. 14.4e), and the leakage of India ink into the abdominal cavity is an

additional disadvantage. In the clipping method, the clips are likely to fall off. The

ICG fluorescence method does not have these disadvantages. In addition, the

fluorescence images obtained by this method are maintained even 10 days follow-

ing ICG injection, and thus additional endoscopic approaches are not needed for the

tattooing of tumors. Moreover, in colon cancer case it is easy to confirm the

excision site when the ICG tattooing area is observed with the PDE camera after

the colon is exteriorized.
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We recommend this reliable tattooing procedure because it provides a more secure

approach and a cleanmarking area.We alsowant to emphasize the development of the

fluorescence endoscope [14] (Fig. 14.3e). The use of laparoscopic surgery in stomach

and colon surgery has spread widely. When we want to perform minimally invasive

ICG fluorescent navigation surgery, the fluorescence endoscope is an essential tool

[14] in the SLNNS as described above. The ICG fluorescence endoscope enables

a promising approach for the detection of SLNs and for marking early-stage tumors

[15, 16]. The endoscope was developed first in Japan, and the tattooing method of

colorectal cancer using the fluorescence endoscope has been reported [17]. The

endoscope is now being tested in Europe. The new ICG fluorescence endoscope

is also a potential approach for laparoscopic image-guided cholecystectomies [6].

In the present investigation we evaluated LN mapping by ICG fluorescence

imaging using an ex vivo injection of ICG into resected specimens. We found that

this imaging enabled the precise evaluation of harvested LNs (including SLNs)

after surgery. The imaging makes it possible to conduct a more accurate retrieval of

LNs, especially those that are very small in size.

Lastly, we discuss the harvest of LNs from resected specimens in cases in which

metastatic LNs are defined as a prognostic factor [8]. According to the TNM [18]

and Japanese staging systems for gastric cancer [19], N-staging is defined as

follows: N0, no regional lymph node metastasis; N1, metastasis in 1–2 regional

lymph nodes; N2, metastasis in 3–6 regional lymph nodes; N3, metastasis in >7

regional lymph nodes; N3a, 7–15; and N3b,>16. The Japanese lymph node staging

system is the same as the TNM classification. It is necessary to evaluate the exact

numbers of lymph nodes and metastatic lymph nodes that are correlated with the

prognosis of stomach and colon cancer patients.

Our present findings demonstrated that ICG fluorescence-labeled LNs were

detectable even though the ICG solution was injected ex vivo, which greatly

improved the accuracy of the LN harvest from resected specimens. This improve-

ment will enable more precise evaluations of the pathological status of LNs. Thus,

ICG fluorescence imaging is a highly effective method for LN harvest for the

determination of more accurate staging not only in stomach cancer but also in

colon cancer. To our surprise, the lymphatic flows in the resected specimens

remained even 30 min after the resection. The dynamics of lymph flows should

be evaluated pathophysiologically in resected specimens with the use of ICG

fluorescence imaging.

References

1. Veronesi U, Paganelli G, Viale G et al (2006) Sentinel-lymph-node biopsy as a staging

procedure in breast cancer: update of a randomised controlled study. Lancet Oncol 7

(12):983–990

2. Morton DL, Wen DR, Wong JH, Economou JS, Cagle LA, Storm FK, Foshag LJ, Cochran A

(1992) Technical details of intraoperative lymphatic mapping for early stage melanoma. Arch

Surg 127(4):392–399

14 Fluorescent Navigation Surgery for Gastrointestinal Tract Cancers:. . . 173



3. Fattahi AS, Tavassoli A, Rohbakhshfar O et al (2014) Can methylene blue dye be used as an

alternative to patent blue dye to find the sentinel lymph node in breast cancer surgery? J Res

Med Sci 19(10):918–922

4. Ahmed M, Purushotham AD, Horgan K et al (2015) Meta-analysis of superficial versus deep

injection of radioactive tracer and blue dye for lymphatic mapping and detection of sentinel

lymph nodes in breast cancer. Br J Surg 102(3):169–181

5. Singh S1, Arif A, Fox C, Basnyat P (2006) Complication after pre-operative India ink tattooing

in a colonic lesion. Dig Surg 23(5–6):303

6. Kusano M, Yasuda D, Watanabe M et al (2008) Novel fluorescence endoscope for minimally

invasive surgery SAGES (Society of American Gastrointestinal Endoscopic Surgeons) 2008.

Emergency technology poster session proceedings, vol 2, p 304

7. Saito H, Fukumoto Y, Osaki T, Fukuda K et al (2007) Prognostic significance of level and

number of lymph node metastases in patients with gastric cancer. Ann Surg Oncol

14:1688–1693

8. Karpeh MS, Leon L, Klimstra D, Brennan MF (2000) Lymph node staging in gastric cancer: is

location more important than Number? An analysis of 1,038 patients. Ann Surg 232:362–371

9. Espin F, Bianchi A, Llorca S et al (2012) Metastatic lymph node ratio versus number of

metastatic lymph nodes as a prognostic factor in gastric cancer. Eur J Surg Oncol 38:497–502

10. Kusano M, Tajima Y, Yamazaki K et al (2008) Sentinel node mapping guided by indocyanine

green fluorescence imaging: a new method for sentinel node navigation surgery in gastroin-

testinal cancer. Dig Surg 25(2):103–108

11. Tajima Y, Yamazaki K, Masuda Y et al (2009) Sentinel node mapping guided by indocyanine

green fluorescence imaging in gastric cancer. Ann Surg 249:58–62

12. Kitagawa Y, Takeuchi H, Takagi Y et al (2013) Sentinel node mapping for gastric cancer: a

prospective multicenter trial in Japan. J Clin Oncol 31:3704–3710

13. Takeuchi H1, Kitagawa Y (2015) Sentinel lymph node biopsy in gastric cancer. Cancer J 21

(1):21–24

14. Nimura H, Narimiya N, Mitsumori N et al (2004) Infrared ray electronic endoscopy combined

with indocyanine green injection for detection of sentinel nodes of patients with gastric cancer.

Br J Surg 91:575–579

15. Tajima Y, Murakami M, Yamazaki K et al (2010) Sentinel node mapping guided by

indocyanine green. Ann Surg Oncol 17(7):1787–1793

16. Cahill RA, Anderson M, Wang LM et al (2012) Near-infrared (NIR) laparoscopy for

intraoperative lymphatic road-mapping and sentinel node identification during definitive

surgical resection of early-stage colorectal neoplasia. Surg Endosc 26(1):197–204

17. Miyoshi N, Ohue M, Noura S et al (2009) Surgical usefulness of indocyanine green as an

alternative to India ink for endoscopic marking. Surg Endosc 23(2):347–351

18. Sobin LHGM, Wittekind C (2009) TNM classification of malignant tumors, 7th edn. Wiley-

Blackwell, Oxford

19. Japanese Gastric Cancer A (2011) Japanese classification of gastric carcinoma, 3rd English

Edition. Gastric Cancer 14:101–112

174 M. Kusano et al.



Part VIII

Sentinel Node Navigation Surgery and
Other Applications for Gastrointestial

Tract Cancers: Colon Cancer



Chapter 15

Sentinel Node Navigation Surgery for Rectal

Cancer: Indications for Lateral Node

Dissection

Shingo Noura, Masayuki Ohue, and Norikatsu Miyoshi

Abstract Background: Lateral node dissection (LND) for lower rectal cancer is

beneficial in a limited number of patients. If sentinel node navigation surgery could

be applied in cases of lower rectal cancer, unnecessary LND procedures could be

avoided. The aim of this study was to confirm the efficacy of sentinel node

(SN) surgery for lateral lymph node (LLN) involvement of lower rectal cancer.

Methods: We investigated the existence of a lateral pelvic region SN in 53 lower

rectal cancer patients. Indocyanine green (ICG) was injected into the submucosa

along the dentate line, and the lateral pelvic region was observed using a near-

infrared camera system (PDE, photodynamic eye). Bilateral LND was performed in

cases in which the lateral SN demonstrated metastasis, whereas mesorectal excision

only was performed in cases in which the lateral SN had no metastasis.

Results: Using PDE, the LNs that received ICG appeared as shining fluorescent

spots on the fluorescence images. The lateral SNs were successfully identified in

49 (92.5 %) of the 53 patients; the mean number of lateral SNs per patient was 2.0

(range, 1–4). Of the 49 patients in whom lateral SNs were identified, four (8.2 %)

had LLN metastases.

Conclusions: We were able to correctly identify patients with LLN metastases

using PDE. It is difficult to predict LLN metastasis based on the findings of

preoperative images or traditional criteria. Therefore, obtaining an intraoperative

diagnosis is essential for selecting patients exhibiting LLN metastases.
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15.1 Introduction

In 1895, Gerota described the lateral and upward lymphatic flow in the rectum, as

visualized using the dye injection method [1]. However, abdominopelvic lymph

node (LN) dissection has failed to provide any significant benefits in patient

survival [2, 3]. Therefore, in the West, extended surgery for rectal cancer has

generally been abandoned. In Japan, Senba et al. reported the results of an anatomic

study of the lymphatics of the rectum in which dye was injected into fetal cadavers

and concluded that the lateral lymphatic vessels are distributed around the internal

iliac arteries and inside the obturator space [4]. It is generally understood that some

lymphatic vessels, mostly those originating from the lower rectum, easily penetrate

the extramesenteric lymphatic vessels via the lateral ligament and ascend along the

internal iliac arteries. Lateral node dissection (LND) is performed to treat middle or

lower rectal cancer and has been shown to be associated with a lower rate of local

recurrence than conventional surgery [5–7]. LND is indicated when the lower

border of the tumor is located distal to the peritoneal reflection and has invaded

beyond the muscularis propria [8]. However, the lateral lymph node (LLN) metas-

tasis rate in patients treated with LND according to these criteria is only 20.1 %

[9]. In the JCOG0212 trial, Fujita et al. reported that mesorectal excision (ME) with

LND requires a significantly longer operative time (median, 360 min vs. 254 min)

and results in significantly greater blood loss (median, 576 ml vs. 337 ml) than ME

alone. Therefore, the routine adoption of LND in patients with advanced lower

rectal cancer remains controversial.

The sentinel node (SN) is defined as the first node in the regional lymphatic basin

that drains the primary tumor and is detected with a radioisotope and/or dye. A SN

biopsy (SNB) is the standard procedure for determining the axillary stage in

patients with breast cancer with clinically negative LNs [10, 11]. Recently, the

SNB technique has been applied to cancers of the gastrointestinal tract [12–15], and

numerous studies, including these reports, have used radioactive colloid tracers

(e.g., 99mTc sulfur colloid) or visible blue dye (e.g., isosulfan blue) [16]. Further-

more, a promising new technique that uses SNB guided by indocyanine green (ICG)

fluorescence imaging has recently been reported for the treatment of gastric cancer

[17, 18]. If sentinel node navigation surgery (SNNS) could be successfully applied

in cases of advanced lower rectal cancer, unnecessary LND procedures could be

omitted, and the use of personalized lymphadenectomy may be possible.

The aim of this study was therefore to confirm the efficacy of lateral pelvic SN

surgery for lower rectal cancer.

15.2 Patients and Methods

15.2.1 Patients

A total of 53 rectal cancer patients in whom the lower border of the tumor was

located distal to the peritoneal reflection and invaded beyond the muscularis propria
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on preoperative images were investigated. No subjects exhibited extramesorectal

lymph node enlargement (i.e., lymph nodes with a short-axis diameter of less than

10 mm on CT or MRI were not regarded as indicating lymph node enlargement) and

had received either chemotherapy or irradiation preoperatively. This study was

approved by the Human Ethics Review Committee of Osaka Medical Center for

Cancer and Cardiovascular Diseases, and signed informed consent was obtained

from each patient.

15.2.2 Detection of the SN with ICG Using the Near-Infrared
Camera System

ICG fluorescence imaging was carried out using the near-infrared camera system

(photodynamic eye (PDE), Hamamatsu Photonics, Hamamatsu, Japan) (Fig. 15.1a).

The light source was a light-emitting diode that emitted light at a wavelength of

760 nm, and the detector was a charge-coupled device camera with a filter used to

filter out light with a wavelength of 820 nm. The fluorescence signals were sent to a

digital video processor to be displayed on a TV monitor in real time (Fig. 15.1b).

The camera unit of the device was covered with a sterilized transmissive cover

(Fig. 15.1c) and held directly by the surgeon, placed approximately 20 cm ahead of

the pelvic side wall (Fig. 15.1d).

Before performing laparotomy, a fine needle (26 gauge) was inserted into the

submucosal layer via the anus, and ICG dye (Diagnogreen, Daiichi Sankyo Co.,

Ltd., Tokyo, Japan) was gently injected at four sites along the dentate line

circumferentially. The total amount of injected dye was 1 ml (5 mg, 0.5 % ICG)

in each patient. After the rectal cancer was resected, the lateral vesical and obturator

spaces were opened via the extraperitoneal approach between the lateral aspect of

the internal iliac vessels and the pelvic wall. The adipose tissue surrounding the

common-internal iliac arteries and obturator space was observed with PDE, which

allowed for the identification of SN in the lateral pelvic region.

15.2.3 Division of the Lateral Pelvic Region

According to the Japanese Classification of Colorectal Carcinoma [19], the lateral

pelvic region can be classified into three divisions: (1) the common iliac region

along the common iliac artery, (2) the internal iliac region along the internal iliac

artery, and (3) the obturator region along the obturator nerve, artery, and vein

(Fig. 15.2).
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Fig. 15.1 (a) Near-infrared camera system (PDE, photodynamic eye). (b) PDE system. (c) The

camera unit was covered with a sterilized transmissive cover. (d) The camera was handled directly

by the surgeon

Common iliac artery

External
iliac artery

Obturator nerve

Internal
iliac artery

Middle
rectal artery

Pelvic plexus

Common iliac region

Internal
iliac region

Obturator
region

Fig. 15.2 Diagram showing the division of the lateral pelvic region
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15.2.4 Statistical Analysis

The statistical analyses were performed using the StatView version 5.0 software

package (Abacus Concepts, Berkeley, CA). The data are presented as the

mean� standard deviation and were analyzed using the χ2 test for discrete vari-

ables. If the sample size was small, Fisher’s exact test was used. A P value of<0.05

denoted the presence of a statistically significant difference.

15.3 Results

15.3.1 Patient Characteristics

The patients included 36 males (67.9 %) and 17 females (32.1 %), with an average

age of 59.8� 11.5 (range, 32–83) years. The anal edge of all tumors at the lower

level was located either at or below the peritoneal reflection. The distance from the

dentate line to the lower border of the tumor was 2.9� 2.1 (range, �2.0 to 6.0) cm,

and the tumor size was 4.6� 1.7 (range, 1.2–11.0) cm. Most tumors were moder-

ately differentiated adenocarcinomas (N¼ 38), followed by well-differentiated

adenocarcinomas (N¼ 13) and poorly differentiated adenocarcinomas (N¼ 2)

(Table 15.1).

15.3.2 Feasibility

No adverse events related to the ICG injections were noted. As previously described

[20], the optimal concentration of ICG was 0.5 %, and a total of 1 ml (5 mg) of ICG

solution was injected. PDE clearly visualized the LNs and lymphatic vessels that

received ICG; however, the PDE-positive LNs were not detected with the naked

eye. The LNs and lymphatic vessels not seen under ordinary white light were

visualized on PDE in the surrounding adipose tissue around the common-internal

iliac arteries and obturator space (Fig. 15.2). The preparation of the device, injec-

tion of the ICG solution, and observation of the fluorescence images took less than

30 min.

15.3.3 Detection of Lateral SNs

The LNs and lymphatic vessels that received ICG appeared as shining fluorescent

spots and streams on the fluorescence images of PDE. The lateral SNs were

successfully identified in 49 (92.5 %) of the 53 patients; the total number of lateral
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SNs was 94, and the number of lateral SNs per patient was 1.9� 0.8 (range, 1–4).

Of the 94 SNs, 51 (54.3 %) were detected in the internal iliac region, 40 (42.5 %)

were detected in the obturator region, two (2.1 %) were detected in the external iliac

region, and one (0.1 %) was detected in the common iliac region. The parameters

age, sex, distance from the dentate line, tumor size, histological grade, depth of the

primary tumor, upward LN status, pTNM stage, lymphatic invasion, and venous

invasion did not affect the successful identification of the lateral SNs (Fig. 15.3,

Table 15.2).

Table 15.1 Clinicopathological

findings of the 53 patients with

rectal cancer

Age (years) 59.8� 11.5 (32–83)

Gender

Male 36 (67.9 %)

Female 17 (32.1 %)

Distance from dentate line (cm) 2.9� 2.1 (�2.0–6.0)

Tumor size (cm) 4.6� 1.7 (1.2–11.0)

Histological grade

Well 13 (24.5 %)

Mod 38 (71.7 %)

Por 2 (3.8 %)

Primary tumor

pT1 3 (5.7 %)

pT2 13 (24.5 %)

pT3/T4 37 (69.8 %)

Regional lymph nodes

pN0 25 (47.2 %)

pN1 17 (32.1 %)

pN2 11 (20.8 %)

pTNM stage

I 10 (18.9 %)

II 15 (28.3 %)

III 22 (41.5 %)

IV 6 (11.3 %)

Lymphatic invasion

No 20 (37.8 %)

Yes 33 (62.3 %)

Venous invasion

No 14 (26.4 %)

Yes 39 (73.6 %)

Well well-differentiated adenocarcinoma, Mod moderately

differentiated adenocarcinoma, Por poorly differentiaterd

adenocarcinoma
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15.3.4 Correlations Between the Tumor-Positive Lymph
Nodes and Dissected Lymph Nodes

Lateral SNs were detected in 49 of the 53 patients. Figure 15.4 shows the thera-

peutic courses of these 49 patients. Patients in whom we detected lateral SNs on

PDE were diagnosed with or without metastasis in the lateral SNs based on the

results of HE staining. LND was performed in nine of the 49 patients with lateral

SNs, four (8.2 %) of whom showed metastasis in the lateral SNs on HE staining.

Although the remaining five patients demonstrated no metastasis in the lateral SNs

on HE staining, LND was performed prophylactically in these cases.

Of the nine patients who received ME with LND, four had tumor-positive lateral

SNs. In two of these four patients, tumor-positive LNs were detected in the

dissected lateral non-SNs. In contrast, in the five patients with tumor-negative

lateral SNs, all of the dissected lateral non-SNs were negative. Therefore, the

negative predictive value in the patients with tumor-negative lateral SNs was

100 %.

(a) (b)

(d)(c)

Fig. 15.3 Detection of SNs around the left internal iliac artery. (a) On PDE, the LNs that received

ICG appeared as shining fluorescent spots (arrow). (b) On PDE, the lymphatic vessels that

received ICG appeared as shining fluorescent streams (arrow). (c) The SNs that received ICG

were not stained green in the naked eye examination. (d) The same SNs that received ICG

appeared as shining fluorescent spots on PDE
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Table 15.2 Clinicopathological features and rate of success in identifying lateral SNs

Clinicopathological

features

No. of cases

examined (N¼ 53)

No. of SNs detected in

cases (N¼ 49)

Success

rate (%) P value

Age

<60 years old 30 28 93.3 >0.9999

�60 years old 23 21 91.3

Gender

Male 33 31 93.9 0.6274

Female 20 18 90.0

Distance from the dentate line

<3.0 cm 22 20 90.9 0.1241

�3.0 cm 31 29 89.0

Tumor size

<4.5 cm 24 22 91.6 >0.9999

�4.5 cm 29 27 93.1

Histological grade

Well/Mod 51 47 92.2 >0.9999

Por 2 2 100

Depth of the primary tumor

pT1 3 3 100 0.8772

pT2 13 12 92.3

pT3/T4 37 34 91.9

Upward LN status

negative 28 26 92.9 >0.9999

positive 25 23 92.0

pTNM stage

I 10 9 90 0.7766

II 15 14 93.3

III 22 21 95.5

IV 6 5 100

Lymphatic invasion

No 20 19 95.0 >0.9999

Yes 33 30 90.9

Venous invasion

No 14 13 92.9 >0.9999

Yes 39 36 92.3

Well well-differentiated adenocarcinoma, Mod moderately differentiated adenocarcinoma, Por
poorly differentiated adenocarcinoma, LN lymph node, SN sentinel node
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15.4 Discussion

One of the most common sites of recurrence after curative resection for rectal

cancer is the pelvis, and local control is a major goal of surgical treatment. Several

trials comparing the efficacy of LND with preoperative chemoradiotherapy (CRT)

found no differences in the rates of either locoregional recurrence or survival. In

contrast, the operative time, amount of blood loss and frequency of urinary dys-

function, and male sexual disorders were observed to be increased in the LND

group versus the ME-alone group [6, 21–25]. In a multi-institutional study

conducted in Japan, LLN metastasis was found to have a positive association

with overall survival in a multivariate analysis, and the prognosis of these patients

was similar to that of the subjects with N2b disease and better than that of the

subjects with stage IV disease. The authors concluded that LLN involvement can be

regarded as a regional condition that may benefit from LND [26]. In addition, Kim

et al. reported LLN metastasis to be a major cause of locoregional recurrence in

patients with rectal cancer treated with preoperative CRT and curative resection

[27]. In the context of clinically suspected LLN disease, dissection should be

attempted to remove these nodes, if technically feasible [28]. For this reason,

there is currently no consensus regarding the implementation of LND based on

the lack of high-level evidence. If lateral SNs to which the fluid first spreads from

the primary tumor of lower rectal cancer could be detected accurately, it would be

possible to omit unnecessary LND procedures.

The SN is defined as the first node in the regional lymphatic basin that drains the

primary tumor, and either radionuclide tracer or vital dye is used to detect these

nodes. Although ICG was initially developed as a drug to assess the liver and

circulatory function, it also is used for lymphography, angiography, and SN detec-

tion due to its diagnostic value and ready availability [12, 29–33]. Moreover, the

ICG method is convenient and safe compared with the radioisotope method

[17]. Avoiding the use of radioisotopes is also beneficial, especially in institutes

where the use of radioisotopes is limited. The clinical applicability of SNNS has

been investigated extensively in cases of gastrointestinal tract cancer [12–15], and

the usefulness of dye-guided SN detection in patients with colon cancer has

previously been reported [34], showing the high efficacy (70–99 %) of assessment

of SNs. However, there are few reports regarding lateral SNs in cases of rectal

cancer. Recently, Kawahara et al. reported conducting initial lateral pelvic LN

Lateral SN detectable  
N=49

ME with LND
N=9

Lateral SN positive by HE  
N=4 (8.2 %)

N=4

ME alone
N=40

Lateral SN negative by HE  
N=45 (91.8 %)

N=5

N=40

Fig. 15.4 Number of LND procedures and status of SN and non-SN cases based on hematoxylin

and eosin (HE) staining
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assessments for lower rectal cancer using infrared ray electronic endoscopy (IREE)

with ICG [35]. However, the rate of detection of SN in that study was not high

(43 %, six of 14). Detection via absorption spectroscopy is more sensitive than that

based on color perception, and some surgeons have reported that IREE with ICG

injection is useful for identifying SNs [36, 37]. In contrast, Ishikawa et al., using the

IREE system, reported the case of an obese patient with a falsely negative SN

detected with laparoscopic SN navigation, although infrared rays are capable of

penetrating fatty tissues up to a depth of 3 mm [37]. Kitai et al. noted, in their

preliminary report of ICG fluorescence imaging in the setting of breast cancer

surgery, that the sensitivity of fluorescence spectroscopy is much greater than that

of absorption spectroscopy. In addition, they reported detecting fluorescence from

an ICG solution embedded 1 cm deep in the material with optical properties

compatible to that of human tissue in a preliminary study using a phantom

[38]. Similarly, Miyashiro et al. recently reported that the sensitivity of ICG

fluorescence imaging appears to be much greater than that of infrared ray imaging

[17]. In fact, the rate of detection of lateral SNs on PDE in the present study was 2.2

times greater (92.5 % vs. 43 %) than that reported by Kawahara [35]. In our

previous study, the lateral SNs for lower rectal cancer tumors were investigated

using ICG with an examination with the naked eye. However, lateral SNs were

identified in only seven (28 %) of 25 patients [39]. Because the previous detection

rate was so low, it was hard to apply this method in clinical practice. In the current

study, PDE was successfully used to detect the lateral SNs for lower rectal cancer,

thus improving the detection rate. The rate of success in detecting the lateral SNs by

means of ICG using PDE was 92.5 %, which was 3.3 times greater than that

obtained in examinations with the naked eye based on our previous data. Due to

the high sensitivity of PDE, both tumor-negative and tumor-positive SNs can be

clearly detected using PDE.

The JCOG0212 trial [40] is a randomized controlled non-inferiority trial eval-

uating the efficacy of ME alone against ME with LND in patients with clinical stage

II/III lower rectal cancer without lateral pelvic LN enlargement. In that study, 7 %

patients in the ME with LND group without lateral pelvic LN enlargement on

preoperative images had lateral pelvic LN metastasis. These results show that, even

in patients without clinically evident lateral pelvic LN metastasis, such metastasis is

sometimes present pathologically. In the current study, the incidence of tumor-

positive lateral SNs was 8.2 % (four of 49), which is approximately the same as that

observed in the JCOG0212 trial. There is a limitation in predicting LLN metastasis

on preoperative imaging. Akiyoshi et al. reported that the incidence of LLN

metastases is 20 % among all patients undergoing preoperative CRT [41]. This

rate of LLN metastasis is similar to the findings of previous reports in which

patients received surgery alone [9, 26].

Based on these observations, when performing LND according to the traditional

guidelines [8], approximately 80 % of patients are negative for lateral pelvic LN

[9]. In addition, when LND is conducted in patients with negative lateral pelvic LN

findings on preoperative images, 7 % of these patients are found to have lateral

pelvic LN metastasis [40]. Furthermore, among patients who receive preoperative
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CRT, the incidence of lateral pelvic LN metastasis is 20 % [41]. Judging from these

reports, LLN metastasis cannot be cured with CRT alone. In order to reduce the rate

of lateral recurrence, LND is a necessary operative procedure in patients with LLN

metastases.

Although further studies with larger sample populations are needed to validate

the oncologic outcomes, the dye-guided method using the ICG fluorescent imaging

system is considered to be a potentially safe and convenient tool. In the current

study, the negative predictive value was 100 %, and we were able to correctly

identify patients with LLN metastasis using PDE.
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Sentinel Node Navigation Surgery: Skin
Cancer



Chapter 16

Indocyanine Green Fluorescence-Navigated

Sentinel Node Navigation Surgery (SNNS) for

Cutaneous Malignant Melanoma and

Extramammary Paget’s Disease

Taiki Isei

Abstract Sentinel node navigation surgery (SNNS) has been developed as a

beneficial procedure to detect clinically-negative early regional lymphatic metas-

tases in various types of skin cancers. Recently, a novel method was developed

using a near-infrared imaging system to visualize indocyanine green (ICG)-induced

fluorescence and to detect sentinel lymph nodes (SLN) in breast cancer. Herein, we

describe the critical techniques of this new method in the patients with cutaneous

melanoma and nonmelanoma skin cancers.

For sentinel node biopsy, intra-operative observation of ICG-induced fluores-

cence image is easily performed by infrared camera system. Cutaneous lymphatic

tracts to SNs become visible shortly after intracutaneous ICG injection. This

method is more ideal for detecting SLNs because of the higher intensity, contrast,

and penetrability of ICG compared with conventional vital dyes and can be suitable

for SNNS in melanoma and nonmelanoma skin cancers.

Keywords Sentinel node • Sentinel node navigation surgery • Melanoma • Paget

disease • Extramammary • Indocyanine green • ICG • Infrared

16.1 Introduction

Since Morton et al. [1] proposed the concept of sentinel lymph nodes (SLN)

concept in cutaneous malignant melanoma, pre-operative lymphatic mapping and

lymphadenectomy of SLNs (sentinel lymph node biopsy, SLNB) has been devel-

oped and has been proven to be a minimally invasive procedure that provides

important prognostic information; thus, allowing the detection of early nodal

metastases of thin to intermediate-thickness melanoma [2]. This method is now
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applied widely to a variety of nonmelanoma skin cancers, i.e., Merkel cell carci-

noma (MCC) [3] and extramammary Paget’s disease (EMPD) [4]. As such, using

this concept to limit the extent of surgical tissue dissection, sentinel node navigation

surgery (SNNS) is now also applied to the treatment of several internal malignan-

cies. SNNS involves preoperative imaging with radioisotope (RI) lymph scintigra-

phy to detect the SLNs, and intra-operative detection of the SLN. The RI tracer-

guided method using gamma probe detection is the most accurate intra-operative

procedure, but this requires special facilities and equipment, which can be expen-

sive. Although the conventional vital dye method for intra-operative SLN detection

is simple and inexpensive, it requires somewhat intensive training to obtain a

suitable detection rate. These have a common limitation, as they cannot visualize

the lymph vessels and lymph nodes from the skin surface during SNNS.

Recently, the novel method (ICG-NIR method) using a near-infrared (NIR)

imaging system to visualize indocyanine green (ICG)-induced fluorescence

(Fig. 16.1) was developed to detect SLN in breast cancer [5]. This system uses

Fig. 16.1 The mechanism for detecting ICG-induced fluorescence by NIR camera system

Once binding with plasma protein, ICG can emit fluorescence of maximum wavelength around

845 nm when it is excited by near-infrared light wavelength of 750–810 nm. This fluorescence of

ICG can be detected at least 10 mm beneath the skin surface by infrared camera unit. This camera

system has a NIR camera, which has a cutoff filter wavelength below 830 nm, in the center to

capture the fluorescence from lymphatic tracts, surrounded by many light-emitting diode (LED)

units of wavelength 760 nm to excite protein-binding ICG
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the properties of ICG that absorbs wavelength mainly between 600 and 900 nm and

emits fluorescence between 750 and 950 nm. This method has also been applied

to the treatment of several types of skin cancers, and has been reported to be useful

for the accurate detection of SLNs in both cutaneous melanomas as well as non-

melanoma skin cancers, e.g., squamous cell carcinoma (SCC), MCC, and EMPD.

Herein, we review the essential techniques of this new method in the patients

with cutaneous melanoma and nonmelanoma skin cancers on the extremities and

trunks.

16.2 Objectives

SLNB using ICG-NIR method can be applied for melanoma as well as for various

types of nonmelanoma skin cancers tend to lead to lymphatic metastases, e.g.,

MCC, EMPD, SCC, and porocarcinoma; although the efficacy of SLNB for

nonmelanoma skin cancers has not been well proven. For SLNB, patients who

exhibited clinically- or radiographically- obvious metastasis of the regional lymph

nodes or other organs must be excluded. However, in patients with tumors in the

midline of the trunk, who are diagnosed as having hemilateral regional lymph node

metastases, clinical stage can be evaluated using the contralateral SLNs.

16.3 Methods

16.3.1 Administration of ICG

As a tracer, 25 mg of ICG was diluted into 5 ml of sterile distilled water. The

concentration of ICG was reduced based upon the distance between the injection

sites and the SLNs. Up to 1.0 ml of this solution was injected intracutaneously into

several locations around the tumor. The desirable points for tracer administration in

skin cancers, other than some cases of EMPD, are in the vicinity of the tumor or the

scar following excisional biopsy (Fig. 16.2a). For EMPD, the sites for tracer

administration should be carefully determined according to the size and surface

configuration of the plaque. For flattened small lesions (less than 5 cm in maximum

diameter), the tracer should be injected nearby. For large plaques (over 5 cm in

maximum diameter), the tracer can be injected in the proximity of the most elevated

or eroded lesions, which suggest histopathologic intradermal cancer invasion,

within or besides the plaque (Fig. 16.3a and c). In order to reduce the pain of

intracutaneous injection, local anesthetic tape may be pasted at the estimated

injection sites one hour prior to administration. During intradermal injections of

ICG, oozing ICG should be absorbed or wiped off immediately to avoid unneces-

sary illumination of the skin surface and operative field. Surgical gloves that
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become contaminated with ICG should be changed for the same reason. Another

type of vital dye, i.e. 0.4 % (w/v) indigo carmine or 2 % isosulfan blue could be

administered several minutes prior to ICG injection in order to support the blue

staining of the lymphatic tracts.

a b

c d

e

Fig. 16.2 (a) Linear fluorescence of lymph tract appeared shortly after intradermal injection of

ICG. (b) Fluorescence of ascending lymph vessels observed on the lower leg (light-green arrows).
(c) Within 10 min, fluorescence from inguinal node (blue arrow) becomes visible from the surface.

(d) After incision, round fluorescence of SLN and linear fluorescence of afferent lymph vessels

(red arrow) become visible. (e) Stumps of the amputated lymph vessels can be observed after SLN

dissection
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16.3.2 Observation of the Lymph Tracts (Fig. 16.1)

Immediately after injection of the ICG, fluorescence of the lymphatic channels to

the SLNs can be observed from the skin surface (Figs. 16.2b–c and 16.3b–c) using

the infrared camera system [PDE (Photodynamic Eye) or PDE-neo, Hamamatsu

Photonics K.K., Hamamatsu, Japan] under normal room light. Only the operating

lamps needed to be switched off for the ICG-INR guided observation. The

required time for detecting fluorescence of SLNs is within 5 min for inguinal

nodes. For the trunk, head, neck, and upper limbs, a rather longer detecting time

tends to be necessary. Diffuse fluorescence of the skin overlying the regional

lymph nodes (Fig. 16.4), which reflects the dermal backflow and pooling of tracer

caused by lymphatic obstruction, sometimes suggests the existence of regional

node metastasis. In the axillary region, observation of the fluorescence from the

SLNs is more difficult than the inguinal area because of the deeper location of the

SLNs covered by thicker fat tissues. In such cases, the overlying skin and

subcutaneous tissue should be pressed in order to reduce the distance from the

skin surface to the SLNs.

a

c d e

b

Fig. 16.3 (a) Linear fluorescence of lymph tract appeared during intradermal injection of ICG.

(b) Fluorescence of ascending lymph vessels (yellow arrows) and fluorescence from inguinal node

(blue arrow) become visible within several minutes after ICG administration. (c) Clinical feature

of detected lymph tracts (yellow arrows) to SLN (blue arrow). (d) After incision, round fluores-

cence of SLN becomes visible. (e) Resected SLN still generates fluorescence
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16.3.3 Surgical Resection of SLNs

Detected SLNs should be removed surgically (Fig. 16.3d) for histological exami-

nation. After making the incision, the linear fluorescence of the afferent lymph

vessels to SLNs is observed (Fig. 16.2d). To avoid diffuse illumination that can

interfere with observation of the lymphatic flow and the SLNs, surgery for lymph

node detection must be performed carefully. The detected lymph vessels

(Fig. 16.2d) must be carefully ligated or cauterized to avoid the leakage of the

ICG that led to the disseminated fluorescence at the biopsy basin and disturbed the

further detections of other SLNs. This series of lymph node dissections should be

completed as quickly as possible within about 30 minutes to avoid the spread of the

fluorescence to second-tier lymph nodes. After completion of the dissection of the

SLNs, residual lymph nodes must be examined by gamma-prove and the NIR

camera system. At this time, punctate illumination, which suggests the stumps of

amputated lymph vessels, should be detected and ligated in order to avoid

lymphorrhea. This procedure for detecting disrupted lymph tracts is also useful

for the operation of lymph node dissection in order to reduce the occurrence of both

postoperative leakage from lymph tracts and seroma formation (Fig. 16.2e). The

resected SLN, which still generates fluorescence under NIR camera observation

(Fig. 16.3e), can be used for RI counting with the gamma-probe to determine

whether or not it is SLN.

16.3.4 Histopathologic Evaluation of SLNs

In order to detect metastatic cancer cells, surgically resected SLNs are evaluated

histopathologically and immunohistopathologically. Immunohistopathological

evaluation is useful not only for the differential diagnosis among cancers but also

for detecting metastasized cancer cells in SNs. The resected lymph nodes are fixed

Fig. 16.4 Dermal

backflow observed at left

inguinal region of EMPD

patient. SLN could not be

observed from the surface

because it was masked by

the brighter fluorescent

pooling of the skin (blue
arrows), which is called

“dermal backflow.” SLN

(red arrow) could be visible
only after skin incision was

made. Pink arrow shows the

ICG-injected genital site
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with formalin, embedded in paraffin, and stained with hematoxylin-eosin and /or

monoclonal antibodies for histological and immunohistochemical examinations. In

nonmelanoma skin cancers in which dermal invasion is suspected, immediate

histological diagnosis of the resected SLNs should be considered using frozen

sections from the largest dimension of the specimen obtained during surgery.

For the immunohistopathologic evaluation of melanoma, NSE and several

melanoma-specific monoclonal antibodies (e.g., HMB-45, MART-1) must be used.

When evaluating metastasis of epithelial malignancies, monoclonal antibodies to

pan-cytokeratin can be helpful. CEA, cytokeratin 7 (CK7), and GCDFP-15 anti-

bodies are beneficial for detecting faint metastatic cells of EMPD. In order to detect

MCC, cytokeratin 2 (CK20) and neuron-specific enolase (NSE) are beneficial. Both

antibodies are stained in conjunction in the rare case of a CK20-negative MCC.

Chromogranin A and synaptophysin, which suggest neuroendocrine differentiation,

are useful for more precise evaluation of MMC.

16.4 Discussion

Sentinel lymph node biopsy (SLNB) was developed as a minimally invasive

procedure to detect clinically-negative regional lymphatic metastases. The evalua-

tion of SLNs is based on the hypothesis that efferent lymphatic flow from solid

tumors is not random but rather follows a pattern in which there is spread to an

initial node. This concept was first introduced for penile carcinoma by Cabanas in

1977 [6], but has been recently been developed or patients with cutaneous mela-

noma. The procedure for detecting SLNs, which consists of pre-operative and intra-

operative detection of SLNs and surgical resection of the detected SLNs, is called

sentinel node navigation surgery (SNNS). The techniques of SNNS have been

developed for SLNB in cutaneous melanoma and are now widely used for SNB

in skin cancers as well as for SNNS in various organs.

For the intraoperative detection of SLN, the combination of RI detection by

gamma probe and visible observation using conventional vital dyes is now

widely regarded as the standard procedure for SNNS. Although the RI-tracer

guided method using gamma probe detection is the easiest and most accurate

intra-operative SNB procedure, this method has some limitations in that it cannot

be used to visualize lymph tracts and that it requires expensive facilities. In

addition, the so-called “shine through” effects, which make detection of active

SLN in the vicinity of the injection site more difficult, occasionally occurs due to

the sensitive nature of the gamma probe. By contrast, the conventional vital dye

method, which makes lymph tracts visible by blue staining, is a more simple and

low-cost approach for intra-operative detection. Nevertheless, this method requires

somewhat intensive training to obtain a reliable detection rate.

ICG-NIR using NIR-imaging after intracutaneous ICG injection has been devel-

oped to detect SLN in breast cancer [5]. Because of its higher intensity, contrast,

and penetrability, ICG can provide more accurate visible images of the lymph tracts
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compared with conventional vital dyes. Without using RI, it does not result in any

“shine through” effect similar to the RI method. Therefore, the ICG-INR method is

recognized as an ideal lymphatic tracing procedure for skin cancers [7]. By contrast,

these advantages can lead to limitations. For example, the good penetrability makes

the surgical procedure a bit more difficult, as SLN must be dissected more quickly

in order to avoid quick spreading of the ICG-induced fluorescence to second-tier

nodes. During lymphadenectomy, detected lymph vessels should be firmly ligated

or cauterized to avoid dissemination of fluorescence due to leakage of the ICG.

For skin cancers, ICG-INR method has been mainly applied in cutaneous

melanoma [[8], [9]], and it has subsequently been used in other skin malignancies.

The SLN detection rates for cutaneous melanoma before skin incision by the

ICG-NIR method were reported to vary from 100 % in the groin region draining

from the trunk to 15.8 % in the axillary region from the upper limb [10]. The factors

that influenced the failure of ICG to identify positive SLNs were suspected to be the

axillary node field and a high body mass index (BMI). In addition, misdiagnosis of

sentinel node metastasis could occur due to obstruction of the lymph tracts and the

pooling of tracers, which appear as dermal back flow.

Although the efficacy of SNB in EMPD has not been determined, it may be safe

and feasible may play an important role in the management of extramammary

Paget’s disease with clinically-negative lymph node metastasis [11]. EMPD

appears as a cutaneous adenocarcinoma that presents with eczema-like erythema-

tous and/or depigmented lesions in the groin, genitalia, perineum, or perianal area.

In spite of the poor prognosis for patients with lymph node metastasis, management

of EMPD without clinical evidence of the involved nodes is a matter of ongoing

discussion [12], and the efficacy of SNB has not been well elucidated.

Normally, cancer resection surgery is not indicated for EMPD patients with

bilateral regional lymph node metastases, as Japanese guidelines for the treatment

of malignant skin tumors do not recommend surgical treatment for EMPD with

clinically evident bilateral inguinal lymph node metastases because of the poor

prognosis. In contrast, a recent retrospective study of Japanese EMPD patients

[13] revealed that SLB and subsequent lymph node dissection could improve the

survival of invasive EMPD patients with early-stage lymphatic spread; thus, the

authors proposed that SLB should be considered for invasive EMPD without

clinically-obvious lymphadenopathy. This suggests the possibility of SLB and

subsequent lymph node dissection for the clinically-negative bilateral inguinal

lymph node basin in EMPD.

Although the protocols of SLB for nonmelanoma skin cancers has been

established based upon investigations for cutaneous melanoma, it remains to be

established for EMPD. EMPD sometimes develops into large plaque-containing

elevated tumors and/or eroded areas, which suggest the dermal invasion of cancer

cells. Such diversity of appearances makes it difficult to determine the adequate

points for tracer injection. As the ICG-INR method can be recognized as a unique

variation of conventional vital dye method, the procedure of SNB by ICG-NIR for

nonmelanoma solid skin cancers is virtually the same as that for cutaneous
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melanoma. By contrast, the protocols for NIR detection of EMPD have not been

well established since the first feasibility report of this method for EMPD [14].

As this newly developed ICG-NIR method has both advantages and disadvan-

tages over conventional methods, its use in combination with other SNNS methods

will allow the improvement of the SLB outcome. Usage of this method for various

types of lymphatic surgeries, i.e., lymphadenectomy and lymph node dissection,

will also be beneficial in reducing the after-effects such as lymphorrhea and seroma.

Further development of SNNS with ICG-NIR in the field of skin surgery is

anticipated.
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Chapter 17

Regional Lymph Node Dissection Assisted by

Indocyanine Green Fluorescence

Lymphography and Angiography for Stage

III Melanoma

Hiroshi Furukawa, Toshiyuki Hayashi, and Yuhei Yamamoto

Abstract Lymph node dissection is a standard treatment for Stage III melanoma.

Indocyanine green fluorescence lymphography and angiography may help to per-

form en-bloc dissection, to decide the levels to be excised, and to prevent postop-

erative wound dehiscence especially in groin dissection.

Keywords Lymph node dissection • Stage III melanoma • Indocyanine green

fluorescence lymphography • Indocyanine green fluorescence angiography •

En-bloc dissection • Levels in regional nodal basin • Postoperative wound

dehiscence

17.1 Introduction

Lymph node dissection is a standard treatment for Stage III melanoma; however,

surgeon should consider the following: (1) application of en-bloc excision to high-

risk cases, (2) the proximal boundary in regional nodal basin, and (3) how to

prevent postoperative skin flap complications. In this chapter, we proposed regional

lymph node dissection assisted by indocyanine green (ICG) fluorescence lymphog-

raphy and angiography to resolve those three problems.
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17.2 En-bloc Lymph Node Dissection

If the primary melanoma is located in the thigh or upper arm, and nodal basin is

including clinical metastasis, it has high risk of regional recurrence, and subcuta-

neous lymph vessels between the primary site and basin, possible sites for in-transit

metastases that may develop later, should be excised (Fig. 17.1). The excised areas

Fig. 17.1 Above: The design for en-bloc excision in Stage III melanoma case. The primary site is

distal thigh. Clinical metastatic node was involved in regional groin nodal basin. Before en-bloc

excision, the lymph vessels running through subcutaneous tissue were detected by ICG fluores-

cence lymphography and marked by black pen. Middle: A view of lymph vessels through PDE

(Photodynamic Eye®, PDE; Hamamatsu Photonics, Hamamatsu, Japan) after elevation of skin

flap. Below: Intraoperative view of en-bloc excision of lymph vessels and primary lesion

(Figure 17.1 were previously published in leaflet for PDE and reprinted in this chapter with

permission of Hamamatsu Photonics, Hamamatsu, Japan)
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of lymph vessels (and skin) are decided using real-time fluorescence navigation

with ICG [1, 2].

Before en-bloc excision, the ICG was injected evenly around a tumor lesion at a

distance of 5 mm from the primary tumor margin. The ICG is dissolved at a

concentration of 2.5 mg/mL in aqueous solution. 0.1 mL was injected at each of

the four sites and the total dosage was 0.4 mL (ICG 1 mg). Lymph vessels, running

from primary lesion into nodal basin, are detected by a near-infrared camera system

(Photodynamic Eye®, PDE; Hamamatsu Photonics, Hamamatsu, Japan).

17.3 Decision of the Levels of Dissection of Regional

Lymph Basin

For planning lymph node dissection, detection of lymph flow entering into lymph

basin is important for decision of the excised levels in lymph basin. The axilla basin

consists of three levels divided by edges of pectoralis minor muscle. In the case that

primary lesion is located in upper extremity, lymph flow from primary lesion is

usually entering level I of axilla, and dissection area includes levels I and II. If

primary lesion is located near the shoulder, the additional lymph flow may run over

pectoralis major muscle into level III (Fig. 17.2). The information of lymphography

may help to decide whether the level III should be excised or not.

17.4 Blood Flow Evaluation of Skin Flap in Groin

Dissection

The incidence of postoperative wound dehiscence following inguinal lymph node

dissection (ILND) is higher than lymph node dissections in other anatomic regions

(Fig. 17.3a) [3]. In the prospective study of melanoma patients undergoing ILND,

53 % had some degree of wound dehiscence (wound dehiscence was defined as

poor wound healing with a measured defect of at least 1 cm.) [3].

To resolve postoperative wound dehiscence, we introduced intervention with

ICG fluorescence angiography into ILND for blood flow evaluation of skin flap.

During ILND, the area of ischemic skin around groin wound just after dissection

was detected based on ICG fluorescence angiography. One mL of ICG

(a concentration of 2.5 mg/mL in aqueous solution) was injected intravenously.

Three minutes after injection, areas of non-fluorescence were marked using the pen

(Fig. 17.3b, c). The edge of skin flaps with non-fluorescence was trimmed off while

preserving the other part of skin flap with fluorescence. Our intraoperative inter-

vention based on ICG fluorescence angiography was effective for preventing

postoperative wound dehiscence after ILND (Fig. 17.3d), and the outcome was

reported recently in our article [4].
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a

b

Fig. 17.2 (a) Left: The design for axilla dissection in Stage III melanoma. Primary lesion located

in proximal arm. Clinical metastatic node was involved in the axilla basin. Before dissection, ICG

was injected intradermally around the primary site. Right: Same view as left photo through PDE.

The lymph vessels running on pectoralis major muscle were detected and marked by black pen. (b)

After dissection of levels I, II, and III, the lymph nodes were enucleated from dissected tissue at

back table and divided into three levels. Small flames are view through PDE. Lymph nodes of

levels I and III had fluorescence and level II did not. This confirmed the two lymph flows entering

the axilla basin from primary tumor, one is into level I and the other is directly into level III

(Figure 17.2 were previously published in leaflet for PDE and reprinted in this chapter with

permission of Hamamatsu Photonics, Hamamatsu, Japan)
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a b c d

Fig. 17.3 (a) Figure shows typical postoperative complication in groin dissection. Skin necrosis

and wound breakdown required debridement and skin graft. (b) Intraoperative view of other case

of groin dissection is presented. After dissection, both the lateral and medial flaps were roughly

closed using several silk stitches. Ischemic edge of skin flap was marked using a purple pen,

depending on fluorescence angiography. (c) Same view as Fig. 17.3b through PDE is presented.

Three minutes after ICG venous injection, the fluorescence sequentially shows the illumination of

the blood flow as the dye passes through the microcirculation. The edges of the flaps lack any

fluorescence, and they were trimmed off at the line marked with a purple pen. (d) There was no
necrosis or breakdown measuring more than 1 cm width of the remnant skin flap postoperatively at

3 weeks after groin dissection (Figure 17.3 was in press in Reference 4 and reprinted in this chapter

with permission of the publisher)
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Chapter 18

Blood Supply Visualization

for Reconstruction During Esophagectomy

Yutaka Shimada, Tomoyuki Okumura, Makoto Moriyama,

Takuya Nagata, Koshi Matsui, Ryusuke Osada, and Kazuhiro Tsukada

Abstract An adequate blood supply to reconstructed organs is important for safe

esophagogastric anastomosis during esophagectomy. We previously reported that

the vascular network could be visualized in the gastric wall, colonic grafts, and free

jejunal grafts by indocyanine green (ICG) fluorescence. ICG fluorescence could be

used to select patients who do not need additional vessel anastomosis. However,

anastomotic leakage was not reduced; its rate was 7.5 % (3/40). In the present study,

we accumulated further patients and reviewed recent research regarding ICG

fluorescence. Although the number of patients examined was increased from

40 to 70, further reductions in the rate of anastomotic leakage were not achieved.

The rate of anastomotic leakage was 7.1 % (5/70). Thus, we reconfirmed that

microcirculation detected by ICG fluorescence did not necessarily provide an

adequate blood supply for viable anastomosis. Although blood supply as well as

other conditions in patients may affect viable anastomosis, combination analyses

such as ICG and laser Doppler flowmetry may improve the outcome of anastomotic

leakage.

Keywords ICG fluorescence • Anastomotic leakage • Vessel anastomosis •

Esophagectomy • Esophageal reconstruction
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18.1 Introduction

18.1.1 Background

Reconstruction of the gastrointestinal tract still represents a major issue in patients

with gastrointestinal malignancies. Anastomotic leakage is one of the main causes

of death in esophageal cancer surgery [1], at a rate of between 0 and 35 % [2]. The

most recent Japanese National Clinical Database (NCD) registry revealed that the

rate of anastomotic leakage was 13.3 % (711/5354) in 2011 [3]. Among several

causes of anastomotic leakage, ensuring an adequate blood supply is the most

important point for safely performing anastomosis after esophagectomy.

18.1.2 Laser Doppler Flowmetry

Although laser Doppler flowmetry (LDF) has been used to assess the blood supply

to reconstructed organs, sufficiently reliable measurements have not yet been

obtained [4, 5]. We also investigated whether the LDF system improved the

outcome of anastomotic leakage (Fig. 18.1a–d). Blood supply to the antrum of

the gastric tube was reduced by 30 % at the top of the gastric tube; however, we

could not establish the usefulness of the LDF system in esophagectomy because

leakage was not observed in over 100 consecutively performed esophagectomies.

18.1.3 Intraoperative Fluorescent Imaging

Recent advances have led to the development of intraoperative fluorescent imaging

(IFI) using the SPYTM system, which allows the patency of a coronary artery bypass

graft to be evaluated intraoperatively based on the detection of indocyanine green

(ICG) fluorescence [6, 7]. We began using ICG fluorescence in July 2008 to

visualize the blood supply to reconstructed organs during esophagectomy and

found that it was very useful [8]. We have since accumulated more patients who

underwent esophagectomy and esophageal reconstruction. In the present study, we

reevaluated the efficacy of ICG fluorescence and reviewed a recent clinical evalu-

ation of the ICG method in the field of esophagectomy.
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18.2 Methods

18.2.1 Patient Characteristics

Sixty-two patients underwent esophagectomy for thoracic esophageal cancer, three

were treated for cervical esophageal cancer, and five had double cancer in the

thoracic and cervical regions (Table 18.1). There were 56 men and 14 women with

an average age of 67 years (range, 44–86 years). Twenty-one patients received

preoperative chemotherapy, two received preoperative chemoradiotherapy, and

two had received radiotherapy several years before surgery. Three patients who

had undergone jejunal graft reconstruction and two patients who had undergone

esophageal bypass were evaluated at this time. Two patients who underwent partial

resection for gastric tube cancer in the reconstructed gastric tube were also evalu-

ated (Table 18.2).

Fig. 18.1 Measurement of blood supply in the gastric tube by LDF. Whole gastric tube (a).

Antrum of the gastric tube (b). Middle portion of the gastric tube (c). Top of the gastric tube (d).

The right lower corner of each figure indicates the relative measurement data of LDF
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Table 18.1 Characteristics

of patients who underwent

esophagectomy

Number

Age 67 (44–86)

Sex

Male 56

Female 14

Tumor locationa

PhMt 3

CeMt 2

Ce 3

Ut 3

Mt 34

LtAe 25

TNM stageb

1 18

2a 11

2b 8

3 30

4 3

Preoperative treatment

Chemotherapy 21

Chemoradiotherapy 2

Radiotherapy 2

None 45

Table 18.2 Characteristics

of patients who underwent

reconstructive surgery or

resection for gastric tube

cancer

Number

Age 66 (45–79)

Sex

Male 6

Female 1

Procedure

Bypass 2

Free jejunal graft 3

Partial resection of the gastric tube 2

Preoperative treatment

Chemotherapy 1

Chemoradiotherapy 2

Radiotherapy 0

None 4
aPh pharynx, Ce cervical esophagus, Ut upper thoracic esopha-

gus, Mt middle thoracic esophagus, Lt lower thoracic esophagus,
Ae abdominal esophagus
bUICC TNM 6th edition
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18.2.2 Operative Procedures

After esophagectomy, we made a gastric tube or colonic graft and pulled it up via

the retrosternal, posterior mediastinal, or subcutaneous route depending on the

patient. We routinely used the retrosternal route. A gastric tube was commonly

fashioned with a width of 4 cm. Anastomosis was performed in the cervical region

by hand sewing or using a circular stapler (25-mm EEA) [9]. We used a subcuta-

neous route for esophageal bypass. When a free jejunal graft was used, we first

made a hand-sewn pharyngo-jejuno anastomosis, followed by microvascular anas-

tomosis, and then jejuno-esophago anastomosis.

18.2.3 Modified Procedure

After preparing the gastric tube, the end of the short gastric vein was cut and we

assessed the status of bleeding. Additional venous drainage was considered if

bleeding was not continuous or very weak. We performed ICG fluorescence of

the gastric tube in order to determine whether additional drainage was likely to be

effective. If ICG fluorescence revealed a strong microvascular network, we con-

cluded that the gastric tube did not need additional venous drainage or arterial

anastomosis. If ICG fluorescence first appeared or became stronger after cutting the

short gastric vein, we concluded that additional venous drainage would be effective.

If ICG fluorescence did not appear after cutting the short gastric vein, additional

arterial anastomosis was performed. If additional drainage or anastomosis was

needed, anastomosis was performed between the short gastric vein or artery and

the external cervical or superficial cervical vein [8].

18.2.4 ICG Imaging

Before and after pulling up the reconstructed organ, 2.5 mg of ICG dye

(Diagnogreen; Dai-Ichi Pharm, Tokyo, Japan) was injected as a bolus. ICG fluo-

rescence imaging was then performed using a near-infrared camera system (Pho-

todynamic Eye; Hamamatsu Photonics K.K., Hamamatsu, Japan) and images were

recorded. Briefly, images were obtained with a charge-coupled device (CCD)

camera using a light-emitting diode with a wavelength of 760 nm as the light

source and a filter to eliminate light with wavelengths below 820 nm before

detection [10]. Images were sent to a digital video processor and displayed on a

monitor. [8]. In the case of gastric tube cancer, ICG fluorescence was performed

before and after partial resection of the gastric tube.
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18.3 Results

18.3.1 Operative Procedures

Twenty-six patients underwent thoracoscopic-assisted right thoracotomy in the left

lateral position, one underwent left thoracotomy because of a right aortic arch,

41 underwent esophagectomy in the prone position, and two underwent cervical

esophagectomy in the supine position. Regarding the method used to reconstruct

the esophagus, a gastric tube was employed in 57 patients, gastric tube plus free

jejunal graft in two patients, free jejunal graft in two patients, and colonic graft in

nine patients. Reconstruction was performed via the posterior mediastinal route in

two patients, by the subcutaneous route in 15 patients, and the retrosternal route in

51 patients (Table 18.3).

18.3.2 Intraoperative Fluorescent Imaging

Fluorescence in the gastric tube wall was easily detected in all patients 1 min after

the ICG injection. Both arteries and veins were effectively visualized (Fig. 18.2a,

b). Furthermore, microvessels in the reconstructed esophagus could be clearly

visualized approximately 2 min after the ICG injection (Fig. 18.3a, b). Anastomosis

was added between the short gastric vein and vessels in the necks of seven patients

based on the results of ICG fluorescence. We could also effectively visualize blood

flow in free jejunal grafts and colonic grafts [8].

18.3.3 Patient Outcomes

No severe complications were observed in this series; however, three minor and two

major anastomotic leakages occurred. The subcutaneous route was used for recon-

struction in four out of five patients with anastomotic leakage. Additional vascular

anastomosis was performed in three out of these five patients. The details of these

patients were summarized in Table 18.4. Anastomotic leakage was not detected in

patients who underwent bypass, reconstruction, and partial resection of the gastric

tube.
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Table 18.3 Operative

procedures performed on

patients

Number

Method of esophagectomy

VATS (right thoracotomy) 26

VATS (left thoracotomy) 1

Prone position esophagectomy 41

Cervical esophagectomy 2

Reconstruction organ

Gastric tube 57

Gastric tube plus free jejunal graft 2

Free jejunal graft 2

Colonic graft 9

Reconstruction route

Retrosternal route 51

Subcutaneous route 15

Posterior mediastinal route 2

Cervical anastomosis 2

Vessel anastomosis

Supercharge 6

Venous drainage 7

VATS Video-assisted thoracoscopic surgery

Fig. 18.2 ICG fluorescence image of a gastric tube before anastomosis. Blood flow in the arteries

and veins was clearly visualized. (a) The gastric tube. (b) ICG fluorescence image. (From Shimada

Y et al. [8] Esophagus 8:259–266)
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18.4 Discussion

18.4.1 Intraoperative Visualization of Blood Supply

Previous studies have employed LDF to assess the blood supply to reconstructed

organs [4, 5]. However, there are currently no numerical criteria regarding safety

margins in the LDF method. Thermography could also not evaluate the blood

supply to the gastric tube. Recent advances have led to the development of IFI

using the SPYTM system, which has allowed the patency of a coronary artery bypass

graft to be evaluated intraoperatively based on the detection of ICG fluorescence

[6, 7]. However, this has not yet been extensively examined in the microcirculation

in gastrointestinal organs [11–13].

18.4.2 Rate of Anastomotic Leakage

We previously reported that ICG fluorescence could detect organ blood flow before

reconstruction and assist in evaluating appropriate anastomotic sites [8]. Although

the average anastomotic leakage rate between 1994 and 2008 was 4.8 % (20/416),

we reported an increase to 7.5 % (3/40) [8]. The reason why the rate of anastomotic

leakage increased may be attributed to differences in patient backgrounds. In the

present study, the total rate of anastomotic leakage decreased to 7.1 % (5/70), which

was not significant. Thus, the microvessels detected by ICG fluorescence did not

always provide an adequate blood supply for viable anastomosis.

Fig. 18.3 ICG fluorescence image of a gastric tube after anastomosis. Image obtained under

normal light (a). Blood vessels and microcirculation in the gastric tube (b). The forceps indicates a

small blood vessel in the gastric wall (From Shimada Y et al. [8] Esophagus 8:259–266)
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18.4.3 Evaluation of Microvascular Anastomosis

Regarding additional microvascular anastomosis, a significant increase in tissue

blood flow was observed after additional venous anastomosis (mean, 19 %) and also

after combined arterial and venous anastomosis (mean, 43 %) [14]. Additional

anastomosis between the short gastric vessels and vessels in the neck resulted in

reductions in the rate of anastomotic leakage [15]. We achieved good outcomes in a

previous series; therefore, ICG fluorescence may provide useful information to the

surgeon regarding whether patients require additional microvascular anastomosis.

However, anastomotic leakage was detected in three patients who underwent

microvascular anastomosis. Thus, the recovery of blood circulation to the gastric

tube was not sufficient for viable anastomosis in these three patients.

18.4.4 Literature Review

After publishing our findings, several studies described ICG fluorescence in the

field of blood supply visualization during esophagectomy. Murawa D et al. reported

that although ICG fluorescence imaging of the gastric tube allowed for

intraoperative modifications, patient comorbidities and general health may also

increase the risk of anastomosis leakage [16]. Ishiguro T et al. described a case of

gastric tube necrosis and suggested that ICG angiography was useful for evaluating

perfusion in a reconstructed gastric tube [17]. Furthermore, the blood route to the

reconstructed stomach was analyzed by ICG fluorescence imaging and the splenic

hiatal vessels were identified as the major blood supply for anastomosis in most

patients [18]. Kumagai Y et al. measured the time from the initial enhancement of

the root of the right gastroepiploic artery until that of the most cranial branch of the

left gastroepiploic artery and tip of the gastric tube. They found that the gastric tube

was divisible into three zones according to the dominant arteries present in the

greater curvature using ICG fluorescence. They suggested that preserving the whole

vessel arcade of the greater curvature was essential for achieving good blood

perfusion in the gastric tube [19].

18.4.5 Evaluation of ICG Fluorescence

These findings and our results indicate that ICG fluorescence can evaluate real-time

blood circulation to the gastric tube; however, the ICG method is limited because it

cannot quantify blood flow to the gastric tube. In order to improve the efficacy of

this evaluation, the combination of ICG fluorescence with the LDF method was

found to be effective for preventing anastomotic leakage and stricture [20].
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ICG fluorescence is also useful for evaluating blood supply in the case of gastric

tube cancer and esophagogastric bypass [21, 22]. In our series, two patients with

gastric tube cancer and two with esophagogastric bypass achieved good results.

18.4.6 Benefits of ICG Fluorescence

Imaging with the photodynamic eye had the following benefits. ICG fluorescence is

a simple and easy procedure. ICG is almost completely washed out within 20 min of

being injected; therefore, ICG fluorescence can be assessed several times during

surgery. We can detect microcirculation in a target organ as well as adjacent organs.

Patients who do not need additional vessel anastomosis can be selected using ICG

fluorescence [8].

18.5 Conclusions

Imaging with ICG fluorescence can be used to evaluate the blood supply to

reconstructed organs and select patients who do not need additional vessel anasto-

mosis. However, the microcirculation detected by ICG fluorescence does not

necessarily provide an adequate blood flow to maintain viable anastomosis.
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Chapter 19

Evaluation of Viability of Reconstruction

Organs During Esophageal Reconstruction

Daisuke Saikawa and Shunichi Okushiba

Abstract A considerable percentage of morbidity and mortality after

esophagectomy for esophageal cancer is due to leakage of esophageal reconstruc-

tion, which is mainly caused by ischemia of reconstruction organ such as the

stomach, free intestine, and pedunculated intestine. Therefore, we use a light-

emitting diode (LED) excitation indocyanine green (ICG) fluorescence video

navigation system to visually evaluate the reconstruction organ after

esophagectomy, and we attempt anastomosis at a site that shows the best perfusion

and for which the best possible elevation can be achieved.

The greatest advantage of using an LED-excitation ICG-fluorescence video

navigation system during esophageal reconstruction is that it becomes possible to

observe, in real time, the circulatory conditions in the reconstruction organ via

luminescence of the incoming blood, and it is very useful for the evaluation of the

risk of anastomotic leakage.

We urgently need to establish both a useful intraoperative strategy for patients

who are at high risk of anastomotic leakages and a means of perioperative

monitoring.

Keywords Esophagectomy • Esophageal reconstruction • Indocyanine green

(ICG) fluorescence imaging

19.1 Background

Esophageal reconstruction after radical surgery for thoracic esophageal cancer

remains one of the most challenging gastrointestinal reconstructions, despite

advances in medical techniques. In addition, the development of potent, multidis-

ciplinary neoadjuvant therapies for esophageal cancer may have further increased

the difficulty of esophageal reconstruction. Although various reconstruction organs

(stomach, free intestine, pedunculated intestine) are used during esophageal
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reconstruction, the most common reconstruction involves use of the stomach. This

is because the stomach provides superior perfusion and anastomotic tension, and

there are few complications associated with esophagogastric anastomosis.

The stomach cannot be used as a reconstruction organ in patients who have

undergone gastrectomy or who have another primary cancer, such as gastric cancer,

so pedunculated jejunum or pedunculated colon is used for esophageal reconstruc-

tion in these cases. However, there are a number of patients in whom perfusion of

the distal part of a pedunculated intestine fails, and we believe that vascular

anastomosis is an important additional measure in these cases. The incidences of

reconstruction organ necrosis and anastomotic leakage have decreased with the

development of automatic anastomotic devices and supplementary vascular anas-

tomosis, but at present anastomotic leakage still occurs in 10–20 % of

esophagectomy patients. During esophageal reconstruction with pedunculated

intestine and/or stomach, perfusion decreases as the distance from the intraperito-

neal vascular pedicle increases; therefore, it is vital to select an anastomotic site that

facilitates both perfusion at the anastomotic site and low tension. For this reason,

we use a light-emitting diode (LED) excitation indocyanine green (ICG) fluores-

cence video navigation system to visually evaluate the reconstruction organ after

esophagectomy, and we attempt anastomosis at a site that shows the best perfusion

and for which the best possible elevation can be achieved.

19.2 The LED-Excitation ICG-Fluorescence Video

Navigation System

The molecular weight of ICG is 774.96 g/mol, and 95–97 % is bound to plasma

proteins in vivo. It is excreted by the liver almost exclusively.

LED excitation of ICG that is administered in vivo results in fluorescence at

840 nm, and the molecule enters a ground state. This ICG fluorescence in biological

tissues can be observed in real time by means of the Photodynamic Eye (PDE,

Hamamatsu Photonics, KK), an infrared camera system. There are few self-

fluorescent materials that have the same excitation maximum and emission maxi-

mum as that provided by this system, which characteristically produces good

contrast, even in biological tissues.

19.2.1 Application of the LED-Excitation ICG-Fluorescence
Video Navigation System

Steps involve in application of the LED-excitation ICG-fluorescence video navi-

gation system are as follows:
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1. ICG (2.5 mg) is administered intravenously before a 5-mL physiological saline

flush.

2. ICG fluorescence is observed at the roots of the arteries supplying the recon-

struction organ, and, while it is fluorescent, the arterial perfusion is tracked as it

passes distally to the destination of the arterial flow, and the extent of arterial

perfusion is identified.

3. After the arterial phase, the extent of contrast enhancement in the wall of the

reconstruction organ is identified. The timing and strength of contrast enhance-

ment are both observed in the organ wall.

4. The presence of arterial ICG in the veins is confirmed. Frequently, there is no

contrast enhancement of the veins in distal regions of the reconstruction organ.

19.3 Surgical Procedure

Since 2008, we have treated esophageal cancer by means of thoracoscopic

esophagectomy with the patient in a prone position and under bilateral lung

ventilation. We intubate the patient with a standard single-lumen tracheal tube

and establish bilateral ventilation to create artificial CO2 pneumothorax at

6–8 mmHg, promoting lung collapse [1].

The patient is placed in the prone position; airtight ports are placed in the third,

fifth, seventh, and ninth intercostal spaces on the right, and, after esophagectomy,

the patient is placed in the supine position with legs spread apart. Lymph node

dissection and gastric mobilization are performed laparoscopically. We then ele-

vate the entire stomach and the esophagus extracorporeally via the umbilical

incision.

We create a small-diameter gastric tube by removal of a portion of the stomach

along the greater curvature, as illustrated in Fig. 19.1a. The greater omentum is

separated at the point of attachment to the transverse colon, and as much of the

vascular network within the omentum as possible is preserved. In addition, where

possible, the gastrosplenic ligament is separated at the point of attachment to the

spleen, and we make a point of preserving the delicate vascular network. After we

finish creating the stomach tube, we use the ICG-fluorescence video navigation

system to evaluate the perfusion of the gastric tube, and we attempt anastomosis at a

site where there is good contrast in both the arterial phase and mural contrast phase.

We use a retromediastinal reconstruction route and perform cervical

esophagogastric anastomosis with a linear stapler.

If we do not use the stomach for reconstruction, we use pedunculated jejunum or

pedunculated ileocolic bowel and perform antethoracic reconstruction. In this case,

we use the ICG-fluorescence video navigation system to evaluate perfusion of the

elevated intestine, and, thereafter, we perform microscopic vascular anastomosis of

the internal thoracic vessels and the relevant neck vessels, as required.
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19.4 ICG-Based Assessment of Perfusion of the Small-

Diameter Gastric Tube

Five to ten seconds after intravenous administration of ICG, Tcontrast is produced,

first in the gastroepiploic artery arcade and then in the root of the right

gastroepiploic artery (arterial phase: Fig. 19.1b). Several seconds after administra-

tion of the ICG, the small-diameter gastric tube wall is contrast enhanced (mural

contrast phase: Fig. 19.1c), and, at approximately 10 s after administration of the

ICG, venous outflow of the agent is observed (venous phase: Fig. 19.1d).

Fig. 19.1 Intraoperative ICG contrast enhancement of the greater curvature gastric tube. (a)

Schematic diagram of the small-diameter gastric tube. (b) Arterial phase. Rapid contrast enhance-

ment of a part of the left gastroepiploic artery and short gastric artery is seen. (c) Mural contrast

phase. Extensive contrast enhancement of the gastric tube wall and greater omentum is seen. There

is no contrast in the distal portion of the gastric tube. (d) Venous phase. Contrast has reached the

left gastroepiploic vein
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19.4.1 Assessment of Gastric Tube Perfusion: Results in 48
Patients

We reviewed the results of gastric tube perfusion assessment obtained by means of

the LED-excitation ICG-fluorescence video navigation system in 48 patients for

whom a small-diameter gastric tube was created when thoracoscopic

esophagectomy is performed. The surgeries were performed at our hospital, starting

in 2010. Good contrast enhancement of the right gastroepiploic artery and the

small-diameter gastric tube wall in the same region was achieved in 47 of the

48 patients. In 38 of the 48 patients, blood flow from the right gastroepiploic artery

root rapidly reached the left gastroepiploic artery. In the remaining ten patients,

there was a delay of �3 s or poor contrast enhancement.

Rapid contrast enhancement was seen in the region of the short gastric artery in

six patients, but poor contrast enhancement accounted for more than half of the

patients.

A� grade 3 (Clavien-Dindo classification) anastomotic leakage developed in

7 of the 48 patients (14.5 %). A significant difference occurred in the development

of anastomotic leakages between patients in whom contrast enhancement of the left

gastroepiploic artery was delayed or insufficient and those in whom this contrast

enhancement was rapid, with anastomotic leakages being more common in the

former group ( p¼ 0.027, OR¼ 7.8) (Table 19.1).

19.5 ICG-Based Assessment of Intestinal Perfusion

Associated with Vascular Anastomosis

Results of vascular evaluation after anastomosis of the ileocolic vessels and the

internal thoracic vessels during pedunculated ileocolic reconstruction are shown in

Fig. 19.2a, b. The ICG contrast image in Fig. 19.2a shows obstruction of the

vascular anastomosis by a thrombus. Weak enhancement revealed poor flow from

the middle colic artery to the internal thoracic vein via the venous anastomosis site.

After the arterial anastomosis was recreated, there was a rapid spread of contrast

agent through the graft site from the anastomosed artery, the intestinal wall

Table 19.1 Quality of blood flow in the left gastroepiploic artery and corresponding anastomotic

patency status

Blood flow in the left gastroepiploic artery

TotalDelayed or poor Rapid

Leak 4 3 7

No Leak 6 35 41

Total 10 38 48

Number of cases is shown. Quality of blood flow was determined by intraoperative ICG contrast

enhancement
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appeared bright, and rapid drainage via the venous anastomosis was confirmed

(Fig. 19.2b).

19.6 Discussion

The esophageal reconstruction distance is extremely long, and it necessitates the

reconstruction of blood supply routes; therefore, anastomotic leakage occurs at a

high rate, and this type of gastrointestinal reconstruction remains one of the most

difficult. When anastomotic leakages occur, the start of oral intake is substantially

delayed, and this has a major impact on the patient’s quality of life. In addition,

potentially fatal complications such as mediastinitis and empyema can develop.

Historically, the causes of anastomotic leakage have been excessive tension at

the anastomotic site and impaired perfusion, and, thus, various devices and tech-

niques have adopted to resolve and even avoid these problems. The greatest

advantage of using an LED-excitation ICG-fluorescence video navigation system

during esophageal reconstruction is that it becomes possible to observe, in real time,

the circulatory conditions in the reconstruction organ via luminescence of the

incoming blood. Other methods used to date are incapable of depicting organ status

and vascular pulsation, or they are indirect, e.g., Doppler ultrasound.

ICG rarely causes an allergic reaction, and there are no major adverse drug

reactions. Its application is minimally invasive, and, because it is rapidly excreted

from the liver, it can be used during surgery as many times as needed.

Jorg et al. confirmed perfusion of the stomach tube by means of

ICG-fluorescence intraoperative angiography and reported an anastomotic leakage

rate of 2 % when anastomosis was performed at sites where there was good

Fig. 19.2 ICG-based intraoperative evaluation of perfusion after vascular anastomosis. (a) Stasis

observed in an ileocolic artery-internal thoracic artery anastomosis (red arrow). (b) Findings after
repeat arterial anastomosis. Strong enhancement of the entire reconstructed intestine is seen
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perfusion. By comparison, the anastomotic leakage rate when anastomosis was

performed at sites with poor perfusion was 45 % [2]. During our investigation, we

documented anastomotic leakages in 4 of 7 patients (57 %) with poor contrast

enhancement of the left gastroepiploic artery. Meanwhile, we documented anasto-

motic leakages in 3 of 38 patients (7.9 %) in whom the left gastroepiploic artery

showed rapid and good contrast enhancement, indicating that anastomotic leakages

were significantly more common in the poor enhancement group.

Intraoperatively, ICG fluorescence is useful for the identification of patients who

should undergo additional vascular anastomosis even when imaging is performed

on a small-diameter gastric tube, but there is at least one report indicating that

ICG-fluorescence imaging does not reduce the incidence of anastomotic leakage

[3]. This is because reconstruction for esophagectomy occurs over a very long

distance, and anastomosis cannot always be limited to sites showing good perfusion

during ICG-fluorescence imaging.

We may encounter patients in whom the use of ICG for intraoperative observa-

tion of gastric tube perfusion indicates that additional vascular anastomosis would

be ideal, but, depending on the case, it may be necessary to consider a two-stage

reconstruction with modifications to the reconstruction route, or to consider risk

management, which would involve perioperative monitoring in patients who are at

high risk for anastomotic leakages and minimizing the injury after anastomotic

leakages have occurred.

Meanwhile, if vascular anastomosis is performed at the time of pedunculated

intestine or free intestine reconstruction, observations that are performed using the

LED-excitation ICG-fluorescence video navigation system are very useful because

the system is capable of accurately confirming the success or failure of vascular

anastomosis as well as recovery of reconstruction organ perfusion in real time.

19.7 Conclusion

LED-excitation ICG-fluorescence video navigation is simple and noninvasive, and

it has the advantage of providing for intraoperative, real-time evaluation of perfu-

sion of the reconstruction organ, and we believe it is very useful for the evaluation

of the risk of anastomotic leakage. Going forward, we urgently need to establish

both a useful intraoperative strategy for patients who are at high risk of anastomotic

leakages and a means of perioperative monitoring.
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Chapter 20

ICG Fluorescence Navigation Surgery

in Breast Reconstruction with TRAM Flaps

Meisei Takeishi

Abstract Free TRAM flaps (transverse rectus abdominis myocutaneous flaps),

including DIEP flaps (deep inferior epigastric perforator flaps), are among the

most useful flaps in breast reconstruction. Vascular territory varies among individ-

uals. We sometimes encounter partial fat necrosis of the TRAM flap after a breast

reconstruction. Partial fat necrosis is a minor complication, but it can influence the

contour of the reconstructed breast in some cases. When partial fat necrosis occurs,

it develops in the hypo-vascularity region of the TRAM flap’s fat layer. It is very
difficult for us to determine the presence and exact location of regions of hypo-

vascularity in TRAM flaps intraoperatively.

Intraoperative ICG fluorescence angiography is the best method of identifying

the viable vascular territory of TRAM flaps.

Keywords ICG fluorescence angiography • Breast reconstruction • TRAM flap •

Fat necrosis

20.1 Methods

A skin incision is made around the TRAM flap. The flap is elevated from the

abdominal fascia and the deep epigastric vessels which feeding the skin & fat

layer flap are dissected. Two milliliters of ICG (2.5 mg/ml) are injected transvenous

systemically, before the vascular pedicle of the flap is cut. Ten milliliters of saline

solution is injected, continually. Room lights and operating lights are then turned

off. The flap is enhanced and the enhanced area is observed with a PDE camera. The

PDE camera should be positioned directly above the flap so the whole flap is in the

frame.
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20.2 Observation

The enhancement starts from the individual perforators. Several lines can be

observed going horizontally or radially from each perforator (Fig. 20.1). In some

cases, a few lines extend to the contralateral side beyond the center line.

The TRAM flap is enhanced from Zone I diffusely, when the movement of the

line stops (Fig. 20.2: Zone Classification of a TRAM Flap). On the ipsilateral side of

the vascular pedicle, the diffuse enhancement extends toward the Zone III, and in

most of the cases, the whole of the Zone III is enhanced. On the contralateral side of

the vascular pedicle, the diffuse enhancement extends beyond the center line, and

the enhancement stops between Zone II and the lateral edge of Zone IV (Fig. 20.3).

Diffuse enhancement starts and stretches between the linear enhancement. And

then, the diffuse enhancement stagnates in 1–2 s (Fig. 20.4).

The enhanced area starts to spread laterally again, after the movement of the

enhanced region stops or move very slowly in a few minutes. But the movement of

the enhanced region after the stagnation is slower than it was before the stagnation.

This extension moves slower than the former extension. The enhanced region

spreads slowly toward the lateral edge of the TRAM flap and the whole region is

eventually enhanced in most flaps. But, in some cases, the spread of the enhance-

ment stops between Zones II and IV of the flap (Figs. 20.5 and 20.6).

Fig. 20.1 Some linear enhancement from each of the perforators is observed in the TRAM flap
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Fig. 20.2 Zone classification of the TRAM flap

Fig. 20.3 The TRAM flap is enhanced diffusely
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Fig. 20.4 The enhancement stagnates. Three seconds after Fig. 20.3, enhanced region is almost

the same as Fig. 20.3

Fig. 20.5 Thirty seconds after Fig. 20.4, enhanced region extends and almost all of the region of

the TRAM flap is enhanced
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20.3 Evaluation

Eventually, the whole region of the flap becomes enhanced in most TRAM flaps.

Nevertheless, partial fat necrosis and partial flap loss could still occur. The useful-

ness of this process depends on the proper evaluation of the effect of the enhance-

ment with ICG. The most effective evaluation is done at the time when the initial

diffusion stops or becomes stagnant.

20.4 Results

When only grafting regions which were enhanced before stagnation occurred, there

were no complications of the TRAM flaps such as partial fat necrosis or partial flap

loss. However, of the 17 cases in which grafts included non-enhanced regions,

seven showed partial fat necrosis (Fig. 20.7).

In cases of patients who had mid-abdominal scars, if the patient had a complete

midline scar from the cephalad edge to caudal edge, there was no case of the flap in

which contralateral region of the vascular pedicle was enhanced. However, the flaps

had intact areas a few centimeters from the umbilicus, and the contralateral region

of the flap was enhanced in some cases. There was a tendency for the contralateral

side of the flap to be enhanced, when the patient had a perforator near the intact area

of the midline.

Fig. 20.6 Harvested TRAM flap. Left: Skin surface, Right: Fat surface with vascular pedicle
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20.5 Discussion

It is useful for the plastic surgeon to use ICG (indocyanine green) for the breast

reconstruction surgery, as ICG is also usually used in breast cancer surgery for

detecting sentinel lymph nodes.

In the plastic and reconstructive surgery field, Eren et al. [1] describe that ICG

fluorescence angiography was useful to evaluate the reliable circulation of the axial

pattern flap in rat models. The first clinical report of evaluation of the circulation of

the flap with ICG was reported by Still et al. [2] In this report, 18 patients who were

burned underwent ICG fluorescence imaging for the evaluation of the circulation of

the flap. In one patient, two flaps were evaluated. The entire flaps were enhanced

and the whole region survived in 16 flaps. However, in another flap, almost the

entire area of the flap was not enhanced and in the end that flap showed almost

complete necrosis. In two flaps, un-enhanced regions survived. Holm et al. [3]

described the usefulness of ICG fluorescence enhancement for evaluating which

regions would survive in 11 axial pattern flaps and four random pattern flaps.

Afterward, ICG fluorescence angiography was used to evaluate the free flaps [4, 5].

Partial fat necrosis and partial skin necrosis of flaps are sometimes encountered

in breast reconstruction surgery. Neither of them are major complications, but they

occasionally influence the shape of the reconstructed breast. It was very difficult for

us to detect the partial necrotic area during surgery until the introduction of the ICG

navigation surgical system. Since the introduction of the ICG navigation system to

breast reconstruction surgery, we have never experienced partial fat necrosis or

partial skin necrosis of a TRAM flap which was grafted only from an enhanced

region.

Yamaguchi et al. utilized the ICG fluorescence navigation system for breast

reconstruction with pedicle TRAM flaps. They mentioned that ICG fluorescence

angiography predicted full flap viability [6]. Holm et al. introduced the ICG

fluorescence navigation system for SIEA flaps and detected the perfusion area of

Fig. 20.7 Left

reconstructed breast shows

symmetric shape without

partial fat necrosis
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the superficial epigastric vessels [7]. Newman and Samsom utilized the ICG

fluorescence navigation system for detecting the perfusion area of each perforator

in the DIEP/TRAM flaps and selected perforators which were included in the

flaps [8].

However, almost half of the flaps, which were grafted from non-enhanced

regions, revealed partial fat necrosis. The other half of the flaps revealed no

complications. The difference of the results depends on how much of the volume

of the non-enhanced region is included. On the other hand, there is a gray zone

between the intact area and the area of necrosis.

Still et al. reported that non-enhanced regions survived in two cases [2]. Moyer

and Lasken also mentioned about “the gray area” of the ICG navigation

[9]. Yamaguchi et al. described one of ten cases which showed superficial

epitheliolysis and secondary healing developing marginally in the flap, although

ICG video-angiography showed no fluorescence defect. The article mentioned that

fluorescence intensity seemed to reach a plateau 2–3 min after the ICG intravenous

injection [6]. Wu et al. reported that 14 % were underestimated and 14 % were

overestimated in random skin flaps and 7 % were underestimated and 7 % were

overestimated in perforator flaps. They mentioned that imaging to identify perfo-

rators was performed 10 s after dye injection and imaging to assess flap perfusion

was usually performed for 2 min separated by an approximately 30 s interval to save

the first minute of imaging [10]. Holm et al. [3] and Newman et al. [8] mentioned

that all flaps without ICG filling defects survived. However, they did not define the

timing of their assessment.

Making a standard of assessment of ICG fluorescence angiography for flaps is

important to decrease underestimates and overestimates. In some reports, authors

used the time from the start of flap perfusion for assessment [6, 11]. In some reports,

they used software for analyzing illumination of the flaps. Neither using the time

from the start of perfusion nor using the software to analyze illumination provides a

reliable assessment. The flap perfusion time depends on blood pressure or

cardiomotility. Illumination of the flap during ICG angiography depends on the

brightness or darkness of the operating room. It is impossible to keep the same

brightness in the operating room every time. Brightness of the operating room is

affected by the number or variety of monitors, even with all of the room lights

turned off.

Instead, it’s better to note the movement of the enhanced region. By observing at

the time when the diffusion of the enhancement stops or stagnates, the viable area of

a TRAM flap can be determined. It’s necessary to have the operating room dark

enough to judge the movement of the enhanced region.

ICG angiography is one of the most useful techniques for decreasing partial fat

necrosis and partial flap necrosis in breast reconstruction surgery with TRAM flaps.
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20.6 Summary

Free TRAM flaps are frequently used in breast reconstruction. We sometimes

experience partial fat necrosis or partial skin necrosis of the TRAM flaps after

breast reconstructive surgery. Even if fresh bleeding is confirmed, partial fat

necrosis of a part may be encountered. It is very difficult to assess which part of

the fat tissue will be necrotic before a flap is grafted. Indocyanine green fluores-

cence angiography is a useful and reliable method to evaluate the viability of a flap

during surgery.

Two milliliters of indocyanine green are injected systemically in the veins.

Enhancement of the TRAM flap starts from each perforator individually and linear

enhancement extends laterally or radially. Diffuse enhancement starts and extends

between the linear enhancement. Then, diffuse enhancement stagnates in 1–2 s.

After that, the enhancement region starts to extend again. But, this extension moves

slower than the former extension.

Choosing the right time to make your determination of the reliability of an

enhanced region is important. In previous reports, some authors used the time from

the start of enhancement and other authors used illuminations. However, it is very

difficult to determine the reliable enhanced region every time under the fixed

conditions. The circulation time of the injected indocyanine green is affected by

the patient’s blood pressure and other physical conditions. The illumination of the

enhanced flap is affected by the brightness of the operating room which in turn

depends on the light of surgical monitors, even with the room lights and surgical

lights turned off. However, movement of the enhanced region is a reliable guide,

because it reflects the physical conditions of the patient. It’s necessary for the

operating room to be dark enough to judge the movement, and especially to observe

the period of stagnation, of the enhanced region.

Previous reports mentioned overestimation and underestimation of the ICG

fluorescence angiography which appear in a definite ratio. Overestimation may

bring partial fat necrosis after the surgery. We have never experienced partial fat

necrosis or partial flap loss in our study. Underestimation depends on the viability

of the distal part of the flap which is enhanced after the period of stagnation. The

blood circulation is like a reverse flow flap in the region beyond the choked vessels

in TRAM flaps. As the reliability of this area is unstable, we don’t recommend

including it in the area judged to be effective.
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Chapter 21

Intraoperative Evaluation of Flap

Circulation by ICG Fluorescence

Angiography in the Breast Reconstruction

with Pedicled TRAM Frap

Hidekazu Fukamizu, Masao Fujiwara, Takahide Mizukami,

and Takeshi Nagata

Abstract Since its introduction, the pedicled transverse rectus abdominis

myocutaneous flap (TRAM flap) became a popular procedure for postmastectomy

breast reconstruction. Preference for the pedicled TRAM flap was based on its

sufficient volume for reconstruction, natural appearing result, acceptable scar of the

donor site, and the avoidance of complications caused by the use of implant.

However, the perfusion of the pedicled TRAM flap is not as reliable as expected,

because this flap has the better blood flow through the inferior epigastric vessels

than through the superior epigastric vessels. In general, all the tissue in zone IV of

the flap and the parts of the skin in zone II and III tend to be necrotic. When the flap

is designed as larger than usual, the inferior epigastric system on the ipsilateral side

is prepared for microvascular augmentation.

The traditional methods for evaluating flap circulation, such as examining tissue

color, capillary refilling, and dermal bleeding, are based on subjective clinical

assessment and can be inaccurate even when used by experienced surgeons.

There is still no definitive method of evaluating flap circulation and viability with

reasonable objectivity and wide acceptance, instead of several objective techniques.

Indocyanine green (ICG) fluorescence angiography is a new method for evaluation

of flap circulation. Two ml of 0.25 % ICG solution was injected intravenously, and

the fluorescence imaging was obtained by a newly developed near-infrared camera

system (PDE, Hamamatsu Photonics K.K. Hamamatsu, Japan). Vascular flow and

flap perfusion could be visualized intraoperatively without requiring much time or

complexity. The advantages of this method are that real-time information is obtain-

able and that characteristic fluorescence patterns (such as filling defects, slow

filling, and weak fluorescence) are associated with critical flap perfusion deficits,

especially in high-risk patients.
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21.1 Introduction

Patients undergoing mastectomy for breast cancer have many reconstructive

options. The pedicled transverse rectus abdominis myocutaneous flap (TRAM

flap) remains a common method of postmastectomy restoration when autogenous

tissue is required and a free TRAM flap is not desired or is contraindicated [1]. This

procedure now accounts for 25–50 % of breast reconstructions performed in the

United States [2]. Since its introduction, TRAM flap became a popular procedure

for postmastectomy breast reconstruction. Preference for the TRAM flap was based

on its sufficient volume for reconstruction, soft and natural appearing result,

acceptable scar of the donor site, and the avoidance of complications such as

capsular contractures associated with prosthetic implant use. However, the perfu-

sion of superior epigastric vessels which nourish the pedicled TRAM flap is not as

reliable as expected, because this flap has the better blood flow through the inferior

epigastric vessels than that through the superior epigastric vessels. Therefore, the

free TRAM with the deep inferior epigastric artery may be appropriate for the

patients who are obese with larger breasts and smokers regardless of longer

operative time and the risk of total flap loss due to the microvascular surgery. In

Japan the pedicled TRAM flap is an excellent option in many patients because there

are less obese patients and smokers. It is important to know, however, that blood

flow to the flap is retained through connections between the underlying abdominal

muscle and the overlying abdominal fat and skin.

The traditional methods for evaluating flap circulation, such as examining tissue

color, capillary refilling, and dermal bleeding, are based on subjective clinical

assessment and can be inaccurate even when used by experienced surgeons.

There is still no definitive method of evaluating flap circulation and viability with

reasonable objectivity and wide acceptance, instead of several objective techniques.

In our institution indocyanine green (ICG) fluorescence angiography is always used

for evaluation of flap circulation. By using this method, the vascular flow and flap

perfusion could be visualized intraoperatively without requiring much time or

complexity. The purpose of this text is to introduce the precise procedures of this

method in the postmastectomy breast reconstruction with pedicled TRAM flap.

21.2 Vascular Anatomy of TRAM Flap

The rectus abdominis muscle and its overlying skin have the dual blood supply

from the deep superior epigastric artery (DSEA) and the deep inferior epigastric

artery (DIEA). Both arteries anastomose together above the level of the umbilicus
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(Fig. 21.1) [3, 4]. There is a large concentration of perforators to supply the

overlying fat and skin around the umbilicus. The skin island was originally

designed vertically over the primary territory of the rectus muscle. In 1982,

Hartrampf et al. [5] reported the flap incorporating a transverse skin island located

on the inferior abdominal wall. There is a random portion of the flap across the

midline and lateral to the muscle. This type of flap provides a sufficient amount of

Fig. 21.1 Schematic diagram demonstrates the blood supply of the anterior abdominal wall. Note

that the anastomosis between the deep superior epigastric artery (DSEA) and the deep inferior

epigastric artery (DIEA) is situated in the segment of the rectus muscle above the umbilicus (From

Taylor GI: Plast Reconstr Surg 81:721–724, 1988 [3])
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fatty tissue and the abdominal scar can be low. Furthermore, the longer muscle

pedicle is useful for filling in infraclavicular and axillary defects. However, the

pedicled lower TRAM flap between the umbilicus and the symphysis pubis is

anatomically the most vulnerable design from both an arterial and a venous

standpoint.

Scheflan et al. [6, 7] divided the skin island of the flap into four zones, according

to the reliability of its circulation and survival (Fig. 21.2). Zone 1 is located directly

over the muscle and represents its primary cutaneous territory. Zone 2 is directly

across the midline of the abdomen, which extends from the midline of the abdomen

to the lateral edge of the contralateral muscle. Zone 2 of the skin island has proved

reliable because the circulation is provided by the subdermal and deeper vascular

communications of musculocutaneous perforating vessels from the rectus muscle

beneath zone 1. Zone 3 is the portion of the skin island lateral to zone 1. Zone 4 is the

most distant portion from zone 1 located between the lateral edge of the contralateral

rectus sheath and the iliac crest. These two lateral zones, zone 3 and zone 4, are less

reliable considering circulation based on one rectus abdominis muscle. In general,

most of zone 4 and the lateral aspect of zone 3 are discarded because of inadequate

perfusion. In addition the blood flow from the epigastric perforators through DSEA

seems to be insufficient for the patients with obesity, heavy cigarette smoking, and

advancing age to maintain the viability of the adipose mass of large TRAM flap

[8]. Therefore, the microvascularly augmented TRAM flap, which is a superiorly

based unipedicled TRAM flap with microvascular anastomosis between either the

contralateral or ipsilateral inferior epigastric vascular system and available vessels

close to the defect, is usually applied for the breast reconstruction in need of a large

volume of soft tissue [9, 10]. Whichever procedure is applied, it is difficult to

evaluate how much the circulation can be augmented to the flap.

Fig. 21.2 Vascular zones

of the conventional pedicled

TRAM flap (From

Scheflan M, Dinner MI:

Ann Plast Surg 10:120–129,

1983 [7])
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21.3 Operative Procedures

21.3.1 Preoperative Markings and Preparations

Preoperative markings are completed at the standing position including the

vertical midline from the suprasternal notch to the pubis passing through the

umbilicus, the inframammary fold of the remaining breast, and its transferred line

as a mirror image to the defect side (Fig. 21.3). The skin island of the TRAM flap

is marked between the umbilicus and the pubic hair line extending between both

anterior iliac spines at the spine position. In general, the superior margin of the

Fig. 21.3 Preoperative

markings in the case of

secondary breast

reconstruction after skin-

sparing mastectomy. The

conventional pedicled

TRAM flap is designed. The

red lines indicate the
location of superior

epigastric artery and deep

inferior epigastric artery.

The shaded area indicates

zone 4
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skin island is located 1 or 2 cm superior to the umbilicus because of a large

concentration of perforators to supply the overlying fat and skin around the

umbilicus. We always use color Doppler sonography for the mapping of perfo-

rators. During surgery, the inferior margin of the skin island may be moved

superiorly when direct closure appears difficult or too tight with retraction of

the superior abdominal flap.

21.3.2 Elevation of TRAM Flap

The procedure starts with the incision around the umbilicus to allow release of the

umbilicus stalk to the midline fascia as described in the text [11]. The superior skin

island incision is completed with a bevel of subcutaneous tissue superior to the skin

incision to capture as many perforating vessels as possible and to add fatty tissue to

the flap for the breast mound reconstruction. The superior abdominal skin and

subcutaneous tissue are elevated from the abdominal fascia to the costal margin

and to the sternum in the midline to transfer the pedicled TRAM flap through a

generous tunnel into the breast area. After the abdominal flap elevation is com-

pleted, the superior-based abdominal flap is advanced toward the pubis to make

sure that it covers the marked inferior incision for the TRAM skin island without

tension. We usually use the contralateral TRAM flap in which the arc of rotation

results in less twisting of the muscle below the skin island and in less disruption of

the inframammary line. The ipsilateral side (zone 2 and zone 4) of the skin island is

first elevated from external oblique and anterior sheath. After that a central strip of

anterior rectus sheath is incised to expose the rectus muscle in the contralateral side

(zone 1) of the skin island. The exposed muscle is dissected from two parallel

incisions located approximately 2 cm lateral to the medial edge of the sheath and

2 cm medial to the lateral edge of the sheath extended to the anterior sheath superior

to the skin island.

The skin island is now elevated from the external oblique fascia to the side of the

rectus muscle flap and to the midline fascia on the opposite side of the abdomen.

DIEA and the paired venae comitantes are dissected as long as possible so that the

pedicle can be used to revascularize the flap through microvascular anastomosis on

the chest wall when the pedicle of DSEA proves to be inadequate to support the

flap. If a TRAM flap is designed as larger than usual, the inferior epigastric system

on the ipsilateral side is necessary for microvascular anastomosis just like DIEP flap

(Fig. 21.4).

246 H. Fukamizu et al.



The contralateral rectus muscle including the skin island is elevated from the

posterior rectus sheath based on the superior epigastric system. The pedicled

TRAM flap is now passed through tunnel into mastectomy defect. After the

contralateral or ipsilateral inferior epigastric vascular pedicles are anastomosed

with appropriate recipient vessels when needed, the circulation of the flap is

evaluated by indocyanine green (ICG) fluorescence angiography.

21.3.3 Evaluation of Flap Circulation by ICG Fluorescence
Angiography

We performed intravenous injection of indocyanine green (ICG) to evaluate per-

fusion of the flap after the flap transposition and inset. After the injection of 5 mg of

ICG (Diagnogreen 0.5 %; Daiichi Pharmaceutical, Tokyo, Japan), fluorescent

images were obtained with a newly developed near-infrared camera system

(PDE, Hamamatsu Photonics K.K. Hamamatsu, Japan) [12]. After intravenous

injection, ICG binds strongly to plasma proteins. In the absence of capillary protein

ba

Fig. 21.4 (a) Preoperative marking in the case of secondary breast reconstruction. (b) The

contralateral pedicled TRAM flap with the deep inferior epigastric flap (DIEP flap) on the

ipsilateral side for microvascular augmentation is elevated in this case
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leakage, it is exclusively distributed within the intravascular space [13]. Penetrating

deeper into the skin, the excitation light induces fluorescence from blood vessels in

the deep dermal plexus and subcutaneous fat, instead of only the superficial dermis

[14]. The induced fluorescence is not trapped in the skin and can be recorded by

PDE because the skin is relatively transparent to the ICG fluorescence wavelength.

In the conventional unipedicled TRAM flap without microvascular augmentation,

the arteries in the rectus abdominis muscle showed strong fluorescence about 30 s

after the injection of ICG. Some linear fluorescent stains can be seen in the flap

about 40 s after the injection followed by diffuse stain of fluorescence. The time

taken before the fluorescent stain can be seen in the flap after the injection is

decided by blood tension of the patient and the thickness of skin and subcutaneous

fat. When the flap has good circulation, it showed homogeneous, rapid filling and

strong fluorescence. The area of zone 4 in the conventional pedicled TRAM flap

usually showed very weak or no fluorescence, which indicated poor perfusion

(Figs. 21.5 and 21.6). Furthermore, the distal portion of zone II and III sometimes

reveals weak fluorescence. The area under suspicion of skin and fat necrosis was

resected primarily in favor of a smaller final breast volume, and all of the remaining

flaps survived without clinically significant skin and fat necrosis. In the case of

needing a large volume of soft tissue, we always planned the microvascularly

augmented pedicled TRAM flap (Fig. 21.7), which has microvascular anastomosis

between either the contralateral or ipsilateral inferior epigastric vascular system and

the recipient vessels. The very short half-life of ICG allows sequential monitoring

of skin perfusion with short intervals within 30 min between injections [15].

a b

Fig. 21.5 (a) ICG angiography of the conventional pedicled TRAM flap. (b) A schema showing

the staining area. Note that the lateral portion on the right side (zone IV) and a part of the left side
(zone III) of the flap show the poor perfusion compared with zones I and II. Zone IV is removed on

the line of forceps
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21.3.4 Flap Inset and Abdominal Closure

After the flap is passed through a subcutaneous tunnel into the mastectomy defect, it

is trimmed and contoured to match the opposite breast mound with the patient in the

sitting position. Once the flap is inset and the contralateral or ipsilateral inferior

epigastric vascular pedicles are anastomosed with appropriate recipient vessels

when needed, attention is turned to the abdominal wall closure. We always incor-

porate the ipsilateral internal and external oblique fascia with the contralateral

anterior rectus sheath. In our institution, we usually do not use artificial mesh. In

a d

c

b

Fig. 21.6 (a: above left) Intraoperative photographs of the conventional pedicled TRAM flap after

passing under the abdominal tunnel. (b: below left) ICG angiography. (c) A schema showing the

staining area. (d) Immediate postoperative view. In this case a monitoring flap is left
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c d

b

Fig. 21.7 (a) The ipsilateral deep inferior epigastric vascular pedicles are anastomosed with the

branch of the thoracodorsal vessels. (b) ICG angiography showing patency of the anastomosed

site. (c) ICG angiography of the microvascularly augmented pedicled TRAM flap (Fig. 21.4). Note

that all the zones of the flap are stained. (d) Immediate postoperative view. No portion of the flap is

removed
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this final point an additional evaluation of flap circulation by ICG is usually

performed to make sure there are no excessive twisting, kinking, and tension.

When any part of the flap shows very weak or no fluorescence indicating poor

perfusion, we should reconsider whether the flap inset is achieved with an adequate

tunnel space and without tension.

21.4 Discussion

ICG angiography is a new method for evaluation of flap circulation. Vascular flow

and flap perfusion can be visualized intraoperatively without requiring much time

or complexity. The advantages of ICG angiography are that real-time information is

obtainable and that characteristic fluorescence patterns (such as filling defects, slow

filling, and weak fluorescence) are associated with critical flap perfusion deficits

[14, 16]. Familiarity with the technique has resulted in the higher reliability on the

initial perfusion scan to assess the skin and fat viability. Because of the reduction in

delayed wound healing secondary to skin flap necrosis after breast reconstruction,

this technique reduces patient morbidity and the cost of subsequent wound care and

diminishes the risk of developing palpable fat necrosis in pedicled TRAM flap

reconstruction. Although ICG angiography provides a reliable and rapid

intraoperative assessment for the circulation of pedicled TRAM Frap, there are

some points to require technological innovation. As the fluorescence is easily

interfered by overlying skin, the circulation in the subcutaneous fat layer is difficult

to evaluate. There is no data of fluorescence value for an absolute assessment of

tissue viability, and it is difficult for the operators to decide which region is

surgically resected. Further studies give more clinical effectiveness.

References

1. Davidge KM, Brown M, Morgan P et al (2013) Processes of care in autogenous breast

reconstruction with pedicled TRAM flaps: expending postoperative discharge in an ambula-

tory setting. Plast Reconstr Surg 132:339e–344e

2. Zenn MR (2014) Unipedicled TRAM breast reconstruction. http://emedicine.medscape.com/

article/1274334-overview#a0101, Mar 3, 2014

3. Taylor GI (1988) Discussion for Miller LB, Bostwick J, Hartrampf CR, et al: The superiorly

based rectus abdominis flap: predicting and enhancing its blood supply based on an anatomic

and clinical study. Plast Reconstr Surg 81:721–724

4. Moon HK, Taylor GI (1988) The vascular anatomy of rectus abdominis musculocutaneous

flaps based on the deep superior epigastric system. Plast Reconstr Surg 82:815–829

5. Hartrampf CR, Scheflan M, Black PW (1982) Breast reconstruction with a transverse abdom-

inal island flap. Plast Reconstr Surg 69:216–224

6. Scheflan M, Dinner MI (1983) The transverse abdominal island flap: Part I. Indications,

contraindications, results, and complications. Ann Plast Surg 10:24–35

21 Intraoperative Evaluation of Flap Circulation by ICG Fluorescence. . . 251

http://emedicine.medscape.com/article/1274334-overview#a0101
http://emedicine.medscape.com/article/1274334-overview#a0101


7. Scheflan M, Dinner MI (1983) The transverse abdominal island flap: Part II. Surgical tech-

nique. Ann Plast Surg 10:120–129

8. Millar LB, Bostwick J, Hartramph CR et al (1988) The superiorly based rectus abdominis flap:

predicting and enhancing its blood supply based on an anatomic and clinical study. Plast

Reconstr Surg 81:713–720

9. Harashina T, Sone K, Inoue T et al (1987) Augmentation of circulation of pedicled transverse

rectus abdominis musculocutaneous flaps by microvascular surgery. Br J Plast Surg

40:367–370

10. Yamamoto Y, Nohira K, Sugihara T et al (1996) Superiority of the microvascularly augmented

flap: analysis of 50 transverse rectus abdominis myocutaneous flaps for breast reconstruction.

Plast Reconstr Surg 97:79–83

11. Mathes SJ, Lang J (2006) Transverse rectus abdominis musculocutaneous (TRAM) transpo-

sition flap. VI Trunk and lower extremity. In: Mathes SJ (ed) Plastic surgery, 2nd edn.

Saunders, Philadelphia, pp 712–761

12. Suzuki A, Fujiwara M, Mizukami T et al (2008) Delayed distally based super sural flap:

evaluation by indocyanine green fluorescence angiography. J Plast Reconstr Aesthet Surg

61:467–469

13. Ishihara H, Otomo N, Suzuki A et al (1998) Detection of capillary protein leakage by glucose

and indocyanine green dilutions during the early post-burn period. Burns 24:525–531

14. Holm C, Mayr M, Hofter E et al (2002) Intraoperative evaluation of skin-flap viability using

laser-induced fluorescence of indocyanine green. Br J Plast Surg 55:635–644

15. Krishnan KG, Schackert G, Steinmeier R (2005) The role of near-infrared angiography in the

assessment of post-operative venous congestion in random pattern, pedicled island and free

flaps. Br J Plast Surg 58:330–338

16. Still J, Law E, Dawson J et al (1999) Evaluation of the circulation of reconstructive flaps using

laser-induced fluorescence of indocyanine green. Ann Plast Surg 42:266–274

252 H. Fukamizu et al.



Chapter 22

Pre- and Intraoperative Identification

of Perforator Vessels Using MRA/MDCTA,

Doppler Sonography, and ICG Fluorescence

Angiography

Toshiyuki Watanabe, Keita Kawai, and Yoshihiro Kimata

Abstract Here, we introduce our method of combined use of magnetic resonance

angiography/multidetector-row computed tomography (MRA/MDCTA), Doppler

sonography, and indocyanine green (ICG) fluorescence angiography to identify the

locations of the perforator vessels of the flaps. This method can be used to

accurately confirm perforator vessel location on pre- or intraoperative images. If

a detectable perforator is obtained using preoperative MRA/MDCTA and Doppler

sonography, we use the term “freestyle perforator-based flap” for propeller or V-Y

advancement flaps. In some cases, aggressive perforator dissection is necessary to

free these flaps from adhesions and evenly distribute the torsion, and the

intraoperative identification of perforator vessels detected by Doppler sonography

and ICG fluorescence angiography makes it possible to select perforators of larger

caliber and stronger pulsatility without fear of anatomic inconsistencies; further-

more, such identification facilitates the surgical mechanics and shortens the

operation time.

Keywords Freestyle perforator flap • Magnetic resonance angiography •

Multidetector-row computed tomography angiography • Doppler sonography •

Indocyanine green fluorescence angiography

22.1 Introduction

The era of the perforator flap began in 1989 when Koshima and Soeda first

described the creation of an inferior epigastric artery skin flap without the use of

the rectus abdominis muscle [1]. The use of perforator flaps has become preferred,

and many variations have been reported in the literature [2].
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In 1987, Taylor and Palmer introduced the angiosome concept, a variation of the

cutaneous flap [3, 4]. The anterolateral thigh (ALT), deep inferior epigastric

perforator (DIEP), and other flaps have been reported as angiosome and

perforasome flaps [5–9]. The freestyle flap concept, introduced by H.C. Wei in

2004, involves the harvesting of skin flaps from any region of the body in which

appropriate and detectable perforator vessels are present. However, flap perfusion

in some cases of perforator flap use can be difficult to confirm intraoperatively

because of anatomical variations [10–13]. Here, we introduce our method of

combined use of magnetic resonance angiography/multidetector-row computed

tomography (MRA/MDCTA), Doppler sonography, and indocyanine green (ICG)

fluorescence angiography to identify the locations of the perforator vessels of the

flaps.

22.2 Materials and Methods

Using this method, we created 60 perforator-based flaps (54 perforator flaps,

6 freestyle flaps) for reconstruction at Okayama University Hospital (Okayama,

Japan). Here, we describe our combined use of MRA/MDCTA, Doppler sonogra-

phy, and ICG fluorescence angiography for the pre- and intraoperative identifica-

tion of perforator vessels.

22.2.1 Preoperative Identification of Perforator Vessels
(MRA/MDCTA and Doppler Sonography)

Preoperative imaging of perforator vessels was performed with MRA or MDCTA

to identify the perforators. MDCTA was used for 57 flaps, while MRA was used for

three flaps. MRA and MDCTA both have advantage and disadvantages. MRI scans

were performed on a 3.0 T scanner (Magnetom Verio; Siemens Medical Solutions,

Erlangen, Germany) with the administration of intravenous gadolinium using the

THRIVE method. A 16-slice MDCT scanner (Aquilion 16; Toshiba Medical

System, Tokyo, Japan) was used. A bolus of intravenous contrast agent

(Omnipaque 350; GE Healthcare, Chalfont St. Giles, UK) was injected, and the

scan was triggered at each point. The obtained 0.5-mm-interval axial images were

reformatted and reconstructed into three-dimensional images using the AZE Virtual

Place program (AZE Ltd., Tokyo, Japan) [15, 24].

These images can demonstrate anatomic variations as well as the locations,

numbers, and diameters of the perforator vessels. In some cases, extremity perfo-

rators are not detected on MRA or MDCTA images. One reason is that the axial

images are taken at 0.5-mm intervals, which may not detect all perforator vessels.
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Another reason is that vasospasms of the perforator vessels might cease during the

MDCTA scanning process [14–19].

Based on the angiosome concept and MRA/MDCTA images, Doppler sonogra-

phy was used to identify the perforator vessels and then mark their plurality for the

donor site. At that time, it is important to recognize the differences in body position

between MRA/MDCTA scanning and surgery, identify palpable landmarks on the

body’s surface, and spend sufficient time accurately identifying the perforator

vessels [15, 20, 21].

22.2.2 Intraoperative Identification of Perforator Vessels
(Doppler Sonography and ICG Fluorescence
Angiography)

Doppler sonography and ICG fluorescence angiography through an infrared camera

system were used intraoperatively to identify the perforator vessels. Doppler

sonography, enclosed in a sterile drape within the surgical field, enabled the

identification of the perforators from the subcutaneous underside.

ICG fluorescence angiography enabled identification of the perforator vessels at

a depth up to 2 cm from the skin surface through the infrared camera system. We

were able to confirm the perforators of the subcutaneous underside through the

adjacent adipose tissue. The combined use of these technologies demonstrated

marginal or poor flow and perfusion both visually and audibly [20–23].

22.2.3 ICG Fluorescence Dosing Method

ICG fluorescence angiography images were acquired using an infrared camera

system (Photodynamic Eye; Hamamatsu Photonics, Hamamatsu, Japan). In all

cases, the ICG fluorescent was dissolved in the injectable sterilization water and

injected as a bolus infusion through a forearm vein, after which 5 mL of saline was

rapidly injected. In the first 50 cases, a total of 10 mg (2 mL) of the ICG fluorescent

injected was inserted into a forearm vein, but in 12 cases (24 %) in which the flap

thickness was >20 mm, identifying the perforators through the skin and subcuta-

neous tissue was difficult [24]. We changed the ICG fluorescent dose to 0.3 mg/kg

in the most recent nine cases. In two cases, despite a flap thickness >20 mm, we

were able to confirm perforator locations on the images. In all cases, the total dose

did not exceed 0.5 mg/kg, and no blood vessel spasms or allergic reactions

occurred.
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22.2.4 Concrete Method by Flap Type

22.2.4.1 Freestyle Pedicled Perforator Flap

In the planning of perforator flaps, we confirmed the presence of several perforator

vessels around an area of skin loss using MRA/MDCTA and Doppler sonography.

When intraoperative skin loss occurred at the time of tumor excision, we designed

another perforator flap according to the perforator vessel position, neighboring skin

strain, skin loss area shape, and perforasome theory. We mainly created propeller,

V-Y advancement, and peninsula flaps. After performing subcutaneous detachment

in the area surrounding the perforator vessel, we repeated the ICG fluorescence

angiography and Doppler sonography examinations.

By examining the ICG fluorescent contrast, we confirmed the contrasting density

area and strong pulse through the skin side while monitoring the perforator vessels

on the subcutaneous underside to detect the central continuous perforator vessels. It

is important to note that larger perforator flaps require strong pulsatility and a

higher caliber of perforator; there are cases in which the perforator vessels of the

lower limbs run above or below the fascia for great distances before reaching the

skin [20].

We performed perivascular detachment until the flexibility of the perforator flap

was ensured. We evaluated flap vascularization; if it was not flexible, we removed

the unnecessary blood vessel. We removed the portions lacking acceptable bleeding

that were not dyed by examining the ICG fluorescent contrast (Figs. 22.1, 22.2, and

22.3).

a b c

Fig. 22.1 90� Propeller flap
The patient suffered an open tibial and fibula pilon fracture (Gustilo IIIB) in a traffic accident.

A propeller perforator flap based on the perforator vessels in the front of the leg was planned

In a preoperative perforator examination, several perforator vessels from the peroneal and anterior

tibial artery were confirmed using MDCTA and Doppler sonography. A skin flap harvest was

planned on the muscular fascia to match the area of skin loss (a) After ICG contrast angiography

was performed to ensure flap flexibility, an aggressive perforator dissection was performed,

thereby resulting in two dominant perforator vessels (b). The flap was then turned 90�. The flap

survived completely (c)
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a

b

c

Fig. 22.2 V-Y advancement flap

A wide defect persisted on the right thigh after sarcoma resection. Several perforator vessels were

confirmed around the area of skin loss by MRA and Doppler sonography (a). The V-Y advancement

perforator flap was designed in the direction that would not inhibit the lymph style and where skin

tension did not appear. ICG contrast was injected subcutaneously to confirm the lymph style (b) ICG

fluorescence angiography was performed to identify the blood vessels after perivascular detachment

under the muscular fasciae, and several dominant perforator vessels were chosen (c). The flexibility of

the skin flap was ensured, the flap survived completely, and lymphedema did not develop in the leg
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22.2.4.2 Free Perforator Flap

Free perforator flaps featuring vessel dissection, such as the ALT and DIEP flaps,

have been reported to not be subjected to ICG fluorescent contrast examination. We

often use this method at the time of the perforasome flap and perforator vessel

confirmation during flap defatting (Fig. 22.4).

a b c

Fig. 22.3 180� Propeller flap
The plate was exposed after bone fixation was performed around the left elbow. Two perforator vessels

in the upper armwere identified preoperatively byMDCTA and Doppler sonography (a). The skin flap

was cut circumferentially under the muscular fasciae to the area of the perforator vessels. After ICG

fluorescence angiography was performed to confirm the run of the perivascular branch to penetrate the

island skin flap using the Photodynamic Eye (b), the perforators were skeletonized to free it from

adhesions and turned 180� to cover the loss region. The flap survived completely (c)
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Chapter 23

Intraoperative Assessment of Intestinal

Perfusion Using Indocyanine Green

Fluorescence Angiography (ICG-AG) During

Pediatric Surgery

Yasushi Iinuma, Yutaka Hirayama, Naoyuki Yokoyama, Tetsuya Otani,

Shirou Kuwabara, Hisataka Iida, and Naruki HIgashidate

Abstract We herein report three cases of pediatric surgery in which intraoperative

indocyanine green fluorescence angiography (ICG-AG) was performed. A patient

with long-gap congenital esophageal atresia underwent gastric transposition for the

purpose of esophageal replacement. The good perfusion in mobilized upper esoph-

agus and whole stomach was confirmed with ICG-AG. Subsequently, we could

successfully create a gastroesophageal anastomosis, without having to worry about

postoperative complications due to perfusion disturbances. In a patient who had

undergone massive intestinal resection due to severe intestinal volvulus, the resid-

ual region which had been demonstrating abnormal findings by ICG-AG finally

developed delayed intestinal stricture.

However, the clinical findings of this region had improved with time in the

ICG-AG examination, which had suggested that the intestinal perfusion of this

region was preserved. In this case, a perfusion discrepancy between the intestine

and the corresponding mesentery was identified, and the presence of this discrep-

ancy was speculated to be the main cause of the delayed intestinal stricture. In a

patient with intussusception, the perfusion of the affected region involved in the

intussusception had presented long persistent abnormal ICG-AG findings. How-

ever, on an empirical basis, it was accepted that the final viability of this affected

region would be preserved, in spite of the abnormal ICG-AG findings. We herein

demonstrated the feasibility of ICG-AG in pediatric surgical patients, and our

findings also suggested that ICG-AG can provide useful information for assessing

the intestinal perfusion. However, ICG-AG does not necessarily reflect the mech-

anism of the patient’s specific perfusion disturbance; therefore, when assessing the
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intestinal viability with the use of ICG-AG, it is necessary to take into account the

possible mechanisms underlying the perfusion disturbances and the individual

diseases.

Keywords Indocyanine green fluorescence angiography • Intestinal perfusion •

Ischemic injury • Pediatric surgery

23.1 Introduction

In cases of intestinal ischemic injury or digestive surgery in which an intestinal

anastomosis is created, the precise assessment of the intestinal viability is necessary

to prevent postoperative complications. For the purpose of the intraoperative

assessment of the intestinal perfusion, an assessment with the clinical findings of

the intestine has been advocated. However, existing methods may provide decep-

tive findings and are based on the experience of the surgeon. For these reasons,

many new techniques for assessing the perfusion of the intestine have been

developed.

Recently, the techniques used for the intraoperative assessments of intestinal

perfusion have progressed, especially in adult colorectal surgery [1–4]. Among

these various techniques, indocyanine green fluorescence angiography (ICG-AG)

has been considered to have great potential for clinical use, and the application of

this technique has been increasing [3, 4]. However, there have been only a few

reports that have described using ICG-AG for pediatric surgical patients [5].

We have used this technique to assess the intestinal perfusion in various pedi-

atric surgical patients since 2011. In this chapter, we present the cases of three

pediatric patients in which ICG-AG was performed. We also describe the charac-

teristic points that should be considered, when assessing the intestinal perfusion

using this technique in pediatric surgical patients. The details of case 2 and

Figs. 23.2a–d and 23.3 have been previously reported [5]. Permission to reuse the

contents of that article has been obtained from the publisher.

23.2 The Techniques Used for ICG-AG

ICG-AG was performed according to the method that was previously described in

the literature [5]. The photodynamic eye (PDE; Hamamatsu Photonics, Hamama-

tsu, Japan) fluorescence system was used for the intraoperative imaging. The

quantitative changes in the ICG fluorescence intensity over time were analyzed

by using an image intensity analysis software program (ROI [region of interest]

software; Hamamatsu Photonics K.K.). The various vascular patterns obtained from

this intensity analysis software program were classified into four vascular flow

patterns, according to the classification described by Matsui et al. [6].
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23.3 Case Presentation

23.3.1 Case 1

A 4-month-old male weighing 5,962 g with long-gap congenital esophageal atresia

underwent gastric transposition for the purpose of esophageal replacement. After

mobilizing the upper esophagus and the whole stomach, ICG-AG was performed to

assess the blood perfusion of the esophagus and the whole stomach (Fig. 23.1a).

Although the only preserved feeding vessels for the mobilized whole stomach were

Fig. 23.1 The macroscopic appearance of the mobilized upper esophagus, the whole stom-

ach, and the ICG-AG findings

(a): The mobilized upper esophagus and whole stomach of the patient with long-gap congenital

esophageal atresia. The only preserved feeding vessels for the mobilized whole stomach were the

right gastric and right gastroepiploic arteries. The serosal surface color of both organs showed a

normal color

(b) and (c): The ICG-AG findings obtained immediately following the injection of ICG. The good

perfusion was confirmed with ICG-AG in the upper esophagus (b) and whole stomach (c), except

for the small area in which the previous gastrostomy was closed (indicated with an arrowhead)
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the right gastric and right gastroepiploic arteries, good perfusion in both organs was

confirmed with ICG-AG (Figs. 23.1b and c), except for the small area in which the

previous gastrostomy was closed (indicated by the arrowhead in Fig. 23.1c). Sub-

sequently, we could successfully create a gastroesophageal anastomosis via the

posterior mediastinal route, without having to worry about postoperative compli-

cations due to perfusion disturbances, and the postoperative course was uneventful.

23.3.2 Case 2

A 15-year-old male underwent massive intestinal resection due to severe small

intestinal volvulus. The residual intestine comprised only 37 cm of proximal

jejunum and 7 cm of ileum. The serosal surface color of the distal part of the

residual jejunum (DPRJ, the area encircled with the dotted line in Fig. 23.2a)

initially showed a slightly darker hue than normal. After several cycles of irrigation

of this segment with warm normal saline, the color of the DPRJ improved with

time, and the other clinical findings also improved, which was considered to

indicate that the perfusion of the DPRJ was preserved. The perfusion of that area

was therefore clinically expected to improve with time.

However, the first ICG-AG demonstrated immediate visualization of only a few

main trunks of the vasa recta at the DPRJ, which exhibited a slightly darker hue on

the serosal surface (Fig. 23.2b and c). Even after the apparent improvement of the

color of the DPRJ was obtained, ICG-AG still showed only thin visualization of the

vasa recta, including the leading capillary vessels (Fig. 23.2d). Homogeneous

visualization of ICG fluorescence was not obtained during this examination. In

contrast, in the proximal part of the residual jejunum, the immediate homogenous

perfusion of ICG could be observed.

At this time, we finally estimated that the perfusion of the DPRJ was preserved,

mainly based on the improvement of the clinical findings of the intestine in spite of

the abnormal findings of ICG-AG. The primary anastomosis was performed with-

out additional resection in order to maximize the lengths of the residual intestine.

After the initial surgery, the patient developed a delayed partial stricture of the

residual intestine, and an additional resection was performed on the 22nd postop-

erative day. The stricture segment corresponded to the area that presented abnormal

findings by ICG-AG at the initial surgery, and this was resected at the second

surgery.

The quantitative analysis of changes in the ICG fluorescence intensity over time

that was performed on the day after the second surgery showed that the fluorescence

intensity at the mesentery gradually increased over time, whereas that observed at

the DPRJ demonstrated only a persistent slow increase in intensity and the absence

of gradual increases over time (Fig. 23.3). We considered that the pattern of the

changes in the ICG fluorescence intensity of the mesentery corresponded to the

delayed drainage pattern described by Matsui et al. [6], whereas that of the DPRJ

corresponded to the capillary or arterial insufficiency pattern.
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23.3.3 Case 3

A 16-month-old female suffered from ileocecal-type intussusception and

underwent surgical reduction at 17 h after the start of the symptoms of the

condition. After the reduction, the affected ileocecal regions showed severe con-

gestion and edema, and the serosal surface color of this area showed an apparent

darker hue than normal (Fig. 23.4a and b). ICG-AG demonstrated visualization of

only a few main trunks of the vasa recta in this area.

Fig. 23.2 The macroscopic appearance of the residual jejunum following massive intestinal

resection and the ICG-AG findings over time

(a): The residual jejunum and ileum immediately following massive necrotic intestinal resection.

The serosal surface color of the distal part of the residual jejunum (DPRJ, the area encircled with

the dotted line) showed a slightly darker hue than normal. We considered that the serosal color

change shown in (a) was caused by transient venous congestion following the release of the

intestinal volvulus and could be expected to improve over time

(b) and (c): These images correspond to the DPRJ in which the serosal surface exhibited a slightly

darker hue (indicated with the encircled dotted line in (a)). Immediate, homogenous visualization

of the mesentery was confirmed; however, the same findings were not observed in the intestine

except for visualization of only a few main trunks of the vasa recta

(d) The findings of ICG-AG about 10 min after the initial intravenous ICG administration at the

DPRJ. The capillary vessels communicating with the vasa recta were also gradually visualized
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These findings did not improve for approximately over 10 min, except for the

appendix (Fig. 23.4c). Although a quantitative analysis of the changes in the ICG

fluorescence intensity over time could not be performed, the ICG fluorescence

intensity of the affected ileocecal regions was speculated to correspond to the

artificial insufficiency pattern described by Matsui et al. [6].

Based on the ICG-AG vascular pattern exhibited in this region, it would be

generally recognized that severe ischemic damage was occurring, and the resection

of this region would usually be considered mandatory.

However, in most of the patients with intussusception in which surgical reduc-

tion was successful, it is accepted that the perfusion of the affected region will

improve with time on an empirical basis. Therefore, additional surgery was not

considered to be necessary. The postoperative course was uneventful, and no

complications were observed.

23.4 Discussion

In this chapter, we demonstrated that ICG-AG can provide useful real-time infor-

mation for the assessment of the intestinal perfusion. The feasibility of ICG-AG in

pediatric surgical patients was also described.

Fig. 23.3 The result of the retrospective quantitative analysis of the changes in the ICG

fluorescence intensity at the DPRJ over time after ICG injection at the time of the initial

surgery

The fluorescence intensity at the mesentery gradually increased over time, whereas that observed

at the DPRJ demonstrated only persistent slow increases in intensity and the absence of gradual

increases over time

266 Y. Iinuma et al.



In case 1, we could confirm that there was good perfusion even after mobiliza-

tion of the esophagus and whole stomach. Therefore, we could perform the gastro-

esophageal anastomosis safely.

Case 2 is considered to be a rare condition that demonstrated the relationship

between the results of ICG-AG and the natural final intestinal status in a young

human patient. At first, there was a discrepancy between the clinical findings and

the results of ICG-AG performed for the assessment of the intestinal perfusion on

the affected segment. However, we finally estimated that the perfusion of the DPRJ

was preserved, mainly based on the improvement of the clinical findings of the

intestine in spite of the abnormal findings of ICG-AG.

From the viewpoint of the final affected intestinal viability, we should have put

more weight on the abnormal results of ICG-AG than on the clinical findings.

The findings of that case demonstrated that measurement of the intestinal

perfusion based on conventional clinical assessments does not necessarily reflect

the precise perfusion status in the intestine.

Fig. 23.4 The macroscopic appearance of the ileocecal region in a patient with intussuscep-

tion and the ICG-AG findings after surgical reduction

(a) and (b): Panel (a) shows the ileocecal region before surgical reduction, and (b) shows the same

region after surgical reduction (encircled with a dotted line in (b)). The color of this region after

surgical reduction showed a much darker hue than normal

(c): ICG-AG demonstrated visualization of only a few main trunks of the vasa recta in this area.

These findings did not improve over a period of approximately 10 min. However, on an empirical

basis, the additional surgery was not considered to be necessary for this region
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In this case, the perfusion discrepancy between the affected intestine which

developed delayed stricture and the corresponding mesentery was demonstrated

at the initial surgery. It is known that 70 % of the mesenteric blood flow is directed

to the mucosal and submucosal layers of the bowel, with the reminder supplying the

muscle and the serosal layer. Therefore, a vascular flow discrepancy in this region

may cause more severe chronic mucosal damage than that affecting the muscle and

the serosal layer [7]. Although the precise mechanisms underlying the development

of delayed intestinal stricture resulting from intestinal ischemic injury remain

unclear, we speculated that the presence of a perfusion discrepancy between the

mesentery and corresponding intestine is one of the important causes of delayed

intestinal strictures.

In case 3, it was interesting that the persistent abnormal ICG-AG findings did not

necessarily reflect the possibility of developing ischemic intestinal injury, in con-

trast to case 1. Regarding the cause of the persistent abnormal ICG-AG findings in

this case, we speculated that this resulted from transient vascular spasm after the

reduction of the intussusception [8]. We have not clarified whether these transient

vascular spasms were a specific condition that occurs only in patients with intus-

susception, and further studies are necessary. In contrast to case 1, the clinical

course of this case was actually a better predictor of the final outcome than was

ICG-AG. We should consider that ICG-AG can only visualize the current status of

intestinal perfusion, and it does not necessarily reflect the precise mechanism

underlying the vascular perfusion. We should also consider that the discrepancies

between the ICG-AG findings and the expected final intestinal viability sometimes

exist, especially in pediatric surgical patients.

In conclusion, although further studies are needed to clarify the usefulness of

ICG-AG in pediatric surgical patients, our findings suggest that ICG-AG can

provide more useful real-time information for the assessment of intestinal perfusion

during surgery than can conventional clinical assessment methods. However, when

assessing the intestinal viability with this technique, the specific mechanism under-

lying the perfusion disturbances and the individual diseases should be taken into

account. We believe that the routine introduction of this novel technique will reduce

the postoperative complication rate after surgery for ischemic intestinal injury in

pediatric patients.
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Part XI

Hepato-Pancreatic-Biliary Surgery: Liver



Chapter 24

Basic Aspects of ICG Fluorescence Imaging
of the Liver

Mitsuo Kusano, Seiji Ohtsubo, and Shingo Shimada

Abstract ICG itself has long been used for the evaluation of liver function, but

the mechanism of the emitted fluorescence following excitation by near-infrared

light not only in the liver but also in the lymph nodes remains unclear. In this issue,

the kinetics of ICG fluorescent images in hepatocytes in the normal and cirrhotic

liver are elucidated macroscopically as well as microscopically using fluorescence

microscopy. The time-dependent changes of the fluorescent images of the liver

were also investigated using fluorescence microscopy. In the early hepatic phase,

examined soon after a systemic injection of ICG, we observed the homogeneous

fluorescent image pattern. In the biliary phase, fluorescent cholangiography was

demonstrated. Then, in the late hepatic phase, the nodular pattern in the fibrotic or

cirrhotic liver and high intense fluorescent illumination were observed several days

after the injection of ICG. In fluorescence microscopic observations, the time-

dependent transportation of ICG vesicles from the hepatic cytoplasm into bile

canaliculi was clearly identified, which provided us valuable microscopic evidence

of the time course of the ICG uptake by hepatocytes and the excretion into the

bile duct.

Keywords Indocyanine green fluorescence • Cholangiography • Cirrhotic liver •

Primary and metastatic liver tumor • Fluorescence microscope

24.1 Introduction

Over the last decade, the clinical applications for the surgical navigation using

indocyanine green (ICG) fluorescent images have spread widely [1, 2]. When we

were attempting to identify the mesenteric lymph nodes by indocyanine green
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(ICG) fluorescence in animal experiments, we unexpectedly observed that after

ICG was injected into the mesenteric fatty tissue, the liver was illuminated by

ICG fluorescence. This phenomenon occurred via the ICG flowing into the

liver via the portal vein (data not shown). It occurred to us that this unexpected

observation might be useful for the identification of liver segments in liver

surgery.

We then investigated the use of ICG fluorescence not only for the detection

of sentinel nodes of breast and gastrointestinal cancers [1, 2] but also for liver

surgery as the “ICG tattooing of liver segments” [3]. Prior to the resection of the

liver, we performed the clamping of vessels of the resected liver segment. Imme-

diately after the injection of ICG, no ICG fluorescence could be identified in the

vessel-clamped liver segment, but non-clamped liver segments demonstrated

bright fluorescence.

Since then, several clinical trials of ICG fluorescent imaging of the liver have

been performed such as the detection of liver tumors [4] and the identification of

bile leakage [5]. However, it is not clear why ICG emits fluorescence in the liver.

24.2 Fluorescence Images of the Liver After ICG Injected
Intravenously

24.2.1 Early Hepatic Phase

At approximately 30 or 40 s after an intravenous injection of ICG, we can identify

the fluorescence flow in the hepatic artery (Fig. 24.1a), and several seconds later,

we can identify luminal fluorescence flow in the portal vein (Fig. 24.1b). The

fluorescence of the collateral portal vein in the portal hypertension was also

observed in a cirrhotic patient (Fig. 24.1c).

Fig. 24.1 Inflow to the liver. Soon after the injection of ICG, ICG fluorescence flow recognized in

common hepatic artery (HA) and then in portal vein (PV). There was a several-second time lag

between the fluorescent image of HA and PV. Pictures of both (a) and (b) were taken at the

operation of pancreaticoduodenectomy. The luminal flow of hepatopetal portal vein was clearly

identified with ICG fluorescence (c) which was shown in cirrhotic patient. LL left lobe
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After we observed these flows, we saw fluorescence in the entire liver. The

fluorescence spread homogeneously throughout the liver within several seconds

(Fig. 24.2a–c). During a hepatectomy, the unilateral fluorescent images were seen

after clamping the right or left vascular branch of the liver at the hepatic hilum. The

tattooing of these hepatic segments was found to be very useful for hepatic

surgeries. In addition, the Cantlie line was clearly recognized immediately after

the injection of ICG (Fig. 24.2a and b). These findings were very informative for the

evaluation of the fluorescence not only in the normal liver but also the cirrhotic liver

and tumors in the liver.

The liver began to fluoresce at 40–50 s after the intravenous administration of

ICG, which was taken into hepatocytes from the liver sinusoids. The fluorescence

then reached a peak for several minutes. This peak was maintained for several

hours. At approx. 30 min from the start of the ICG administration, ICG was

discharged into the biliary tract via the bile canaliculi. These phenomena reflect

the 15-min ICG load test value. The length of time from the uptake of ICG by

hepatocytes until the ICG is discharged into the bile duct is relatively short, approx.

10–20 min.

24.2.2 Biliary Phase

One hour after a systemic injection of ICG, we observed the fluorescent images in

the biliary tract, which can be described as cholangiography using ICG (Fig. 24.3a,

b and c). In an ex vivo experiment, we were also able to detect the fluorescence of a

mixture of ICG and bile juice (Fig. 24.3a and b). We evaluated the appropriate

dilution ratio of bile juice and ICG solution. The maximum brightness of the

ICG fluorescence was observed using the dilution of ICG solution to approx.

100–200-fold.

Fig. 24.2 Early hepatic phase. The ICG fluorescence was seen soon after the injection of ICG.

These pictures were taken during a hepatectomy ((a) left hepatectomy, (b) right hepatectomy, and

(c) S6 segmentectomy). RL right lobe, LL left lobe,! Cantlie line. The cirrhotic changes are seen

in panel (c)
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24.2.3 Late Hepatic Phase

ICG can be injected preoperatively as an ICG liver test to provide fluorescent images

of liver tumors. We have evaluated the fluorescent images of the noncancerous liver

at the late hepatic phase several days after an injection of ICG (Fig. 24.4a and b). In

the normal liver, the fluorescence was not seen (Fig. 24.4a), but the retention of

fluorescence was observed showing spotty or nodular patterns (Fig. 24.4b).

To detect the tumors and their metastatic lesions in the liver, we injected ICG

several days prior to the operation. After a laparotomy, we examined the fluorescent

images of the liver using a PDE (photodynamic eye) near-infrared fluorescent

imaging system. We found that almost all of the fluorescent images disappeared

from the lesions except the fibrotic and cirrhotic lesions, but strong fluorescent

images were detected in the cancerous lesions and some types of benign tumors

such as small cysts of the liver.

b

a

X 10X 1 X 102 5X102 X 1032X102

Fig. 24.3 Ex vivo finding

of the fluorescence intensity

of ICG changes with

variations in the ICG

concentration. (a) Before.
(b) After excitation by

LED: 1 ml of the original

ICG solution and 10 ml bile

juice combined: the original

ICG solution: ICG 25 mg

with 10 mL distilled water.

The maximum brightness of

the ICG fluorescence was

observed using the dilution

of ICG solution to approx.

100–200-fold. (c) Biliary
phase. Fluorescent

endoscopic picture at the

operation of endoscopic

cholecystectomy. Around

30 min after injection of

ICG, the fluorescence

biliary image was obtained,

which is applied as the

cholangiography at the

operation of

cholecystectomy
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24.3 Microscopic Fluorescence Findings of the Liver

To observe fluorescent images in hepatocytes or hepatic tissue, we used a high-

performance camera with near-infrared capacity. For the fluorescence observations,

we used a Rolera-XR™ digital camera (QImaging, Surrey, BC, Canada) and

fluorescence microscope (Eclipse 50i, Nikon, Tokyo). The ORCA-R2 near-infrared

camera system (Hamamatsu Photonics, Iwata, Japan) was used for the detection of

fluorescence. For the fluorescence microscopy, we used an Eclipse E800 (Nikon).

We used an ICG-B-NTE filter set (Opto-Line, Tokyo) with a fluorescent cube for

the microscopic observation.

24.3.1 Uptake of ICG in Hepatocytes

We first observed the fluorescence of rat hepatocytes. Immediately after ICG

solution was added to the medium, rat hepatocytes fluorescently brightened in the

entire cytoplasm of the hepatocyte, but hepatic nuclei did not show fluorescence

(Fig. 24.5a). These findings were also observed in hepatocytes that showed a

lobular structure in liver tissue (Fig. 24.5b).

We speculate that when ICG is administered intravenously, ICG was taken into

hepatocytes through sinusoids into the liver parenchyma by binding to lipoproteins

in the blood, and then the hepatocytes were illuminated with fluorescence. The

microscopic examination revealed that these early hepatic phase phenomena can be

explained as follows: ICG trapped by hepatocytes was transported into the bile

canaliculi through the cytoplasm of hepatocytes and then excreted in the bile.

a b

meta
RLGD↓

RL

Fig. 24.4 Late hepatic phase. In normal liver, the fluorescent image faded out completely except

in the gallbladder (GB), metastatic liver tumor (meta), and small cystic lesions (a). However, in the
fibrotic liver and in the cirrhotic liver, the retention of the fluorescent images was observed in

fibrotic or regenerative nodules
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24.3.2 Microscopic Findings of Time-Dependent Changes
of Fluorescent Images in Hepatocytes

Various types of fluorescent illumination were seen in hepatocytes (Fig. 24.6a, b).

The fluorescent heterogeneity in hepatocytes may be caused by the difference of

timing in the uptake and the excretion of ICG as well as the microvascular

differences among hepatocytes. In the early hepatic phase, the time course of the

fluorescent images in hepatocytes can be roughly divided into three stages. In the

first stage, ICG in the plasma is taken from the sinusoids, and then the entire

cytoplasm of the hepatocytes is illuminated with fluorescence. In the second step,

small ICG vesicles move from the cytoplasm to bile canaliculi to be excreted into

the biliary tract by a vesicle transport mechanism (Fig. 24.7a, b). This can be called

the biliary phase.

Fig. 24.6 Time-dependent changes of fluorescent images in hepatocytes (porcine liver). The

heterogeneity of ICG fluorescent images was observed in biliary (a, b). After biliary phase,

small fluorescent vesicles were seen in the cytoplasm of hepatocytes

a b

CV

Fig. 24.5 ICG fluorescence in hepatocytes and hepatic lobules. After ICG solution was added to

the medium, rat hepatocytes showed fluorescence, but hepatic nuclei did not (a). These findings

were also observed in the hepatic lobules (b)
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24.4 Discussion

Our ICG fluorescence findings in the liver in this series were obtained in the process

of ICG tattooing or the detection of liver tumors by ICG fluorescent imaging in a

clinical setting. Therefore, the timings of ICG administration and of the ICG

fluorescent observations were not consistent. However, the evaluation of the fluo-

rescence of the liver works well by the division into three phases (the early hepatic

phase, the biliary phase, and the late hepatic phase). In addition, ICG fluorescence

of the liver appears to be based on two processes; one is the uptake of ICG into

hepatocytes via sinusoids, and the second is the extracellular excretion of ICG into

the biliary tract via bile canaliculi which is observed in the early hepatic phase.

The dynamic changes of ICG fluorescence in normal liver in the early phase can

be reflected by the plasma clearance of ICG, which was performed as the liver

function test. About 90 % of the ICG disappeared from the systemic circulating

blood approx. 15 min after the injection of ICG. A delay of ICG clearance was

b-1 a-2 

a-1 b-1 

Si 

Si 

Si
 

Si
 

Fig. 24.7 ICG fluorescence vesicles in human hepatocytes. Panels (a-1) and (a-2) were taken in

the same microscopic field, as were panels (b-1) and (b-2). Panels (a-1) and (b-1): hematoxylin

and eosin stain. Panels (a-2) and (b-2): fluorescence microscopy. Various types and sizes of ICG

vesicles were seen around the biliary surface of the hepatocytes
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observed in patients with chronic hepatitis and those with cirrhosis. In these

patients, we also observed the retention of ICG in fibrotic or regenerative nodules.

More intensive ICG fluorescence was seen in hepatocellular carcinoma lesions. We

also observed some different ICG fluorescence patterns in the late phase that may

reflect the histological degree of differentiation of the tumor in hepatocellular

carcinoma and the histological origin of tumors, such as cholangiocellular carci-

noma, metastatic cancer, etc.

Clinically, a variety of ICG fluorescent images were observed, but the mecha-

nism underlying the ICG fluorescence in the liver remains to be elucidated. The

transportation and behavior of ICG fluorescence particles in hepatocytes are also

not well understood. The roles of organelles should be clarified by photochemical

investigations, to elucidate the biological behavior of the dynamic fluorescent

images not only in the normal liver but also in hepatic tumors.
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Chapter 25

Intraoperative Liver Segmentation Using

Indocyanine Green Fluorescence Imaging

Masaki Ueno and Hiroki Yamaue

Abstract Identification of the liver segment during surgery is important for

performing anatomical resection. Conventionally, clamping the targeted Glissonian

pedicle or dye injection of the targeted Glissonian pedicle has been used to identify

the liver segment. Although these methods are simple procedures, they do not

depict the intrahepatic segmental plane. Also, dye stain color is transitional and

cannot be observed during surgery. Recently, near-infrared fluorescence (NIRF)

imaging with indocyanine green (ICG) has been developed as a novel imaging

system. In the field of liver surgery, this technique is clinically used for tumor

identification, bile leak test, and novel anatomical segmentation during surgery. In

this chapter, counterperfusion and direct perfusion methods using NIRF images are

proposed to perform intraoperative hepatic segmentation. With these techniques,

we can clearly and continuously depict liver segmentation not only on the surface of

the liver but also on the intrahepatic segmental plane.

Keywords Hepatic segment • Anatomical resection • Indocyanine green • Near

infrared • Hepatocellular carcinoma

25.1 Introduction

25.1.1 Anatomical Liver Resection

In performing hepatic resection, there are two types of procedures. One is anatom-

ical resection and the other is nonanatomical resection. Anatomical resection entails

systematic removal of a hepatic segment including the tumor-bearing portal

branches and their associated liver parenchyma with tumor. Because hepatocellular

carcinoma (HCC) tends to invade into a portal vein and metastasizes the perfusion

area of the invaded portal vein, this portal vein-oriented anatomical resection has

been theoretically considered oncological resection [1–4].
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In addition, anatomical resection is preferred because it reduces intraoperative

bleeding and rates of postoperative complications because of the preservation of the

vascular and biliary structures of the remnant liver [5].

During anatomical liver resection, identification of the hepatic segment is

important. Various procedures have been developed to identify the hepatic segment

[6, 7]. Although these procedures have been useful, there are some shortcomings.

To overcome these shortcomings, a new procedure using indocyanine green (ICG)

and its near-infrared fluorescence (NIRF) imaging was developed.

25.1.2 Conventional Procedures for Hepatic Segmentation

The Glissonian approach is one conventional procedure for hepatic segmentation

[7]. This technique consists of dissection of the Glissonian sheath from the liver

parenchyma toward the targeted Glissonian pedicle (the tumor-bearing area). By

clamping the targeted Glissonian pedicle, the planned resection area is outlined as

an ischemic area. Although this technique is simple and needs no special equip-

ment, it is technically difficult for some patients needing resection of segment V,

VI, VII, or VIII.

Another conventional procedure is a dye staining method involving

intraoperative ultrasonography (IOUS) [6]. According to this technique, the

tumor-bearing portal pedicle is punctured under IOUS guidance, and then 5 mL

of indigo carmine dye is injected into that branch. The stained area becomes evident

on the liver surface and guides the appropriate anatomical resection plane. This

procedure is also simple. However, this staining is transient and disappears after a

short time.

25.1.3 A Novel Method for Hepatic Segmentation Using ICG
and NIRF

Optical imaging using NIRF with ICG injection has been recently recognized as a

novel technique for intraoperative and real-time imaging diagnosis for various

surgical procedures, such as sentinel node navigation for foregut and breast cancer

[8–10], checking intraoperative vascular flow of neurovascular surgery [11] and

checking graft patency of cardiovascular surgery [12] and liver surgery [13–18].

For liver surgery, there are three ways to use intraoperative NIRF imaging with

ICG. One is detection of small metastatic nodules on the liver surface [13–15];

another is liver mapping [16, 17]; and the other is checking bile leakage [18].

In this chapter, we show a novel intraoperative technique for identifying the

hepatic segment using NIRF imaging with ICG injection and discuss the usefulness

of this technique.
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25.2 Materials and Methods

25.2.1 ICG as a Fluorescent Agent

ICG has been widely used in estimating liver functional reserve. ICG features very

low toxicity and is thought to shift approximately 90 % of the dose of injected ICG

from the vessel into hepatocyte, if the liver functional reserve is normally

maintained.

Also, ICG is recognized as a fluorescent agent and has been used in ophthal-

mology for imaging retinal blood vessels [19]. The absorption and fluorescence

spectrum of ICG are in the near-infrared wavelength. Its maximum excitation and

emission peaks are at wavelengths 760 nm and 830 nm, respectively, in blood.

25.2.2 NIRF Imaging System

When observing ICG fluorescence, a special near-infrared (NIR) imaging camera is

needed. In this chapter, we describe the use of two NIRF imaging systems for open

liver surgery: photodynamic eye (PDE; Hamamatsu Photonics, Hamamatsu, Japan)

(Fig. 25.1a) and HyperEye Medical System (HEMS; Mizuho Medical, Tokyo,

Japan) (Fig. 25.1b).

Fig. 25.1 Near-infrared fluorescence imaging system. Photodynamic eye has a single mono-

chrome charge-coupled device (CCD) and outputs gray-scale images (a). HyperEye Medical

System has a single CCD that has red, green, blue, and infrared filters and can output gray-scale

and color plus infrared images (b)
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PDE irradiates the NIR wavelength of 760 nm by using a red light-emitting

diode (LED) and band-pass filter, and the emission peak at the wavelength of

830 nm is observed through the long-wave pass filter and a single monochrome

charge-coupled device (CCD) with high sensitivity in NIR waves.

HEMS also irradiates the NIR wavelengths of 760 nm and detects the NIR

wavelengths of 830 nm as well as the PDE does. Different from the PDE, HEMS

has a single special CCD image sensor that has red, green, and blue filters and also

an infrared filter that enables detection of both visible and NIR radiation simulta-

neously and outputs real-time color and NIR imaging.

25.3 Techniques of ICG Injection for Intraoperative Liver

Segmentation

There are two ways to perform ICG injection for intraoperative liver segmentation.

One is the counterperfusion method and the other is the direct perfusion method.

25.3.1 Counterperfusion Method

The counterperfusion method is based on the Glissonian approach [7]. The proce-

dure of the counterperfusion method is as follows. First, the Glissonian sheath is

dissected from the liver parenchyma toward the tumor-bearing Glissonian pedicle

from the hilar plate and encircling the Glissonian pedicle (Fig. 25.2a). Next,

ligation is performed or a tourniquet is placed, and blood inflow of the planned

resection area is occluded (Fig. 25.2b). After that, the surface of the inflow-

occluded area becomes ischemic. However, when a patient has a cirrhotic liver,

the ischemic change is sometimes unclear (Fig. 25.2c). Then, ICG water solution

(1 mL of 2.5 mg/mL) is intravenously injected. The NIRF imaging can be observed

approximately 20 s after ICG injection. The blood perfusion area, namely, the

remnant hepatic segment, gradually emits ICG fluorescence. Therefore, the planned

resection area, where the inflow is occluded, is observed as the nonfluorescent area

(Fig. 25.2d).

25.3.2 Direct Perfusion Method

The direct perfusion method is performed in the same way as the indigo carmine

dye staining method [6]. If a targeted Glissonian pedicle is far from the hilar plate

and the counterperfusion method is technically difficult, then this procedure is

applied. The procedure is as follows: directly puncture the target portal vein pedicle
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with a 23- or 21-gauge needle under IOUS guidance. We puncture approximately

1 cm distal from the target Glissonian pedicle to avoid ICG from straying to some

other portal vein branches. Next, 1 mL of 5 mg/mL ICG water solution is injected

slowly [16]. Immediately after the ICG injection, the Pringle maneuver is

performed to prevent ICG from going away from the liver parenchyma. After

that, the NIRF image is observed. In this method, contrary to the perfusion method,

the planned resection area shows fluorescence of ICG (Fig. 25.3).

25.4 Imaging Results

25.4.1 Images of the Counterperfusion Method During Liver
Resection

We show images of right anterior sectionectomy using this counterperfusion

method with the HEMS camera system (Fig. 25.4a–d). After completion of the

Pringle maneuver and the Glissonian approach, the Glissonian pedicle of segments

Fig. 25.2 The procedures of counterperfusion method are shown (a case of segment VIII

resection). The Glissonian branch of segment VIII (G8) was dissected from the hilar plate (a).

G8 pedicle was clamped (b). Segment VIII became ischemic, but it is not clearly visible (c). After

peripheral venous injection of 1 mL ICG water solution (2.5 mg/mL), segment VIII was clearly

depicted by NIRF imaging (d)
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Fig. 25.3 The fluorescent image of direct perfusion method is shown (a case of segment VI

resection). Immediately after direct injection of 1 mL ICG water solution (5 mg/mL) to the target

portal vein, the planned resection area showed fluorescence

Fig. 25.4 Images of right anterior sectionectomy are shown. The right anterior section was shown

as the nonfluorescent area (a). During parenchymal resection, the fluorescence was maintained (b).

If resection is performed as planned, then the fluorescence can be observed on the cut surface (c). If

not, then the nonfluorescent portion would remain on the cut surface (d)
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V and VIII was encircled and clamped during the entire surgery. After 1 mL of

2.5 mg/dL ICG water solution was injected intravenously, the NIRF images were

observed by using the HEMS camera system. Approximately 60 s after injection,

fluorescence had maximum intensity and clearly depicted the planned resection

area (Fig. 25.4a). Based on this fluorescent borderline, liver resection was

performed. During liver resection, the NIRF image was observed repeatedly, and

the resection line or transection plane could be visually checked (Fig. 25.4b). After

resection, we could confirm that the resection was performed as planned by

observing fluorescence on the cut surface (Fig. 25.4c). When there is a part that

does not show fluorescence on the cut surface, then this indicates that the resection

might not have been performed as planned, because the nonfluorescent lesion

would be a part of a planned resection area (Fig. 25.4d).

25.4.2 Images of the Direct Staining Method During Liver
Resection

An image of the segment VI resection using direct perfusion method is shown

(Fig. 25.5). Immediately after ICG injection, segment VI emitted strong fluores-

cence. Because blood inflow was occulted by the Pringle maneuver, ICG remained

in segment VI and maintained fluorescence during the Pringle maneuver. Under this

Pringle maneuver, we could resect the liver parenchyma while observing fluores-

cence on the cut surface of the removal side.

Fig. 25.5 A fluorescent

image of segment VI

resection using direct

perfusion method is shown.

Segment VI was depicted as

the fluorescent area. Under

the Pringle maneuver, the

area of segment VI was

marked using electrocautery

and resected.
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25.5 Discussion

Liver anatomy that divides the hepatic parenchyma into segments I to VIII based on

the branching form of the Glissonian pedicle is familiar worldwide and is recog-

nized as Couinaud’s segmentation. Using Couinaud’s segmentation, liver surgeons

visualize the existing tumor area and proposed anatomical resection. In addition,

because three-dimensional intrahepatic vascular anatomy reconstructed by

contrast-enhanced multi-detector row CT images has been easily acquired, precise

simulation of anatomical resection could be achieved [20, 21].

In this chapter, we present counterperfusion and direct perfusion methods using

novel NIRF imaging with ICG injection for detecting liver segmentation

intraoperatively. Hemihepatectomy or left lateral sectionectomy will not always

need this NIRF imaging because of its simple cut plane. However, right anterior,

right posterior, and left medial sectionectomy, segmentectomy, and anatomical

resection less than segmentectomy, which are sometimes complicated in the cut

plane, will benefit from these novel methods. Because the counterperfusion method

requires dissection of the hilar plate, right anterior, right posterior, and left medial

sectionectomy would be suitable for this method. However, resection of segment V,

VI, VII, or VIII, during which it is sometimes technically difficult to encircle the

root of the Glissonian pedicle, will be favorable for the direct perfusion method.

Conventionally, the Glissonian approach and dye staining method have been

useful for detecting segments of the surface of liver parenchyma [7, 6]. Although

surgical approaches for these conventional methods are similar to those of our novel

methods, imaging results are completely different.

First, we can point out good coloring or fluorescence with ICG-NIRF imaging.

In repeat hepatectomy or in cirrhotic liver parenchyma, conventional methods are

sometimes not so clear, and it is difficult to depict the resection line. However, in

such a situation, ICG-NIRF imaging can provide clear visualization [22]. Addition-

ally, the dye staining method requires hepatic artery clamping to obtain clear

coloring [6]. However, the direct perfusion method using ICG does not require

clamping of the hepatic artery.

Second, ICG-NIRF imaging can show the intrahepatic transection plane during

surgery, which is impossible with conventional methods. This will provide a stable

transecting line to the deeper side and will prevent uncertainty during parenchymal

resection. This image can be easily obtained by the counterperfusion method. When

liver function is well preserved, most of the ICG is taken into hepatocytes 15 min

after venous injection; therefore, the remnant liver parenchyma retains the fluores-

cence during surgery. However, the planned resection area remains a

nonfluorescent area.

Recently, the laparoscopic procedure of liver resection has become popular

[23]. Along with it, an NIR imaging camera with a laparoscope mounting has

been developed and clinically used. Several papers have already reported clinical

usage of laparoscopic NIRF imaging. Therefore, our procedures should also be

performed laparoscopically in the future [24, 25].
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In conclusion, intraoperative identification of the hepatic segment using NIRF

imaging with ICG is a novel procedure that should overcome the weaknesses of

conventional methods. This method should be applied to navigation surgery of the

liver and will be helpful for laparoscopic anatomical resection in the future.
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Chapter 26

Liver Parenchymal Staining Using Fusion

ICG Fluorescence Imaging

Yosuke Inoue, Takeaki Ishizawa, and Akio Saiura

Abstract Anatomic liver resection is established in treating hepatocellular carci-

noma or other malignancies to achieve curability and functional preservation.

However, the conventional demarcation technique marks only the organ surface

and sometimes fails to execute a completely valid demarcation. In this chapter, we

describe the efficacy of anatomical liver resection guided by fused images com-

prising a macroscopic view and indocyanine green fluorescence imaging (IGFI).

This method called as fusion IGFI employs a fluorescence imaging system

(HyperEye Medical System, Mizuho Ikakogyo Co., LTD, Japan) able to fuse

images from the macroscopic and near-infrared ray views on a single monitor.

Fusion IGFI includes three approaches of staining, i.e., IV method, PV method, and

vein-oriented method, and is a safe imaging technique for anatomic liver resection

that attained valid three-dimensional parenchymal demarcation with better feasi-

bility and clearer demarcation than conventional demarcation technique.

Keywords Indocyanine green fluorescence imaging • Anatomical liver resection •

Intraoperative diagnosis
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26.1 Background

Liver resection requires a precise understanding of the relevant anatomy and real-

time navigation of parenchymal dissection. Anatomical resections guided by a

demarcation line after portal staining [1–3] or inflow clamping of the target territory

[4] are established methods for the curative treatment of hepatocellular carcinoma

(HCC) [5, 6], and then subsequently applied to other malignancies. However, these

techniques rely on marking of the liver surface to recognize the target territory, and

thus surgeons have to determine the three-dimensional resection plane based on the

landmark vessels and educated guesswork.

Indocyanine green fluorescence imaging (IGFI) has been reported to be useful in

enhancing tumorous lesions, the biliary system, and vessels during upper abdom-

inal surgeries [7–10]. Fusion of IGFI and macroscopic views on a single screen

(fusion IGFI) has also allowed clear delineation of arterial flow and biliary

anatomy [11].

In this chapter, we describe our experiences of fusion IGFI applied to anatomical

liver resections with persistent, three-dimensional parenchymal staining of the

target territory [3, 12].

26.2 Methods

26.2.1 Instruments

For fusion IGFI, we used a fluorescence imaging system (HEMS, HyperEye

Medical System; Mizuho Ikakogyo Co., Ltd., Japan), which could fuse images

from the macroscopic view and the near-infrared ray view on a single monitor

(Fig. 26.1a). By this instrument, we could visualize the IGFI image as it would

appear in the macroscopic view (Fig. 26.1b, c) [11, 13]. The mode of monitoring

could be switched instantly between fusion IGFI and normal macroscopic imaging

by turning on or off the near-infrared ray with one button.

26.2.2 Surgical Technique

Terminology surrounding the liver anatomy and resection is defined according to

the International Hepato-Pancreato-Biliary Association, Brisbane,

classification [14].

The indocyanine green (ICG) staining technique involved either systemic

venous injection of a dye after clamping the inflow to the target vessels

(IV method), portal puncture and direct injection (PV method), and systemic

venous injection after clamping the outflow to the target major hepatic vein
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(vein-oriented staining method). Macroscopic observation under surgical lights was

used to conduct the conventional demarcation technique.

Following a laparotomy with an inverted L-shaped incision, the liver was

mobilized adequately according to the planned resection type. With the PV method,

intraoperative ultrasonography (IOUS) was performed to confirm the tumor loca-

tion and tumor-bearing portal branch.

26.2.3 IV Method

After dissection of the hepatic hilum, arterial and portal branches of the future

resected hemiliver, section, or segment were exposed and taped. These inflow

vessels were first temporarily clamped to confirm the demarcation line and

intrahepatic blood flow by US, and then ligated and divided for a subsequent

bolus intravenous injection of 2.5 mg ICG. Ten to twenty seconds after ICG

injections, the splanchnic arteries and veins appeared enhanced on fusion IGFI,

and ICG fluorescence was accumulated in the future remnant territory as

counterstaining.

Fig. 26.1 (a) External view of HyperEye Medical System

(b) The conventional mode of IGFI (left side) and macroscopic view (right side) of intraoperative
cholangiography

(c) The fusion IGFI mode. The IGFI image is fused to macroscopic image in a single monitor
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26.2.4 PV Method

After the puncture of the target portal branch, a mixture of 5 ml indigo carmine,

2.5 mg ICG, and 0.5 ml perflubutane suspension (Sonazoid; GE Healthcare, Oslo,

Norway) was injected into the branch under contrast-enhanced (CE) IOUS guid-

ance with the hepatic artery clamped. Under harmonic-imaging US guidance, we

adjusted the injection speed according to the injection flow visualized in the portal

vein to minimize the regurgitation or spillover into the non-eligible branches. The

stained region was confirmed by macroscopic inspection, fusion IGFI, and

CE-IOUS.

26.2.5 Vein-Oriented Staining

After full mobilization of the future resected liver, the target major hepatic vein was

encircled and clamped at its root and 2.5 mg ICG was administered via bolus

intravenous injection. After 3–4 min, the ICG had gradually accumulated in the

non-veno-occlusive area, i.e., future remnant areas visible by counterstaining.

26.2.6 Acquisition of Fusion IGFI Images

After injection of a dye agent including ICG, video fluorescence images of the liver

were recorded with the fusion IGFI camera positioned 40 cm above the subject

surface and without surgical lights. Still fusion IGFI images could also be collected

using the capture function of HEMS.

26.2.7 Acquisition of Conventional Demarcation Images

To gain conventional demarcation images, the near-infrared ray was turned off and

macroscopic images were captured with the same function or with a digital camera

under surgical lights.
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26.3 Case Presentations

26.3.1 Case 1: IV Method

A 54-year-old woman developed intrahepatic cholangiocellular carcinoma located

in the center of left lateral segment invading the umbilical portion, and we planned

anatomical resection of left hemiliver.

We performed IV method to gain the counterstaining of left hemiliver. After full

mobilization of the left liver, hepatic hilum was dissected, and left hepatic artery

and left portal vein were taped, respectively. IOUS was performed and inflow

occlusion of left hemiliver was confirmed with selective clamp of both vessels.

After ligation and division of these vessels, we administered 2.5 mg ICG intrave-

nously. In 5 min, ICG was well accumulated in the remnant sections as counter-

stain, and clear demarcation appeared on the liver surface (Fig. 26.2a). Under

Pringle maneuver, we performed parenchymal dissection using clamp crashing

Fig. 26.2 Intrahepatic cholangiocellular carcinoma located in segment 3

(a) Fusion IGFI during counterstaining of left hemiliver using IV method (left side). The stained
area is demarcated clearer than conventional demarcation method by vascular clamping (right
side)
(b) Fusion IGFI during parenchymal dissection. The dissection plane is represented as contour of

ICG uptake

(c) The deposit of ICG in specimen side (white arrowheads) indicates the dissection plane slightly
extends toward the segment 5

(d) Macroscopic view after resection. The middle hepatic vein is longitudinally exposed as a

landmark
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method. During parenchymal dissection, IGFI showed the intersegmental plane as

the contour of parenchymal ICG uptake. During and after parenchymal dissection,

we referred fusion IGFI monitor occasionally, judging whether ongoing dissection

line is adequate or not (Fig. 26.2b, c, and d).

Fig. 26.3 Hepatitis C-related hepatocellular carcinoma located in segment 8

(a) Fusion IGFI of parenchymal staining of segment 8 using PV method (left side). The stained

area is demarcated clearer than conventional indigo carmine staining (right side)
(b) After resection of segment 8. Fusion ICG indicates the small portion of dorsal area of segment

8 is remnant (arrowheads)
(c) Macroscopic view after resection. The right and middle hepatic vein is longitudinally exposed

as a landmark of intersegmental plane
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26.3.2 Case 2: PV Method

A 52-year-old man developed hepatitis C-related HCC located in segment 8 and

underwent anatomical resection of this segment.

After mobilization of the liver, intraoperative ultrasonography (IOUS) was

performed, and each branch of portal pedicle in segment 8 was identified. We

performed PV method targeting the main trunk of segment 8. In this case, the liver

surface was poorly stained by conventional method, whereas fusion IGFI showed a

clearer stained area than that of the macroscopic indigo carmine stain (Fig. 26.3a)

and exactly corresponded to the demarcation line identified in the CE-IOUS and

preoperative simulation.

During parenchymal dissection, IGFI showed the intersegmental plane as the

contour of parenchymal ICG uptake. After resection, we could evaluate the

achievement of the anatomical resection by observing whether or not ICG fluores-

cence remained in the cut surface of the remnant liver (Fig. 26.3b, c).

26.3.3 Case 3: Vein-Oriented Staining Method

A 51-year-old man had developed synchronous multiple liver metastases from cecal

cancer. Synchronous resection of primary lesion and liver metastases was consid-

ered. Preoperative and intraoperative imaging analysis showed 16metastatic tumors

located across the liver. Among them, 13 nodules were located within the watershed

of the right hepatic vein (RHV). Volumetric analysis indicated that the veno-

occlusive area of RHV corresponded to 40 % of total liver, and the liver functional

reserve was well maintained. Thus, anatomical resection of the RHV watershed

combined with limited resections in left liver was considered to be acceptable. After

full mobilization of the right liver, the RHV was encircled and clamped at its root

and 2.5 mg ICG was administered via bolus intravenous injection. After 3 min, the

ICG had gradually accumulated in the non-veno-occlusive area, i.e., future remnant

areas visible by counterstaining (Fig. 26.4a). We conducted parenchymal dissection

according to the persistent and three-dimensional staining of the parenchymal

border sacrificing the dorsal and lateral branches of segment 8 while preserving

the ventral and medial branches, also extending to the segment 5 to clear the tumor

margin (Fig. 26.4b). After resection, the watershed of RHV as well as segment 5 was

extirpated completely, preserving the territory of ventral area in segment

8 (Fig. 26.4c).
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26.4 Comment

In this chapter, we reported novel applications of fusion IGFI to the three-

dimensional staining of liver territories. With HEMS, we could safely obtain

more precise and clearer navigation of anatomical resection and also record and

share objective images among participants.

Anatomical liver resection is traditionally done according to superficial mark-

ings generated by dye staining of the portal branch [1, 2] or by shutting off the blood

supply of future resection territory [4]. However, these methods have some limita-

tions. First, the dying agent, commonly indigo carmine or methylene blue, may be

rapidly washed out resulting in loss of the staining area. Second, in difficult settings

such as the bumpy surface of cirrhotic liver or an irregular surface after

adhesionectomy, visualizing a clear contour pattern using conventional dying or

blood supply-oriented demarcation can be problematic. Third, the direction of

parenchymal dissection is dependent on the surgeon’s interpretation of the

Fig. 26.4 Multiple liver metastases from cecal cancer

(a) Fusion IGFI during staining of watershed of the right hepatic vein (RHV) using vein-oriented

staining method (left side). The stained area is demarcated clearer than conventional demarcation

method by simultaneously clamping the RHV and the hepatic artery (right side)
(b) The actual dissection line is modified to include the nodules in segment 5 (yellow line)
(c) Macroscopic view after resection. After resection, the watershed of RHV as well as segment

5 was extirpated completely, preserving the territory of ventral area in segment 8
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demarcation using landmark vessels, although three-dimensional simulation anal-

ysis has shown that the intersegmental plane is not always flat [15].

Despite these limitations, the feasibility of liver demarcation techniques is rarely

discussed. Inoue et al. documented the feasibility and usefulness of HEMS in

staining the liver territories, comparing the success rate and quantified contrast

between HEMS staining and conventional staining. In the report, fusion IGFI using

HEMS provided valid and persistent demarcation for almost all cases. On the other

hand, conventional techniques achieved valid demarcation in only 41.7 % of

patients. Moreover, if the demarcation line is completely invisible, precise anatom-

ical resection remains very difficult. Recently, repeat resection for recurrent HCC

[16, 17] or metastasis [18, 19] as well as two-staged hepatectomy for bilobar

multiple liver metastasis [20] was reported to improve long-term survival, and in

such cases, HEMS could provide robust and clear demarcation.

There are some knacks in staining the target territory by PV method. Minimizing

regurgitation into the non-eligible branches is essential to avoid misunderstanding

of eligible liver territories, particularly with strongly contrasted demarcation tech-

niques such as IGFI staining. For this purpose and for segmental validation, we

injected a mixture of three dye agents in this study: ICG, indigo carmine, and

Sonazoid. Under Sonazoid US guidance, we could clearly visualize the injection

flow in the portal vein and adjust the optimal injection speed accordingly

[21]. Moreover, ICG remained in the area longer than indigo carmine, allowing

slow and careful injection. By this method, the target parenchyma could be visu-

alized three-dimensionally also on CE-IOUS, helping us to adjust the dissection

direction. However, Sonazoid staining was easily affected by the parenchymal

dissection procedure used and the B-mode IOUS, and the staining effect did not

last throughout the resection.

Another strong point of fusion IGFI is three-dimensional staining of liver

parenchyma as well as strong contrast visible on the liver surface. Watching the

IGFI monitor, we could dissect the parenchyma according to the ICG-stained

border on the ongoing dissection plane, adjusting the dissection direction toward

future specimen or remnant liver, according to the required safety margin or

parenchymal preservation [3]. Liver segment mapping with IGFI using a conven-

tional infrared-based navigation system achieved a high success rate in segmental

identification [22]. HEMS thus allows a quicker and more direct understanding of

the three-dimensional stained area, without the surgeon having to integrate the two

separate images in their brain to clearly appreciate the anatomy.

Based on the current results, we advocate using fusion IGFI for open anatomical

resections due to the three-dimensional staining ability and clearer demarcation

attained by this method compared to a conventional technique. Moreover, we

consider the most optimal environment for this method is laparoscopic setting.

Anatomical liver segmentectomy [23] or segment staining using IGFI in laparo-

scopic surgery [24] has recently been reported, although fusion IGFI-guided liver

resection has never been reported for laparoscopic liver surgery. Laparoscopic

surgery is performed throughout the TV monitor and therefore if the fusion IGFI

system could be mounted on the laparoscopic monitoring system, surgeons could
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view the ordinal and fusion IGFI images in turn via a simple switch without

averting one’s gaze. Future innovation in interfacing and image resolution would

achieve this perspective.

In conclusion, fusion IGFI was applied safely and successfully to anatomical

liver resection. Further application of this method must include laparoscopic liver

surgery.
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Chapter 27

Anatomical Hepatectomy Using Indocyanine

Green Fluorescent Imaging and Needle-

Guiding Technique

Toshiya Kamiyama, Tatsuhiko Kakisaka, Hideki Yokoo, Tatsuya Orimo,

Kenji Wakayama, Hirofumi Kamachi, Yosuke Tsuruga,

and Akinobu Taketomi

Abstract Anatomical hepatectomy using indocyanine green (ICG) fluorescent

imaging and the needle-guiding technique is described in this chapter. Using this

procedure, the root of the portal vein of the segment including the hepatocellular

carcinoma is punctured with a 22 G Cattelan needle under ultrasonography (US).

After backflow is confirmed, 1 mL of diluted (twofold) ICG solution is injected into

the branch of the portal vein and monitored by US. The surface of the liver is

observed with the ICG fluorescent imaging system. This novel operative procedure

using ICG fluorescent imaging is able to clearly visualize the margins between the

liver segments. However, this method cannot be used to guide to the root of the

relevant portal vein. In order to overcome this disadvantage, an indwelling needle

(18 G/65 mm) is used to puncture the outside of the margin of the stained segments

under US, and the tip of the outer needle is placed in close proximity of the portal

vein. This needle-guiding technique can accurately be used to guide toward the root

of the portal vein to be ligated. Moreover, counterstaining with ICG fluorescent

imaging defines the avascular segment to be resected as the nonstaining area, and

thus, the liver fed by the tumor-bearing portal vein can be successfully resected.

Using the ICG fluorescent imaging and needle-guiding technique, anatomical

hepatectomy can be performed correctly and safely.
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27.1 Anatomical Resection for Hepatocellular Carcinoma

Liver resection for hepatocellular carcinoma (HCC) has the highest local control-

lability among all local treatments and results in good survival rates [1, 2]. However,

the recurrence rates of HCC continue to remain high even after curative hepatec-

tomy [3]. Many factors related to the prognosis and recurrence of HCC have been

reported. Vascular invasion to the portal vein and/or hepatic vein and intrahepatic

metastasis are important factors that influence the outcome of hepatic resection

[4, 5]. Tumor recurrence in the remnant liver after liver resection is recognized as

an intrahepatic metastasis caused by the dissemination of cells in the portal vein or

by metachronous multicentric hepatocarcinogenesis [6]. It has been reported that

multinodular recurrences are mainly caused by metastatic recurrence from the main

tumor via the portal system [7]. HCC invades the portal vein and forms tumor

thrombus even when the tumor size is small [8]. On the other hand, since the hepatic

segment fed by the portal vein is completely removed by anatomical resection,

intrahepatic metastasis caused by disseminated cells in the tumor-bearing portal

vein can theoretically be eradicated [9]. A recent report recommended that an

anatomical segmentectomy be performed when the size of a single HCC ranges

from 2 to 5 cm [10]. We have also reported that anatomical resection improved the

surgical outcome of patients with HCC meeting the Milan criteria [11]. Anatomical

resection is defined as a resection in which lesion(s) is completely removed

anatomically on the basis of Couinaud’s classification (segmentectomy,

sectionectomy, hemihepatectomy, or more). Sectionectomy and hemihepatectomy

can be performed with vascular dissection at the hepatic hilar area using either the

individual or Glissonian approach (extrafascial approach). There are two main

methods of segmentectomy. The first method uses vascular dissection at the hepatic

hilar area using the Glissonian approach (extrafascial approach), and the second

uses intraoperative ultrasonography (US) and injection of a dye to distinguish the

relevant portal vein; thus, the portal vein is punctured and indigo dye is injected

directly in situ [12]. However, segmentectomy is sometimes very difficult to

perform using the Glissonian approach alone. It has been reported that

segmentectomy can be successfully performed together with vascular dissection

at the hepatic hilar area using the Glissonian approach (extrafascial approach)

[13]. Although the indigo staining method is effective for determining the segment

on the liver surface, it cannot always distinguish the boundary of the segment when

hepatitis becomes chronic or cirrhosis develops because the color of the liver is

darkened. Also, this method cannot be used to guide to the root of the relevant

portal vein or to indicate the cut surface. Herein, we introduce a novel operative

procedure using ICG fluorescent imaging and a needle-guiding technique.
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27.2 Fluorescent Imaging System

The ICG fluorescent imaging system is described in detail in the paper by Aoki

et al. [14]. Briefly, ICG binds to plasma proteins, and protein-bound ICG emits light

with a peak wavelength of around 830 nm when exposed to near-infrared light. The

fluorescent imaging system used in this study (PDE-neo, PDE-neo C10935-20;

Hamamatsu Photonics, Hamamatsu, Japan) captures protein-bound ICG fluores-

cence when exposed to near-infrared light. The imaging system consists of a light

source, a light-emitting diode (LED), which emits light at a wavelength of 760 nm,

and a detector consisting of charge-coupled device (CCD) camera, which subse-

quently filters light with a wavelength of 820 nm. In particular, the sensor is

composed of a CCD camera surrounded by 36 LEDs on a small head unit. The

captured fluorescence signals are sent to a digital video processor or control unit,

which is connected to a computer monitor for immediate visualization [14].

27.3 ICG Staining

Our segmentectomy method is shown in Fig. 27.1. ICG staining is performed

intraoperatively using US. Preoperative image examination, in particular, three-

dimensional computed tomography (3D-CT), is essential in anatomical resection

given the amount of information about the vascular anatomical and tumor location

that it provides to the surgeon [15].

Case: The patient presented a HCC of 3 cm in subsegment S8ab of the liver.

Preoperative enhanced CT demonstrated the tumor in the segment fed by the portal

vein (P8ab) (Fig. 27.2a). The 3D image reconstructed from a 2D-CT image

indicated the root of the P8ab (Fig. 27.2b). Subsequently, laparotomy, cholecys-

tectomy, and intraoperative cholangiography were performed to map the bile duct.

The right lobe was removed using the Kocher maneuver to visually expose the

boundary between the anterior and posterior sections. The whole liver was exam-

ined by intraoperative US to detect the intrahepatic metastasis and to confirm the

anatomical structures (i.e., of the branches of the hepatic vein and portal vein). For

the occlusion of inflow, the hepatoduodenal ligament was encircled by two elastic

tapes. Next, the root of the portal vein (P8ab) feeding segment S8ab was punctured

with a 22 G Cattelan needle under US. After backflow was confirmed, 1 mL of

diluted (2-fold) ICG solution was injected into the branch of the P8ab while

monitored by US. The influx of the ICG solution could be observed by US. If the

ICG solution overflowed to the nontargeted portal branches, the injection speed was

slowed. Following injection of the ICG solution, the inflow to the liver was

successively interrupted by occlusion of the hepatoduodenal ligament to prevent

the washout of ICG solution. After dimming of the surgical lights, the surface of the

liver was observed with the PDE-neo imaging system. The margin of the S8ab

became evident and was marked with an electric scalpel (Fig. 27.3a).
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Fig. 27.1 The root of the portal vein (P8ab) feeding segment S8ab was punctured with a 22 G

Cattelan needle under ultrasonography (US). After the backflow was confirmed, 1 mL of

indocyanine green (ICG) solution (diluted twofold) was injected into the branch of the P8ab

under monitoring by US. The indwelling needle 18 G/65 mm then was used to puncture the outside

margins of the stained segments under US, and the tip of the outer needle was placed in close

proximity of the P8ab

P8c P8ab 

HCC 

P8c  P8ab

a

b

Fig. 27.2 (a) Enhanced computed tomography (CT) demonstrated the tumor in the S8ab

subsegment. (b) Three-dimensional (3D)-CT revealed the P8ab was the tumor-bearing portal vein
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27.4 Needle-Guiding Technique

Although this method of staining with ICG solution can effectively distinguish

segments on the liver surface, it cannot correctly guide to the root of the relevant

portal vein and the cut surface. Therefore, to overcome these disadvantages, the

indwelling 18 G/65 mm needle is used to puncture the outside of the margin of the

stained segments under US, and the tip of the outer needle is placed in close

proximity to the P8ab segment (i.e., the needle-guiding technique). This needle is

then ligated with a 4-0 silk thread and fixed onto the surface of the liver (Fig. 27.1).

Fig. 27.3 (a) After the injection of the indocyanine green (ICG) solution, the surface of the liver

was observed with the PDE-neo imaging system. The boundary of the S8ab could be distinguished

and was marked with an electric scalpel. (b) The parenchyma dissection was completed along the

boundary of the S8ab marked with an electric scalpel. The root of P8ab is indicated by the arrow
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27.5 Hepatectomy

Our standard transection technique of the liver parenchyma is performed using the

hook spatula of an ultrasonic harmonic scalpel (Ethicon Endo-Surgery) and a

TissueLink DS3.0 monopolar sealer (Classy Med) with soft coagulation mode of

VIO300S (ERBE). Vessels are carefully exposed with the hook spatula. Vessels

less than 2 mm in diameter are coagulated with the DS3.0 and cut with the hook

spatula. Vessels greater than 2 mm in diameter are ligated. Inflow occlusion is

applied in an intermittent manner, with 15 min of occlusion alternating with 5 min

of reperfusion. During transection of the liver parenchyma, the central venous

pressure is maintained below 5 cm H2O to prevent venous hemorrhage.

In the case described above, after the segmentectomy of the S8ab using ICG

staining and the needle-guiding technique, the parenchyma was then dissected near

the puncture point. After an initial small dissection of the parenchyma, the outer

needle was exposed, and the parenchyma was continuously dissected guided by this

outer needle. After the cut surface reached the tip of the outer needle, the Glisson of

segment S8ab was located and ligated. The parenchyma dissection was completed

along the boundary of the S8ab marked with an electric scalpel (Fig. 27.3b).

27.6 ICG Counterstaining

If the puncture of the tumor-bearing portal branch is difficult, a counterstaining

identification technique can be used to puncture the adjacent portal branches

[12]. Takayama et al. [16] described how under ultrasonic guidance each of the

neighboring portal units can be sequentially stained, thus defining the avascular

subsegment to be resected as the nonstaining area for the HCC, in which hepatic

arterial and portal venous embolizations were already performed.

In our patient, HCC was located in the S6 (Fig. 27.4a, b). This tumor was treated

with transarterial chemoembolization (TACE) three times. Due to the cirrhosis

present in the noncancerous liver of this patient, the resectable volume of the

liver was limited, and because this tumor-bearing portal vein was narrowed, the

US-guiding puncture was very difficult to perform. As a result, the two neighboring

portal vein branches were punctured, injected with ICG solution, and the surface of

the liver was observed using the PDE-neo imaging system. This counterstaining

with ICG fluorescent imaging defined the avascular segment to be resected as the

nonstaining area and clearly identified the margins between these two areas

(Fig. 27.5a, b). The liver fed by the tumor-bearing portal vein was successfully

resected.
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Fig. 27.4 (a) Enhanced computed tomography (CT) demonstrated the tumor was located in

segment S6. (b) Three-dimensional (3D)-CT showed P6 was the tumor-bearing portal vein.

Indocyanine green (ICG) was injected into the two points indicated by the arrows
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27.7 Conclusion

Although staining with indigo dye is an effective technique for determining seg-

mentation on the surface of the liver, it cannot always distinguish the margins of the

segment clearly if the liver develops chronic hepatitis or cirrhosis because the liver

darkens in color. Moreover, this method cannot correctly guide to the root of the

relevant portal vein and the cut surface. However, the novel procedure reported here

using ICG fluorescent imaging is able to clearly visualize the boundary between the

segments. Furthermore, coupling imaging with the needle-guiding technique can

accurately guide to the root of the portal vein to be ligated.
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Chapter 28

Microscopic Findings of Fluorescence

of Liver Cancers

Shingo Shimada, Seiji Ohtsubo, and Mitsuo Kusano

Abstract Reports detailing microscopic observations of indocyanine green (ICG)

fluorescence imaging (IFI) in hepatocellular carcinoma (HCC) and metastatic liver

cancer are rare. We were able to perform microscopic IFI results in postoperative

paraffin-embedded tissue samples from liver tumors. Methods: Between April 2010

and March 2014, 19 patients with HCC or liver metastases of colorectal tumors

underwent liver resection. ICG solution was injected into the peripheral vein from

14 to 2 days prior to operation. After operation, we microscopically performed

tissue section IFI using a fluorescence microscope with a near-infrared cube.

Results: We observed that IFI characteristics depended on tumor type microscop-

ically. In normal liver tissue, fluorescence consistent with a capillary bile cavity

was observed. HCC generally had heterogeneous IFI. Well- or moderately differ-

entiated HCC showed cytoplasmic fluorescence as observed by ICG fluorescence

microscopy. Furthermore, poorly and unknown differentiated HCC except one case

showed nuclear fluorescence in cancer cells and cytoplasmic fluorescence in the

surrounding noncancer cells. In metastatic carcinoma, we observed that non-tumor

cells in the marginal region and tumor cells in the central region did not fluoresce.

Conclusions: We suggest that the variations in ICG fluorescence imaging patterns

may reflect different tumor characteristics. ICG fluorescence in paraffin-embedded

tissue samples is preserved in the long term.

Keywords Fluorescence imaging • Hepatocellular carcinoma • Metastatic liver

cancer • Microscopic findings
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28.1 Introduction

Indocyanine green (ICG) combines with serum proteins in vivo and produces a

fluorescence signal [1]. ICG fluorescence imaging (IFI) is increasingly being used

in fluorescence-guided surgery; i.e., in breast [2], gastric [3, 4], and esophageal

cancer [5] surgeries and vascular surgery [6]. Applications of IFI, including

tattooing of liver segments [7, 8] and providing biliary tract contrast [9], have

been reported in the liver surgery field. Some institutions have recently reported IFI

macroscopic features in hepatocellular carcinoma (HCC) and metastatic liver

tumors [10–13]. Liver tumors can be observed using fluorescence imaging and

generally have heterogeneous fluorescence in the central region of the HCC

[10, 11]. In contrast, metastatic liver tumors have a corona-like fluorescence pattern

in the marginal region of the tumor [10, 12, 13]. Then, IFI can be used for

intraoperative tumor detection. However, there are few reports focused on postop-

erative IFI samples. Particularly, reports detailing microscopic IFI observations in

HCC and metastatic liver tumors are not so many.

In this study, we observed microscopic IFI characteristics in liver tumors using

postoperative paraffin-embedded tissue. Therefore, we described the following

results.

28.2 Materials and Methods

Between April 2010 and March 2014, 19 patients with liver tumors underwent liver

resection at the Japan Labor Health and Welfare Organization, Kushiro Rosai

Hospital, Department of Surgery in Kushiro, Japan. This study was approved by

the Ethics Committee of the Kushiro Rosai Hospital and performed according to the

Helsinki Declaration guidelines.

ICG solution was injected into the peripheral vein from 14 to 2 days prior to the

operation.

To evaluate the liver tissue, we also performed intraoperative ICG injection in

several cases.

The ICG injection dose was 0.5 mg/kg. IFI in resected liver sections were

observed by using a photodynamic emission (PDE) camera (Hamamatsu Photonics,

Hamamatsu). After operation, we microscopically observed paraffin-embedded

tissue section IFI using a fluorescence microscope with a near-infrared cube

(Opto-Line, Tokyo).
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28.3 Results

28.3.1 Clinicopathological Characteristics

A total of 19 patients were observed in this study. Of these patients, 12 patients had

hepatocellular carcinoma, while seven patients had liver metastases of colorectal

cancer (CRC). In HCC patients, the number of males and females was 8 and

4, respectively. Two cases were well differentiated; four cases had moderate

differentiation, and five cases had poor differentiation. One case had unknown

differentiation. As for noncancerous liver, two cases had normal livers (NL), one

case had chronic hepatitis (CH), four cases had liver fibrosis (LF), and five cases

had liver cirrhosis (LC). In metastatic liver tumor cases, all patients were male and

had no cirrhosis and fibrosis (Table 28.1).

28.3.2 Macroscopic Findings of Fluorescence: Liver
Sections

Six HCC cases had total tumor fluorescence emission (total tumor type), four cases

had partial tumor fluorescence emission (partial tumor type), and two cases had

rim-like fluorescence (rim type) in the liver sections. All cases of well- or moder-

ately differentiated tumors had total tumor-type fluorescence. In five cases with

poorly differentiated HCC, there were no tumors with total tumor-type fluores-

cence, four cases with partial tumor-type fluorescence, and one case (case 9) with

rim-type fluorescence. Case 12, which had an unknown HCC differentiation clas-

sification, had rim-type fluorescence. In cases of metastatic liver tumors derived

from CRC, all cases had rim-like fluorescence at the marginal region of the tumor in

the liver sections (Table 28.1).

28.3.3 Microscopic Findings of Fluorescence

Hepatocytes from cirrhotic livers had stronger IFI values than those from

non-cirrhotic livers. While hepatocyte IFI values in non-cirrhotic livers were

weaker than cirrhotic livers, the IFI values in the sinusoidal lacuna in

non-cirrhotic livers were higher than those in cirrhotic livers (Table 28.1,

Fig. 28.1a, b).

In hepatocellular carcinoma cases, tumor cells had heterogeneous fluorescence.

Well- or moderately differentiated HCC showed cytoplasmic fluorescence as

observed by ICG fluorescence microscopy (Table 28.1, Fig. 28.1c, d). Furthermore,

poorly and unknown differentiated HCC except one case showed nuclear
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Fig. 28.1 (continued)
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fluorescence in cancer cells and cytoplasmic fluorescence in the surrounding

noncancer cells (Table 28.1, Fig. 28.1e, f).

Metastatic liver cancers showed that cytoplasmic IFI in noncancer cells sur-

rounding cancer cells (N) (Fig. 28.1g).

Fig. 28.1 Microscopic findings from ICG fluorescence imaging (IFI) in tissue sections using a

fluorescence microscope with a near-infrared cube. (a) Normal liver: hepatocyte IFI was not

strong; IFI in the sinusoidal lacuna exhibited increased strength (case 3). (b) Cirrhotic livers:

hepatocytes had stronger IFI than normal livers (case 5). (c) IFI was observed in the cytoplasm of

cancer cells (case 9). (d) IFI was observed in the cytoplasm of cancer cells (case 4). (e) Tumor cells

had heterogeneous fluorescence. We observed the IFI of cancer cells and of noncancer cells

surrounding cancer cells (case 12). (f) Nuclear IFI in cancer cells was observed (case 12). (g)

IFI existed in the cytoplasm of noncancer cells surrounding cancer cells (case 14)
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28.4 Discussion

In this study, we were able to observe the microscopic characteristics of different

tumor types using ICG fluorescence imaging (IFI). In normal hepatocytes, fluores-

cence consistent with a capillary bile cavity was observed. In hepatocellular

carcinoma, the IFI was heterogeneous and exhibited various patterns. In metastatic

carcinoma, we observed that non-tumor cells in the marginal region and tumor cells

in the central region did not fluoresce.

ICG is generally used as a liver function assay [14]. Moreover, ICG, which is

approved by the Food and Drug Administration, is safe and comparatively eco-

nomical. ICG combines with serum proteins in vivo and fluoresces under excitation

at 760–820 nm [1].

In animal experiments, ICG that was injected into the peripheral vein accumu-

lated in the liver [15] demonstrating that ICG has a high affinity for the liver.

OATP1B3 and NTCP have been demonstrated to transport ICG [16]. Eisai rats that

lack functional MRP2 revealed that biliary ICG excretion is mediated by

MRP2 [17].

Ishizawa et al. reported that well- or moderately differentiated HCC mostly

displayed uniform or partial type fluorescence, poorly differentiated HCC mostly

displayed rim-type fluorescence, and metastatic tumors mostly displayed rim-type

fluorescence [10] in part because the degree of NTCP and OATP8 expression

varied according to tumor differentiation [18]. The results of this study also showed

similar pattern. They also reported that HCC of the total or partial tumor type

exhibited fluorescence within the cytoplasm and pseudoglands under ICG fluores-

cence imaging. Additionally, HCC or metastatic cancer with the rim type had ICG

fluorescence in noncancer cells surrounding cancer cells [18]. They suggested that

the cause was the following: While ICG portal uptake ability was preserved, biliary

excretion ability was reduced in differentiated HCC [18]. The biliary excretion

ability of normal hepatocytes declined due to compression from the tumor in poorly

differentiated HCC or metastatic cancer. Consistent with these reports, in the

present study, it was observed that the differentiated HCC exhibited fluorescence

cytoplasmic signal under ICG fluorescence microscopy, and metastatic cancers

exhibited ICG fluorescence in noncancer cells surrounding the cancer cells. In

some cases that exhibited rim IFI in poorly differentiated HCC or HCC of unknown

differentiation status, there was nuclear IFI in cancer cells and cytoplasmic IFI in

noncancer cells surrounding the cancer cells. Cancer cells may not fluoresce in

metastatic liver cancer cases because of the following: Cancer cells do not have the

characteristics of hepatocytes.

Macroscopic observations between metastatic liver cancer and HCC with the

rim type were the same; however, microscopic observations between metastatic

liver cancer and HCC with the rim type were somewhat disparate. While cancer

cells did not exhibit IFI in metastatic liver cancers, the cancer cells exhibited IFI in

different regions in poorly differentiated HCC or HCC of unknown differentiation

status compared with other types. The exact cause of this phenomenon is elusive,
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but may be related to the tumor characteristics derived from differentiation. Further

investigation is necessary to clarify these observations.

In noncancerous liver tissue, hepatocytes in cirrhotic livers had stronger IFI

values than non-cirrhotic livers. However, there were stronger IFI values in the

sinusoidal lacuna in non-cirrhotic livers than cirrhotic livers. This result may be due

to the early washout of ICG resulting from the preserved ICG excretion ability of

hepatocytes. After ICG injection, we observed immediate emission and early

washout in the normal liver. Conversely, we observed late emission and late

washout in cirrhotic livers as an aggravation of cirrhosis.

In this study, we successfully observed IFI at the cellular level using fluores-

cence microscopy with a near-infrared cube. This type of research is rare and is a

useful method for progressing ICG fluorescence method research.

In conclusion, we suggest that variations in ICG fluorescence imaging reflect

different tumor characteristics. However, further investigations are needed to

clarify these mechanisms.
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Chapter 29

Intraoperative Detection of Hepatocellular

Carcinoma Using Indocyanine Green

Fluorescence Imaging

Kunihito Gotoh, Shogo Kobayashi, Shigeru Marubashi,

Terumasa Yamada, Hirofumi Akita, Hidenori Takahashi, Masahiko Yano,

Osamu Ishikawa, and Masato Sakon

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.

Keywords Indocyanine green (ICG) • Hepatocellular carcinoma (HCC) • Near

infrared (NIR)
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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 (left) 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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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

injectionwithin 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 (n¼ 150), partial type (n¼ 145), and rim

type (n¼ 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,

Table 29.1 HCC detection using ICG fluorescence imaging

Author Year

Number

of

patients

Time

between

injection

and

surgery

(days)

HCC

detection rate

by

intraoperative

imaging (%)

HCC

detection

rate by

ex vivo

imaging

(%)

Newly

detected

lesions

Newly

detected

HCC

Gotoh 2009 10 1–8 100 (10/10) 100

(10/10)

8 4

Ishizawa 2009 37 1–7 51 (21/41) 100

(63/63)

13 8

Morita 2011 58 3–28 62 (47/76) 96 (73/76) 35 6

Ishizawa 2013 170 1–52 NA 99

(273/276)

37 21

HCC hepatocellular carcinoma, NA not available
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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 (OATP8), 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.

ICG fluorescenceICG fluorescence
Introperative Ex vivo

a

b

c

Liver cut surface

Fig. 29.2 ICG fluorescence patterns of HCC. Intraoperative ICG fluorescence imaging (left),
gross appearance (middle), and postoperative ICG fluorescence imaging (right) of liver cut

surfaces. (a) Total fluorescence type. (b) Partial fluorescence type. (c) Rim fluorescence type
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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.

a b c 

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. (c) 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

ICG fluorescence
a

b

c

Color

Fig. 29.4 ICG fluorescence imaging for extrahepatic HCC. Gross appearance (left) and

intraoperative ICG fluorescence imaging (right). (a) HCC metastasis to the appendix. (b) HCC

metastasis to the abdominal wall. (c) 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.

Acknowledgment This work was supported in part by a grant from Osaka foundation for the

prevention of cancer and cardiovascular diseases and by a grant from the Otsuka Research Fund.

332 K. Gotoh et al.



References

1. Poon RT, Fan ST, Lo CM et al (2001) Improving survival results after resection of hepato-

cellular carcinoma: a prospective study of 377 patients over 10 years. Ann Surg 234:63–70

2. Llovet JM, Fuster J, Bruix J (1999) Intention-to-treat analysis of surgical treatment for early

hepatocellular carcinoma: resection versus transplantation. Hepatology 30:1434–1440

3. Sasaki Y, Yamada T, Tanaka H et al (2006) Risk of recurrence in a long-term follow-up after

surgery in 417 patients with hepatitis B- or hepatitis C-related hepatocellular carcinoma. Ann

Surg 244:771–780

4. Katz SC, Shia J, Liau KH et al (2009) Operative blood loss independently predicts recurrence

and survival after resection of hepatocellular carcinoma. Ann Surg 249:617–623

5. Sakon M, Umeshita K, Nagano H et al (2000) Clinical significance of hepatic resection in

hepatocellular carcinoma: analysis by disease-free survival curves. Arch Surg 135:1456–1459

6. Shimada M, Takenaka K, Taguchi K et al (1998) Prognostic factors after repeat hepatectomy

for recurrent hepatocellular carcinoma. Ann Surg 227:80–85

7. Kitai T, Inomoto T, Miwa M, Shikayama T (2005) Fluorescence navigation with indocyanine

green for detecting sentinel lymph nodes in breast cancer. Breast Cancer 12:211–215

8. Miyashiro I, Miyoshi N, Hiratsuka M et al (2008) Detection of sentinel node in gastric cancer

surgery by indocyanine green fluorescence imaging: comparison with infrared imaging. Ann

Surg Oncol 15:1640–1643

9. Noura S, Ohue M, Seki Y et al (2008) Evaluation of the lateral sentinel node by indocyanine

green for rectal cancer based on micrometastasis determined by reverse transcriptase-

polymerase chain reaction. Oncol Rep 20:745–750

10. Gotoh K, Yamada T, Ishikawa O et al (2009) A novel image-guided surgery of hepatocellular

carcinoma by indocyanine green fluorescence imaging navigation. J Surg Oncol 100:75–79

11. Makuuchi M, Kosuge T, Takayama T et al (1993) Surgery for small liver cancers. Semin Surg

Oncol 9:298–304

12. Ishizawa T, Fukushima N, Shibahara J et al (2009) Real-time identification of liver cancers by

using indocyanine green fluorescent imaging. Cancer 115:2491–2504

13. Morita Y, Sakaguchi T, Unno N et al (2013) Detection of hepatocellular carcinomas with near-

infrared fluorescence imaging using indocyanine green: its usefulness and limitation. Int J Clin

Oncol 18:232–241

14. Ishizawa T, Masuda K, Urano Y et al (2014) Mechanistic background and clinical applications

of indocyanine green fluorescence imaging of hepatocellular carcinoma. Ann Surg Oncol

21:440–448

15. van der Vorst JR, Schaafsma BE, Hutteman M et al (2013) Near-infrared fluorescence-guided

resection of colorectal liver metastases. Cancer 119:3411–3418

16. van der Vorst JR, Hutteman M, Mieog JS et al (2012) Near-infrared fluorescence imaging of

liver metastases in rats using indocyanine green. J Surg Res 174:266–271

17. de Graaf W, Hausler S, Heger M et al (2011) Transporters involved in the hepatic uptake of

(99m) Tc-mebrofenin and indocyanine green. J Hepatol 54:738–745

18. Kenmochi K, Sugihara S, Kojiro M (1987) Relationship of histologic grade of hepatocellular

carcinoma (HCC) to tumor size, and demonstration of tumor cells of multiple different grades

in single small HCC. Liver 7:18–26

19. Takayasu K, Muramatsu Y, Mizuguchi Y et al (2004) Imaging of early hepatocellular

carcinoma and adenomatous hyperplasia (dysplastic nodules) with dynamic ct and a combi-

nation of CT and angiography: experience with resected liver specimens. Intervirology

47:199–208

20. Sahani DV, Kalva SP, Tanabe KK et al (2004) Intraoperative US in patients undergoing

surgery for liver neoplasms: comparison with MR imaging. Radiology 232:810–814

21. Imada S, Noura S, Ohue M et al (2013) Recurrence of hepatocellular carcinoma presenting as

an asymptomatic appendiceal tumor: report of a case. Surg Today 43:685–689

29 Intraoperative Detection of Hepatocellular Carcinoma Using Indocyanine. . . 333



22. Kanzaki R, Yamada T, Gotoh K et al (2010) Ectopic Hepatocellular Carcinoma Arising in the

Left Triangular Ligament of the Liver. Case Rep Gastroenterol 4:138–143

23. Satou S, Ishizawa T, Masuda K et al (2013) Indocyanine green fluorescent imaging for

detecting extrahepatic metastasis of hepatocellular carcinoma. J Gastroenterol 48:1136–1143

24. Kaneko J, Inagaki Y, Ishizawa T et al (2014) Photodynamic therapy for human hepatoma-cell-

line tumors utilizing biliary excretion properties of indocyanine green. J Gastroenterol

49:110–116

334 K. Gotoh et al.



Chapter 30

Laparoscopic Intraoperative Identification

of Liver Tumors by Fluorescence Imaging

Masaki Kaibori, Kosuke Matsui, Hiroya Iida, Morihiko Ishizaki,

and Masanori Kon

Abstract Fluorescence imaging using indocyanine green (ICG) has recently been

applied to laparoscopic surgery to identify cancerous tissues, lymph nodes, and

vascular anatomy. Here, we report the use of ICG fluorescence imaging to visualize

liver tumors and cysts during laparoscopic liver resection. Our results show that

ICG fluorescence imaging is safe and feasible, with many applications in laparo-

scopic liver surgery.

Keywords Laparoscopic liver navigation • Indocyanine green • Fluorescence

imaging • Liver tumor • Liver cyst

30.1 Introduction

Indocyanine green (ICG) binds to plasma proteins and these protein-bound ICG

complexes emit near-infrared light [1, 2]. In our department, ICG is intravenously

administered preoperatively to all surgical patients to estimate the maximum

hepatic volume that can be resected safely, based on measurement of the ICG

retention rate at 15 min (ICGR15) [3]. Human bile also contains proteins that bind

ICG [4]. In a recent report, we showed that ICG fluorescence cholangiography can

detect insufficiently closed bile duct stumps that could not be identified using a

standard bile leak test [5]. In addition, ICG fluorescence imaging of liver tumors has

been used for their intraoperative navigation [6]. Our experience suggests that liver

cancer can be identified by fluorescence imaging, based on the visualization of the

ICG remaining in the cancerous tissues and/or in the surrounding liver tissues after

preoperative intravenous injection.

The role of laparoscopic hepatectomy in the surgical treatment of liver tumors

has expanded [7, 8]. Kaneko et al. reported that laparoscopic hepatectomy

improved patients’ quality of life postoperatively, with no reduction in the
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curability of the disease [9, 10]. Laparoscopic fluorescence imaging systems

became commercially available in 2011 and are now also being used during

laparoscopic hepatectomy. The aim of this study was to evaluate the role of

laparoscopic ICG fluorescence imaging in the intraoperative identification of liver

tumors and liver cysts based on their fluorescence patterns.

30.2 Materials

The laparoscopic system was from Karl Storz GmbH (Tuttlingen, Germany).

Images were generated using the high-end full high-definition camera system

(Image 1 Spies, Karl Storz) connected to a laparoscope with a 30� viewing direction
and 10-mm diameter. The laparoscope is equipped with a specific filter for the

optimal detection of near-infrared (NIR) fluorescence and white light without

manual switching between the two. The system’s powerful xenon light source

(D-Light P SCB, Karl Storz) provides both visible and NIR excitation light.

Switching from standard light to NIR is controlled by the surgeon by means of a

pedal. Visualization both under standard and NIR light is improved by an image

enhancement system (Image 1 Spies, Karl Storz) that offers adjustable visualization

modalities that can be selected according to the surgeon’s preferences. The fluo-

rescent source was ICG (Diagnogreen, Daiichi Sankyo, Tokyo, Japan), injected at a

rate of 0.5 mg/kg i.v. 1–8 weeks prior to surgery, except in patients undergoing

surgery for liver cysts (see below).

30.3 Evaluation of ICG Fluorescence Imaging During

Laparoscopic Liver Navigation

30.3.1 Hepatocellular Carcinoma

We retrospectively reviewed 34 patients with hepatocellular carcinoma (HCC) who

underwent laparoscopic hepatic resection at our institution between January 2014

and March 2015. Intraoperative ICG fluorescence images of the tumors were used

to classify the tumors into the following three groups according to the intensity of

the fluorescence in the tumor region: whole (Fig. 30.1a–c), partial (Fig. 30.1d–f),

and ring (Fig. 30.1g–i) types. The fluorescence intensity of the tumor region

significantly differed between the three groups, as did the fluorescence ratios of

the cancerous/noncancerous regions. Histological evaluation showed that cirrhosis

was significantly more common in the whole type than in the partial and ring types
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of tumors (data not shown). The percentage of cases of well-differentiated HCC

was higher in the partial type than in the other types, whereas the percentage of

poorly differentiated HCC cases was highest in the ring type (data not shown).

Thus, ICG fluorescence imaging in HCC is presumably sensitive to both tumor

differentiation and fibrosis in the noncancerous liver parenchyma.

In recurrent HCC, detection of the tumor margins, whether by visual inspection,

palpation, or intraoperative ultrasound, is challenging in patients previously treated

with transarterial chemoembolization (TACE) or radiofrequency ablation. Using

ICG fluorescence imaging, viable cancer could be clearly distinguished from

necrotic liver tissue following TACE (Fig. 30.2).

30.3.2 Intrahepatic Cholangiocellular Carcinoma

ICG fluorescence imaging of the liver surface clearly identified regions of chole-

stasis caused by tumor invasion of the bile duct or by thrombi.

Fig. 30.1 Three types of hepatocellular carcinoma (HCC) as determined by intraoperative

laparoscopic indocyanine green (ICG) fluorescence imaging. (a) Laparoscopic view using

standard light. (b) Whole positive fluorescence in the cancerous region. (c) The incised lesion

also showed whole positive fluorescence in the cancerous region, which was diagnosed as HCC.

(d) Laparoscopic view using standard light. (e) Partial positive fluorescence in the cancerous

region. (f) The incised lesion also showed partial positive fluorescence in the cancerous region,

which was diagnosed as HCC. (g) Laparoscopic view using standard light. (h) Ring positive

fluorescence in the cancerous region. (i) The incised lesion also showed ring positive fluorescence

in the cancerous region, which was diagnosed as HCC
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In open laparotomy, fluorescence images of the liver surface were obtained

intraoperatively with a fluorescence imaging system (PDE; Hamamatsu Photonics,

Hamamatsu, Japan) composed of a charge-coupled device camera that excluded

light with wavelengths of less than 820 nm and 36 light-emitting diodes with a

wavelength of 760 nm [1, 4]. The cholestatic regions on the surface of the liver were

clearly delineated with fluorescence imaging (Fig. 30.3), whereas using a laparo-

scopic system fluorescence in the same regions was relatively weak (Fig. 30.4). The

latter result reflects the fact that, in the laparoscopic system, the fluorescence

strength cannot be adjusted.

30.3.3 Liver Cyst

Laparoscopic resection of symptomatic nonparasitic liver cysts is a feasible and

effective method to relieve symptoms using a minimally invasive surgical proce-

dure. Laparoscopic deroofing, as a standard approach to the surgical treatment of

Fig. 30.2 Detection of the tumor margin in recurrent hepatocellular carcinoma (HCC) using

laparoscopic indocyanine green (ICG) fluorescence imaging. (a) Laparoscopic view using

standard light. (b) ICG-positive and ICG-negative fluorescence on the surface of the liver. (c)

The area of positive fluorescence was diagnosed as HCC and the area of negative fluorescence as

necrosis. (d) ICG-positive and ICG-negative fluorescence of the incised lesion
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liver cysts, is well established [11, 12]. However, postoperative bile leakage is one

of the most severe complications after deroofing [13]. Moreover, care must be taken

to avoid resection of the hepatic parenchyma, because transected bile ducts may

lead to postoperative bile leaks. Carrying out a laparoscopic cholangiogram during

Fig. 30.3 Fluorescence

imaging of intrahepatic

cholangiocellular

carcinoma (ICC). (a) The

fluorescence imaging

system (PDE; Hamamatsu

Photonics, Hamamatsu,

Shizuoka) consisted of a

charge-coupled device

camera that filtered out light

with wavelengths less than

820 nm and 36 light-

emitting diodes with a

wavelength of 760 nm. (b)

Operative view using a

standard light. (c)

Intraoperative fluorescence

imaging of cholestatic

regions in ICC
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laparoscopic surgery is challenging when the cystic contents suggest a biliary

communication and bile leakage has occurred intraoperatively. ICG, once injected,

concentrates in bile and thus outlines the anatomy of the biliary tree, especially

Calot’s triangle, which can then be visualized under NIR light during laparoscopic

cholecystectomy [14]. The ICG solution (2.5 mg/ml; 1 ml) is injected intravenously

3 h before surgery to allow the dye to concentrate in the intrahepatic bile ducts.

Most of our patients with liver cysts undergo a preoperative CT scan and magnetic

resonance cholangiopancreatography (Fig. 30.5a, b). This allows an anatomic

examination of the junction of the cystic and common bile ducts (Fig. 30.5d, e).

After partial deroofing, ICG fluorescence imaging provides a clear view of the

intrahepatic bile ducts (Fig. 30.5f, g). In the case shown in Fig. 30.5, using the

technique described herein, only the cyst wall was resected, and postoperative bile

leaks were avoided.

Fig. 30.4 Laparoscopic fluorescence imaging of intrahepatic cholangiocellular carcinoma

(ICC). (a) Preoperative contrast-enhanced computed tomography in a patient with ICC and a

dilated bile duct in the left liver. (b) Laparoscopic view using standard light. (c) Ring positive

indocyanine green (ICG) fluorescence in the cancerous region. (d) Laparoscopic view using

standard light shows the dilated bile duct in the left liver. (e) Fluorescence imaging of the dilated

bile duct. (f) The incised lesion as seen using standard light. (g) The incised lesion also showed

ring positive fluorescence in the cancerous region, which was diagnosed as ICC
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Chapter 31

Application of Indocyanine Green

Fluorescence Imaging to Pediatric

Hepatoblastoma Surgery

Norihiko Kitagawa

Abstract We will elaborate on navigation surgery using indocyanine green (ICG)

fluorescence imaging in pediatric hepatoblastoma. Chemotherapy is effective

against hepatoblastoma, and while complete surgical resection of the primary lesion

can often result in recovery, prognosis in patients with distant metastases is poor. In

recent years, the importance of proactively resecting lung metastases has been

highlighted. Previously, metastases discovered during visual inspection and palpa-

tion were resected; however, this approach lacked objectivity and was subject to the

skill of the surgeon. Using ICG fluorescence method has facilitated the

intraoperative discovery of micrometastases. In ten patients in which lung metas-

tases were detected, we used ICG fluorescence imaging and resected a total of

250 fluorescence-positive masses. The smallest metastasis had a diameter of 62 μm.

Twenty-nine masses were false-positives; these were concentrated in two patients.

When observing biopsy samples of the false-positive masses under a fluorescence

microscope, luminescent thrombi and granulomas were apparent. The reason for

the fluorescence is unknown, although it is possible that the masses contained

micrometastases with diameters that were too small to be histopathologically

identified. There were no false-negatives. ICG fluorescence imaging was also

demonstrated to be an effective method for identifying metastases in the lymph

nodes and peritonea. Additionally, as in surgery for hepatocellular carcinoma in

adults, ICG fluorescence imaging was useful for hepatoblastoma, in terms of

identifying tumors during primary liver tumor resection, and for intraoperative

cholangiography.
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31.1 Introduction

Hepatoblastoma is the most prevalent malignant liver tumor in children [1]. Che-

motherapy is effective, and recovery can often be achieved following complete

surgical resection of the primary tumor [2]. According to the results of the Japanese

Study Group for Pediatric Liver Tumor (JPLT-2), the 5-year survival rate for those

with no distant metastases was good (88.6 %). However, the prognosis for cases

where distant metastases are present remains poor, with a JPLT-2 5-year survival

rate of 43.9 % [3]. Metastases from a hepatoblastoma are found primarily in the

lungs; in recent years, the importance of proactively resecting metastases has been

highlighted [4–8], and as such, we proactively resect lung metastases. In the past,

surgery for lung metastases consisted of resecting lesions found during visual

inspection and palpation by the surgeon. However, this method is reliant on the

skill of the surgeon and lacks objectivity. With the introduction of navigation

surgery using indocyanine green (ICG) fluorescence imaging, the discovery and

resection of lung micrometastases have become very easy. Additionally, as in

surgery for hepatocellular carcinoma in adults, ICG fluorescence imaging is also

useful in hepatoblastoma surgery, in terms of identifying tumors during surgery on

the primary liver tumor, and for intraoperative cholangiography. In this manuscript,

we will describe applications of this method during surgery for primary

hepatoblastoma and associated metastases.

31.2 Clinical Applications

The use of ICG fluorescence imaging in surgery for hepatoblastoma is classified

into two methods. The first is similar to that employed during surgery for hepato-

cellular carcinoma and utilizes the fact that the ability of hepatoblastoma cells to

metabolize bile is inferior to that of healthy liver cells [9]. This method requires

intravenous injection of ICG, which resides for a long time within the cell. The

second method is to image mainly the biliary tract, using ICG as a nonradioactive

contrast agent. Below, we discuss both primary liver tumors and metastases and

cover the use of these two ICG methods.

31.2.1 Primary Lesions

When using ICG fluorescence during hepatectomy or liver transplant surgery, we

normally intravenously inject 0.5 mg/kg of ICG (Diagnogreen, Daiichi-Sankyo,

Tokyo) 48–72 h prior to surgery [9, 10]; this is earlier than the administration of

ICG used in lung metastases surgeries. Since ICG remains even in healthy livers, it

provides good contrast with the tumor during surgery. For intraoperative infrared
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radiation and fluorescence detection, we use PDE-neo (Photodynamic Eye, Hama-

matsu Photonics, Hamamatsu, Japan).

31.2.1.1 Evaluation of Residual Tumors

The most meaningful use of ICG fluorescence during hepatectomy is to provide

confirmation that there is no residual tumor in the remaining liver. In

hepatoblastoma, because the tumor is often large, it is common for the tumor to

be immediately adjacent to the hepatic vein and/or other hepatic vessels, even after

achieving tumor shrinkage with chemotherapy. In such cases, it is common that

sufficient margins cannot be taken from the remaining liver and/or tumor. Histor-

ically, this was confirmed with intraoperative rapid pathological diagnosis; how-

ever, employing the ICG fluorescence method enables the presence of residual

tumors to be confirmed in real time. It is possible to capture nearly everything as

residual tumors in the hepatic radial margin are present on a surface 1 cm deep or

less, within the detectable depth of this method [11].

31.2.1.2 Intraoperative Cholangiography

During a hepatectomy or liver transplant, imaging of the bile duct to confirm the

bile duct course and inspecting for bile leakage in the hepatic radial margin after

completion of the resection are normally conducted using X-ray. However, in order

to obtain results in real time, a large-scale fluoroscopy X-ray system must be used,

raising the problem of radiation exposure for the patient and medical staff. These

issues can be resolved using the ICG fluorescence method [12, 13]. In this case, the

concentration of ICG would differ from that observed during intravenous injection,

and 2.5 mg/ml would be injected into the bile duct during surgery [12].

31.2.1.3 Evaluation of Extrahepatic Spreading of the Tumor

In order to lead the management of hepatoblastoma with chemotherapy, it is

common to diagnose the histology based on a biopsy taken during initial examina-

tion. Therefore, during hepatectomy or liver transplantation, peritoneal adhesion to

the tumor of the biopsy site is common. In such cases, there is a risk that the tumor

has infiltrated into the peritoneum, necessitating that a section of the peritoneum is

also resected. While confirmation is difficult with the naked eye, the infiltration

range of the tumor can be identified using the ICG method, resolving this problem.

In addition, it is not uncommon for a hepatoblastoma to rupture; in these cases there

is also a concern of peritoneal dissemination, which can be confirmed with this

method.
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31.2.2 Metastatic Lesions

In the use of ICG fluorescence during surgery for hepatoblastoma, the area that this

method exhibits its greatest power is in the detection of metastases. The lung is the

most common site of metastatic lesions, although in rare cases hepatoblastoma can

metastasize to the brain, bones, and lymph nodes. Because the organs to which

hepatoblastomas metastasize do not take up ICG, compared to the liver, the contrast

achieved between the tumor and the healthy tissue is remarkably good. For this

reason, minute metastases can be detected; in our experience a lung metastasis with

a diameter of 62 μm was detected and resected during surgery. In contrast to

hepatocellular carcinoma, the prognosis of hepatoblastoma can be improved by

the surgical resection of metastases in the lungs and other organs [4–8]. This means

that the identification and resection of even minute metastases are of great signif-

icance. In preparation for this procedure, we intravenously inject 0.5 mg/kg of ICG

24 h before surgery [9, 14, 15].

31.2.2.1 Lung Metastases

While there are cases in which metastases may disappear following presurgical

chemotherapy, proactive resection of remaining metastases is effective in improv-

ing the prognosis [4–8]. Under normal circumstances, lung metastases often occur

in the periphery of the lungs, and issues associated with false-negatives are rare, due

to the limit of infrared penetration depth. However, even in cases where lesions are

located relatively deep, infrared can easily reach the affected area, as the lung can

be collapsed by performing one-lung ventilation, which flattens the lung, especially

in children. Our surgical procedure is to perform a thoracotomy under one-lung

ventilation and use PDE-neo to identify the tumor, which is generally removed with

a wedge resection. Thoracoscopic surgery is not performed for two reasons. Firstly,

palpation by the surgeon remains essential. Secondly, staples are used on resections

in thoracoscopic surgery, which involve excessive lung tissue, compared with

hand-sewn sutures. Staples also appear as artifacts on postoperative computed

tomography, making judgment of subsequent recurrence difficult. To date we

have performed surgery for lung metastases using this method on ten patients

with hepatoblastoma with lung metastases and have resected a total of 250 masses

(Fig. 31.1). The median number of resected masses per patient was 13 (range,

1–97), and the median number of lung surgeries per patient was 2.0 (range, 1–11).

Of the ten cases, eight went into remission, and two cases are undergoing

chemotherapy.
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31.2.2.2 Lymph Node Metastases

Although infrequent, the ICG method is effective in treating lymph node metasta-

ses. Metastatic lymph nodes of the hepatic portal region and mediastinum can be

confirmed with satisfactory contrast. This method is particularly effective in cases

where the involved lymph node is situated among several other lymph nodes, as the

metastatic lymph nodes can be singled out and resected (Fig. 31.2).

31.2.2.3 Peritoneal Metastases

In cases where metastases are suspected in the peritoneum, a laparotomy is

performed, and the ICG method is used (Fig. 31.3). In such cases, the timing of

ICG administration is approximately 72 h before surgery. The reason for this is that

the florescence of the digestive tract is too strong due to excreted bile.

a1 

a2 

b1 

b2 

c1 

c2 b3 

Fig. 31.1 Applications of ICG fluorescence imaging during lung metastasectomy. Metastatic

lesions with diameters of 5 mm (a), 1 mm (b), and 0.07 mm (c) were detected by ICG fluorescence

imaging. Initial photos (a1, b1, c1) and following photos (a2, b2, c2) indicate the same view of

each lesion under room light and ICG fluorescence imaging, respectively. Histopathological

finding of b1 lesion appears in b3

a b c 

Fig. 31.2 Intraoperative view of a metastatic mediastinal lymph node. (a) ICG fluorescence

imaging indicates the node. (b) Room light view of the lesion. (c) After an incision of the

mediastinal pleura
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31.3 Problems

31.3.1 False-Positive

Of the 250 masses that were identified as positive and resected, tumors could not be

histopathologically detected in 29 masses. Interestingly, these false-positives were

concentrated in two patients and were not recognized in the remaining eight. The

following two reasons may be possible explanations for these false-positives:

1. Fluorescence of tissue other than the tumor. According to observations through a

fluorescence microscope within the fluorescence wavelength of ICG, we were

able to confirm that thrombi and granuloma were the cause of this non-tumorous

fluorescence. While it is unclear why ICG detected these “masses,” they

consisted of tissue not observed in healthy lungs and may be an alteration after

chemotherapy.

2. The possibility that the tumor is too small to be detected. The smallest tumor

histopathologically confirmed with the ICG method was 62 μm. On the other

hand, paraffin-embedded tissue sections are usually cut out at approximately

20 μm. Therefore, if there are tumors smaller than 20 μm, it is possible that these

would not be included in the slice.

31.3.2 False-Negative

We have not experienced any cases of false-negatives, wherein fluorescence is not

confirmed with ICG fluorescence, despite the detection of a nodule by imaging or

visual inspection and palpation, and the lesion is histopathologically proven to be

hepatoblastoma.

a b 

Fig. 31.3 Intraoperative view of a metastatic peritoneal lesion of the right diaphragm. (a) Room

light view of the lesion. (b) ICG fluorescence imaging
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31.4 Conclusion

Before the introduction of the present method, intraoperative detection of lung

metastases was dependent on visual inspection and palpation, where the entire

surface of the lung was carefully searched and then the resection performed. The

identification of small lesions depended on the surgeon’s experience. The use of the
ICG method has increased the ease with which lung metastases can be detected

intraoperatively. The variability in detection rates between surgeons has

disappeared, and areas to be resected can now be determined objectively. However,

whether or not removing every small lesion of this kind improves prognosis is

currently unclear and requires further observation in the future.
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Chapter 32

Indocyanine Green-Related Transporters

in Hepatocellular Carcinoma

Yasushi Shibasaki, Y. Morita, T. Sakaguchi, and H. Konno

Abstract Intraoperative indocyanine green (ICG) fluorescent imaging under near-

infrared light is a useful procedure to detect hepatocellular carcinoma (HCC).

However, the mechanisms of ICG accumulation in HCC have been unclear. We

hypothesized that some transporters on the hepatocytes may be involved in the

process of ICG accumulation and examined the expression levels of influx and

efflux transporters using resected HCC tissues. Among influx transporter, organic

anion-transporting polypeptide 1B3 (OATP1B3) and sodium-taurocholate transport

protein (NTCP) are suggested to be responsible for ICG export in HCC. Interest-

ingly, multidrug resistance p-glycoprotein-3 (MDR3), an efflux transporter to

canaliculi, is also one of the important ICG transporters and a prognostic factor

of HCC. We speculated that ICG is uptaken into hepatocytes through OATP1B3

and accumulated into the blunt-end pseudo-glands or bile canaliculi in HCC tissues

through the efflux by MDR3.

Keywords ICG • HCC • Transporter • OATP1B3 • NTCP • MDR3

32.1 Introduction

Indocyanine green (ICG) has been utilized for measurement of the liver function

prior to liver resection. Recently, this greenish dye which becomes fluorescent

under near-infrared (NIR) light after binding to serum protein is frequently used

in various clinical situations: angiography [23, 32], lymphography [31], and chol-

angiography [19, 25].

Hepatocellular carcinoma (HCC) is the fifth most common cancer worldwide

and a leading cause of cancer deaths [14]. Although liver resection without residual

cancer component is the most effective treatment for this malignant tumor, it is very
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difficult to detect all of HCCs before hepatectomy albeit recent advances in

diagnostic modalities. Ishizawa [12] and Gotoh et al. [8] demonstrated that HCC

and metastatic liver tumors with accumulated ICG which administered intrave-

nously before liver resection could be visualized using NIR camera system in real

time. They reported that intraoperative ICG fluorography is useful to detect HCCs

with high sensitivity and that NIR system enables visualizing small HCCs and

precancerous lesions which could not be pointed out by preoperative modalities.

We had also reported that 96 % of HCC foci could be observed with ICG fluorog-

raphy, and some small HCCs were newly distinguished by using NIR camera

observations [21]. Thus, this system is thought to be a strong tool for complete

resection of HCC. However, the reasons why the ICG, injected preoperatively for

the ICG clearance test, accumulated and retained in HCC tissues with several

fluorescent patterns are still elusive.

We hypothesized that some transporters on the hepatocytes may be involved in

the process of ICG accumulation and examined the expression levels of influx and

efflux transporters using resected HCC tissues.

32.2 ICG Fluorescent Pattern

We and Ishizawa et al. [12] classified the ICG fluorescent patterns into three types

as follows: uniform (total), uneven (partial), and rim-like fluorescent type

(Fig. 32.1a) [21]. Histologically, the low differentiation state was significantly

correlated to the low ICG emission pattern. In addition, it is suggested that the

morphological characteristics of HCCs contribute to such several patterns of ICG,

for instance, pseudo-gland structure encloses ICG into cancer tissue leading to high

ICG emission; fibrotic capsule and septal wall compress the ICG fluorescence

beneath the tumor border, forming rim-like appearance; and the heterogeneity of

HCC component constitutes various fluorescent patterns. These findings suggest

that NIR spectroscopy, to some extent, helps us to analyze the property of HCC

qualitatively. Since the direct quantitation of the ICG fluorescent signal is presently

difficult, we investigated 40 HCC specimens and divided ICG fluorescent patterns

into two categories, for further semiquantitative analysis, as follows: ICG high (IH),

tumors in which fluorescence was detected on >50 % of the cut surface, and ICG

low (IL), tumors in which fluorescence was detected on <50 % of the cut surface

(Fig. 32.1b) [27]. Histologically, the frequency of the formation of septal walls and

pseudo-gland structures was significantly higher in the IH group [27].
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32.3 ICG Pharmacokinetics

Various drugs and substrates are taken into hepatocytes by the influx transporters,

metabolized by detoxifying enzymes, and are subsequently excreted to bile cana-

liculi or blood circulation by the efflux transporters (Fig. 32.2) [6, 26, 34]. ICG is an

organic anion, in which molecular formula and molecular weight are

C43H47N2NaO6S2 and 775 Da, and is taken up exclusively by the liver and rapidly

excreted to bile canaliculi without biotransformation [3, 22]. The rate of uptake of

ICG is correlated with hepatic blood flow, and its rate of excretion correlates with

hepatic function and biliary excretion [4, 28]. In addition, ICG has a characteristic

maximum absorption peak of 805 nm in the near-infrared light region, which allows

direct measurement of hepatic tissue ICG concentration using NIR [28]. Thus, the

reasons why the HCC tissues raise ICG fluorescence visualized by NIR camera may

result from some alterations of the hepatic metabolic processes abovementioned.

Fig. 32.1 Representative images of ICG fluorescence. (a) The center two panels show gross

appearance (left) and ICG fluorescent image (right) of resected HCC specimen. (b) Left three

panels are ICG-high (IH) group which fluorescence was detected on≧50 % of the cut surface. The

right three panels show ICG low which fluorescence was detected on <50 % of the cut surface
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32.4 ICG Fluorography and Magnetic Resonance Imaging

Gadolinium ethoxybenzyl diethylenetriamine pentaacetic acid (EOB), a magnetic

resonance imaging (MRI) contrast medium, is known to be taken up into hepato-

cytes but not into typical hepatocellular carcinoma cells. However, some HCCs

show higher EOB-MRI intensity levels, at the hepatobiliary phase, compared to

adjacent noncancerous parenchyma. It is reported that such phenomena are derived

from the expression levels of hepatic influx transporter, organic anion-transporting

polypeptide 1B3 (OATP1B3), and efflux transporters including multidrug

resistance-associated protein (MRP) 2 and 3 [16, 30]. We incidentally noticed

that such high EOB HCCs had high ICG fluorescent levels (Fig. 32.3a). In our

study [27], 19 of 22 HCCs (86.4 %) were detected as typical hypointense masses

under hepatobiliary phase of EOB-MRI. The other three HCCs were detected as

hyperintense masses compared to the surrounding liver parenchyma. All three

EOB-accumulated HCCs were categorized into ICG-high (IH) group. Overall,

relative intensity (tumor-to-surrounding parenchyma) under hepatobiliary phase

of EOB-MRI in IH group was significantly higher than that in ICG-low

(IL) group (Fig. 32.3b). Moreover, it is reported recently that EOB-MRI is a useful

method to evaluate the liver function correlating with ICG retention test [24]. There-

fore, we suspect that EOB dynamics and ICG accumulation pattern may have

common mechanisms reflecting transporters’ expression in HCC.

Fig. 32.2 A schema of hepatic metabolism of xenobitics and ICG. Blue arrows, influx trans-

porters; yellow arrows, efflux transporters; green circle, ICG; ICG, indocyanine green; OATP1B3,
organic anion-transporting polypeptide 1B3; NTCP, Naþ�taurocholate cotransporting polypep-

tide; MRP, multidrug resistance-associated protein; MDR3, multidrug resistance p-glycoprotein-

3; GST, glutathione S-transferase
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32.5 Expression of Hepatic Transporters in HCC

We analyzed the intratumoral expression levels of transporters using an immuno-

blot analysis in 20 and immunohistochemistry in 40 resected HCC tissues, with

OATP1B3 and sodium-taurocholate transport protein (NTCP) as influx transporters

and multidrug resistance p-glycoprotein-3 (MDR3), MRP2, and MRP3 as efflux

transporters. OATP1B3 protein levels were significantly higher in the IH group and

MDR3 protein levels, an exporter to bile canaliculi, were significantly higher in the

IH group [27]. NTCP and MRP2 tended to be higher in IH group, but did not reach

the statistical significance. Conversely, MRP3 seemed to diminish in IH HCCs

(Fig. 32.4). Ishizawa et al. [13] also reported that OATP1B3 and NTCP are

responsible for ICG accumulation in HCC tissues.

32.5.1 Influx Transporter

Hepatic influx transporters export various endogenous and exogenous substrates

from the basolateral membrane side into hepatocyte. OATP1B3 is an organic anion

transporter, encoded by the solute carrier family 21A8 (SLC21A8), localizing in the

Fig. 32.3 Relationship between ICG fluorescent imaging and EOB-MR imaging. (a) The left
panel shows the typical rim emission pattern HCC which represented low intensity relative to the

surrounding parenchyma at hepatobiliary phase of EOB-MRI. The right panels show the typical

uniform emission pattern HCC which represented high intensity relative to the surrounding

parenchyma at hepatobiliary phase of EOB-MRI. Macroscopically, these EOB-high HCCs are

usually greenish (so-called green hepatoma). (b) Relative MRI intensity of HCC compared to

adjacent noncancerous parenchyma in hepatobiliary phase of EOB-MRI was measured in IL

(ICG-low) and IH (ICG-high) group
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sinusoidal side of the plasma membrane. OATP1B3 have broad substrate specificity

and accept a number of therapeutic drugs [29] concomitant with transporting of

endogenous substrates, including bile acids, thyroid hormones, prostaglandins, and

bilirubin glucuronide [9].

We analyzed OATP1B3 immunostaining in 40 HCC specimens and revealed

that high OATP1B3 expressions were significantly correlated with high ICG

fluorescence [27]. Although OATP1B3 exists predominantly in the liver, several

cancers of the other organ origin express this influx transporter [10, 37], indicating

the modulation of the sensitivity to anticancer reagents. In some articles, it is

reported that OATP1B3 is one of the targets for anticancer therapy and is thought

to be a possible prognostic factor of cancers [18] including HCCs [36].

NTCP, sodium-taurocholate cotransporting polypeptide, is a member of the

solute carrier family 10 (SLC10), the major bile acid transporter in human hepato-

cytes, that localizes to the basolateral hepatocyte membrane [35]. This has been

shown to also transport some xenobiotics in a Naþ-dependent manner [11] and

Fig. 32.4 Immunoblot analysis of hepatic transporter expression: Panel (a) shows a typical

immunoblot analysis of hepatic transporters. Panels (b), (c), and (d) show the densitometric

quantification results of influx transporters (OATP1B3 and NTCP), canalicular efflux transporters

(MDR3 and MRP2), and the sinusoidal efflux transporter MRP3, using Naþ/Kþ ATPase as an

internal standard, respectively. Statistical analysis was performed using the Mann–Whitney U test;

{, p< 0.05, {, p <0.01 significant difference between the IL (left white bars) and IH (right black
bars) groups
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transport indocyanine green [3]. Although its expression is known to be reduced in

hepatocellular carcinoma [38], some HCC may use this transporter as the ICG

export system [13].

It is reasonable to assume that the high expression of these transporters induces

abundant intracellular ICG accumulation in a short time after ICG administration.

However, the intraoperative fluorography was performed usually several days after

intravenous ICG injection, and ICG deposition were scarcely seen in intracellular

space but mainly seen in extracellular structures such as pseudo-glands (Fig. 32.5).

Thus, high expression of influx transporter is one of the necessary conditions, but

the other mechanism is also needed for ICG accumulation in HCCs.

32.5.2 Efflux Transporter

Hepatic excretions of the endogenous and exogenous substrates were regulated

mainly by ATP-binding cassette (ABC) transporters. Until now, 48 members of the

ABC transporter family have been isolated and identified [7]. The ABC transporter

efflux activity is driven by the energy derived from the hydrolysis of ATP to

adenosine diphosphate (ADP) to transport substrates across the cellular membrane

[1]. MDR3, also known as ABCB4, is reported to regulate ICG excretion [17]. We

demonstrated that MDR3 expression was positively correlated to ICG deposition in

hepatocellular carcinoma tissues.

Fig. 32.5 Immunohistochemical and immunofluorescent images of the MDR3 protein and accu-

mulated ICG. Left panels show MDR3 immunohistochemical staining image. In the right three

panels, green and red colors indicate ICG deposits and MDR3 fluorescent staining, respectively.

Nuclei are shown in blue with DAPI staining. These panels show representative figures of HCC

with pseudo-glandular structures (arrows). The scale bar shows 100 μm
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Generally, efflux transporters facilitate the clearance of intracellular substrate

from hepatocyte. In normal hepatocyte with normal bile duct formation, ICG which

metabolized in the hepatocyte are exported to apical-sided canaliculi leading to the

excretion into the intestine and subsequently ICG disappearance from the liver.

Therefore, we thought at first that high MDR3 expression is contradictory to the

accumulation of ICG in HCC tissues. To uncover this contradiction, we performed

fluorescent microscope analysis. We found that ICG was condensed inside the bile

canaliculi and MDR3 high expression was observed around these spaces

(Fig. 32.5). It is well known that HCCs frequently have pseudo-glands and anom-

alous bile canaliculi which do not connect to the main bile duct that is dead end. A

conceivable reason for the abovementioned discrepancy is that excreted ICG into

the blind-end canaliculi through MDR3 would cause the deposition of ICG.

MDR3 is also known as a flippase and/or floppase of membranous phospholipids

[2, 33], and the loss of its mouse homologous gene, MDR2, has been shown to

induce hepatocarcinogenesis in mice [15]. Since we speculated that MDR3 expres-

sion in HCC tissues would influence the prognosis, we examined MDR3

immunostaining and investigated the relationship to HCC outcomes. To evaluate

the expression of transporters with immunohistochemistry, 40 specimens were

scored and divided into four categories as follows: score 0, negative or minimal;

score 1, positive to a lesser extent than the adjacent liver parenchyma; score

2, positive to the same extent as the adjacent liver parenchyma; and score 3, positive

to a higher extent than the adjacent liver parenchyma (Fig. 32.6a). MDR3

immunostaining analysis revealed that eight specimens were negative (score 0)

for the expression of MDR3. The tumor size of MDR3-negative HCC was signif-

icantly larger than that of MDR3-positive HCC, and serum a-fetoprotein (AFP)

levels were significantly higher in MDR3-negative HCC than in MDR3-positive

HCC [27]. The MDR3 score correlated with disease-free survival (DFS) and overall

survival (OS) rates following hepatectomy. Patients with MDR3-negative HCC

(score 0) had significantly worse DFS and slightly worse OS rates than those with

MDR3-positive HCC (Fig. 32.6b).

This poor outcome of MDR3-negative HCC may be caused by altered membra-

nous phospholipid compositions, such as phosphatidylcholine species [20]. In our

study, MRP2 and MRP3 did not significantly correlate with ICG deposition in

HCC. It is reported that the overexpression of some of ABC transporters is able to

efflux drugs out of the tumor cell, leading the resistance to chemotherapy [5]. If ICG

fluorography can reflect such particular transporter expression state, NIR system

may become potent predictor of drug resistance and HCC prognosis. Further

investigation is needed to elucidate the complete mechanism of ICG pooling

in HCC.
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32.6 Conclusion

In HCC tissues, ICG is exported into cancer cells by OATP1B3 and NTCP, being

metabolized in intracellular space without biotransformation and secreted to apical

membrane of cancer cells by MDR3. If HCCs have normal biliary duct, ICG shall

disappear from the liver parenchyma. But if cancer tissues have dead-end canaliculi

or pseudo-glands, ICG which has been excreted by MDR3 have to be stagnant in

HCC tissues for several days after ICG injection (Fig. 32.7).

Fig. 32.6 (a) Representative figures of MDR3 immunohistochemistry. The scale bars show

100 μm. The main panels show cancer tissues, and the right lower inset shows adjacent

noncancerous tissues. A score of 0 indicated the negative expression of MDR3, and scores of

1–3 indicated the positive expression of MDR3 and were divided according to a staining intensity

comparison between HCC tissues and adjacent noncancerous tissues. (b) Disease-free (left) and
overall survival (right) curves following hepatectomy using the Kaplan-Meier method stratified by

MDR3 staining scores
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Chapter 33

Liver Transplantation Guided by ICG

Fluorescence Imaging: Assessment of Hepatic

Vessel Reconstruction

Yoshikuni Kawaguchi, Takeaki Ishizawa, and Norihiro Kokudo

Abstract This chapter covers assessments of hepatic vessel reconstruction using

fluorescence imaging techniques with administration of indocyanine green (ICG)

during liver transplantation (LT). Recent advancements in surgical techniques,

postoperative management, and immunosuppression have improved the safety of

LT. The intraoperative modality to survey reconstructed hepatic vessels is limited

mainly to ultrasound. We herein describe ICG fluorescence imaging technique to

assess reconstruction of hepatic vessels during LT.

Keywords ICG fluorescence imaging • Fluorescence angiography • Veno-

occlusive region

Abbreviations

LT liver transplantation

IOUS intraoperative ultrasound

ICG indocyanine green

MHV middle hepatic vein

33.1 Introduction

Advancements in surgical techniques, postoperative management, and immuno-

suppression have improved the safety of liver transplantation (LT) [1–5]. However,

reoperation rate in patients undergoing LT remains high, ranging from 9.2 to 34 %
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[6–10], compared to that for liver resection which ranges from 2.5 to 10.9 % [11–

13]. That is most likely due to requirement of reconstruction of hepatic vessels,

including the hepatic artery, the portal vein, and the hepatic vein, and enhances the

importance of surveillance for hepatic vessel reconstruction to improve the

posttransplant outcomes. Intraoperative ultrasound (IOUS) and Doppler IOUS are

the simplest and most reliable modalities for the intraoperative evaluation of

reconstructed hepatic vessels.

Recently, fluorescence imaging technique using indocyanine green (ICG) has been

applied to hepatobiliary surgery for intraoperative visualization of bile ducts [14–16],

liver cancers [17, 18], hepatic segments to be resected [19, 20], and evaluation of

portal uptake function in veno-occlusive regions [21]. This technique was also

utilized for LT to assess the reconstructed hepatic vessels [16, 22, 23]. We herein

describe ICG fluorescence imaging technique which visualizes hepatic flows of

reconstructed vessels and regions with venous occlusion to improve the safety of LT.

33.2 Fluorescence Angiography During Recipient Surgery

33.2.1 Background

Fluorescence angiography using ICG was originally used to assess coronary artery

bypass graft patency during cardiac surgery [24, 25]. This technique was also

applied to visualize anastomotic sites of arteries and lymphatic vessels in plastic

surgery [26, 27]. Kubota et al. first reported the usefulness of this technique to

assess blood flow passing the anastomotic sites of the hepatic artery and portal vein

[23]. The authors’ group reported fluorescence angiography using the system which

overlays fluorescence images on the background color images [16].

33.2.2 Administration of ICG

Intraoperative fluorescence angiography is performed by intravenous injection of

1 mL ICG (2.5 mg).

33.2.3 Visualization of Hepatic Blood Flow After
Reconstruction of Hepatic Vessels

After placement of liver grafts and reconstruction of all hepatic vessels, the

camera head of the fluorescence imaging system (PDE, Hamamatsu Photonics,

Hamamatsu, Japan) was positioned 20 cm above the anastomotic sites of hepatic
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vessels. Fluorescence images of continuous arterial blood and portal venous flow

were obtained following intravenous injection of ICG. Fluorescence images of

hepatic blood flow of the right liver graft were shown in Fig. 33.1. Arterial blood

flow through the anastomotic sites was first delineated and portal flow was subse-

quently visualized.

Fig. 33.1 Fluorescence

angiography. (a)

Intraoperative gross

appearance of the right liver

graft after the

reconstruction of the

hepatic artery (arrowhead)
and the portal vein (arrow).
(b) Following the

intravenous injection of

ICG, fluorescence imaging

delineated continuous blood

flow through the

anastomotic site

(arrowhead). (c) The portal

flow (arrow) was

subsequently visualized
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33.3 Intraoperative Visualization of Veno-occlusive

Regions in the Liver Graft

33.3.1 Background

In living-donor liver transplantation using the right liver graft without the middle

hepatic vein (MHV), venous occlusion of the MHV tributaries needs to be

addressed to avoid adverse events such as necrosis [28], insufficient regeneration

[29], and difficulty in postoperative management [30, 31]. The MHV tributaries

including V5 draining segment 5 and V8 draining segment 8 were reconstructed or

sacrificed based on the institutional criteria. The modality to evaluate success/

failure of venous reconstruction and the extent of regions with venous occlusion

is limited mainly to intraoperative ultrasound or Doppler ultrasound. Recently,

authors’ group evaluated portal uptake function in veno-occlusive regions of the

remnant liver or the liver graft using fluorescence imaging following intravenous

injection of ICG [21]. This technique was applied to visualize the extent of regions

with venous occlusion in the liver graft [22].

33.3.2 Administration of ICG

Following procedure of liver transplantation, the camera head of the florescence

imaging system (PDE) was positioned 20 cm above the liver surface, and surgical

lights were turned off. The output of the light-emitting diodes (760 nm) was set at

0.21 mW per cm2. ICG (2.5 μg per 1 mL of remnant liver volume calculated based

on preoperative computed tomography) was injected intravenously.

33.3.3 Visualization of Regions with Venous Flow After
Reconstruction of the Hepatic Venous Tributaries

The FI values on the liver surface increased linearly during first 200 s and then

reached a plateau in an average, providing clear demarcation between veno-

occlusive regions and non-veno-occlusive regions. [21] Reconstruction of the

hepatic veins can be evaluated using ICG fluorescence imaging because FI is

lower in veno-occlusive regions than in non-veno-occlusive regions.

Clinical application of this technique is shown in Fig. 33.2. Following placement

of a right liver graft and reconstruction of all hepatic vessels, ICG was injected

intravenously. FI in regions drained by the right hepatic vein and V8 increased

gradually, while FI on the surface of regions drained by V5 was lower than the other

regions in the graft. Portal uptake of ICG in the regions drained by V5 was impaired

due to sacrifice of the tributaries of V5. By contrast, the drainage area of the right
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hepatic vein and V8 was not impaired due to reconstruction of those drainage veins

and preservation of venous outflow. Doppler ultrasound identifies the flow of the

reconstructed vessels and help surgeons to decide success/failure of the reconstruc-

tion. This technique is useful to identify the regions with or without venous outflow

and assess the level of portal uptake in regions as well. This information comple-

ments assessment of Doppler ultrasound and is expected to improve the safety of

LT.

These evaluations required approximately 10 min in total. One of advantages of

these techniques is that they enable visualization of the degree and the extent of the

portal uptake in the regions as a result of hepatic vessel reconstruction. These

techniques are expected to more accurately estimate the portal uptake in regions

Fig. 33.2 Evaluation of the hepatic vein reconstruction. (a) Procurement of the right liver graft

without the middle hepatic vein was scheduled along the border between the left and the right liver

(white dotted line). The volume of regions drained by V8 (arrow) was 45 mL (5.3 % of recipient

standard liver volume), while the volume of regions drained by two V5s (arrowheads) was 40 mL

(4.7 % of recipient standard liver volume). Reconstructions of V8 and the right hepatic veins were

scheduled because the drainage areas of V5 in the right liver graft were smaller than those of V8

and the graft volume without venous occlusion (475 mL, 56.3 % of recipient standard liver

volume) was sufficient for the recipient (b) Fluorescence imaging revealed a clear demarcation

between the veno-occlusive regions (arrowhead) and non-veno-occlusive regions. Reconstruction
of the right hepatic vein and V8 was judged to be successful because FI in their drainage areas

increased and was higher than veno-occlusive regions in which the corresponding drainage vessels

were not reconstructed
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with or without venous occlusion, ensuring the safety of liver resection and liver

transplantation.

33.4 Conclusion

ICG fluorescence imaging enables real-time assessment of reconstructed hepatic

vessels during LT. Anastomotic sites of the hepatic artery and portal vein were

visualized after injection of ICG, and the extent and degree of portal uptake were

evaluated referring to fluorescence images on the liver surface. These techniques

are expected to complement intraoperative ultrasound which is utilized to assess the

hepatic flow after reconstruction, enhancing the safety of LT.
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Chapter 34

Fluorescence Imaging for Intraoperative

Identification of Pancreatic Leak

Suguru Yamashita, Takeaki Ishizawa, Mako Kamiya, Yasuteru Urano,

and Norihiro Kokudo

Abstract Pancreatic fistula (PF) remains the most serious complication of diges-

tive surgery. The primary reason for PF not being successfully averted is that there

are no techniques that identify pancreatic leak from the pancreatic stump during

surgery or that rapidly evaluate protease activities in leakage fluid, which can cause

severe tissue damage. To improve the safety of pancreatic surgery, the development

of a novel technique that would identify pancreatic leak during surgery has been

anticipated. We have designed and developed a novel fluorescence probe (glutaryl

phenylalanine hydroxymethyl rhodamine green) that is activated by chymotrypsin

in pancreatic juice. We evaluated the probe’s ability to identify a pancreatic leak

and directly sprayed it on the pancreatic stump in an animal experiment; the real-

time gross visualization of a pancreatic leak was confirmed.
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Abbreviations

PF pancreatic fistula

ICG indocyanine green

gPhe-HMRG glutaryl phenylalanine hydroxymethyl rhodamine green

34.1 Introduction

Pancreatic cancer generally has a poor prognosis, and only 10–15 % of patients are

eligible for surgical resection [1], which is at present the only potentially curative

treatment option. Despite the development of various operative techniques or

perioperative management options, morbidity rates after pancreatic resection have

remained essentially unchanged. Pancreatic fistula (PF) in particular is the most

common and clinically relevant complication because it results in further compli-

cations, including mortality and prolonged hospitalization, which leads to enor-

mous medical expenses. PFs still occur at an incidence of 10–25 % after

pancreaticoduodenectomy and 30–50 % after distal pancreatectomy [2–5].

In hepatobiliary surgery, for example, leakage of bile juice can also develop and

lead to serious postoperative complications. However, intraoperative identification

of leaking bile juice is usually not so difficult by naked eye examinations. In

addition, fluorescence imaging using indocyanine green (ICG), which is excreted

into bile following intravenous injection, has recently been applied to intraoperative

visualization of the bile duct anatomy and bile leak in clinical settings [6–8]. In

contrast to bile juice, it is difficult to identify clear pancreatic juice leaking from the

pancreatic stump by gross eye examinations during surgery, and even fluorescence

imaging using ICG is of no use for visualization of pancreatic juice, which would

have made prevention of PF difficult for decades.

In order to visualize pancreatic juice leaking from pancreatic stump during surgery,

the authors have developed a novel fluorescence probe (glutaryl phenylalanine

hydroxymethyl rhodamine green, gPhe-HMRG) that is activated by chymotrypsin

in pancreatic juice. Chymotrypsin is one of the major peptidases derived from

chymotrypsinogen, which is synthesized only in the pancreas in humans [9]. The

novel probe gPhe-HMRG [10] emits fluorescence only when it is hydrolyzed by

chymotrypsin (Fig. 34.1). HMRG is excited by long-wavelength light (approximately

490 nm) and emits a fluorescence signal with a peak wavelength of approximately

520 nm [11]. Because pure pancreatic juice in humans normally contains chymotryp-

sinogen and not chymotrypsin [9], gPhe-HMRG was used with a small amount of

trypsin (chymotrypsin probe) to detect pancreatic juice leakage (Fig. 34.1). This

technique was inspired by the report of rapid cancer detection after topically spraying

a γ-glutamyl transpeptidase-activated fluorescent probe [11], which is also hydrolyzed
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by γ-glutamyl transpeptidase and provides fluorescence. Expression of γ-glutamyl

transpeptidase, a cell surface enzyme involved in cellular glutathione homeostasis, is

often significantly increased in human tumors [12]. Although the chymotrypsin probe

has not been approved for intra-abdominal administrations in clinical settings, mech-

anistic background and technical details of fluorescence imaging of pancreatic leak

are demonstrated in this chapter for future application to pancreatic surgery.

34.2 Pancreatic Chymotrypsin as a Target Substance

for Fluorescence Imaging

When increased fluorescence intensity by the novel chymotrypsin probe was

calculated in vitro by evaluating fluorescence intensity for the various chymotryp-

sin concentration samples, we confirmed the possibility of quantitative evaluation

Fig. 34.1 Structure and chemical reaction of glutaryl phenylalanine hydroxymethyl rhoda-

mine green (gPhe-HMRG). gPhe-HMRGwas used with a small amount of trypsin (chymotrypsin

probe) to detect chymotrypsinogen in pancreatic juice leakage; gPhe-HMRG emits fluorescence

when it is hydrolyzed by chymotrypsin
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of chymotrypsin activity with sufficient linearity (Fig. 34.2). Yamashita et al. had

previously revealed that this probe could specifically identify pancreatic juice in

surgically drained fluids after pancreatic resection [10]. In the same study on

patients undergoing pancreaticoduodenectomy, fluorescence imaging, after the

chymotrypsin probe was sprayed on filter paper transcribing the pancreatic

stump, enabled visualization of a pancreatic leak and accurate estimation of symp-

tomatic postoperative PF [10].

It is also an innovation that the chymotrypsin probe targets the type of prote-

ase—not amylase—that can potentially cause severe tissue damage and lead to

serious postoperative complications associated with PFs. Postoperative PF is pres-

ently diagnosed by evaluating amylase levels [13, 14] using International Study

Group on Pancreatic Fistula classification grades [15]. It is unlikely that amylase,

which is simply a glycolytic enzyme, directly triggers the complications stemming

from postoperative PFs. Some authors have indicated that the current definition of

postoperative PF, which is based on amylase levels in drainage fluids, does not

always reflect complication severity [16, 17]. Pancreatic protease secretion can

result from several factors, such as diet, pancreatic disease, and stimulatory or

inhibitory mediators, and may not parallel amylase secretion [18, 19].

34.3 Application of the Chymotrypsin Probe for Pancreatic

Resection in a Swine Model

Ideally, the chymotrypsin probe should be sprayed directly onto the pancreatic

stump in the patient’s abdominal cavity to enable surgeons to accurately suture the

pancreatic leak location. However, such usage has not yet been approved in humans

(pending completion of safety trials); therefore, this technique was simulated using

a swine model. Chymotrypsin probe was sprayed on the pancreatic stump in

Fig. 34.2 Relationship

between the chymotrypsin

concentration and the

increasing rate of

fluorescence intensity. The

rate of fluorescence

intensity increased with an

increase in the

concentration of

chymotrypsin. We

confirmed that the

chymotrypsin probe could

quantitatively detect the

activity of chymotrypsin

with sufficient linearity
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abdominal cavity, following full mobilization and division of the pancreatic paren-

chyma with the Focus Ultracision Harmonic Scalpel (Ethicon Endo-Surgery Inc.,

Cincinnati, OH, USA). Five minutes after the chymotrypsin probe was sprayed onto

the pancreatic stump, fluorescence imaging using a FluorVivo imaging system

(INDEC, Inc., Santa Clara, CA) with a blue-filter setting (excitation,

470–490 nm; emission, 515 nm long pass) enabled identification of pancreatic

juice leaking point (Fig. 34.3). Fluorescence of pancreatic juice was also identifi-

able by naked eye examination through light-blocking glasses (515 nm long pass),

which enabled surgeons to apply pinpoint sutures and confirm pancreatic leak

arrest. This technique may also enable surgeons to determine whether prophylactic

abdominal drainage during pancreatic resection is needed, based on protease

activities of pancreatic juice in each patient, as well to determine the presence or

absence of pancreatic leak after closure/reconstruction of the pancreatic remnant.

34.4 Conclusion

In this chapter, mechanistic background and potential roles of fluorescence imaging

using chymotrypsin probe are demonstrated. Following preclinical safety trials,

first-in human study will be conducted in order to evaluate efficacy of intraoperative

real-time fluorescence imaging of pancreatic leak in reducing incidence and sever-

ity of postoperative PF.
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Fig. 34.3 Fluorescence images of pancreatic juice leaking from a pancreatic stump using the

chymotrypsin probe in a swine model. After the division of the pancreatic parenchyma with the

Harmonic Scalpel (left), chymotrypsin probe was sprayed on the pancreatic stump in abdominal

cavity (middle). Five minutes after the chymotrypsin probe was sprayed onto the pancreatic stump,

fluorescence imaging enabled identification of pancreatic juice leaking point (right, arrowhead)
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Chapter 35

Intraoperative Indocyanine Green

Fluorescent Imaging for Prevention of Bile

Leakage After Hepatic Resection

Masaki Kaibori, Kosuke Matsui, Morihiko Ishizaki, Hiroya Iida,

and Masanori Kon

Abstract Bile leakage is one of the most common complications after hepatic

resection and is associated with postoperative sepsis and liver failure. We present

here the use of indocyanine green (ICG) fluorescent cholangiography for

preventing postoperative bile leakage. The subjects were 132 patients who

underwent hepatic resection without biliary reconstruction. Patients underwent a

leakage test using ICG dye, followed by ICG fluorescent cholangiography using the

photodynamic eye. Postoperative bile leakage occurred in seven of 132 patients

(5 %). The incidence of postoperative bile leakage was 0 % in patients with type A

pattern of fluorescence (no fluorescence type; no fluorescence detected on the cut

surface of the liver, suggesting absence of bile ducts at the surgical margin; n¼ 37),

2 % in patients with type B pattern (intact bile duct type; fluorescence showed one

or more intact bile ducts on the cut surface; n¼ 51), 6 % in patients with type C

pattern (injured bile duct type; leakage of dye from one or more bile duct stumps on

the cut surface; n¼ 31), and 31 % in patients with type D pattern (unconfirmed

type; leakage of dye from the cut surface, but the source was unclear; n¼ 13). ICG

fluorescent cholangiography may be useful for preventing bile leakage after hepatic

resection, but patients with type D pattern of fluorescence should be carefully

monitored for leakage for several weeks.

Keywords Hepatic resection • Intraoperative indocyanine green fluorescent

imaging • Postoperative bile leakage • Injured bile duct type • Unconfirmed bile

duct type
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35.1 Introduction

Improvements in surgical techniques and perioperative care have increased the

safety of hepatic surgery over recent years, resulting in reduced operative mortality

[1–4]. Despite the overall reduction in postoperative complications, the incidence

of postoperative bile leakage has not changed and has a reported range of 3.6 to

33 % [5–13], making it one of the most common complications after hepatic

surgery. Bile leakage is associated with increased risks of postoperative sepsis,

liver failure, and mortality and a longer hospital stay [6]. It is therefore important to

minimize the occurrence of this complication. We evaluated that fluorescent chol-

angiography using ICG would be able to detect minor bile leakage from the cut

surface of the remnant liver after hepatic resection.

35.2 Materials and Methods

35.2.1 Patients

All 132 patients who were scheduled for liver resection at Hirakata Hospital of

Kansai Medical University (Osaka, Japan) between August 2010 and December

2012 were included in this study. Of these, 72 had hepatocellular carcinoma, 9 had

intrahepatic cholangiocellular carcinoma, 47 had colorectal liver metastasis, and

4 had another pathology. The patients were 108 males and 24 females with a mean

age of 69.3 years. The operative procedure was extended hemihepatectomy in

14 patients, hemihepatectomy in 35, sectionectomy in 38, segmentectomy in

12, and limited resection in 33.

35.2.2 Surgical Techniques

Transection of the hepatic parenchyma was performed using the cavitron ultrasonic

surgical aspirator (CUSA) system (Valleylab, Boulder, CO). After hepatic resection,

a disposable cholangiography catheter was inserted into the cystic duct and ligated in

place. The common bile duct was clamped below the cystic duct, and 10 ml of dilute

ICG solution (Diagnogreen 2.5 mg/ml; Daiichi Sankyo Co., Tokyo, Japan) was

injected into the bile duct. Any sites of major dye leakage from the cut surface

of the remnant liver were repaired by z-suturing with 6–0 nonabsorbable sutures or

by ligation with absorbable sutures, after which the absence of further leakage was

confirmed by injecting 5–7 ml of saline. Only one injection of ICG solution

was administered to each patient. Fluorescent imaging was performed with a

photodynamic eye (PDE) imaging system (Hamamatsu Photonics K.K., Shizuoka,

Japan) (Fig. 35.1) after the injection of ICG solution. The PDE system includes a
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control unit (322� 283� 55 mm, 2.8 kg) and a camera unit (80� 181� 80 mm,

0.5 kg). The camera unit contains a charge-coupled device camera that filters out

light with a wavelength of less than 820 nm and 36 light-emitting diodes with a

wavelength of 760 nm. The camera head was positioned 20 cm above the remnant

liver, and the operating lights were turned off (the room lights were left on). The

operating field was therefore visible to the surgeons directly and on the television

monitor. The fluorescent images of the cut surface of the liver were displayed on the

monitor and showed white spots representing potential bile leaks. The areas showing

white spots were compressed with gauze, and leakage was tested by additional

injection of 3–5 ml of saline (Fig. 35.2). If fluorescence was detected through the

gauze, the white spots were considered to indicate minor leaks on the cut surface of

the liver, and the presumably injured bile ducts were repaired by z-suturing or

ligation.

Postoperative bile leakage was diagnosed by the following findings: detection of

bile leakage from the wound or through the drainage tube (total bilirubin level in the

drainage fluid >3 times the serum level), intra-abdominal accumulation of bile

confirmed by drainage, or demonstration of bile leakage on postoperative

cholangiography.

Fig. 35.1 Type A pattern

of fluorescence

(no fluorescence type).

Fluorescent imaging

showed no fluorescence

detected on the cut surface

of the liver, suggesting

absence of bile ducts at the

surgical margin. The cut

surface of the liver under

conventional white light

illumination (a) and

fluorescent imaging (b)

35 Intraoperative Indocyanine Green Fluorescent Imaging for Prevention of. . . 383



35.3 Results

Thirty-two of the 132 patients (24 %) had major leakage of ICG, defined as leakage

of green dye without fluorescent imaging. Repair was performed by z-suturing with

6–0 nonabsorbable sutures in 28 patients and by ligation with 4–0 absorbable

sutures in four patients. The leaks were all successfully repaired during surgery

and were further tested with fluorescent imaging.

35.3.1 Patterns of Fluorescence

In 37 of the 132 patients (19 %), no fluorescence was detected on the cut surface of

the remnant liver on ICG fluorescent cholangiography, suggesting absence of bile

ducts at the surgical margin (type A pattern of fluorescence) (Fig. 35.1). In the

remaining 95 patients, the pattern of fluorescence was classified into the following

three types: intact bile duct type (type B, fluorescence showed one or more intact

bile ducts on the cut surface of the liver; n¼ 51) (Fig. 35.2), injured bile duct type

(type C, leakage of dye from one or more bile duct stumps on the cut surface;

Fig. 35.2 Type B pattern of

fluorescence (intact bile

duct type). Fluorescent

imaging showed one

fluorescent duct on the cut

surface of the liver (arrow).
Common bile duct

(arrowhead). There was an
intact bile duct

corresponding to the

fluorescent area on the cut

surface (arrow) under
conventional white light

illumination (a) and

fluorescent imaging (b)
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n¼ 31) (Fig. 35.3), and unconfirmed type (type D, leakage of dye from the cut

surface, but the source was unclear; n¼ 13) (Fig. 35.4). In type D pattern, the minor

dye leaks could not be visualized by the surgeon and could only be detected by

viewing the fluorescent images on the monitor.

No repair was performed in patients with types A and B patterns of fluorescence.

In patients with type C pattern, repair was performed by z-suturing with 6–0

nonabsorbable sutures in 42 patients (1.5� 0.8 (mean� SD) sutures per patient)

and by ligation with 4–0 absorbable sutures in the remaining nine patients

(1.0� 0.2 ligatures per patient). In the three patients with type D pattern, fibrin

sealant was applied to the area showing leakage (two pieces of 2.0� 1.5 cm sealant

per patient).

Fig. 35.3 Type C pattern of fluorescence (injured bile duct type). (a) Fluorescent imaging showed

two areas of fluorescence corresponding to ducts on the cut surface of the liver (arrows). The lower
bile duct was intact (lower arrow). Common bile duct (arrowhead). (b) The lower area of

fluorescence corresponded to a partly closed bile duct stump (arrow) under conventional white
light illumination. Minor leakage (leaking duct) that is not visible to the surgeons (arrow) is
compressed with gauze. (c, d) Fluorescent imaging after the application of gauze shows minor

leakage on the cut surface of the liver (arrow), as fluorescence is detected through the gauze

(arrowhead). (e) The bile duct stump was repaired by z-suturing with 6–0 nonabsorbable sutures.

(f) Fluorescent imaging after the treatment for the minor leakage on the cut surface of the liver

(arrow), as fluorescence is not detected through the gauze (arrowhead)
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35.3.2 Postoperative Bile Leakage

Postoperative bile leakage occurred in seven of the 132 hepatectomy patients (5 %)

and persisted for a median period of 6 weeks (range, 2–15 weeks). Table 35.1 shows

the incidence of each pattern of fluorescence. The rate of type D pattern differed

from the rates of the other three patterns.

Fig. 35.4 Type D pattern of fluorescence (unconfirmed type). (a, b) Fluorescent imaging showed

an area of fluorescence on the cut surface of the liver (arrow). (c) Minor leakage of dye is not

visible to the surgeons (arrow) under conventional white light illumination. (d) There is major

leakage of dye from the cut surface, but the source was unclear

Table 35.1 Incidence of postoperative bile leakage for each pattern of fluorescence

Indocyanine green fluorescent imaging

Number of

patients

Number with

postoperative

bile leakage %

Type A No fluorescence was detected on the cut

surface

37 0 0

Type B Intact bile duct type 51 1 2

Type C Injured bile ducts were detected and suc-

cessfully repaired

31 2 6

Type D Unconfirmed site of intraoperative bile

leakage

13 4 31

Total 132 7 5
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35.4 Discussion

Postoperative bile leakage remains a challenging problem in patients undergoing

hepatic surgery, especially major hepatectomy, as it is associated with serious

complications such as sepsis and liver failure [7]. The objective of the bile leakage

test is to detect insufficiently closed bile duct stumps on the cut surface of the liver.

However, such a test cannot completely prevent postoperative bile leakage, as

leakage may occur from small ducts that are not in communication with the main

part of the biliary tree [14]. There is no standard method of preventing postoperative

bile leakage. We suspected that small bile duct stumps on the cut surface of the liver

might be missed by the usual bile leakage test.

ICG fluorescent cholangiography is safe and feasible. ICG is already used

worldwide to evaluate liver function before surgery, and the incidence of adverse

reactions after intravenous injection of ICG is very low (approximately 0.003 %)

[15]. Intraoperative ICG fluorescent cholangiography showed that 32 of our

132 patients had insufficient closure of bile duct stumps on the cut surface of the

liver, and these stumps were treated by z-suturing or ligation. The major limitation

of ICG fluorescent cholangiography is that it is not possible to visualize deep

intrahepatic bile ducts or extrahepatic bile ducts covered by surrounding organs

using this technique, because of the limited tissue penetration of the near-infrared

light emitted by the current imaging system. However, the results of this study show

that ICG fluorescent cholangiography enables evaluation of the cut surface of the

liver. In our previous study, postoperative bile leakage occurred in five of the

50 patients in the control group versus none of the 52 patients in the PDE group

[16]. In this study, the incidence of postoperative bile leakage was 0 % in patients

with type A pattern of fluorescence, 2 % in patients with type B pattern, 6 % in

patients with type C pattern, and 31 % in patients with type D pattern. In type D

pattern, visualization of white spots on the whole cut surface of the remnant liver

suggested leakage of a high volume of ICG dye from the stumps or leakage of bile

from ducts that were not in communication with the main part of the biliary tree.

We consider that it is necessary to place intra-abdominal drainage catheters after

hepatic resection to treat potential postoperative bike leakage. Patients with type D

pattern of fluorescence should be carefully monitored for bile leakage for several

weeks after hepatic resection, because late-onset bile leakage can cause serious

complications.

In conclusion, ICG fluorescent cholangiography enabled detection of leaking

bile duct stumps that were missed by the conventional bile leakage test. ICG

fluorescent cholangiography may be useful for the prevention of bile leakage

after hepatic resection.

35 Intraoperative Indocyanine Green Fluorescent Imaging for Prevention of. . . 387



References

1. Imamura H, Seyama Y, Kokudo N, Maema A, Sugawara Y, Sano K et al (2003) One thousand

fifty-six hepatectomies without mortality in 8 years. Arch Surg 138:1198–1206

2. Capussotti L, Polastri R (1998) Operative risks of major hepatic resections. Hepatogastroen-

terology 45:184–190

3. Jarnagin WR, Gonen M, Fong Y, DeMatteo RP, Ben-Porat L, Little S et al (2002) Improve-

ment in perioperative outcome after hepatic resection: analysis of 1,803 consecutive cases over

the past decade. Ann Surg 236:397–407

4. Poon RT, Fan ST, Lo CM, Liu CL, Lam CM, Yuen WK et al (2004) Improving perioperative

outcome expands the role of hepatectomy in management of benign and malignant

hepatobiliary diseases: analysis of 1222 consecutive patients from a prospective database.

Ann Surg 240:698–710

5. Lo CM, Fan ST, Liu CL, Lai EC, Wong J (1998) Biliary complications after hepatic resection:

risk factors, management, and outcome. Arch Surg 133:156–161

6. Yamashita Y, Hamatsu T, Rikimaru T, Tanaka S, Shirabe K, Shimada M et al (2001) Bile

leakage after hepatic resection. Ann Surg 233:45–50

7. Nagano Y, Togo S, Tanaka K, Masui H, Endo I, Sekido H et al (2003) Risk factors and

management of bile leakage after hepatic resection. World J Surg 27:695–698

8. Terajima H, Ikai I, Hatano E, Uesugi T, Yamamoto Y, Shimahara Y et al (2004) Effectiveness

of endoscopic nasobiliary drainage for postoperative bile leakage after hepatic resection.

World J Surg 28:782–786

9. Ijichi M, Takayama T, Toyoda H, Sano K, Kubota K, Makuuchi M (2000) Randomized trial of

the usefulness of a bile leakage test during hepatic resection. Arch Surg 135:1395–1400

10. Rudow DL, Brown RS Jr, Emond JC, Marratta D, Bellemare S, Kinkhabwala M (2004)

One-year morbidity after donor right hepatectomy. Liver Transpl 10:1428–1431

11. Tanaka S, Hirohashi K, Tanaka H, Shuto T, Lee SH, Kubo S et al (2002) Incidence and

management of bile leakage after hepatic resection for malignant hepatic tumors. J Am Coll

Surg 195:484–489

12. Nakayama H, Masuda H, Shibata M, Amano S, Fukuzawa M (2003) Incidence of bile leakage

after three types of hepatic parenchymal transection. Hepatogastroenterology 50:1517–1520

13. Capussotti L, Ferrero A, Vigano L, Sgotto E, Muratore A, Polastri R (2006) Bile leakage and

liver resection: where is the risk? Arch Surg 141:690–695

14. Neuhaus P (1989) Complications of liver surgery and their management. In: Lygidakis NJ,

Tytgat GNJ (eds) Hepatobiliary and pancreatic malignancies: diagnosis, medical and surgical

management. Thieme-Stratton Inc, New York, pp 254–259

15. Cherrick GR, Stein SW, Leevy CM, Davidson CS (1960) Indocyanine green: observations on

its physical properties, plasma decay, and hepatic extraction. J Clin Invest 39:592–600

16. Kaibori M, Ishizaki M, Matsui K, Kwon AH (2011) Intraoperative indocyanine green fluores-

cent imaging for prevention of bile leakage after hepatic resection. Surgery 150:91–98

388 M. Kaibori et al.



Chapter 36

ICG Fluorescence Cholangiography During

Laparoscopic Cholecystectomy

Nobumi Tagaya

Abstract We report our experience for an intraoperative exploration of the biliary

anatomy using fluorescence imaging with indocyanine green (ICG) for 25 patients

who were planned to perform laparoscopic cholecystectomy. They included

ten males and 15 females with a mean age of 57 years and body mass index of

24.5 kg/m2. ICG was administered intravenously 1 h before surgery. We observed

the biliary tract under a laparoscope with infrared function, and the cystic artery

was also observed after reinjection of ICG. There were no additional ports or

conversion to open cholecystectomy. The mean operation time was 83 min. We

identified the biliary tract with fluorescence imaging in all patients, and the cystic

artery was recognized approximately 10 s after reinjection of ICG. There were no

specific perioperative complications related to the intravenous injection of ICG.

The median postoperative hospital stay was 3 days. Intraoperative exploration

of the biliary anatomy using ICG is a useful and safe navigation modality for

identification of the biliary anatomy without cannulation manner into the cystic

duct, arrangement of X-ray equipment, or use of radioactive materials. This

technique will become routine, offering a lower degree of invasiveness that will

help to avoid or minimize bile duct and vessel injuries.

Keywords Fluorescence imaging • Indocyanine green • Intraoperative

cholangiography • Navigation surgery • Laparoscopic cholecystectomy

36.1 Introduction

Laparoscopic procedures for the diseases in the abdominal field have been recog-

nized as a standard technique worldwide. Although a large number of laparoscopic

cholecystectomies were performed, the occurrence of perioperative complications

including bile duct injury (BDI) or bleeding is still remained up to date. In

particular, BDI is the most common and complicated problem during
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cholecystectomy, and the occurrence rate distributed from 0.1 to 1.5 % in the

literature [1–5]. To prevent or minimize that issue, we introduced a clinical practice

to use fluorescence imaging with indocyanine green (ICG; Diagnogreen, Daiichi

Sankyo Co., Tokyo, Japan) [6, 7]. ICG has routinely used for the evaluation of liver

function before hepatic resection. Recently, it has been introduced into various

fields including an identification of sentinel lymph node and tumor location,

vascular anatomy, blood flow after organ transplantation, and so on [7]. Here we

report our experience for an intraoperative exploration of the biliary anatomy using

fluorescence imaging with ICG during laparoscopic cholecystectomy.

36.2 Materials and Methods

During the recent 3 years, we performed laparoscopic cholecystectomy for

25 patients being diagnosed with gallbladder stones or polyps. They were

10 males and 15 females, and their mean age and body mass index were 57 years

(range, 31–84 years) and 24.5 kg/m2 (range, 19.1–49.6 kg/m2), respectively. Sur-

gical procedures consisted of standard four-port technique in 11 patients and single-

incision technique in the other 14 patients. The ethics committee of Dokkyo

Medical University Koshigaya Hospital approved this study. All patients were

obtained an informed consent preoperatively. ICG (25 mg/vials) was adjusted to

2.5 mg/ml and injected 1.0 ml/body intravenously one h before surgery.

36.2.1 Laparoscopic Approach

Under general anesthesia, we introduced four ports (a 12-mm port at the umbilicus

and three 5-mm ports in the subxiphoid and right subcostal regions) or a 2.5-cm

vertical skin incision at the umbilicus with a 5.5 surgical glove containing three

5-mm ports attached to a wound retractor into the peritoneal cavity after creating

pneumoperitoneum by CO2 insufflation. Using a 10-mm laparoscope with infrared

function (Olympus Medical Systems Corp., Tokyo, Japan; Karl Storz Co.,

Tuttlingen, Germany), we observed the area from the hepatic hilum to the duode-

num at the point of initial insertion of the laparoscope under fluorescence imaging

guidance (Fig. 36.1a and b) during the division, after identification and dissection of

the cystic duct and artery (Fig. 36.2a and b), and before closure of the wounds

(Fig. 36.3a and b), respectively. To observe a blood flow within the cystic artery,

1 ml of ICG (2.5 mg/ml) was readministered intravenously through the venous line

after identifying the vessel structure. If the florescent image was unclear due to

inflammation around the gallbladder or dense adipose tissue in the hepatoduodenal

ligament, an originally manufactured transparent flat plastic device (TFPD) was

used to achieve local compression, allowing clearer fluorescence imaging over the

biliary tract (Fig. 36.4a and b).

390 N. Tagaya



Fig. 36.1 (a) and (b): Ordinary view and fluorescence image obtained at the time of initial

insertion of the infrared laparoscope

Fig. 36.2 (a) and (b): Fluorescence imaging after identification of the cystic duct and artery

Fig. 36.3 (a) and (b): We confirmed no bile leakage from the stump of the cystic duct
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36.3 Results

There were no conversions to open cholecystectomy. The mean operation time was

83 min (range, 46–163 min), and the estimated intraoperative blood loss was

minimal. The fluorescence imaging over the biliary tract including common hepatic

duct, common bile duct, and cystic duct was clearly obtained through the laparo-

scope in all patients. However, gallbladder could not be clearly visualized due to

inflammation, edema, or an impacted stone in the neck of the gallbladder. Local

compression by our original TFPD provided a clearer fluorescence image of the

biliary tract against dense adipose tissues. In particular, the identification of the

confluence between the cystic duct and the common bile duct was important to

perform the safe procedure. The location and blood flow within the cystic artery

were identified approximately 10 s after reinjection of ICG (2.5 mg/body) intrave-

nously. However, an identification of cystic artery also depends on the underlying

conditions of the patients. There were no adverse events related to the administra-

tion of ICG. The mean postoperative hospital stay was 3 days (range, 2–4 days), and

there were no postoperative complications during the follow-up period.

36.4 Discussion

ICG is stabilized in plasma protein after intravenous injection, and protein-

bounding ICG emits light with a peak fluorescence wavelength of 845 nm when

exposed with near-infrared light with a wavelength of 760 nm. ICG is known to be

safe at the doses used in routine clinical practice, and the risk of adverse events is

quite low (approximately 0.003 %) at doses exceeding 0.5 mg/kg [8]. Indeed we

administered ICG at only 1 ml/body (0.04–0.05 mg/kg) at a concentration of

2.5 mg/ml for intraoperative exploration of the biliary tract. In the literature,

Fig. 36.4 (a) and (b): Clearer fluorescence imaging over the biliary tract obtained after compres-

sion of TFPD
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there are no reports of adverse events related with intravenous injection of ICG in

hepatobiliary surgery [6–8, 10–16].

BDI during cholecystectomy is a serious surgical complication that brings poor

quality of patient’s life. T€ornqvist et al. [5] reported that an early detection of BDI

during primary surgery improved survival, and the intention to use intraoperative

cholangiography (IOC) reduced the risk of death after cholecystectomy. Therefore,

an intraoperative modality for the detection of the biliary anatomy is an important

factor to obtain a safe outcome. Although IOC via cannulation of the cystic duct

during cholecystectomy was a standard and routine method for obtaining the

information of the biliary system including bile leakage or common bile duct

stone up to date, recently, near-infrared fluorescence imaging with ICG has been

penetrated as an intraoperative assessment for an identification of biliary anatomy

in several institutions [6, 10–12]. Fluorescence imaging realized a real-time obser-

vation, noninvasiveness, and easy performance compared with ordinary

intraoperative cholangiography and became an attractive tool for identification of

biliary anatomy including biliary tract and hepatic arteries.

To obtain an adequate fluorescence imaging during cholecystectomy, the injec-

tion timing of ICG is a very important factor. From the literature, Matsui et al. [17]

reported that the time interval between intravenous injection and the recognition of

extrahepatic bile duct with florescence imaging was quantified at 90 min in pig

models, Aoki et al. [11] reported that satisfactory results were obtained by the

administration of ICG 30 min or 1 h before surgery in human study, and Schols

et al. [14] reported that ICG was visible in the liver and bile ducts within 20 min

after injection. Ishizawa et al. [18] reported that the time interval before dissection

of the triangle of Calot ranged from 35 to 75 min. Our time interval using pig

models was approximately within 20 min after intravenous injection; however,

fluorescence imaging of the gallbladder required further 30 min. Therefore, we

have routinely injected ICG 1 h before surgery to observe an adequate fluorescence

imaging from the biliary tract including the extrahepatic bile duct, cystic duct, and

gallbladder at the insertion of laparoscope [6]. However, the time interval greatly

depends on the individual liver function. Recently, Verbeek et al. [16] reported that

a prolonged interval (24 h) permitted optimal near-infrared cholangiography with

minimal liver background fluorescence. Therefore, we have to consider the ICG

injection time (at the time of endotracheal intubation [12] or 10–15 min [8], 20 min

[14], 30 min [10, 11], or 1 h [6, 11] before surgery according to the individual

conditions).

Regarding the dose of ICG, we adjusted 2.5 mg/ml and administered 1 ml/body

intravenously [6], and another institutions reported 0.1–0.5 mg/ml/kg or 2, 5, 10 ml/

body of 2.5 mg/ml as a bolus in clinical use [6–19]. These dose differences are not

greatly influenced in actual visualization during surgery. Furthermore, the duration

of fluorescence (biliary secretion of ICG) was reported to last until 20 h after

intravenous injection [19]. Therefore, there is no anxiousness about the duration

of adequate fluorescence imaging during open or laparoscopic cholecystectomy.

Although the injection time and dosage of ICG are important factors to obtain a

sufficient fluorescence imaging, the penetration depth of infrared light through

36 ICG Fluorescence Cholangiography During Laparoscopic Cholecystectomy 393



tissue also relates to an identification of biliary tract. Mitsuhashi et al. [10] reported

that the penetration depth was 3–5 mm and the intensity of fluorescence was

affected to tissue thickness. Therefore, the thickness of the gallbladder wall or the

volume of adjacent connective tissues is greatly affected by obesity or edema and

dense adhesion due to acute or chronic inflammation during cholecystectomy. To

resolve this issue, we introduced an originally manufactured transparent flat plastic

device (TFPD), and its compression over the biliary tract led to increase the

intensity of fluorescence and improved an identification of fluorescence imaging

of the biliary tract [6]. It is a useful device to check the biliary anatomy and

minimize the intraoperative complications.

The advantages of this modality are no requirement of cannulation into the cystic

duct, no special arrangements for X-ray equipment, and no exposure to radioactiv-

ity for human body. ICG fluorescence imaging is a simple and convenient tool to

obtain the biliary anatomy without any preparation for an additional procedure. In

clinical practice, the recognition rates of florescence images in the cystic, common,

and hepatic ducts were improved after the dissection of Calot’s triangle compared

with before that [8, 12, 13]. However, in our experience, TFPD allowed us to

recognize the fluorescence images of the biliary tract before dissection of connec-

tive tissues in all cases [6]. Anatomical anomalies of the bile duct or hepatic artery

are often encountered during hepatobiliary surgery. Ishizawa et al. [12] reported

that an accessory bile duct was detected by fluorescence cholangiography in all

cases confirming by radiological diagnosis preoperatively. In particular, the loca-

tion of hepatic arteries including a cystic artery can be visualized in real time

repeatedly by reinfusion of 1 ml (2.5 mg) ICG. Furthermore, near-infrared endos-

copy offers early recognition of bile leakage, facilitates early treatment, and

minimizes BDI owing to having high sensitivity for bile juice during laparoscopic

cholecystectomy [6].

We have an issue regarding the detection of common bile duct (CBD) stones

during cholecystectomy using ICG fluorescence imaging. Although ordinary

intraoperative cholangiography via the cystic duct with cannulation can detect

stones in CBD as defects during procedure, our experience using fluorescence

imaging even in open cholecystectomy showed no recognition of CBD stones

that had been diagnosed preoperatively by computed tomography or magnetic

resonance imaging. The presence of fluorescing bile around stones in CBD may

mask the existence of stone itself nnn. Therefore, preoperative evaluation using

interventional radiology is still mandatory for the treatment of CBD stones.

In conclusion, intraoperative exploration of the biliary tract using ICG is a useful

and safe navigation modality for identification of the biliary anatomy without the

need for cannulation into the cystic duct, X-ray equipment, or use of radioactive

materials. We expect that this method will become routine, offering a lower degree

of invasiveness that will help avoid or minimize bile duct or vessel injuries.

394 N. Tagaya



References

1. Sicklick JK, Camp MS, Lillemoe KD et al (2005) Surgical management of bile duct injuries

sustained during laparoscopic cholecystectomy. Ann Surg 241:786–792; discussion 793–795

2. Connor S, Garden OJ (2006) Bile duct injury in the era of laparoscopic cholecystectomy. Br J

Surg 93:158–168. doi:10.1002/bjs.5266

3. Hogan AM, Hoti E, Winter DC et al (2009) Quality of life after iatrogenic bile duct injury: a

case control study. Ann Surg 249:292–295. doi:10.1097/SLA.0b013e318195c50c

4. Buddingh KT, Nieuwenhuijs VB, van Buuren L et al (2011) Intraoperative assessment of

biliary anatomy for prevention of bile duct injury: a review of current and future patient safety

interventions. Surg Endosc 25:2449–2461. doi:10.1007/s00464-011-1639-8

5. T€ornqvist B, Stromberg C, Persson G et al (2012) Effect of intended intraoperative cholangi-

ography and early detection of bile duct injury on survival after cholecystectomy: population

based cohort study. BMJ 345:e6457. doi:10.1136/bjm.e6457

6. Tagaya N, Shimoda M, Kato M et al (2010) Intraoperative exploration of biliary anatomy

using fluorescence imaging of indocyanine green in experimental and clinical cholecystecto-

mies. J Hepatobiliary Pancreat Sci 17:595–600. doi:10.1007/s00534-009-0195-2

7. Tagaya N, Sugamata Y, Makino N et al (2013) Frontiers of gastrointestinal research. Fluores-

cent imaging: treatment of hepatobiliary and pancreatic diseases. In: Kokudo N, Ishizawa T

(eds) Clinical application of indocyanine green fluorescence imaging. Fluorescent cholangi-

ography in laparoscopic cholecystectomy: experience in Japan. Karger, Basel, pp 73–79.

doi:10.1159/000348615

8. Boni L, David G, Mangano A et al (2014) Clinical applications of indocyanine green (ICG)

enhanced fluorescence in laparoscopic surgery. Surg Endosc. doi:10.1007/s00464-014-3895-x

9. Speich R, Saesseli B, Hoffmann U et al (1988) Anaphylactoid reaction after indocyanine-green

administration. Ann Intern Med 109:345–346

10. Mitsuhashi N, Kimura F, Shimizu H et al (2008) Usefulness of intraoperative fluorescence

imaging to evaluate local anatomy in hepatobiliary surgery. J Hepatobilary Pancreat Surg

15:508–514. doi:10.1007/s00534-007-1307-5

11. Aoki T, Murakami M, Yasuda D et al (2010) Intraoperative fluorescent imaging using

indocyanine green for liver mapping and cholangiography. J Hepatobiliary Pancreat Sci

17:590–594. doi:10.1007/s00534-009-0197-0

12. Ishizawa T, Bandai Y, Ijichi M et al (2010) Fluorescent cholangiography illuminating the

biliary tree during laparoscopic cholecystectomy. Br J Surg 97:1369–1377. doi:10.1002/bjs.

7125

13. Buchs NC, Hagen ME, Pugin F et al (2012) Intra-operative fluorescent cholangiography using

indocyanine green during robotic single site cholecystectomy. Int J Med Robotics Comput

Assist Surg. doi:10.1002/rcs.1437

14. Schols RM, Bouvy ND, van Dam RM et al (2013) Combined vascular and biliary fluorescence

imaging in laparoscopic cholecystectomy. Surg Endosc 27:4511–4517. doi:10.1007/s00464-

013-3100-7

15. Scroggie DL, Jones C (2014) Fluorescence imaging of the biliary tract during laparoscopic

cholecystectomy. Ann Surg Innov Res 8:5. http://www.asir-journal.com/contents/8/1/5

16. Verbeek FPR, Schaafsma BE, Tummers QRJG et al (2014) Optimization of near-infrared

fluorescence cholangiography for open and laparoscopic surgery. Surg Endosc 28:1076–1082.

doi:10.1007/s00464.013.3305-9

17. Matsui A, Tanaka E, Choi HS et al (2010) Real-time intraoperative near-infrared fluorescence

identification of the extrahepatic bile ducts using clinically available contrast agents. Surgery

148:87–95. doi:10.1016/j.surg.2009.12.004

36 ICG Fluorescence Cholangiography During Laparoscopic Cholecystectomy 395

http://dx.doi.org/10.1002/bjs.5266
http://dx.doi.org/10.1097/SLA.0b013e318195c50c
http://dx.doi.org/10.1007/s00464-011-1639-8
http://dx.doi.org/10.1136/bjm.e6457
http://dx.doi.org/10.1007/s00534-009-0195-2
http://dx.doi.org/10.1159/000348615
http://dx.doi.org/10.1007/s00464-014-3895-x
http://dx.doi.org/10.1007/s00534-007-1307-5
http://dx.doi.org/10.1007/s00534-009-0197-0
http://dx.doi.org/10.1002/bjs.7125
http://dx.doi.org/10.1002/bjs.7125
http://dx.doi.org/10.1002/rcs.1437
http://dx.doi.org/10.1007/s00464-013-3100-7
http://dx.doi.org/10.1007/s00464-013-3100-7
http://www.asir-journal.com/contents/8/1/5
http://dx.doi.org/10.1007/s00464.013.3305-9
http://dx.doi.org/10.1016/j.surg.2009.12.004


18. Ishizawa T, Kaneko J, Inoue Y et al (2011) Application of fluorescence cholangiography to

single-incision laparoscopic cholecystectomy. Surg Endosc 25:2631–2636. doi:10.1007/

s00464-011-1616-2

19. Ishizawa T, Tamura S, Masuda K et al (2008) Intraoperative fluorescent cholangiography

using indocyanine green: a biliary load map for safe surgery. J Am Coll Surg 208:e1–e4.

doi:10.1016/j-jamcollsurg.2008.09.024

396 N. Tagaya

http://dx.doi.org/10.1007/s00464-011-1616-2
http://dx.doi.org/10.1007/s00464-011-1616-2
http://dx.doi.org/10.1016/j-jamcollsurg.2008.09.024


Chapter 37

Usefulness of ICG Fluorescence Imaging
in Laparoscopic Liver Resection

Yuichiro Otsuka and Hironori Kaneko

Abstract Laparoscopic liver resection (LLR) is now widely used as a minimally

invasive surgical option for benign and malignant liver disease. Recent advances in

LLR technique and instrumentation have enabled various procedures, including

anatomic resection in liver surgery. However, the endoscopic approach is limited

by its two-dimensional view, the absence of tactile sense, and the difficulty in

establishing anatomic orientation, due to the use of a magnified view. Indocyanine

green (ICG) fluorescence imaging is a tool for real-time surgical navigation in

hepatobiliary surgery. It is useful in identifying anatomic portal parenchymal

territory, localizing liver tumors, and detecting bile leakage during open liver

surgery. With the development of laparoscopic fluorescence imaging systems,

this technology can now be used for LLR. As LLR is increasingly adopted for

treatment of liver disease, uptake of intraoperative real-time image guidance

systems is likely to accelerate. The ICG fluorescence imaging system will be

helpful as a surgical “third eye” in ensuring safe and precise LLR.

Keywords Laparoscopic liver resection • Indocyanine green • Fluorescence

imaging • Navigation surgery

37.1 Introduction

Liver resection is the preferred treatment for patients with locally resectable liver

disease. During the last two decades, improvements in patient evaluation, surgical

techniques, and perioperative care have significantly decreased mortality and

morbidity from liver resection. New perioperative diagnostic imaging modalities

such as ultrasound, magnetic resonance imaging, and multidimensional computed

tomography have greatly improved navigation during liver surgery [1–4].

Laparoscopic liver resection (LLR) was first described, in 1991, by Reich

et al. [5] and is now widely used as a surgical option that is both minimally invasive
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and effective for patients with benign or malignant liver disease. We previously

reported that LLR safely improved postoperative quality of life, with no reduction

in disease curability for liver tumors, in selected patients [6, 7]. In addition, major

advances in LLR technique and instrumentation now permit anatomic liver resec-

tion, including major hepatectomy, in pure laparoscopic procedures. However, the

endoscopic approach is restricted to a two-dimensional view, allows no tactile

sense, and may hinder understanding of anatomic orientation, due to the use of a

magnified view.

Indocyanine green (ICG) has unique pharmacodynamic characteristics—it is

taken up by the liver and excreted into bile—and has thus been widely used in

evaluating functional hepatic reserve in modern liver surgery. Furthermore, ICG

binds plasma proteins (α1-lipoproteins) that are excited with near-infrared energy

(at 805 nm) and emits light at 835 nm, which is detectable by special telescopes

equipped with a photodynamic eye. This has been demonstrated in intraoperative

real-time navigation, including the mapping of sentinel lymph nodes [8, 9] and

evaluation of blood flow patency during intraoperative angiography [10, 11]. This

technology has also been used to detect anatomic portal parenchymal territory [12],

localization of liver tumors [13], and the presence of bile leakage [14, 15] during

open liver surgery. Because of recent improvements in laparoscopic fluorescence

imaging systems, this technology can now be used during laparoscopic surgery. We

review the literature and describe our experience regarding the usefulness of ICG

fluorescence imaging in LLR.

37.2 Materials

A laparoscopic system (Karl Storz GmbH & Co. KG, Tuttlingen, Germany) with a

xenon light source (D-LIGHT P SCB, Karl Storz) was used. Images were generated

by a high-end full high-definition camera system (IMAGE 1 SPIESTM, Karl Storz)

connected to a laparoscope (HOPKINS®II ICG telescope, Karl Storz) with a 30�

field of view and a diameter of 10 mm equipped with integrated filters for optimal

detection of near-infrared fluorescence and white light. These modes can be alter-

nated with a foot pedal controlled by the surgeon (Fig. 37.1).
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37.3 Role of ICG Fluorescence Imaging in Laparoscopic
Liver Resection

37.3.1 Identification of Anatomic Domain in the Liver

37.3.1.1 Background

Systemic removal of a segment-oriented territory confined by tumor-bearing portal

tributaries was reported to be essential in radical resection of hepatocellular carci-

noma (HCC) [16]. Parenchymal-sparing anatomic liver resection is often selected

for patients with chronic liver impairment. Identification of the boundaries of

hepatic sections or segments is usually done by means of ischemic demarcation

followed by selective occlusion of the hepatic portal pedicle, with or without

mapping with blue dye staining-guided intraoperative ultrasound [1, 17]. However,

these strategies sometimes result in inadequate visualization of the stained domain,

especially in cirrhotic liver. Aoki et al. [18] reported that ICG fluorescent mapping

Fig. 37.1 The laparoscopic ICG fluorescent imaging system (Karl Storz GmbH & Co. KG,

Tuttlingen, Germany)

(a) High-end full high-definition camera system (IMAGE 1 SPIESTM, Karl Storz)

(b) Laparoscope (HOPKINS®II ICG telescope, Karl Storz)

(c) Foot switch
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identified the stained hepatic domain in more than 90 % of patients undergoing

open anatomic liver resection and that the techniques was successful even against

the background of liver cirrhosis. A recent report by Sakoda et al. [19] indicated that

this technology was useful during LLR.

37.3.1.2 Mechanism

Liver parenchyma fluoresces due to uptake by Kupffer cells within 2–3 min after

intravenous injection of 0.5 mg/kg dilute ICG solution, the same dose used for

preoperative evaluation of hepatic functional reserve.

37.3.1.3 Method

In anatomically oriented liver resection, the fundamental technique involves selec-

tive occlusion of the portal pedicles of the liver parenchyma, using a Glissonean

approach or individual isolation of hepatic inflow vessels before hepatic parenchy-

mal transection [1, 20]. ICG is administered intravenously after selective vascular

occlusion is achieved. Consequently, the inflow-preserved liver area is fluorescent,

and ischemic area is discolored as counterstaining fashion.

37.3.1.4 Case Presentation

Case description: Hepatocellular carcinoma and liver cirrhosis in segment 6 in a

56-year-old male. The patient underwent LLR of segment 6. The Glissonean sheath

to segment 6 was isolated and ligated before liver parenchymal transection. After

administration of ICG, the fluorescent imaging system allowed clear identification

of the territory of the Glissonean sheath to segment 6 as an ischemic area

(Fig. 37.2a–b). Liver resection was performed along the fluorescence boundary

on the liver surface and parenchyma (Fig. 37.2c). After hepatic parenchymal

transection, the entire resection plane was visualized as a fluorescence-emitting

plane (Fig. 37.2d).

37.3.1.5 Assessment

The inflow-occluded area usually appears as an ischemic demarcation on the liver

surface but is not always clearly visible during surgery, especially in cases of liver

cirrhosis associated with portal hypertension, which leads to turbulent portal flow

[21]. Similarly, the inflow-occluded area on the liver surface may also be indistinct

after adhesiolysis. In our experience, these trends are obvious when visible white

light is used during conventional endoscopy. Thus, ICG fluorescent imaging may be

beneficial and sensitive in identifying anatomic segmentation in the liver surface
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achieved by a control portal pedicle in the laparoscopic setting. The distribution of

ICG fluorescence can be identified even inside the liver. In our experience, navi-

gation using the ICG system would make easier to reveal the orientation of

anatomic boundaries within the liver parenchyma, compared with observation of

ischemic discoloration or dye staining. Thus, ICG fluorescence staining could help

address the main limitation of LLR—its difficulty in determining anatomic orien-

tation due to its reliance on a two-dimensional magnified view.

Fig. 37.2 Identification of anatomic domain in the liver
(a) After ligation of the Glissonean sheath to segment 6, the demarcation area is observed under

white light

(b) After ICG administration, the territory of the Glissonean sheath of segment 6 is clearly

visualized, after counterstaining, by the fluorescent imaging system

(c) LLR of segment 6 was performed along the fluorescence boundary on the liver surface and

interior

(d) After hepatic parenchymal transection, the entire plane of resection is visualized as a

fluorescence-emitting plane
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37.3.2 Detection of Liver Tumors

37.3.2.1 Background

In open liver surgery, the location and extent of tumors are usually determined by

visualization and surgical palpation, with ultrasound assistance. However, macro-

scopically unidentifiable, small, subcapsular lesions might be missed even in open

procedures. Ishizawa et al. reported that ICG fluorescent imaging, with preoperative

ICG administration, enables highly sensitive detection of small and grossly

unidentifiable liver cancers near the liver surface, through visualization of uptake

and abnormalities in biliary excretion of ICG in cancer and noncancerous liver

tissues. They concluded that this technology enhanced the accuracy of liver resec-

tion and operative staging [13].

A disadvantage of laparoscopic surgery is the limited ability to palpate the

tumor. The recent development of laparoscopic ICG fluorescence imaging may

compensate for this limitation in the diagnosis of hepatic malignancy during LLR.

Satou et al. [22] reported that extrahepatic metastases from HCC emitted fluores-

cence on ICG fluorescent imaging. As compared with open procedures, inspection

of the whole abdomen is often easier when done laparoscopically. Therefore, ICG

fluorescence imaging should be more often utilized in laparoscopic surgery.

37.3.2.2 Mechanism

Although the precise mechanism of ICG accumulation in liver tumors is unknown,

Ishizawa et al. found that well-differentiated HCC tissues take up ICG during

preoperative administration, although biliary excretion of ICG is impaired in

HCC because of morphologic or functional abnormalities. In contrast, poorly

differentiated HCC and metastatic liver cancers do not take up ICG. However,

such tumors can be visualized as rings of fluorescence, which result from impaired

bile excretion in surrounding nontumorous tissues that are compressed by tumors

[13, 23]. Using a fluorescence microscope, they also noted ICG fluorescence in the

cytoplasm and pseudoglands of well-differentiated HCCs. Fluorescence was also

seen in nontumorous liver tissue compressed by tumors in cases of poorly differ-

entiated HCC and colorectal cancer metastases, as in the abovementioned macro-

scopic findings [24]. This variation in enhancement pattern may be caused by

varied expression of organic anion-transporting polypeptide 8 [25].

37.3.2.3 Method

Within the 2 weeks before surgery, 0.5 mg/kg of ICG (Diagnogreen; Daiichi

Sankyo, Tokyo, Japan) is administered intravenously for preoperative evaluation
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of hepatic functional reserve. The entire abdomen, including the liver, is inspected

with the ICG fluorescence imaging system during surgery.

37.3.2.4 Case Presentation

Case description: Multiple recurrent HCC in the left lateral section, 3 years after

partial resection of segment 3 for initial HCC, in a 79-year-old female with Child B

liver cirrhosis. Macroscopic cirrhosis with multiple regenerative nodules was

observed with the visible white light mode of the laparoscope; however, no tumors

were clearly visible on the liver surface (Fig. 37.3a). After introduction of the

fluorescence imaging, multiple subcapsular tumors were resected (Fig. 37.3b). No

other emission-suspected extrahepatic metastasis was seen in the abdomen. Lapa-

roscopic left lateral sectionectomy was performed. Pathologic analysis of the

specimen showed well-differentiated HCC.

37.3.2.5 Assessment

Kudo et al. [26] described the sensitivity of laparoscopic ICG fluorescence imaging

in 12 HCCs (75 %) and 11 liver metastases (69 %) on the liver surface, which were

distributed over Couinaud segments 1–8, including tumors unidentifiable by white

light. However, inability to visualize tumors �8 mm from the liver surface is a

major limitation of ICG fluorescence imaging in open and laparoscopic procedures

[13]. Therefore, intraoperative ultrasound remains an indispensable diagnostic tool

for assessment of liver tumor, including deep lesions.

False-positive emission is another concern in the detection of liver malignancies.

Morita et al. reported and noted very small emission spots on the liver surface and

Fig. 37.3 Detection of liver tumors
(a) Macroscopic cirrhosis with multiple regenerative nodules as visualized in visible white light

mode. The tumors are not clearly visible from the liver surface

(b) Fluorescence imaging reveals multiple subcapsular tumors, which were later resected
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cut plane. Pathologic examination showed that these emissions were derived from a

dysplastic nodule, liver parenchyma, bile plug, and cyst [27]. Tanaka

et al. suggested that ICG might accumulate in regenerative nodules [28]. The

many false-positive emissions are believed to be due to severe liver function

disorder and biliary excretion disorders [13, 28–30], which are frequently seen in

cirrhotic liver.

Ishizawa et al. demonstrated that the signal intensity of noncancerous liver

parenchyma was higher in patients with an unfavorable ICG retention rate and in

patients who had received an ICG injection within the 24 h before surgery

[13]. They proposed that an interval longer than 2 days might be necessary in

order to obtain good lesion-to-liver contrast, especially in patients with advanced

cirrhosis [31].

37.3.3 Visualization of Biliary Leakage

37.3.3.1 Background

Postoperative bile leak is a common complication (up to 10 % of cases) [32–34] and

can worsen outcomes after liver surgery, even in the modern era [32, 33]. For the

best outcome, bile leakage should be detected intraoperatively; however, a ran-

domized trial found that use of a bile leak test requiring injection of saline solution

through the cystic duct offered no advantage [34], probably because of the trans-

parency of saline. Intrabiliary injection of dyes such as methylene blue [35] and

ICG [33, 36] has also been attempted, but these dyes can densely stain tissue and

complicate repeat inspection. A randomized control trial [14] found that ICG

fluorescent cholangiography was useful in detecting bile leakage not detected on

a leak test using saline. Sakaguchi et al. [15] reported that ICG fluorescent cholan-

giography was sufficiently sensitive to identify bile leakage.

37.3.3.2 Mechanism

Human bile juice contains proteins that bind ICG [37]; therefore, fluorescent

images of the biliary tract can be obtained after intrabiliary injection of ICG [38].

37.3.3.3 Method

After completion of hepatic resection, a catheter is cannulated into the common bile

duct through the cystic duct, and 5–10 ml of dilute ICG solution blended with bile

juice (0.05 mg/ml) is injected into the bile duct, while the common bile duct is

distally occluded to the cystic duct. Emitted leakage from the cut surface of the liver

or intrahepatic bile duct is repaired by suture or clip.
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37.3.3.4 Case Presentation

Case description: HCC (size, 8 cm) in segments 4–8 in a 73-year-old female. Pure

laparoscopic anatomic liver resection of the medial section with the ventral area of

the anterior section was performed. After hepatectomy was completed, bile leakage

was suspected on the hepatic hilum. However, the leakage site could not be clearly

identified using the visible white light mode of the laparoscope (Fig. 37.4a). The

fluorescence mode was activated, and bile leakage from the left hepatic duct was

detected and repaired by suturing (Fig. 37.4b).

37.3.3.5 Assessment

A limitation of ICG fluorescent cholangiography is that it cannot adequately

visualize the intrahepatic and extrahepatic bile ducts, which are covered by sur-

rounding tissue, due to the limited tissue penetration of near-infrared light.

Fig. 37.4 Visualization of biliary leakage
(a) Bile leakage was suspected on the hepatic hilum. However, the site of leakage could not be

clearly identified with the visible white light mode of the laparoscope

(b) Fluorescence imaging allowed detection and elimination of bile leakage from the left

hepatic duct
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37.4 Conclusion

We conclude that LLR will be increasingly used for treatment of liver disease, as it

is minimally invasive, preserves postoperative quality of life of patients, and is

effective in curing disease. Intraoperative real-time image guidance systems will

become indispensable tools for hepatobiliary surgery and in laparoscopic settings.

ICG is a safe agent: the incidence of adverse reactions after intravenous injection

is rare, approximately 0.003 % [39]. An advantage of laparoscopic ICG fluores-

cence imaging is that surgeons can use a foot pedal to instantly change the mode

from visible white light to fluorescence, using the same monitor. The ICG fluores-

cence imaging system will certainly prove useful as a surgical “third eye” in the

safe and precise performance of LLR.
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Chapter 38

Detection of Hepatic Micrometastases from

Pancreatic Cancer

Naoyuki Yokoyama, Hideki Hashidate, and Tetsuya Otani

Abstract The detection of hepatic metastases is critical in the treatment of pan-

creatic cancer, because their presence suggests systemic disease with poor progno-

sis. Although recent advances in high-resolution imaging have allowed physicians

to delineate small hepatic tumors, some of those might still be missed owing to their

location and miniscule size. Such micrometastases may result in early-term hepatic

relapse after radical surgery for pancreatic cancer. We utilize indocyanine green

(ICG) near-infrared (NIR) fluorescence imaging which better detects extremely

small hepatic lesions to identify hepatic micrometastases intraoperatively. Our

experience demonstrates that ICG-NIR imaging successfully detects hepatic

micrometastases in approximately one sixth of pancreatic cancer patients without

suspicion of hepatic disease before surgery. The hepatic micrometastases detected

microscopically originate from the tumor thrombi at the intrahepatic portal triad,

and their local invasion results in focal obstructive jaundice that might fluoresce

under ICG-NIR. Patients with hepatic micrometastases frequently experience overt

hepatic relapse within 6 months after surgery; therefore, such hepatic

micrometastases seem to be clinically evident as distant metastases. ICG-NIR

fluorescence examination contributes to real-time cancer staging and the elucida-

tion of pancreatic cancer biology.
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38.1 Rationale for the Detection of Hepatic

Micrometastases from Pancreatic Cancer

Clinical oncologists are enthusiastic about imaging modalities that specifically

detect neoplastic lesion. Recent advances in clinical imaging including magnetic

resonance imaging and multidetector computed tomography (MDCT) allow for the

precise detection of considerably small tumors. Moreover, examinations such as

positron emission tomography CT and indocyanine green (ICG) or aminolevulinic

acid fluorescence imaging which can discriminate neoplasms from normal tissue

based on cancer-specific metabolic processes have also been developed [1–4].

ICG near-infrared (NIR) fluorescence imaging has been used for real-time

visualization of blood or lymphatic flow in various fields [5–9]. In 2009, Ishizawa

et al. reported that hepatic tumors could be detected with high sensitivity using this

technique [2]. They also demonstrated that the examination was feasible in not only

primary but also metastatic liver tumors regardless of their origin. We have

accordingly applied the concept to pancreatic cancer surgery for real-time detection

of hepatic micrometastases [10, 11]. In pancreatic cancer, hepatic metastases

suggest systemic disease with poor prognosis; therefore, their precise detection

for accurate cancer staging is clinically very important [12, 13]. In this chapter, we

review the pathological and clinical results of ICG-NIR examination for the

detection of hepatic micrometastases from pancreatic cancer.

38.2 Procedures

We defined hepatic micrometastases as histologically confirmed cancer metastases

that are not identified during preoperative imaging or intraoperative gross exami-

nation but could be detected on fluorescence imaging. The detailed procedures for

the examination have been previously described [10, 11]. We generally inject

25 mg of ICG per body the day before surgery with further dose adjustment

according to patients’ age and the body size. Allergic reactions such as a drop in

blood pressure, nausea, or local pain with ICG injection have been reported in

0.17 % of the patients and should be carefully monitored. Patients are also informed

about the benefits and risks of the examination.

Several types of NIR fluorescence equipment are commercially available.We use

photodynamic eye system (Hamamatsu Photonics, Japan) for open surgery and a

laparoscopic examination system (Olympus, Japan) for laparoscopic surgery to

detect hepatic micrometastases from pancreatic cancer. Both systems have their

own technical advantages and disadvantages. During an open surgery, the clinician

can use tactile sensation to help with fluorescent examinations; however, surgical

light in the operating room must be turned off for NIR observation. On the other

hand, the laparoscopic fluorescence system can be switched from normal vision to

fluorescent imaging with “one push of a button” at the fiberscope, and the location of
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an abnormal hepatic lesion can be easily recognized with close laparoscopic obser-

vation. Furthermore, the less invasive laparoscopic examination allows patients to

avoid major laparotomy procedures. Thus, it might become the mainstream for

detecting hepatic micrometastases from pancreatic cancer in the near future [14–16].

Abnormal hepatic foci that fluoresce under NIR are suspected to be

micrometastases. Small nodules could be palpated or observed via gross examina-

tion in certain cases under the guide of fluorescent imaging, and they could be

biopsied eventually. If no other lesions are observed, the liver tissue around the

fluorescent area is then excised for histological examination. The biopsied speci-

mens are frozen and sectioned for initial pathological evaluation and subsequently

processed into permanent for highly detailed histological examination. “False-

positive fluorescence” cases are registered when hepatic metastases could not be

detected in the biopsied specimens.

38.3 Detection of Hepatic Micrometastases

In our experience treating 102 patients with invasive pancreatic cancer, abnormal

hepatic lesions were detected in 26 (25.5 %) by using intraoperative fluorescence

examination (Fig. 38.1). Most of these lesions exhibited spotty pattern and measured

2–5 mm in diameter, but the fluorescent area exceeded 3 cm2 in some cases. Subse-

quently, hepatic metastases were histologically confirmed in those 18 patients (17.6%).

The numbers of hepatic micrometastases were purulent in all of the 18 patients.

The gallbladder and extrahepatic bile ducts which contain biliary juice with

physiologically secreted ICG showed fluorescence. Additionally, simple biliary

cysts could also be positive for NIR examination. When those benign foci were

excluded, the false-positive fluorescence rate was 7.8 % (8/102 patients) in our

experience. Both the false-positive samples and those with histologically confirmed

micrometastases via frozen section examination were submitted for further histo-

logical evaluation.

38.4 Histopathological Features of Hepatic

Micrometastases

Our histopathological examination revealed that the hepatic micrometastases from

pancreatic cancer detected by using fluorescence imaging were mainly located at

the portal triad (Fig. 38.2). Most of them seemed to be derived from the tumor

thrombi of the portal vein in the intrahepatic portal triads, and their extravenous

invasion caused desmoplastic reaction around the foci. Such a reaction then resulted

in obstruction and stasis of local biliary flow and bile stasis at the peripheral liver
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Fig. 38.1 Hepatic micrometastases detected by using an indocyanine green fluorescent system are

demonstrated. Although a hepatic tumor was not readily observable via macroscopic inspection, a

fluorescent lesion was delineated using near-infrared imaging, and metastatic adenocarcinoma was

confirmed via histological examination of the collected specimen

Fig. 38.2 Histopathological findings of hepatic micrometastases from pancreatic cancer are

shown. Metastatic adenocarcinoma originating from the portal thrombi invaded toward the

parenchyma of the portal triad. Desmoplastic reaction due to tumor invasion caused local biliary

obstruction and resulted in dilation of the peripheral bile ducts (arrows)
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(Fig. 38.3). Thereafter, focal dilation of the biliary ducts was frequently observed in

the specimens with hepatic micrometastases.

We observed eight cases of false-positive fluorescence in which benign foci

were not distinguishable from micrometastases during intraoperative gross exam-

ination. Histological examination of the permanent specimens from those cases

revealed different biliary congestive conditions including biliary hamartoma, focal

steatohepatitis, and cholangiectasis of unknown origin [17]. Thus, some types of

bile stasis were found in all cases with abnormal hepatic fluorescence regardless of

the histological confirmation of micrometastases. We therefore hypothesize that the

ICG-containing stagnant bile is the reason for fluorescence, and hepatic

micrometastases themselves do not fluoresce [10, 17]. As a result, the size and

location of the fluorescence are not in accord with those of the actual

micrometastases (Fig. 38.4). Moreover, diffuse fluorescence was observed in the

Fig. 38.3 Schematic diagrams of hepatic micrometastases and their fluorescence mechanism are

shown. Micrometastases do not fluoresce, but indocyanine green-contained stagnant bile caused

by cancer development at the portal triad does under near-infrared examination

Fig. 38.4 The site and area of fluorescence observed on the liver surface were not in accord with

those of the actual hepatic micrometastases
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entire liver of patients with obstructive jaundice, owing to biliary stasis, which

supports our hypothesis. In contrast, metastatic foci showed negative fluorescence

in those patients (Fig. 38.5). This finding of false-positive results might be associ-

ated with inadequate sample collection.

38.5 Clinical Impact of Hepatic Micrometastases

The most important issue regarding hepatic micrometastases from pancreatic can-

cer is whether they have the same clinical significance as the overt distant metas-

tases. To date, we have treated the two conditions similarly [10]. In cases of

histologically confirmed hepatic micrometastases, even if the disease is considered

as loco-regionally resectable stage, systemic chemotherapy is administrated after

exploratory surgery or palliative bypass operation. On the other hand, patients

without hepatic micrometastases (including those with false-positive findings)

undergo radical or palliative surgery according to other staging factors. All patients

are periodically followed up with MDCT regardless of curative or palliative

surgery.

Hepatic overt metastases were more frequently observed in patients with

micrometastases (14/18, 77.8 %) within 6 months after the surgery than in those

without (7/84, 8.3 %) (Fig. 38.6). The short-term hepatic relapse often developed in

multiple lesions and widespread hepatic area. Therefore, the micrometastases

detected during surgery seem to have similar clinical impact to that of overt hepatic

metastases. Resection of hepatic micrometastases has little clinical validity even

when the number of lesions is limited. In addition, systemic chemotherapy is often

unable to control the liver disease; therefore, some liver-targeted therapies (i.e.,

Fig. 38.5 Macroscopic features of hepatic micrometastases from pancreatic cancer detected in a

patient with obstructive jaundice are shown. The liver fluoresced diffusely on indocyanine green

near-infrared examination, but the metastatic focus observable via gross inspection did not
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perfusion chemotherapy, radiation) may be needed for patients with hepatic

micrometastases [18, 19]. On the contrary, as the probability of hepatic relapse in

patients without hepatic micrometastases is significantly lower, loco-regionally

curative therapies may play an important role in those patients.

We observed overt hepatic relapse in 62.5 % (5/8) of the patients with false-

positive fluorescence findings (Fig. 38.6). The probability was comparable to that of

patients with histologically confirmed hepatic micrometastases. Such a phenome-

non might be explained by the presence of hepatic micrometastases adjacent to the

biopsied specimens, owing to the discrepancies in fluorescence signals and actual

tumor foci. Alternatively, the metastases might be too small to be detected even on

microscopic examination. In our experience, the positive predictive value of abnor-

mal hepatic fluorescence (including true and false-positive cases) for hepatic

relapse was high (73.1 %, 19/26), and the negative predictive value was extremely

high (94.7 %, 72/76). Regardless of histological confirmation, fluorescence imaging

seems to be a highly sensitive and specific examination for predicting hepatic

relapse in pancreatic cancer.

There are several technical limitations of fluorescence imaging examination.

The permeation depth of NIR is up to 1 cm; therefore, false-negative results might

be expected in cases of deep hepatic foci [2, 8, 9]. On the other hand, the issues of

false-positive fluorescence described above should be resolved with careful histo-

logical analysis. Future clinical and histopathological studies with a larger number

of samples are warranted to address such issues.

38.6 Future Perspectives

ICG-NIR fluorescence imaging enables the detection of hepatic micrometastases

from pancreatic cancer that are not identified by using other examination modali-

ties. Their detection contributes to the precise staging and accurate planning of

Fig. 38.6 Probability of overt hepatic relapse within 6 months after surgery for pancreatic cancer

stratified by near-infrared fluorescence examination
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treatment strategy. Moreover, unnecessary radical surgery can be avoided in

patients with hepatic micrometastases. Additionally, histopathological information

on hepatic micrometastases might increase the oncologic knowledge of pancreatic

cancer. In the field of clinical imaging, the altered local circulation caused by

hepatic micrometastases at the portal triad might be detected by using dynamic

imaging modalities [20]. Their early detection allows for proper treatment of the

disease. Thus, the detection of hepatic micrometastases may improve the outcome

of the “highly malignant” pancreatic cancer.
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Chapter 39

Superficial Lymph Flow of the Upper Limbs
Observed by an Indocyanine Green
Fluorescence Method: Lymph Flow
in Healthy Persons and Patients with Breast
Cancer-Related Lymphedema

Seiji Ohtsubo, Mitsuo Kusano, and Miyoko Mori

Abstract Objectives: Reports of evaluations of normal superficial lymph flow

using indocyanine green (ICG) fluorescence lymphography are rare. Here we

investigated the normal superficial ICG fluorescence (IF) lymph flows and the

characteristic IF images of lymphedema. We also evaluated the effect of complete

decongestive physiotherapy (CDP) as a rehabilitation approach for lymphedema in

the upper limbs, using IF imaging.

Methods: Five normal volunteers and three patients with breast cancer-related

lymphedema (BCRL) were the subjects. ICG solution (0.4 mL) was injected

subcutaneously at three points between the bases of the fingers, and we then

observed the superficial IF lymph flow of the upper limbs using a near-infrared

camera system.

Results: In the observation of normal superficial lymph flows of the upper limb,

there were two major lymph flows, one to the radial side and the other to the ulnar

side, which were clearly recognized by the IF lymphography. Those lymph flows

were building a network along with the lymphatic flow. Many of the lymphatic back

flow images of the upper arms of the BCRL patients showed “dermal backflow

(DB).” In one patient, the DB decreased sharply after she underwent CDP for

1 year.
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Conclusions: We evaluated the normal and abnormal superficial lymphatic flows

in the upper limbs in real time by an IF method. We expect that these characteristic

images will not only help elucidate the anatomy of the lymph system but also be

used in therapeutic procedures for lymphedema of the upper limbs in patients

with BCRL.

Keywords Indocyanine green • Fluorescence imaging • Lymphedema • Complete

decongestive physiotherapy • Breast cancer-related lymphedema

39.1 Introduction

Breast cancer-related lymphedema (BCRL) is one of the unsolved complications

for patients who have undergone a radical mastectomy. Patients with BCRL in an

upper limb suffer from not only disfigurement of their limbs but also functional and

psychological stress. Complete decongestive physiotherapy (CDP) is recommended

for these patients [1, 2]. In our hospital, CDP has been carried out for 240 lymph-

edema patients since April 2009. We have obtained relatively good results with the

CDP; however, we could not assess its efficacy precisely due to the shortage of

useful methods to evaluate the effects of the CDP. Evaluations of the anatomy and

the lymph dynamic physiology of normal lymph flow are the first step toward

developing more effective lymphedema treatments.

In recent years, the ICG fluorescence (IF) imaging method has been used for the

detection of the sentinel lymph nodes in breast cancer [3, 4] and for evaluations of

lymphedema after an axillary lymph node dissection [5]. The evaluation of abnor-

mal images of lymph flow in lymphedema with the IF imaging method has been

reported [6–8], but reports of the normal superficial lymph flow using the IF

imaging method are very rare.

The primary purpose of the present study was to observe the normal superficial

lymph flow by the IF imaging method, and the secondary purpose was to evaluate

the characteristic IF images of lymphedema. The third purpose was to clarify the

effectiveness of CDP in the upper limbs using the IF imaging method.

39.2 Materials and Methods

Five healthy adult volunteers and three BCRL patients participated in this study.

Their ages ranged from 26 to 65 years (mean age 48 years). ICG solution was

injected subcutaneously at three points between the bases of the fingers and thumb

(Fig. 39.1), and we then observed the superficial ICG fluorescence images of lymph

flow of each subject’s upper limbs using a near-infrared (photodynamic eye;

Hamamatsu Photonics, Hamamatsu, Japan) system (Fig. 39.2).
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We observed the normal and abnormal lymph flows in real time, but it was

difficult to observe the entire images of lymph flows in the upper limbs (Fig. 39.3)

due to the wide observation field. Therefore, we traced the IF images directly on the

skin of the subjects’ arm with a black felt pen (Fig. 39.4).

Fig. 39.1 Injection points

of ICG solution

Fig. 39.2 PDE camera

(PDE-neo)
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39.3 Results

39.3.1 The Normal IF Lymphography of Superficial Lymph
Flows

We were able to observe several IF images in which the ICG solution ran from the

forearm to the upper arm immediately after the injection of the solution in all five

healthy volunteers. We also observed that the IF images reached the axilla area

within 4–5 min after the injection of ICG in the normal arms. When the ICG

solution was injected at the base of the thumb and forefinger, the lymph vessels

were observed to run nearly straight to the deltoid muscle area. When the ICG

solution was injected at the root of the third finger, the lymph vessel’s lines ran
toward the axilla region after surrounding the elbow. The networks are demon-

strated in an upper arm and forearm in Fig. 39.5.

39.3.2 Characteristic ICG Fluorescence Images of BCRL
Patients

The speed of the IFG lymphatic flow became extremely slow compared to the

normal arms. The normal IFG lymph flows were observed as a linear pattern

(Fig. 39.6a). Abnormal IF images of lymphedema were classified into three

Fig. 39.3 Entire images of lymph flow of upper limb

Fig. 39.4 Tracing of IF images by black felt pen
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characteristic patterns called “dermal backflow (DB)”: the splash (Fig. 39.6b),

stardust (Fig. 39.6c), and diffuse (Fig. 39.6d) patterns. In the present study, these

patterns were confirmed in the BCRL patients with lymphedema of the limbs.

Fig. 39.5 Green lines: the lymph flows on the radial side. Blue lines: the lymph flows on the ulnar

side. White lines: these networks in an upper arm and forearm

Fig. 39.6 Characteristic patterns of ICG fluorescence images. (a): Linear (normal lymph flow),

(b): splash, (c): stardust, and (d): diffuse. Panels (b–d) show an abnormal pattern of BCRL called

dermal backflow (DB)
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39.3.3 Evaluation of the Effect of CDP for the Upper Limbs
Using the IF Method

A case was reported in which the lymphedema of the upper limb was dramatically

improved by CDP (Figs. 39.7 and 39.8). We observed many instances of DB (the

splash pattern) in the IF images of the superficial lymph flow in the BCRL patients’
forearms before CDP (Fig. 39.7a). We marked the lymphedema points for the IF

imaging (Fig. 39.7b). The splash pattern decreased and the linear pattern appeared

on the forearm in one patient after 1 year of CDP treatment (Fig. 39.8a, b).

39.4 Discussion

The incidence of BCRL has a strong correlation with axillary dissection and

radiotherapy [9–12]. BCRL is major complication that interferes with a patient’s
quality of life, and it induces psychological stress. The effectiveness of CDP for

BCRL patients has been shown [1, 2].

At our hospital, CDP has been carried out in 240 patients with lymphedema

since April 2009, and we have obtained rather good results with the CDP (data not

Fig. 39.7 IF image (a) and marking image (b) before CDP. Arrowheads: the splash pattern
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shown). Although lymphoscintigraphy [13, 14], computed tomography

(CT) [15, 16], and magnetic resonance imaging (MRI) [17] have been used for

the assessment of lymphedema and CDP’s effects, they do not provide enough

information about the dynamic images of lymph flow in real time.

A method using IF and near-infrared observation has been used to map the

sentinel nodes [3, 4], and ICG has been used as the contrast medium for angiogra-

phy. When the ICG solution is irradiated with near-infrared light at ~760 nm, it

discharges the fluorescence at ~845 nm [18]. The fluorescence cannot be seen by

the naked eye because it is a light wave in the near-infrared region. We therefore

used a near-infrared camera system (Fig. 39.2) when we observed the fluorescence

images.

Although the observation of lymphedema using the IF method has been reported

[6–8], there are few reports that mention the real-time detection of the normal

superficial lymph flows of the upper limb. We emphasize that the clarification of the

normal lymph flows is essential when we seek to understand the pathophysiology of

lymphedema.

Here we observed the normal lymph flows as reliable linear images (Fig. 39.6a;

the linear pattern), and we observed other two major lymph flows in the upper limbs

(Figs. 39.4 and 39.5). The lymph flows on the arm’s radial side run approximately

straight toward the deltoid muscle area. The lymph flows on the arm’s ulnar side run

Fig. 39.8 IFG image (a) and marking image (b) after CDP. Arrowheads: the improved points
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toward the axilla region after surrounding the elbow. These lymph flows were

building a network along the way (Figs. 39.4 and 39.5). The drainage into the

two main flows is an advantage for the enhancement of the effectiveness of CDP.

We also found that in the normal arms, the ICG reached the axilla area within

4–5 min after the injection of ICG solution.

Our observation of three BCRL patients by the IF method revealed that the speed

of lymphatic flow became extremely slow, and we saw that many of the lymph back

flow images showed dermal backflow in its characteristic splash, stardust, and

diffuse patterns. These patterns are useful for the assessment of the severity of

lymphedema [6–8]. The ICG diffuse pattern indicates the most severe lymphedema.

The BCRL patients showed a high degree of DB in the images of their upper limbs.

Few studies have examined superficial IFIs of the upper limb in real time prior to

and after CDP in BCRL patients, and we thus focused on the changes of lymph flow

due to CDP. The DB observed in one patient’s arms before CDP (Fig. 39.7)

decreased sharply after 1 year of CDP treatment, and then it changed to the normal

linear-pattern lymphatic flow (Fig. 39.8), which strongly supports the usefulness of

CDP for BCRL.

It is necessary to preserve normal lymph flow as much as possible in order to

decrease the rate of the occurrence of BCRL. It is also important for breast surgeons

to know the normal superficial lymphatic flow of the upper limbs.

BCRL requires treatment from the early stage. However, it is difficult to

diagnose the early state of edema in real time. Observations of lymphatic flows in

BCRL patients by the IF imaging method will be useful for the detection of

lymphedema in the early postoperative period.

We propose that images of the normal superficial lymph flows and the charac-

teristic abnormal images of lymphedema detected by the IF imaging method

provide important anatomical maps of the lymph flow of the upper arm, which is

essential not only for breast surgery but also for the application of therapy for

lymphedema of the upper limbs.
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Chapter 40

Indocyanine Green Fluorescent

Lymphography and Microsurgical

Lymphaticovenous Anastomosis

Akira Shinaoka, Kiyoshi Yamada, and Yoshihiro Kimata

Abstract A variety of lymphatic imaging techniques have been developed, but no

technique can provide real-time imaging except for indocyanine green fluorescent

lymphography (ICG-LG). The real-time images of ICG-LG make lymphati-

covenous anastomosis (LVA) easy to perform. In this chapter, history and methods

of ICG-LG for LVA are described in detail.

Keywords Indocyanine green fluorescent lymphography • Lymphaticovenous

anastomosis • Lymphedema

40.1 Introduction: History of Lymphatic Imaging

Techniques

Lymphedema cases are classified as primary or secondary. Primary lymphedema is

a congenital hypoplasia of the lymphatic system, although its essential pathogenesis

has not yet been clarified. Secondary lymphedema is acquired damage to the

lymphatic system caused by operations, radiotherapy, and infections that lead to

inadequate lymph function. These disturbances cause abnormal types of lymph flow

that are not seen in healthy individuals.

In order to visualize the abnormal lymph flow, several lymph imaging tech-

niques involving tracers have been developed. However, it is impossible to inject

the tracer from the proximal side. Therefore, all lymphatic imaging techniques

inject tracer from the peripheral side and represent only part of the lymphatic

system.

Direct lymphography is the oldest lymph imaging technique. In this technique

lymphatic vessels are directly cannulated and injected with iodinated oil [1]. In
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other techniques a tracer is injected into the dermis or subcutaneous tissue and is

translocated into the lymphatic vessels prior to imaging. Indirect lymphography

utilizes the fact that large-molecular-weight materials (in this case, 5000 kDa~) are

primarily taken into the lymphatic system. Although there are various tracers and

techniques, the gold standard for the diagnosis of lymphedema is lymphoscin-

tigraphy using 99mTc, first introduced by Sherman in 1953 [2]. A gamma camera

is used to obtain images of the limbs and can reveal deep collecting lymphatic

vessels and lymph nodes. The sensitivity of lymphoscintigraphy is 73–97 % and the

specificity is 100 % [3–5]. Evaluation of lymphatic function is also possible.

Quantitation of the accumulation of radiolabeled tracers at regional lymph nodes,

clearance from the injection site, and quantitation of disappearance rates from the

injection site have been attempted [6–8].

Lymphoscintigraphy is a useful method, but it has three weak points. First is the

patient’s exposure to radiation. Second is the time-consuming examination. A

detailed protocol for lymphoscintigraphy has not yet been established, but the

common scan time points are 30 and 120 min after injection. However, more

delayed scanning, such as time points of 6 or 24 h, may be needed for very early-

stage patients if they show normal lymphatic transport at 120 min. In one series,

32 % of patients would have had normal lymphoscintigraphy results if the scan time

had been limited to 60 min [9, 10]. The third weakness is poor anatomical

information. Because lymphoscintigraphy is two-dimensional and low resolution,

it is not suitable for anatomical evaluation.

40.2 Indocyanine Green Fluorescent Lymphography

Currently, some new lymph imaging techniques for lymphedema have emerged.

These include indocyanine green fluorescent lymphography (ICG-LG) [11], mag-

netic resonance lymphography (MR-LG) [12], and lymphoscintigraphy using a

hybrid SPECT/CT system (SPECT-LG). All of the techniques have improved the

issue of anatomical evaluation. MR-LG and SPECT-LG are three-dimensional

imaging techniques and have better resolution than lymphoscintigraphy. Although

ICG-LG is two-dimensional, it has better resolution in real time than lymphoscin-

tigraphy (Fig. 40.1) and is safer and easier than any of the other techniques.

ICG has primarily been used as tracer for angiography. However, in 2007, Unno

et al. introduced ICG-LG [11]. By using indocyanine green injection and a portable

and easy-to-use infrared camera, real-time imaging of the lymphatic system was

obtained. ICG is intradermally injected into the web space between the fingers,

binds to albumin, and drains into the lymphatic vessels. The albumin-bound ICG is

excited using a 760-nm infrared ray and emits an 840-nm infrared ray. The

fluorescence of ICG in near-infrared wavelengths can deeply penetrate living tissue

and is advantageous for obtaining noninvasive visual information about the lym-

phatic systems.

434 A. Shinaoka et al.



ICG-LG has been studied as not only a real-time imaging technique but also a

method of diagnosing lymphedema. In 2008, Unno et al. measured the velocity of

lymphatic flow with ICG-LG and reported that the decubitus position, exercise

loading, and massage promoted lymphatic flow [13]. In 2011, Yamamoto

et al. reported three types of dermal backflow (DB) patterns seen in lymphedema

patients with ICG-LG: splash, stardust, and diffusion; they also reported relation-

ships between the distribution of these DB patterns and clinical staging [14]. In

2012, Akita et al. reported the possibility that the splash type can serve as an early

sign of lymphedema [15]. Nowadays, ICG-LG is gradually gaining acceptance as a

screening examination for early-stage lymphedema.

40.3 Surgical Operations for Lymphedema and ICG

Lymphography

Various surgical operations for lymphedema have been performed. There are

mainly two categories of surgical operations: volume-reduction methods and

reconstructions of lymph flow. Volume-reduction methods such as the Kondoleon

procedure [16], Charles procedure [17], and liposuction [18] simply attempt to

ablate the offending tissue, mainly fatty tissue. Reconstruction of lymph flow

Fig. 40.1 Comparison of lymphoscintigraphy with ICG lymphography

Several patterns of dermal backflow can be recognized in ICG lymphography (b), but in

lymphoscintigraphy no such pattern is observed (a). Each of the lymphatic vessels in the artero-

medial bundle can be recognized in ICG lymphography (c), but in lymphoscintigraphy, only the

artero-medial bundle can be observed (a)
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attempts to augment lymph flow or egress from the lymphedematous extremity by

establishing communication between the congested lymphatic system and a com-

petent drainage system such as deep lymphatic vessels or venulae. There are some

classical reconstructions of lymph flow like the Degni procedure [19] and O’Brien
[20] procedure, which involve anastomosis to the saphenous vein, but nowadays the

mainstream procedure is lymphaticovenous anastomosis (LVA), which involves

anastomosis to a venula [21]. All reconstructions of lymph flow first need to

discover the thin, transparent lymphatic vessels within the adipose tissues.

ICG-LG visualizes the lymphatic vessels clearly in real time without using radia-

tion, resulting in an improved discovery rate of lymphatic vessels.

40.4 Protocol of ICG-LG

ICG lymphography appeared in the 2000s and is a relatively new method. There-

fore, the protocol of ICG-LG has not been fully established in detail. Typical

methods are shown.

40.4.1 Preparation of Examination

40.4.1.1 Examination Reagent

ICG has been produced as Diagnogreen® for injection (Daiichi Sankyo Company,

Ltd., Tokyo). First, 25 mg of Diagnogreen powder is dissolved in 2 ml pure water.

Second, the solution of Diagnogreen is added to 2 ml of 1 % Xylocaine® injection.

The addition of Xylocaine relieves the pain of the injection of ICG solution.

However, it is important not to add Xylocaine to the vial of Diagnogreen first

because it cannot dissolve the powder; only water (2–10 ml) can.

40.4.1.2 Pain Control

As the pain of the injection of ICG is extreme, controlling the pain is important. Not

only the addition of Xylocaine in solution but also the application of EMLA®
cream is effective at reducing pain. Intradermal injection is more painful than

subcutaneous injection.
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40.4.1.3 Setup of Examination Room

The examination needs to be conducted in a dark room. Even the glimmer of a

liquid crystal screen or infrared heater will disturb the observation of the deep

lymphatic systems.

40.4.2 Ladder of Examination and Operation

40.4.2.1 Injections

Injections of ICG are performed in the intradermal or subcutaneous layer. It is

necessary to consider the differences in lymphatic velocity and lymphatic uptake in

ICG-LG.

Our group injects both layers with 30-gauge needle: the intradermal layer

receives 0.04 ml and subcutaneous layer receives 0.06 ml for a total of 0.1 ml for

one injection point. In the lower extremity, ICG is injected into three points

(Fig. 40.2a). In the upper extremity, ICG is injected into five points (Fig. 40.2b

and c).

This method does not represent all of subcutaneous lymphatic systems because

ICG is injected from the peripheral side. Therefore, it is necessary to consider how

to inject ICG further.

Fig. 40.2 Injection points of extremities in ICG lymphography

In the lower extremity, ICG is injected into three points: the first and fourth web space and the

middle of the fifth metatarsal (a). In the upper extremity, the palm side is injected at the radial, the

ulnar, and the middle of the wrist (b), and the dorsal side is injected at the first and fourth web

space (c)
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40.4.2.2 Observations and Selection of Lymphatic Vessels for LVA

One of the most important functions of preoperative ICG-LG is to detect lymphatic

vessels without fibrosis, but with high flow for anastomosis. Sometimes the point

where dermal backflow (DB) originates can be observed. If there is no DB, it is very

easy to detect good lymphatic vessels by ICG-LG. But if DB widespread, the

lymphatic vessels will be hidden behind it. It is important to note that physical

activity during the examination makes the lymphatic flow increase and, often, the

DB area to spread (Fig. 40.3). Therefore, our group observes patients at rest. If

lymphatic vessels cannot be observed, a soft massage to the puncture area is added.

Lymphatic vessels are mapped as soon as they are observed.

40.4.3 Skin Incision, Preparation, and Anastomosis
of Lymphatic Vessels

Small skin incisions are performed above the lymphatic vessel. Most of the

lymphatic vessels observed by PDE camera are located under the superficial fascia.

Microsurgical lymphovenous anastomoses are performed between lymphatic ves-

sels and venulae (Fig. 40.4). The most commonly performed techniques are direct

end-to-end, end-to-side, or side-to-end microsurgical anastomoses. After anasto-

mosis, a PDE camera can check the patency and lymphatic flow in the venula

(Fig. 40.5).

Fig. 40.3 Effects of exercise in ICG lymphography

Before exercise, lymphatic vessels can be observed clearly. But exercise makes dermal backflow

appear and become widespread, hiding the lymphatic vessels
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Fig. 40.4 Operative photographs of LVA

Operative photographs (a! b) show the lymphaticovenous end-to-end anastomosis technique.

Lymphatic vessel (L ) is anastomosed to a venula (V ) using 12-0 nylon sutures. In general, the

diameter of lymphatic vessels is 0.3–1.0 mm and the diameter of venulae appropriate for

anastomosis is 0.5–1.0 mm

Fig. 40.5 Lymphatic flow to venula in LVA

Lymphaticovenous end-to-side (a) and end-to-end (b) anastomoses are shown. The left pictures
are normal viewing and right pictures are fluorescent viewing. The middle illustrations are figures.
Lymphatic flow (red arrow) from lymphatic vessel (L ) to the venula (V ) can be observed
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40.5 Outcomes of LVA

There are some reports about outcomes of microsurgical lymphovenous anastomo-

sis. Campisi, in Italy, reported results in more than 1800 patients [22]. At a mean

follow-up of more than 10 years, volume changes showed significant improvement

in more than 83 % of the patients. There was an 87 % reduction in the incidence of

cellulitis after microsurgery.

Koshima, in Japan, reported results in the unilateral upper extremity in a total of

27 females [21]. The average follow-up after surgery was 2.2 years, and the average

decrease in circumference was 4.1 cm (47.3 % of the preoperative excess).

Maegawa, in Japan, published results of 472 lymphaticovenous side-to-end

anastomoses in 107 patients with lymphedema [23]. They attempted to assess

function at 6 months or later in 57 patients who underwent 223 anastomoses;

48 of the anastomoses were close to the skin and were suitable for lymphoscin-

tigraphic evaluation. An excellent cumulative patency rate of 75 % of the

lymphovenous anastomoses was observed at 12 months and 36 % at 24 months.

40.6 Conclusion

Among lymphatic imaging techniques, ICG lymphography is most valuable for its

real-time imaging. This feature has made LVA widely used and has simplified the

diagnosis of lymphedema. However, the standard protocol and the analytic tech-

nique of ICG lymphography are not yet established. The most important challenge

in ICG lymphography is to establish a unified global standard protocol and analytic

technique to collect reproducible data on lymphatic function that can meaningfully

evaluate the results of various therapeutic techniques for lymphedema.
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Chapter 41

Comprehensive Lymphedema Evaluation

Using Dynamic ICG Lymphography

Takumi Yamamoto

Abstract Indocyanine green (ICG) lymphography is becoming popular in lymph-

edema management, since it can visualize superficial lymph flows in real time

without radiation exposure. With lymphedema progression, ICG lymphography

pattern changes from normal linear pattern to abnormal dermal backflow

(DB) patterns (splash, stardust, and diffuse patterns). Splash represents mild DB

and reversible change; on the other hand, stardust/diffuse represents moderate/

severe DB and irreversible change. DB stages [leg DB (LDB) stage, arm DB

(ADB) stage, genital DB (GDB) stage, and facial DB (FDB) stage] allow patho-

physiological lymphedema severity staging based on ICG lymphography findings.

ICG velocity, lymph pump function, decreases as lymphedema progresses. ICG

lymphography is also used as pre- and intraoperative navigation for lymphatic

supermicrosurgery such as lymphaticovenular anastomosis. A surgeon can easily

find lymphatic vessels in linear pattern. Progression of ICG lymphography pattern

represents progression of lymphosclerosis; the more severe DB pattern is detected

on ICG lymphography, the more sclerotic lymphatic vessels are. Dynamic ICG

lymphography, dual-phase lymphography, allows pathophysiological severity stag-

ing, evaluation of lymph transportation capacity, and navigation for lymphatic

surgery with one ICG injection. Dynamic ICG lymphography is useful for evalu-

ation of lymphedema prognosis and therapeutic interventions.
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41.1 ICG Lymphography for Lymphedema Evaluation

There are several modalities to visualize lymph flows for lymphedema evaluation.

Among them, lymphoscintigraphy is considered a gold standard, but its image is

obscure and it has a risk of radiation exposure [1]. Near-infrared fluorescence

lymphography using indocyanine green (ICG), ICG lymphography, has been

reported for lymphedema evaluation in 2007, and then, this new modality is

becoming popular because it can visualize superficial lymph flows far more clearly

than lymphoscintigraphy in real time without radiation exposure [2, 3]. ICG lym-

phography has been applied in evaluation of arm, leg, genital, and facial lymph-

edema and used for pre- and intraoperative navigation for lymphatic surgeries and

for postoperative evaluation [3–11]. Dynamic ICG lymphography has been devel-

oped to allow all of the abovementioned evaluations with one ICG injection

(Fig. 41.1) [12, 13].

41.2 Dynamic ICG Lymphography

Dynamic ICG lymphography consists of 2 phase observations: early transient phase

for evaluation of lymph pump function, and late plateau phase for evaluation of

lymph circulation and for navigation of lymphatic surgery [4, 5, 8, 11–13]. Dynamic

ICG lymphography is performed as follows: An examinee is kept still for 15 min,

and 0.05–0.2 ml of ICG (Diagnogreen 0.25 %; Daiichi Pharmaceutical, Tokyo,

Japan) is subdermally injected (at the 2nd web space for extremity and genital

lymphedema, and at the glabella and the philtrum for facial lymphedema). Imme-

diately after ICG injection, fluorescent lymph flow images are obtained using an

infrared camera system (transient phase). Examinees are kept still in supine position

during lymph pump function measurement. After completion of the measurement

(5 min after injection), examinees are allowed to move freely [12, 13].

Approximately 12–18 h after ICG injection, ICG movement reaches a plateau

(plateau phase). In a plateau phase, lymph circulation is assessed based on ICG

lymphography findings as mentioned in Sect. 43.2.2, which allows pathophysio-

logical severity staging and pre- and intraoperative navigation for lymphatic sur-

gery [3–11, 14–16]. For more rapid and convenient assessment, patients are better

Fig. 41.1 Dynamic

indocyanine green

lymphography
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to be instructed to move their extremity rigorously. When patients move their

extremity rigorously, ICG can reach a plateau 2 h after ICG injection. Plateau

phase continues until 72 h after ICG injection; evaluation of abnormal lymph

circulation is possible between 2 and 72 h after ICG injection.

41.2.1 Assessment of Lymph Pump Function

A major strength of ICG lymphography is real-time evaluation. Lymph pump

function can be easily and directly measured by observing ICG movement at an

early transient phase. Several methods have been reported to evaluate lymph

transportation capacity, and ICG velocity is the most practical one; unlike other

measurements that sometimes require 1 h for lymphedema evaluation, measure-

ment of ICG velocity can be completed within 5 min after ICG injection

[12, 13]. The distance between the injection point and the farthest point where

ICG is observed is measured 5 min after ICG injection. ICG velocity is calculated

as follows:

ICG Velocity ¼ Distance

Time
cm=minð Þ

When ICG reaches the groin/axilla in extremity lymphedema cases within 5 min,

ICG velocity is calculated by dividing the distance between the groin/axilla and the

injection point by the time required for transition. ICG velocity decreases with

lymphedema progression and increases after successful treatments. As ICG veloc-

ity is a quantitative measurement, it is quite easy to evaluate lymph transportation

capacity before and after treatments.

41.2.2 Assessment of Lymph Circulation

With progression of obstructive lymphedema, ICG lymphography pattern changes

from normal linear pattern to abnormal dermal backflow (DB) patterns. DB patterns

include splash (mild DB), stardust (moderate DB), and diffuse (severe DB) patterns

(Fig. 41.2) [3]. Lymph flow is obstructed after dissection and/or radiation of lymph

nodes, which leads to lymphatic hypertension, dilatation of lymphatic vessels,

lymphatic valve insufficiency, lymphosclerosis, and lymph backflow. Lymph back-

flow is visualized as DB patterns on ICG lymphography [3–7, 17, 18]. Splash

pattern represents dilated superficial lymphatic precollectors and capillaries that

can work as collateral lymph pathways. Lymph extravasation takes place when the

collateral fails to compensate lymph overload, which is visualized as spots on ICG

lymphography, stardust pattern. With progression of lymph extravasation, the

number of spots on ICG lymphography increases the point where spots cannot be
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distinguished from each other, diffuse pattern. In obstructive lymphedema, DB

patterns usually extend from proximal to distal region. Assessment of abnormal

lymph circulation using ICG lymphography allows pathophysiological severity

staging and prediction of lymphatic vessels before lymphatic surgery.

41.2.2.1 Pathophysiological Severity Staging Systems for Secondary

Lymphedema (Dermal Backflow Stages)

Pathophysiological severity staging system for obstructive lymphedema, DB stage,

is determined based on ICG lymphography findings. There are 4 DB stages: leg DB

(LDB) stage for leg lymphedema, arm DB (ADB) stage for arm lymphedema,

genital DB (GDB) stage for genital and lower abdominal lymphedema, and facial

DB (FDB) stage for head and neck lymphedema [4–7, 19].

LDB stage is a severity staging system for obstructive lower extremity lymph-

edema (Fig. 41.3) [3, 4, 11, 20]. In LDB stage 0, no DB pattern is observed. In LDB

stage I, splash pattern is observed around the groin. In LDB stage II through V,

stardust pattern is observed. In LDB stage II, stardust pattern is limited proximal to

the patella. In LDB stage III, stardust pattern exceeds the patella. In LDB stage IV,

stardust pattern is detected throughout the lower extremity. In LDB stage V, diffuse

pattern is observed with background of stardust pattern.

ADB stage is a severity staging system for obstructive arm lymphedema

(Fig. 41.4) [5, 11, 20]. In ADB stage 0, no DB pattern is observed. In ADB stage I,

splash pattern is observed around the axilla. In ADB stage II through V, stardust

Fig. 41.2 Indocyanine green lymphography findings and lymph circulation
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pattern is observed. In ADB stage II, stardust pattern is limited proximal to the

olecranon. In ADB stage III, stardust pattern exceeds the olecranon. In ADB stage

IV, stardust pattern is detected throughout the upper extremity. In ADB stage V,

diffuse pattern is observed with background of stardust pattern.

GDB stage is a severity staging system for obstructive lower abdominal and

genital lymphedema [6, 11, 20, 21]. In GDB stage 0, no DB pattern is observed. In

GDB stage I, splash pattern is observed around the groin and/or lower abdominal

region. In GDB stage II, stardust pattern is seen around the groin and/or lower

abdominal region. In GDB stage III, stardust pattern is observed around the groin,

the lower abdominal, and the genital region. In GDB stage IV, diffuse pattern is

observed with background of stardust pattern.

FDB stage is a severity staging system for obstructive head and neck lymph-

edema [7, 11, 20]. In FDB stage 0, no DB pattern is observed. In FDB stage I, splash

pattern is observed around the neck. In FDB stage II through V, stardust pattern is

observed. In FDB stage II, stardust pattern is observed in the neck. In FDB stage III,

stardust pattern is seen in the face and neck. In FDB stage IV, stardust pattern is

detected throughout the head and neck region. In ADB stage V, diffuse pattern is

observed with background of stardust pattern.

Fig. 41.3 Leg dermal backflow (LDB) stage for pathophysiological severity staging of leg

lymphedema using indocyanine green lymphography
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41.2.2.2 ICG Lymphography Classification for Primary Lymphedema

Since primary lymphedema has a wide variety of etiologies, it is important to

visualize abnormalities in lymphatic systems for evaluation and diagnosis.

Although ICG lymphography can visualize only superficial lymph flows, ICG

lymphography has been reported to be useful to evaluate and classify primary

lymphedema [22]. The ICG lymphography primary lymphedema classification

includes four patterns: proximal DB (PDB), distal DB (DDB), less enhancement

(LE), and no enhancement (NE) patterns (Fig. 41.5).

In PDB pattern, DB pattern extends from proximal to distal region like DB

stages for obstructive lymphedema. Patients with PDB pattern should undergo

work-up to rule out malignancy because the findings are very similar to that of

cancer-related lymphedema. Lymphatic malformation in the trunk is suspected.

Therapeutic strategy is also similar to that of cancer-related obstructive lymph-

edema. Earlier interventions work better to improve lymph circulation [23].

In DDB pattern, DB pattern is observed in the distal part but not in the proximal

part, and the remaining region shows linear pattern or no enhanced images.

Localized distal malformation or lymphatic valve malformation is suspected.

Patients with DDB pattern usually have past history of cellulitis, and lymphatic

vessels are likely to be affected by inflammation.

Fig. 41.4 Arm dermal backflow (ADB) stage for pathophysiological severity staging of arm

lymphedema using indocyanine green lymphography
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In LE pattern, linear pattern is observed only in the distal part, and the remaining

proximal part shows no enhanced image; no DB pattern is detected. Relative

hypoplasia of superficial lymphatic system is suspected, and aging-related pump

dysfunction may affect development of symptomatic lymphedema. Patients with

LE pattern usually find themselves prone to physiologic temporary leg swelling

before onset of pathologic and progressive leg edema.

In NE pattern, no lymphatic is enhanced other than injected sites; there is neither

linear pattern nor DB pattern. Segmental lymphatic aplasia, severe hypoplasia, or

severe lymph malabsorption is suspected. Most patients with NE pattern developed

lymphedema at birth and suffer from more severe lymphedema compared with

those with other ICG lymphography patterns. Lympho-venous shunt operations

rarely work to improve the disease.

41.2.3 Navigation for Lymphatic Supermicrosurgery

ICG lymphography is useful for preoperative guidance of supermicrosurgical

lymphaticovenular anastomosis (LVA) [8–10, 14–16, 24–28]. As mentioned

above, different ICG lymphography pattern represents different condition of

lymph circulation. With progression of ICG lymphography pattern (linear to splash,

to stardust, and, finally, to diffuse pattern), the lymphatic vessel changes to more

sclerotic with less lymph flow [3, 11, 17, 18, 29]. The diameter of the lymphatic

vessel is approximately 0.5 mm in linear/splash/stardust pattern regions and 0.3 mm

Fig. 41.5 Indocyanine green lymphography classification for primary lymphedema. Proximal

dermal backflow (PDB) pattern, distal dermal backflow (DDB) pattern, less enhancement (LE)
pattern, and no enhancement (NE) pattern
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in diffuse pattern region. Diffuse region should be avoided for LVA surgical field

because detection rate of lymphatic vessel is insufficient and efficacy of LVA is

considered to be low [11, 19, 30, 31].

ICG lymphography is also useful for intraoperative navigation and assessment of

LVA [8–10, 15, 16, 26, 28]. For a surgeon with less experience of LVA, it is

difficult to find the lymphatic vessel because the lymphatic vessel is small and

translucent surrounded with yellow fat tissue. Intraoperative usage of ICG lym-

phography significantly reduces time for dissection of lymphatic vessel and skin

incision length, and allows precise evaluation of LVA patency intraoperatively

[8, 9, 16]. When anastomosis patency is not good, a surgeon can immediately

decide to revise the anastomosis.

41.3 Lymphedema Management Using ICG

Lymphography

A prospective observational cohort study in which 100 consecutive pelvic cancer

patients were followed using ICG lymphography revealed that splash pattern is a

reversible lymph circulatory change whereas stardust pattern is an irreversible

change [32]. Thirty-one patients showed splash pattern (LDB stage I) after cancer

treatments, of which 5 improved to linear pattern (LDB stage 0), 17 stayed in splash

pattern (LDB stage I), and 9 progressed to stardust pattern (LDB stage II). Once

stardust pattern is observed on ICG lymphography, it never improves to splash or

linear pattern even with conservative treatments. Patients with splash pattern

(DB stage I) should be closely followed as “subclinical” lymphedema to prevent

lymphedema development and overtreatment [4, 31]. On the other hand, a patient

with stardust pattern (DB stage II) should undergo LVA or other physiological

lymphedema surgery because conservative treatment cannot improve lymph circu-

lation [11, 17, 18, 32].

When lymphedema treatments are indicated, conservative therapies should be

applied first; conservative treatments should also be performed before lymphedema

surgery as perioperative management [11, 14, 23]. When lymphedema progresses

despite conservative treatments, lymphatic surgeries are indicated. For DB stage I

(subclinical lymphedema) or DB stage II (early-stage lymphedema) patients, LVA

would be the choice of treatment due to its effectiveness and minimal invasiveness;

LVA can be performed via a small skin incision under local infiltration anesthesia

[11, 16, 31]. LVA can be performed also for DB stage III (progressed lymphedema)

patients, but treatment efficacy is sometimes not enough to improve the disease. It is

difficult to reduce lymphedematous volume with LVA in DB stage V patients

[4, 14, 23, 33–36]. When lymphedema is refractory to LVA, vascularized lymphatic

tissue transfer with or without debulking procedure such as liposuction is indicated

[11, 18, 31]. Before decision making of lymphedema management, ICG
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lymphography should be performed to maximize treatment efficacy and to mini-

mize a risk of overtreatment (Table 41.1).
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Chapter 42

Lymphatic Pumping Pressure in the Legs

and Its Association with Aging, Edema,

and Quality of Life

Naoki Unno

Abstract Lymph is transported in part by intrinsic contraction of the lymphatic

vessels. The failure of the transporting system may be associated with lymphedema.

Using indocyanine green (ICG) fluorescence lymphography and a transparent

sphygmomanometer calf, we invented a novel method of measuring the pumping

pressure of lymph propulsion (lymphatic pumping pressure; Plymph pump) in human

legs. With this method, we recruited healthy volunteers and measured the leg

Plymph pump in the participants. The results demonstrated a progressive decrease in

Plymph pump with advancing age in both sexes. Next, we investigated the association

of decreased Plymph pump with edema occurrence and their quality of life (QOL)

using Short Form 36 (SF-36) in healthy volunteers. The survey revealed that the

poor Plymph pump group (Plymph pump< 20 mmHg in both legs) had a significantly

lower PF (physical function) and GH (general health) scores than the good Plymph

pump group (Plymph pump> 40 mmHg in both legs). These results suggested that the

value of Plymph pump may reflect the degenerative changes of lymph vessels due to

lymphosclerosis and affect human QOL.

Keywords Lymphatic pumping pressure • Lymphosclerosis • Quality of life •

Edema • Aging

42.1 Background

The lymphatic transport system plays an important role in the maintenance of body

fluid and macromolecular balances, lipid absorption, and immune reactions.

Among the systems, lymphatic pumping or the intrinsic contractions of the lym-

phatics have been proposed as one of the major mechanisms that propel lymph to

the central lymphatic systems (Fig. 42.1). Decreased activity of the lymphatic

pumping may cause lymph stasis, or lymphedema [1–4]. However, the mechanisms
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underline contraction, and the association between failed pumping and disease

development has not been clarified. In 1979, Olzewski et al. was the first to measure

lymphatic pressure in the human subcutaneous collecting lymph vessel of the leg

[5]. They cannulated a pressure transducer directly into the lumen of lymph vessels

and measured the lymphatic pressure at 2–5 postoperative days after the cannula-

tion, and they reported that the pressure ranged from 1 to 40 mmHg. However, since

this method is invasive, it cannot be used to measure the lymphatic pressure of

healthy people. The lack of a noninvasive method for measuring lymphatic

pumping has prevented physicians from studying the role of lymphatic pumping.

Recently, we introduced indocyanine green (ICG) fluorescence lymphography as a

Fig. 42.1 Mechanisms of

lymphangion for lymph

transportation

456 N. Unno



novel imaging test for visualizing real-time lymph flow and reported that the new

imaging technique is useful to assess lymphatic flow both morphologically and

functionally [6, 7]. Recently, we have developed a novel method of measuring

lymph pumping in human legs using a custom-made transparent sphygmomanom-

eter cuff and indocyanine green (ICG) fluorescence lymphography [8]. Since no

study has investigated the normal ranges of human lymph pumping pressure

(Plymph pump) in healthy people, we studied the leg lymph pumping pressure in

healthy volunteers to determine the ranges to simultaneously assess the effects of

aging and the quality of life (QOL) on Plymph pump. Similarly, we surveyed the

occurrence of leg edema and participants QOL using the Medical Outcome Study

Short Form 36 (SF-36) to investigate the association of P lymph pump with leg

edema and QOL.

42.2 Methods

42.2.1 Measuring the Human Lymph Pumping Pressure

All the studies described herein were approved by the Ethical Committee of

Hamamatsu University School of Medicine, and informed consent was obtained

from all the participants.

The measurement was performed as previously reported [9]. Briefly, using a

27-gauge needle, we subcutaneously injected 0.3 mL of ICG (Diagnogreen 0.5 %;

Daiichi-Sankyo Pharmaceutical, Tokyo, Japan) at the dorsum of each participant’s
foot. Immediately after the injection, fluorescence images of the subcutaneous

lymphatic drainage were obtained using an infrared camera system (PDETM,

Hamamatsu Photonics K.K. Hamamatsu, Japan), which activates ICG with light

emitted at a wavelength of 760 nm and filters out light at a wavelength <820 nm.

The light source for the emission of ICG consisted of 760-nm light-emitting diodes,

and the detector was a charge-coupled device camera. The fluorescence images

were continuously observed on the monitor of a laptop (VAIO, Type T; SONY Co.,

Tokyo, Japan).

Before the injection of ICG, a custom-made transparent sphygmomanometer

cuff was wrapped around the lower leg just below the popliteal fossa. The cuff was

connected to a standard mercury sphygmomanometer. Lymphatic pumping was

measured with the participants in the sitting position. Immediately after the subcu-

taneous injection of ICG, the transparent cuff was inflated to 70 mmHg, and then, it

was gradually deflated to lower the pressure by increments of 5 mmHg every 2 min.

This was performed until the fluorescence dye exceeded the upper border of the

cuff, indicating that the lymphatic contraction had overcome the cuff pressure. The

value of the cuff pressure at this point was used to measure P lymph pump

(Fig. 42.2).
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This method was confirmed by comparing data with the values obtained with a

dynamic lymphoscintigram using the same cuff technique. We found that there was

a significant correlation between the values with ICG fluorescence lymphography

and dynamic lymphoscintigraphy [8].

Fig. 42.2 (a) The measurement of lymphatic pumping pressure in the sitting position using

PDE™ (Hamamatsu Photonics K.K. Hamamatsu, Japan)

(b) A custom-made transparent sphygmomanometer cuff and a standard mercury sphygmoma-

nometer

(c) Real-time images of indocyanine green fluorescence lymphography after subcutaneous injec-

tion at the dorsum of the foot. The arrows (yellow) indicate the most advanced indocyanine green
contrast agent in the lymph vessel; the solid line (red) outlines the transparent cuff (Cited from

Ref. [9])
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42.2.2 The Effect of Aging on Human Lymph Pumping
Pressure

Three hundred and ninety-nine participants (199 men and 200 women) were

recruited from the Hamamatsu University School of Medicine. The subjects med-

ical history was screened preliminarily, and those with no serious allergy and no

history of leg injury or surgery were included. Those with an iodine allergy were

excluded according to the industry’s recommendation because ICG contains iodine.

In addition, subjects with varicose vein in the leg (i.e., C3, 4, and 5 according to the

Clinical Etiology Anatomy Pathophysiology (CEAP) classification) were excluded.

P lymph pump was measured as previously described.

Figure 42.3 shows that there was a significant correlation between the leg

lymphatic pumping and age: r¼�0.34 ( p< 0.0001). Both sexes showed a signif-

icant correlation between leg lymphatic pumping and age (male: r¼�0.32,

p< 0.0001; female: r¼�0.37, p< 0.0001).

Aging affects the arteries and causes arteriosclerosis. However, venous stasis

syndrome causes phlebosclerosis. Based on this study’s findings, aging may affect

the lymph vessels and cause lymphosclerosis. This concept was proposed by

Rabinovits et al. almost half century ago [10]. They performed a histological

study on the human thoracic duct in elderly humans and reported changes in the

distribution of smooth muscle cells and fibrosis. Our novel method of measuring

enabled to demonstrate that “lymphosclerosis” may change the lymphatic vessels

functionally. The mechanisms of contraction/relaxation in lymph vessels are yet to

be fully understood. Similar to blood vessels, lymphatic endothelial cells have an

ability to produce nitric oxide (NO) [11]. The endothelium-dependent modulation

via NO production is considered to be a key mechanism of lymph pumping. In an

animal study, endothelial NO synthase expression in the thoracic duct was mark-

edly decreased, and flow-dependent modulation of the lymph pumping was

Fig. 42.3 The influence of

age and sex on leg

lymphatic pumping

pressure (Plymph pump)

(Cited from Ref. [12])
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completely abolished, suggesting that aging may disturb NO-dependent regulatory

mechanisms of the lymphatic vessels [12].

Our study demonstrated the effect of aging on lymphatic vessels, which may

begin a new era of lymphatic research regarding antiaging, lifestyle, and new drug

developments [9].

42.2.3 Value of Human Lymphatic Pumping Pressure
in Association with Leg Edema and Quality of Life

42.2.3.1 Methods

Four hundred and sixty-five healthy volunteers (78 men and 387 women; aged

30–85 years) participated in the study. A standard questionnaire was administered

to obtain complaints of leg edema, body weight and height to calculate the body

mass index (BMI), smoking status, and comorbid diseases (e.g., hypertension,

diabetes mellitus, and hyperlipidemia). Complaints of leg edema were defined as

a feeling of edema for at least 5 days per week even before noon. Subjects with

varicose veins in the legs (C3, 4, and 5 according to the CEAP classification) or a

medical history of lymphedema, deep vein thrombosis, radiation therapy, pre-

scribed cancer agents, current pregnancy, or leg trauma were excluded.

The SF-36 was used to assess the participants subjective health conditions and

their QOL. The SF-36 is a well-validated instrument that provides estimates for the

following eight health concepts: physical functioning (PF); role functioning-

physical (RP); bodily pain (BP); general health (GH); vitality (VT); social func-

tioning (SF); role functioning-emotional (RE); and mental health (MH). Responses

to the 36 questions represent these health concepts on a scale from 0 (worst possible

health) to 100 (best possible health). Plymph pump was measured as described above.

42.2.3.2 Quality of Life with or Without Leg Edema

Approximately, 10 % of the participants complained of leg edema. There were no

significant differences between those with and without edema with regard to BMI,

smoking status, or comorbidities. The mean leg Plymph pump in the edema + and

edema� groups were 20.4� 12.7 mmHg and 23.3� 15.6 mmHg, respectively

( p¼ 0.23). There was no significant difference in the leg Plymph pump between the

two groups, and there was no significant difference in age between the groups.

With regard to the QOL, the SF-36 showed that participants who complained of

edema in the lower legs had a significantly lower PF, RP, BP, and VT scores than

participants who did not complain of edema in the lower legs ( p¼ 0.022, 0.0012,

0.0046, and 0.0076, respectively) (Fig. 42.4). Therefore, leg edema was clearly

associated with a lower QOL. However, there were no significant differences in the

Plymph pump between the two groups, suggesting that Plymph pump is not necessarily a
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decisive factor that causes edema. Among healthy people, other factors such as

exercise, occupation, or mild venous insufficiency (i.e., C1 and 2 according to the

CEAP classification) may affect the occurrence of edema [13]. [14],

42.2.3.3 Quality of Life and Leg Plymph pump

The participants were divided into three groups according to their leg Plymph pump.

Participants with a Plymph pump< 20 mmHg in both legs, 20–49 mmHg in either leg,

and> 40 mmHg in both legs were classified into the poor, moderate, and good

Plymph pump group, respectively. The mean Plymph pump of both legs in the good,

moderate, and poor Plymph pump groups was 44.0� 7.4 mmHg, 19.3� 10.8 mmHg,

and 4.2� 5.2 mmHg, respectively (Table 42.1). There were no significant differ-

ences among the three groups with regard to sex, smoking status, BMI, or

comorbidities. However, the occurrence of leg edema was significantly higher in

the poor Plymph pump group than in the good Plymph pump groups (15.7 % vs. 4 %)

(Table 42.1). The SF-36 revealed that the poor Plymph pump group had a significantly

lower PF score than the good Plymph pump group. The poor Plymph pump group also had

a significantly lower GH score than both the moderate and good Plymph pump groups

(Fig. 42.5). Therefore, the low Plymph pump may affect people’s QOL unfavorably by

causing leg edema [14].

Fig. 42.4 Means of the Short Form Health Survey subscales scores with/without leg edema (Cited

from Ref. [12])
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Table 42.1 Participant characteristics according to Plymph pump

Good Plymph pump

group

Moderate Plymph

pump group

Poor Plymph pump

group

p-valuen¼ 100 (21.5 %) n¼ 314 (67.5 %) n¼ 51 (11.0 %)

Age (years) 51.2� 12.8 52.9� 12.8 55.0� 13.8 0.2

Sex (male/female) 16/84 55/259 7/44 0.78

BMI (kg/m2;

mean� SD)

21.6� 3.0 21.5� 3.0 22.3� 4.3 0.39

Previous smoking 7 (7.0 %) 33 (10.5 %) 4 (7.8 %) 0.53

Current smoking 4 (4.0 %) 20 (6.4 %) 5 (9.8 %) 0.37

Hypertension (%) 12 (12.0 %) 51 (16.2 %) 8 (15.7 %) 0.59

Diabetes mellitus (%) 4 (4.0 %) 10 (3.2 %) 3 (5.9 %) 0.62

Hyperlipidemia (%) 19 (19.0 %) 58 (18.5 %) 11 (21.6 %) 0.87

Edema complaints (%) 4 (4.0 %) 35 (11.1 %) 8 (15.7 %)* 0.044

Plymph pump (mmHg) 44.0� 7.4 19.3� 10.8 4.2� 5.2* <0.001

✳Statistically significant

*Significant at p< 0.05

BMI body mass index, SD standard deviation, Plymph pump Human lymph pumping pressure

Fig. 42.5 The means of the Short Form Health Survey subscales scores. A comparison among the

three groups classified by the leg lymphatic pumping pressure with Plymph pump (Cited from Ref.

[12])
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42.3 Conclusions

This novel method for measuring Plymph pump using ICG lymphography with an

occlusion cuff offers minimally invasive screening of lymphatic function in a large

population study. In our study, this method demonstrated that poor Plymph pump may

be responsible for leg edema in a substantial proportion of healthy people and for

worsening their QOL. Currently, no study has been performed to improve the

lymphatic pumping function of humans. Therefore, such a study is needed to

prevent leg edema and to improve QOL in individuals.

Acknowledgments We wish to thank all the staff of the Second Department of Surgery at the

Hamamatsu University School of Medicine and Angiology Laboratory of Hamamatsu University

School Hospital for their assistance and support in this study. The contents of this chapter

summarize previous publications (reference nos. 8, 9, and 14). These studies were supported by

a Grant-in-Aid for Scientific Research (C) (22591400) and (B) (20291958) to Naoki Unno from

the Japan Society for the Promotion of Science. The Hamamatsu University School of Medicine

has a patent for the lymphatic pressure-measuring system and the method for controlling the same

(PCT /JP2010/051706), and Naoki Unno invented in the patent.

References

1. Williams WH, Witte CL, Witte MH, McNeill GC (2000) Radionuclide lymphangioscin-

tigraphy in the evaluation of peripheral lymphedema. Clin Nucl Med 25:451–464

2. Stanton AW, Modi S, Mellor RH, Peters AM, Svenson WE, Levick JR, Mortimer PS (2006) A

quantitative lymphoscintigraphic evaluation of lymphatic function in the swollen hands of

women with lymphoedema following breast cancer treatment. Clin Sci 110:553–561

3. Modi S, Stanton AWB, Svensson WE, Peters AM, Mortimer PS, Levick JR (2007) Human

lymphatic pumping measured in healthy and lymphoedematous arms by lymphatic congestion

lymphoscintigraphy. J Physiol 583:271–285

4. Stanton AW, Modi S, Mellor RH, Levick JR, Mortimer PS (2009) Recent advances in breast

cancer-related lymphedema of the arm: lymphatic pump failure and predisposing factors.

Lymphat Res Biol 7:29–45

5. Olszewski WL, Engeset A (1979) Lymphatic contractions. New Engl J Med 300:316

6. Unno N, Inuzuka K, Suzuki M, Yamamoto N, Sagara D, Nishiyama M, Konno H (2007)

Preliminary experience with a novel fluorescence lymphography using indocyanine green in

patients with secondary lymphedema. J Vasc Surg 45:1016–1021

7. Unno N, Nishiyama M, Suzuki M, Yamamoto N, Inuzuka K, Sagara D, Tanaka H, Konno H

(2008) Quantitative lymph imaging for assessment of lymph function using indocyanine

greenfluorescence lymphography. Eur J Vasc Endovasc Surg 36:230–236

8. Unno N, Nishiyama M, Suzuki M, Tanaka H, Yamamoto N, Sagara D, Mano Y, Konno H

(2010) A novel method of measuring human lymphatic pumping using indocyanine green

fluorescence lymphography. J Vasc Surg 52:946–952

9. Unno N, Tanaka H, Suzuki M, Yamamoto N, Mano M, Sano M, Saito T, Konno H (2011)

Influence of age and gender on human lymphatic pumping pressure in the leg. Lymphology

44:113–120

10. Rabinovitz AJ, Saphir O (1965) The thoracic duct; significance of age-related changes and of

lipid in the wall. Circulation 31:899–905

42 Lymphatic Pumping Pressure in the Legs and Its Association with Aging. . . 463



11. Ohhashi T, Takahashi N (1991) Acetylcholine-induced release of endothelium-derived

relaxing factor from lymphatic endothelial cells. Am J Physiol 260:H1172–H1178

12. Gasheva OY, Knippa K, Nepiushchikh ZV, Muthuchamy M, Gashev AA (2007) Age-related

alterations of active pumping mechanisms in rat thoracic duct. Microcirculation 14:827–839

13. Suzuki M, Unno N, Yamamoto N, Nishiyama M, Sagara D, Tanaka H, Mano Y, Konno H

(2009) Impaired lymphatic function recovered after great saphenous vein stripping in patients

with varicose vein: venodynamic and lymphodynamic results. J Vasc Surg 50:1085–1091

14. Saito T, Unno N, Yamamoto N, Inuzuka K, Tanaka H, Sano M, Sugisawda R, Katahashi K,

Konno H (2015) Low lymphatic pumping pressure in the legs is associated with leg edema and

lower quality of life in healthy volunteers. Lymph Res Biol 13(2):154–159

464 N. Unno



Chapter 43

ICG Fluorescence Lymphography

for Confirming Mid- to Long-term Patency

of Lymphatic Venous Side-to-End

Anastomosis in the Treatment of Peripheral

Lymphedema

Jiro Maegawa

Abstract Since indocyanine green (ICG) fluorescence lymphography was intro-

duced in 2007, lymphatic venous anastomosis has been widely adopted for the

treatment of chronic lymphedema. However, the results and other features remain

unclear. In this chapter, I demonstrate the primary outcomes of ICG fluorescence

lymphography to evaluate the patency of lymphatic venous anastomosis (LVA),

particularly lymphaticovenous side-to-end anastomosis (LVSEA), peri- and post-

operatively. The cumulative patency rate of LVSEA decreased over time, but I

observed long-term patency (>5 years after surgery) and good clinical results in

microsurgical treatment of peripheral lymphedema. Through this study, I recog-

nized the usefulness, importance, and limitations of ICG fluorescence lymphogra-

phy to evaluate superficial lymph flow and patency of LVSEA in patients with

peripheral lymphedema.

Keywords Long-term result • Mid-term result • Postoperative patency •

Lymphatic venous anastomosis

43.1 Lymphatic Venous Side-to-End Anastomosis

Lymphatic venous anastomosis has been reported for the treatment of chronic

lymphedema [1, 2], but several modes are available for the anastomotic technique,

and the results, particularly in terms of patency, are not clear. Campisi’s group [3]

reported clinical experiences and results of LVA using invagination techniques at

proximal sites such as groin regions. Recently, with advances in optic devices and

microsurgical goods, intima-intima approximation techniques have been used for
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multiple configuration anastomosis [4, 5]. In this technique, an end-to-end mode

seems most common, but I have adopted lymphaticovenous side-to-end anastomo-

sis (LVSEA) [6–8] because if the anastomosis becomes closed, original lymph flow

in the lymph vessels can still be maintained. Since indocyanine green (ICG)

fluorescence lymphography was introduced in 2007 [9, 10], I have confirmed the

patency of LVSEA using this new modality.

43.1.1 Indications for LVSEA

Lymphoscintigraphy is the standard method for evaluating the severity of lymph

edema and dysfunction of the lymphatic system. Several reports have investigated

evaluation of the lymphatic system by lymphoscintigraphy [6, 11–14]. Decisions on

the surgical indications for LVSEA can be made mainly by lymphoscintigraphy

because proximal obstruction of lymph flow is one of the main indications for

lymphatic venous anastomosis. Dermal backflow (DBF) on lymphoscintigraphic

images, local spread of the radiotracer in the dermal and subdermal layers, is a

phenomenon involving reverse flow of lymph from the collector vessels into the

lymph capillaries due to obstruction and/or dysfunction of the collectors. We can

find collectors for lymphatic venous anastomosis distal to or within the area of

DBF. The discovery of lines on anteroposterior or posteroanterior images carries a

high possibility of indicating the presence of collectors.

Near-infrared ICG fluorescence lymphography can show real-time images of the

lymphatic system [9, 10]. Classification of the severity of lymphedema based on

fluorescence lymphographic images has been reported [15]. This is also a good

modality to decide the indications for LVA or LVSEA. Visualization of linear

fluorescence on images enables easy determination of functional lymph vessels, but

if the patient has thick skin or fibrous subcutaneous tissue, locating functional

vessels by lymphography is not easy. I consider this as a limitation of ICG

fluorescence lymphography in detecting lymph vessels during surgery and evalu-

ating whether the anastomosis has remained patent postoperatively.

43.1.2 Perioperatively Locating Sites for Anastomosis

ICG fluorescence lymphography using a near-infrared camera system is helpful to

pinpoint sites for anastomosis because lymph vessels can be detected as linear

fluorescence and subcutaneous veins as black lines due to non-fluorescence. Areas

where linear fluorescences and black lines cross can be considered as potential sites

for anastomosis. However, using this method, lymphatics cannot be detected in the

thigh area or in cases with thickened skin because the maximum depth that near-

infrared rays can reach is 1–2 cm. Lines can be marked on the skin along the linear

fluorescence, to highlight the lymphatics.
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43.1.3 Side-to-End Anastomosis (Fig. 43.1)

Skin incisions 2–3 cm in length are made at each selected anastomotic site. For

side-to-end anastomosis, the side of the lymphatic vessel is incised with a micro-

knife. When the tip of the knife reaches the lumen of the lymphatic vessel, lymph

flows out through the incision. The incision on the lymphatic vessel should be no

longer than the outer diameter of the vein (Fig. 43.1a). Stents (6-0 nylon stitch,

3mm in length) are inserted to secure the lumen of the lymph vessel [16, 17]. Several

stitches should be placed to secure a watertight junction between the lymphatic

vessel and vein (Fig. 43.1b). Otherwise, the blood from the vein will reach the

anastomosis and may become a cause of obstruction of the anastomosis.

43.1.4 Intraoperative Confirmation of Patency

After completion of the anastomosis, patency can be confirmed by direct visuali-

zation through the microscope and by ICG fluorescence lymphography (Fig. 43.2a,

b). If the anastomosis is technically well done, lymph will pass from the lymph

Vein 

Lymphatic vessel 

Micro-knife 

Vein 

Lymphatic vessel 

a

b

Fig. 43.1 Schema of

LVSEA

(a) Sidewall of the lymph

vessel is incised with a

micro-knife. The incision

should be no wider than the

outer diameter of the venous

stump

(b) Lymph passes (open
arrows) from the lymph

vessel to the vein and flows

proximally
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vessel to the vein, and the vein will become engorged by massage. In cases with

good flow of lymph to the vein, the vein can be observed through the skin,

representing a good “runoff test” (Fig. 43.2c, d). In my experience, postoperative

patency rates seem high in such cases.

43.2 Postoperative Evaluations

The primary surgical outcome for lymphatic venous anastomosis is patency of the

anastomosis, with volume reduction of the affected limb and improvements in the

patient’s activities of daily living (ADL) as secondary and tertiary outcomes,

respectively [8]. Patency can be assessed by ICG fluorescence lymphography.

ba    

c d     

Fig. 43.2 Positive “runoff test” in a 58-year-old woman with chronic lymphedema of the left arm

after breast cancer treatment

(a) Two anastomoses were performed in the forearm

(b) ICG fluorescence lymphangiography shows patency of anastomoses in the forearm

(c) Positive “runoff test” of lymph is confirmed by ICG fluorescence lymphangiography (on the

right side). Open arrow shows a vein in which ICG is flowing from the lymphatic vessel

(d) The anastomosed vein is observed for longer than in C following manual massage
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43.2.1 Postoperative Patency

Evaluation by ICG fluorescence lymphography is performed about 6 months after

surgery. In my protocol for the treatment of lymphedema, physiotherapy is contin-

ued postoperatively for about 6 months, roughly equivalent to the period of

preoperative physiotherapy, the content of which is attempted to be reduced

thereafter. If the content can be reduced, ADL of the patient increases. Evaluation

of patency should therefore be performed at about 6 months after surgery

(Fig. 43.3a–d). Through this evaluation, we can clarify the short-term patency. In

cases with a patent LVSEA, postoperative ICG fluorescence lymphography shows a

Y-shaped pattern of fluorescence (Fig. 43.3c), and branches of the vein also

fluoresce (Fig. 43.3d).

As described in this chapter, ICG fluorescence lymphography is limited in its

ability to detect the lymphatics and veins selected for anastomosis. If the anasto-

moses are performed in a relatively superficial layer of subcutaneous tissue, this

method can evaluate the patency of the anastomoses. In my study, among 223 anas-

tomoses in the lower limb, only 79 (35 %) could be evaluated by ICG

Fig. 43.3 Short-term (6 months after surgery) patency of LVSEA in a 44-year-old woman with

right lower-limb lymphedema after treatment for uterine cancer

(a) Closed arrow shows the site of LVSEA in the dorsum of the right foot

(b) ICG fluorescence lymphography shows the lymphatic vessel (linear fluorescence) and anasto-

mosis site (closed arrow)
(c) The anastomosed vein (open arrow) is observed by fluorescence

(d) The anastomosed vein (open arrow) is observed for longer than that in C following massage
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lymphography. The remaining 144 anastomoses could not be evaluated because the

subcutaneous layer was too thick to allow detection of the lymph vessels. In the

79 anastomoses that could be evaluated, cumulative patency rates of LVSEA were

75� 7.1 % at 12 months and 36� 9.4 % at 24 months after surgery [8]. Patency

rates thus showed a gradual decrease over time, but we have seen some patients

who have shown relatively long-term patency (Fig. 43.5).

43.2.2 Other Findings in Postoperative ICG Fluorescence
Lymphography

In my clinical experience of postoperative ICG lymphography, I sometimes observe

new pathways of superficial lymph flow created near the site of anastomosis where

obvious patency could not be observed (Fig. 43.4a, b). This indicates that it may be

possible to create new lymph pathways via surgical stimulation. On the other hand,

the status of anastomosis at sites that cannot be evaluated due to thickness of the

skin and subcutaneous fat or masking by DBF remains unclear.

43.3 Case Presentation

43.3.1 Mid-term Results (Fig. 43.5)

A 56-year-old woman with left upper-limb lymphedema after breast cancer treat-

ment was referred for lymphatic microsurgery. This patient received complex

decongestive physiotherapy for 3 years, but edema in the forearm (volume,

1880 ml) had not improved (Fig. 43.5a). LVSEA was planned and three anastomo-

ses in the upper limb were performed (Fig. 43.5b). Volume of the left upper limb

was decreased immediately after surgery and good condition was maintained with a

volume of 1646 ml at 2 years and 10 months after surgery (Fig. 43.5c). ICG

fluorescence lymphography showed one anastomosis was patent, one was

undetectable, and one was non-patent at both 6 months (Fig. 43.5d) and 2 years

10 months (Fig. 43.5e) after surgery.

43.3.2 Long-term Results

A 52-year-old woman with primary lymphedema of the right lower limb had been

treated by combined decongestive physiotherapy for several years, but edema of the

limb remained unimproved. She came to my hospital for lymphatic microsurgery
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(Fig. 43.6a). Volume of the right lower limb was 5437 ml at the first visit. She

underwent 7 LVSEAs at the first operation (Fig. 43.6b) and 2 at a second operation.

The patient became freed from any complex decongestive physiotherapy, and

volume of the right lower limb was decreased to 3784 ml at 5 years 6 months

after the first operation (Fig. 43.6c). LVSEA above the ankle remained patent (n).

Fig. 43.4 ICG fluorescence lymphography in the right arm of a 47-year-old woman with breast

cancer-related lymphedema

(a) Perioperative ICG fluorescence lymphography shows linear fluorescence (closed arrows) in the
hand and arm. Five LVSEAs were performed in the upper limb

(b) Postoperative ICG fluorescence lymphography performed 7 months after surgery. Dermal

backflow (open arrow) that was not observed at the operation has developed at the site of LVSEA
in the hand. Linear fluorescence (closed arrow) that was likewise not apparent at the operation is

observed from dermal backflow to the forearm
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Fig. 43.5 Mid-term patency of LVSEA in a 56-year-old-woman with breast-related lymphedema

on the left upper limb

(a) Clinical photo before surgery

(b) Operative photo. Three anastomoses were performed

(c) Clinical photo 2 years 10 months after surgery. Volume of the affected arm has decreased to

1646 ml (on the left). One LVSEA in the left arm (open circle) remains patent

(d) ICG fluorescence lymphography 6 months after surgery. The LVSEA is patent (open circle).
The vein (open arrow) and lymphatic vessel (closed arrow) show fluorescence proximal to the

LVSEA

(e) ICG fluorescence lymphography 2 years 10 months after surgery. The same LVSEA (open
circle) is still patent and the same vein (open arrow) shows fluorescence

Fig. 43.6 Long-term patency of LVSEA in a 52-year-old woman with primary lymphedema of

the right lower limb

(a) Clinical photo before surgery

(b) Clinical photo 5 years 6 months after surgery. The patient does not need any compressive

therapy

(c) The operation scar (open circle) above the ankle on the affected side (left) and ICG fluores-

cence lymphography 5 years and 6 months after surgery show lymph drainage from the lymph

vessel to the vein (open arrow)
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43.4 Conclusions

ICG fluorescence lymphography is important to evaluate patency of LVA or

LVSEA, which can physiologically improve lymphedema and offers a less invasive

technique than other surgical methods to treat lymphedema. While some limitations

exist to the detection of lymph vessels, mid- and long-term results of patency can be

confirmed using ICG fluorescence lymphography. We can also clarify superficial

lymph flow before and after surgery, providing useful information to decide on

plans to treat lymphedema at each stage of lymphedema.
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