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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
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vi Foreword

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



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

vii



viii Preface

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 (B<)

Hamamatsu Photonics K.K. Development Center, 5000 Hirakuchi, Hamakita-ku, Hamamatsu,
Shizuoka 434-8601, Japan

e-mail: miwa@crl.hpk.co.jp

© Springer Japan 2016 3
M. Kusano et al. (eds.), ICG Fluorescence Imaging and Navigation Surgery,
DOI 10.1007/978-4-431-55528-5_1
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Fig. 1.2 Optical characteristics of ICG and absorption spectra of hemoglobin and water

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.
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Color Image Fluorescence Image

-— (a) (b) (c)
ICG in water ICG in water Blood plasma

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

1.3 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 (CH30H), and ethanol (C,HgO) [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].
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1.4.2 Concentration and Dose of ICG Injection
Jor 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

Color Image Fluorescence Image

A

ICG 25mg/ Ethanol 1000ml ICG 25mg/ Ethanol 5ml 1CG 25mg/ Ethanol 1000ml 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
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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 pL 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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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 pL of ICG
solution was instilled

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.
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Human plasma+ICG solution

stock solution X2

x512 x1024 x2048

Fig. 2.2 ICG solutions with concentration ratios (human plasma)

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).
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Fig. 2.3 Concentration-absorption curves for saline, distilled water, and human plasma
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saline distill water human plasma

Fig. 2.4 1CG fluorescence images of the same intensity (32x dilution)

density-intensity curve
intensity level - human plasma -

300

160 180 200 220 24 260

dilution rate

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)

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



2 Indocyanine Green Fluorescence Properties 15

density-intensity curve

intensity level

250 1
== saline

== distill water
== human plasma

2000
dilution rate

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)
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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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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). (¢): At 4 °C
under fluorescent lamp light
for 24 h (cold/light). (d): At
4 °C in the darkroom (cold/
dark)

S. Ohtsubo and M. Kusano
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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
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Fig. 2.11 Time-dependent changes in the ICG fluorescence intensity level. (a): RT/light. (b):
RT/dark. (c): Cold/light. (d): Cold/dark

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).
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intensity level

260

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

intensity level
260 ;

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

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).
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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 a- or p-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)
Camera unit 1
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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), Ich (Y/C)

Outside Camera unit | About 80 x 182 x 80 mm (W x D x H)
dimension Controller About 322 x 283 x 55 mm (W x D x H)
Mass Camera unit | About 0.5 kg

Controller

About 2.6 kg
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Fig. 3.3 Camera unit of
pde-neo

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
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Fig. 3.4 Remote controller
of pde-neo

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.
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Fig. 3.5 Schematic view of the directions for PDE

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
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Fig. 3.6 Angiography of arat. (a) The visible observation image using a common camera. (b) The
fluorescence image using PDE

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 e Neurosurgical procedure o
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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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. (¢) 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)

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,
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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). (¢) 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

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
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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. 4.3¢c). 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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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). (¢) 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

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
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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)

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).
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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-VAG may 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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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. (¢, 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)

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
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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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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, ¢) 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)

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
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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 NO 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
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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 (cNO) 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 cNO. As a result,
prophylactic neck dissection in patients with T1/T2 oral cancer with cNO 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 cNO
neck, SLN navigation surgery has been applied to patients with oral cancer of the
cNO 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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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

(¢): ICG fluorescence Imaging detects the metastatic lymph node (arrows)

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
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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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Translymphatic chemotherapy using intra-
arterial chemotherapy

3 Metastatic Control of
lymph node metastatic
lymph node
/
Superselective intra-arterial chemotherapy Anticancerdrug Anticancerdrug
for primary tongue cancer moves to metastatic keeps effecton

SNLs via lymphaticcanals metastatasis

Fig. 5.2 Schema of lymphatic chemotherapy using intra-arterial chemotherapy

non-SLNs were 1.2 pg/g and 0.35 pg/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.
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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. (¢) and (d) represent
level III and IV dissection

In our examination we evaluate the effect of lymphatic chemotherapy targeting
neck metastases in patients with oral cancer (T3N2bMO0) by measuring CDDP
concentrations in metastatic lymph nodes and pathological effects [19].

5.4.1 Methods

Seven patients with tongue cancer (cT3N2bMO) 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/m” 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.
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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). (¢) Many apoptotic bodies were detected within small cancer nests. Arrows
indicate apoptotic cells

5.4.2 Results

The mean CDDP concentrations in the metastatic lymph nodes and non-SLNs were
2.35 pg/g and 1.08 pg/g, respectively (p=0.034). Of 27 metastatic nodes,
24 (89 %) were identified by ICG fluorescence imaging; however, only 18 (67 %)
were identified by the conventional method (p =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 cT3NOMO
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Tongue

2)afferent lymphatic Lymphatic obstruction

1)afferent 3

lymphatic

3)Afferent
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metastasis
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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. (/) Occluded afferent lymphatics (red
arrow). (2—4) Open afferent lymphatics (black arrows)

tongue cancer patients. However, of 27 metastatic lymph nodes, 24 (89 %) were
detected by ICG fluorescence imaging infused via the lingual artery in seven
c¢T3N2bMO 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 pg/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 cT3N2bMO tongue
cancer can be effectively achieved by intra-arterial chemotherapy and targeting
metastatic lymph nodes with lymphatic chemotherapy.
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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-3N2bMO 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. (¢) 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, [-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-pump CABG 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 (IFT)

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 sternotomy without the use of cardiopulmonary bypass pump was well established.
This technique resulted in more than a 60 % of the adoption rate for off-pump coronary
artery bypass grafting (OPCAB) throughout Japan [3] (Fig. 6.1).
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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. Intraoperative finding 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 confirmed quickly and easily during PCI; however, traditionally graft patency or

PCI CABG

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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Fig. 6.3 Various imaging methods support procedure success in PCI

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-
nologies which 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.
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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)

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.
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flush Saline 10ml

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 10 ml 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

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.
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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, (¢) RA-HL-OM, d GEA-4PD

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.
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LITA-LAD onlay LITA-LAD-LAD LITA-D-LAD

SPY image

Post OP angiography

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

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
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RA-OM-PL RA-D-HL

SPY image

Post OP angiography

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

(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,
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SVG-4PD SVG-D-OM

SPY image

Post OP angiography

Fig. 6.9 SPY images and postoperative angiography of the saphenous vein graft (SVG)
Left: SVG-4PD
Right: SVG-Diagonal-OM sequential graft

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.
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GEA-4AV GEA-4PD-15PL

SPY image

Post OP angiography

Fig. 6.10 SPY images and postoperative angiography of the gastroepiploic artery (GEA) graft
Left: GEA-4AV
Right: GEA-4PD-15PL sequential graft

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.
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Fig. 6.11 SPY images and postoperative MDCT
Similar images could be seen in both SPY and MDCT

LITA - 15t diagonal - LAD grafting.
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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
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SVG-4PD-4AV _ _ After revision

1 year FU CAG

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

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-Diagl-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.
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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

6.7 Intraoperative Graft Assessment Tools Comparison

There have been several conventional methods for the intraoperative graft assess-
ment such as:

. Transit time flowmeter (TTFM)
Echo

. IRIS (thermographic technology)
. 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
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Fig. 6.15 Ceritical 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

LITA-LAD
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Table 6.2 Case number

! Off-pump CABG no. 579
ﬁ;?fhsiggzsytzwm from MIDCAB/OPCAB 126/453
December 2014 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

. ion d Revision /Cases /Distal anastomosis

graft revision due to

unfavorable SPY image 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 %

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).
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OPCAB 9 grafting

Fig. 6.16 Operative strategy of the OPCAB, nine grafting in a 74-year-old male patient

PR TR T,

LITA-D-LAD

Aortic site

LA R H B

"X
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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

OPCAB 9 grafting

Fig. 6.19 Operative strategy of the OPCAB, nine grafting in a 67-year-old male patient
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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 o)
Echo Visual Noninvasive | Not suitable for posterior wall | A
assessment
IRIS Visual Noninvasive | Not clear A
assessment Not suitable for posterior
wall
Portable Visual Clear Quite invasive A
DSA assessment
SPY system | Visual Noninvasive | Needs graft skeletonization ©
assessment Clear

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
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SVG-RCA LITA-LAD

Fig. 6.21 SPY Intraoperative Imaging System for the arrested heart CABG surgery
Left: 1CG diluted with blood was injected from the proximal saphenous vein graft
Right: ICG was injected into the arterial filter of the cardiopulmonary bypass machine

surgeons to show the intraoperative angiography images as a proof of the graft patency
to the patients’ family or referring physicians. The new operating SPY system software
is now available with the excellent file compression with the file conversion from AVI
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
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Operation Room

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 Eye Medical 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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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

combined with albumin and alphal-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
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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 cm? 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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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. /CG indocyanine green
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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)

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)
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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.
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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)

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.
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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 Iuminescence 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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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)

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
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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: 426432,
Yamamoto M et al.)

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.
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Fig. 7.6 HEMS imagings showing malperfused intestine in ruptured aneurysmal surgery. (A) No
fluorescence in the ischemic intestine. Points (A) and (B) show the healthy and ischemic small
intestine. (B) The spotty intestinal ischemia caused by nonobstructive mesenteric ischemia. Blood
flow is maintained at point (C), is slightly diminished at point (D), and disappears at point
(E) (Reprinted from Eur J Vasc Endovasc Surg, 2012; 43: 426432, Yamamoto M et.al. and
Surgery Today, 2011;41:1467—-1474, Yamamoto M et al.)

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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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

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.
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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 = @Po{1 — exp(—eCbh)}

F: Intensity of fluorescent light
Py: Intensity of excitation light

Molecular fluorescence of ICG

PO e:on emiss:nz '\ T T /'
> 7l

ICG + photon

ICG + photon 3 ICG >
Ground state 765 nm Excited state Ground state 830 nm

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. P, excitation light, ' fluorescent light
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¢@: Quantum efficiency (ICG: 0.012)
exp: Natural log

€: 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.

ICG fluorescence spectra

Near infrared wavelengths
So-called “optical window’

< >

06

‘Hemoglobin Absorbance [

zj ‘\ m i g Emissionf\e.;tra
03 \ 1 e \ [ \ |
NEVE AR

o \ RN

o S— —_—

400 500 600 700 800 900 1000 1100 1200
Wavelength(nm)

Absorption

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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Light scattering in the tissue
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excitation = emission

lymphatics .g mphatics

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

Prototype machine (2003) Photodynamic eye (PDE) (2006)

Fig. 8.5 Infrared fluorescence imaging system (Photodynamic eye, Hamamatsu Photonics,
Japan): Prototype machine (/eft) and commercially available photodynamic eye (right)

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).
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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

Right TINOMOstagel

’.‘

Marking over the skin Dissecting the subcutaneous lymphatics

{

»

Removingthe sentinel node Fluorescence image of dissected nodes

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
(¢) 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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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

(¢) A round-shaped and intense signal represents a lymph node

— = ) : |
gttt Moo oo e st

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 (leff)
(b) The axillary skin was compressed against the chest wall by a plastic compression device

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.
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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
SN 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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A\

axilla

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)

(¢) 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

. ICG fluorescence method was developed for the sentinel node biopsy in breast

cancer.

. 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 (Tla:5 %, Tlb: 16 %, Tlc: 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 SLNSs 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.



9 Practice of Fluorescence Navigation Surgery Using Indocyanine Green for. . . 115

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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Tab.le ?11 Dt}:ltectilon rgte of Group Characteristic Patients, (%) (n =410)

sentinel lymph node using

fluorescence and dye 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
Tagayaetal. [14] 2008 |100 % |(25/25) 92% | (23/25) |
5.5 23
Abe et al. [15] 2011 [100% | (128/128) |66 % | (84/128) |
3.1 1.0
Hirano etal. [16] |2012 [99% [(107/108) |93 % | (100/108) |
22 1.6
Sugieetal. [17]  |2013 |99% [(98/99) |78% | (77/99) |
3.4 2.4
Hojoetal. [18]  [2010 |99 % | (140/141) |92.9% |(105/113) |100% |(28/28)
3.8 1.9 2.0
Wishart etal. [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 - 23

9.3.1 Device Used

Fluorescence navigation of lymphatic channels and SLNSs 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
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Fig. 9.1 Concentration-dependent quenching. The fluorescence intensity of changed in each
sample (indocyanine green) when proportionally diluted with saline

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
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massage of the pomphus, which forms due to retention of the tracer, helps the
lymphatic drainage. After a few minutes, 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 compression method. The major disadvantage of the
ICG method compared to the RI method, 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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Color Fluorescent Image  Fluorescent Color
Image

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 BD method, 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
(2001000 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 (n=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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