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Objective : Microscopic indocyanine green (ICG) angiography is useful for identifying the completeness of aneurysm clipping and the preservation
of parent arteries and small perforators. Neuroendoscopy is helpful for visualizing structures beyond the straight line of the microscopic view. We
evaluated our prototype of endoscopic ICG fluorescence angiography in swine, which we developed in order to combine the merits of microscopic
ICG angiography and endoscopy.

Methods : Our endoscopic ICG system consists of a camera, a light source, a display and software. This system can simultaneously display real-
time visible and near infrared fluorescence imaging on the same monitor. A commercially available endoscope was used, which was 4 mm in diam-
eter and had an angle of 30°. A male crossbred swine was used.

Results : Under general anesthesia, a small craniotomy was performed and the brain surface of the swine was exposed. ICG was injected via the
ear vein with a bolus dose of 0.3 mg/kg. Visible and ICG fluorescence images of cortical vessels were simultaneously observed on the display moni-
tor at high resolution. The real-time merging of the visible and fluorescent images corresponded well.

Conclusion : Simultaneous visible color and ICG fluorescent imaging of the cortical vessels in the swine brain was satisfactory. Technical improve-

ment and clinical implication are expected.
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INTRODUCTION

As the number of patients with unruptured cerebral aneu-
rysms has increased, more attention has been given to the pri-
mary prevention of the aneurysm rupture”. Endovascular in-
tervention, one of the major treatment modalities, has begun to
catch up with and surpass the surgery in the number of cases
treated, based on the favorable outcomes and reduced morbidi-
ty/mortality”'**”., In addition, recently, patients have shown a
preference for endovascular intervention over surgery because
of the cosmetic and psychological aspects. Scalpel surgeons are
being asked to enhance their competitiveness and develop novel
surgical devices and skills, such as minimally invasive keyhole
Surgery&w’w)
(ICG) fluorescence angiography™?, intraoperative neurophysio-
logical monitoring'®, and intraoperative cerebral angiography”.

, neuroendoscopic systems”, indocyanine green

Microscopic ICG fluorescence angiography is very helpful
for detecting and readjusting unexpected arterial occlusion and
incomplete clipping of cerebral aneurysms. However, the use-
fulness of ICG fluorescence angiography is limited when the
microscopic view is poorly visualized or when ICG cannot ab-
sorb sufficient light to emit fluorescence. Therefore, these limi-
tations can be overcome using the endoscopic systems that pro-
vide sufficient light illumination and excellent visualization of
the operative fields. Thus, ICG fluorescence angiography would
be very useful to supplement the shortcomings of microscopic
ICG fluorescence. To date, there are 3 clinical reports regarding
endoscopic ICG fluorescence angiography from Japan and Eu-
rope™"". We independently developed an endoscopic camera
system for ICG fluorescence angiography that can show the re-
al-time simultaneous visible and fluorescent imaging. Using
this system, we performed a preclinical study in swine.
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MATERIALS AND METHODS

Animal study

All procedures were approved by the local Institutional Ani-
mal Care and Use Committee and were conducted according to
international guidelines. A male crossbred swine (Landracex
YorkshirexDuroc), aged 3 months and with a weight of 38.5 kg,
was used in this study. The swine was acclimated for one week
before surgery. The procedures were conducted under general
anesthesia. Anesthesia was induced intramuscularly with 5 mg/
kg of zoletil and 2 mg/kg of xylazine. The swine was intubated
and intravenous 0.9% normal saline was administered via the
ear vein at a rate of 5 mL/kg/hr. Anesthesia was maintained
with 2% to 4% isoflurane at a rate of 2-3 L/min and oxygen/ni-
trogen at a rate of 3 L/min. Vital parameters, such as arterial
blood pressure, heart rate, and carbon dioxide levels, were con-
tinuously recorded. Expired carbon dioxide levels were main-
tained at 35-40 mm Hg. After the procedure, the animal was
euthanized.

A 1x2 cm small craniotomy was performed at a distance of 2
cm from the midline and 3 cm anterior to the bregma. The dura
was incised and the frontal cortex was exposed. The ICG dye
was injected into an ear vein at a dose of 0.3 mg/kg (25 mg dis-
solved in 5 mL of sterile normal saline).

Endoscopic ICG system

The endoscopic ICG system consists of an endoscope, a light
source, a camera, a display, and a computer with software (Fig. 1).
Although all types of endoscopes with the same size of optical
adaptor are adjustable, an endoscope 4 mm in diameter and 30°
in angle (MGB Endoskopische Gerate GmbH Berlin, Berlin,
Germany) was used in this study. The light source is composed
of a white light source and a near infrared (NIR) laser source
(Fig. 2). We developed a white light source that is installed with
a HXP 120W/45C VIS mercury lamp (OSRAM GmbH, Mu-
nich, Germany). We also developed a NIR laser source that is
installed with an 805 nm wavelength laser diode (RealLight,
Beijing, China; FWHM <2 nm). ICG as a fluorophore binds to
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Fig. 1. Schematic illustration (A) and
real model (B) of the endoscopic indo-
cyanine green (ICG) fluorescence angi-
ography.

Fig. 2. Schematic illustration (A) and
real model (B) of the white light and
near infrared (NIR) laser sources.
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the hydrophobic core of human serum proteins, which shifts
the absorption and emission spectra of ICG. After intravenous
injection of ICG, the main peak of the absorption spectrum of
ICG moves to 805 nm, so we chose an 805 nm laser that has the
same wavelength as the ICG absorption peak®. To deliver the
combined light from the light source to the endoscope, we se-
lected a 3 mm liquid light guide (Newport Corporation, Irvine,
CA, USA).

To simultaneously obtain the visible and ICG fluorescence
images, we used a fluorescence navigation surgery (FNS) cam-
era developed by Korea Electrotechnology Research Institute
(KERT) (Fig. 3). This camera has two charge-coupled device (CCD)
image sensors : one is for visible color imaging, and the other is
for NIR fluorescence imaging. A cube beam splitter was in-
stalled to divide the visible color image and the NIR fluores-
cence image. The reflected visible color image passes through
an infrared (IR) cut-off filter to the color-image sensor and the
penetrated NIR image goes to the mono-image sensor. The two

Endoscopic ICG Angiography | WS Cho, et al.

images are processed on an image capture board and the data
transfer board delivers the real time imaging to the computer
by USB 3.0 interface. We used a 16-34 mm zoom optical adap-
tor (MGB Endoskopische Gerate GmbH Berlin, Berlin, Ger-
many) to make the optical connection between the endoscope
and the camera. The image monitoring program was developed
by KERI and can show and record single or simultaneous imag-
es of visible light and fluorescence and a visible/fluorescence
overlay image.

RESULTS

ICG fluorescence began to appear on the cerebral cortex with
endoscopy in approximately 25 seconds after ICG dye injection,
it became peak in 1 minute, then it became pale in approxi-
mately 5 minutes. Visible color and ICG fluorescent endoscopic
images of cortical vessels were simultaneously observed on the
display monitor with a high resolution. In addition, real-time

FNS camera
Data transterboard. | |
Image capture board
Mono image sensor
I
808 nm long pass filter — —
Color image sensor
\ h.*
IR cut filter
/ P
808 nm notch filter T
i1
PR |
Optical adaptor : I
i
N
Fig. 3. Schematic illustration (A) and Visible” I EHR
real model (B) of the fluorescence nav- image o eeenee
igation surgery (FNS) camera. @ 8
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Fig. 4. Endoscopic visible color and ICG fluorescent images. A : Photography of the exposed brain cortex in the swine. Endoscopic imaging was targeted

for the dotted circle area. B : ICG fluorescent image (left), visible color image (middle), and and real-time merging image of ICG fluorescent and visible

color images (right).
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merging images of the fluorescent cortical vessels could be made
and marked in a purple color. The real-time merging of the visi-
ble color and fluorescent images corresponded well (Fig. 4).

DISCUSSION

Since Raabe et al.” introduced microscopic ICG fluores-
cence angiography for cerebrovascular surgery in 2003, it has
become a ubiquitous piece of equipment for aneurysm surgery
as well as micro-anastomosis and surgery for arteriovenous fis-
tulas and malformations. During aneurysm surgery, real-time
identification of the blood flow in the vasculature within the
operative field helps to improve surgical outcomes and reduce
perioperative complications. This is because the repositioning
and addition of clips can be promptly determined on the occlu-
sion of parent arteries and perforators or incomplete clipping of
the aneurysms. Intraoperative cerebral angiography is a good
alternative'”. However, it is invasive and has a limitation to vi-
sualize the small perforators around the aneurysms in spite of
the superiority in the acquisition of 3-dimensional imaging
around the clipped aneurysms. In addition, supplementary fa-
cilities for intraoperative cerebral angiography are needed, and
a time lag between the identification of compromise of the nor-
mal arteries and the repositioning of clips can result in an irre-
versible ischemic complication. On the other hand, microscopic
ICG angiography also has some shortcomings : vascular struc-
tures beyond the line of microscopic view are hard to visualize
and ICG fluorescence is weakly detected for the deeply located
structures because of the limited spatial resolution and light il-
lumination of microscopy. When keyhole surgery is performed,
such limitations in microscopic ICG angiography become more
profound. To overcome the drawbacks of microscopic ICG an-
giography, we decided to develop endoscopic ICG fluorescence
angiography.

In fact, endoscopic ICG angiography has been applied in oth-
er surgical fields before it was introduced in the field of neuro-
surgery, based on the property of ICG, which is circulated
through the blood vessels, metabolized in the liver, and excreted
via the bile duct into the intestines. Examples of the surgical ap-
plications of this technique include the detection of the sentinel
lymph nodes of patients with gastric cancer"
bleeding points in the gastrointestinal tract”, assessment of tis-
sue perfusion and bile tree in hepatopancreatobiliary surgery™,
and evaluation of free flap perfusion”. Neuroendoscopy itself
has been used mainly in skull base surgery via the transnasal ap-
proach and aneurysm surgery”'**". Meanwhile, the use of endo-
scopic ICG angiography in aneurysm surgery has recently been
introduced™*'”. The authors consider endoscopic ICG angiogra-
phy to be useful for confirming the occlusion of the aneurysms
and the patency of blood flow in the parent arteries and perfora-
tors, which could not be visualized under the microscopy and its
ICG angiography. Moreover, it is possible in the endoscopic ICG
angiography to better magnify the areas of interest”, obtain lon-

, visualization of

ger ICG fluorescence duration, and be more useful in the rup-
', compared to the microscopic system. Light
illumination from microscopy alone is reported to disturb the
detection of ICG fluorescence with endoscopy”.

The advantage of our endoscopic ICG angiography system is
that ICG fluorescence and visible color imaging can be simulta-
neously visualized and merged in a real-time manner. Previous
microscopic or endoscopic ICG angiography systems cannot
help but to demonstrate the visible color or NIR fluorescence
imaging one at a time such that surgeons may feel some diffi-
culty in comparing the real structures with fluorescence images
during the surgery. However, the size of our prototype camera
is larger than the previous one, which is an improvement.

We have further plans to improve this endoscopic ICG angiog-
raphy technique. First, an endoscope with smaller diameter and
flexibility may be more useful because the operative space is
very narrow without retracting brain tissue or drilling bony

tured aneurysms'"

structures. As the diameter becomes smaller, imaging resolu-
tion and transmission of the light illumination and emitting
fluorescence tend to be diminished. Such technical consider-
ations should be made. Second, distinct from the endonasal ap-
proach, which is performed through the bony nasal cavity, en-
doscopy with ICG angiography during aneurysm surgery
reaches and stays around the targeted vascular structures intra-
durally adjacent to the brain under microscopic inspection.
Separate displays for microscopy and endoscopy may be detri-
mental and time-consuming because endoscopy can damage
the adjacent cerebrovascular structures. A unified display sys-
tem that can visualize both the microscopic and endoscopic
imaging in one piece may be useful in terms of safety and con-
venience.

CONCLUSION

Our endoscopic ICG fluorescence angiographic system showed
satisfactory imaging resolution in a swine study. Different from
the previous systems, it was possible to simultaneously display
visible color and ICG fluorescent images, and make a real-time
merging images of them. Technical supplementation and ap-
proval for the clinical implication are expected to support the
application of aneurysm surgery as well as surgery for other
cerebrovascular diseases.
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