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Introduction

Indocyanine green (ICG) has become well-established as an
adjunct in multiple surgical fields as it augments reality to allow
for accurate identification of anatomic structures and assessment
of blood flow [1]. Due to the binding of indocyanine to plasma
proteins, it is maintained in the vasculature and has become rec-
ognized as versatile tool in vascular neurosurgery. Assuring the
integrity of tissue perfusion is the most important principle in
neurovascular surgery [2]. The first described use of fluorescent
visualization of cerebral blood vessels in neurovascular surgery
was in 1967 by Feindel et al. [3], and in 1994, Wrobel et al. [4]
described a case of ICG angiography in aneurysm surgery.
However, it wasn’t until 2003 when Raabe et al. [5] used
microscope-integrated indocyanine green (M-ICG) angiography
to assess vessel patency that neurosurgery as a field began to
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widely investigate and adopt the technique [6]. Prior to this time,
intraoperative digital subtraction arteriography (DSA) was
required for assessment of cerebral blow flow [5]. Raabe et al. [5]
demonstrated that ICG angiography was a simple method to pro-
vide real-time information on multiple phases of blood flow down
to vessels less than 0.5 mm in diameter, thus opening the door to
a multitude of neurosurgical applications (Fig. 13.1). The use of
indocyanine has since broadened to other areas within neurosur-
gery with the four main uses being neurovascular, endoscopic
endonasal approaches, ventricular surgery, and neurooncological
procedures; this chapter will focus on the neurovascular uses of
indocyanine green. Within neurovascular procedures ICG is com-
monly used for assessing aneurysm morphology and perforator
vessel preservation. The ability to identify the obliteration or
patency of vessels is also pertinent in arteriovenous malforma-
tions and dural fistula surgery.

Fig. 13.1 For the exposed operative field (lefr), ICG videoangiography
(right) provides a real-time assessment of the flow through both large and
small (recurrent artery of Heubner) vessels. LA left Al segment of the ACA,
LA2 left A2 segment of the ACA, RAI right Al segment of the ACA, RA2
right A2 segment of the ACA [7]
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The use of ICG angiography has been fairly easy to integrate
into the field of neurosurgery, largely due to the prevalence of
microscopic surgery. Multiple companies have equipped their
microscopes with near infrared sensitive digital cameras capable
of viewing the ICG diffusion within the cerebral vessels [6]. With
integration of ICG angiography into the operative microscope,
simplicity and speed are improved.

ICG Use in Aneurysm Repair

Aneurysm treatment depends on complete exclusion of the aneu-
rysm sac and patency of the supplying arteries. While alternative
treatments such as coiling and stenting have made advances,
microsurgical clipping should still be considered the durable and
definitive treatment for intracranial aneurysms [8]. Sindou et al.
[9] found that incomplete clipping accounts for up to 4-8% of all
clipping cases [6]. If imaging is only completed postoperatively,
the findings may result in repeat surgery, and studies suggest a
2-8% rate of residual aneurysm filling and a 4—12% rate of parent
or branching artery occlusion on postoperative angiography [2].
Prior to ICG, neurosurgeons had several intraoperative methods
to assess aneurysm blood flow such as contact Doppler ultraso-
nography, blood flowmetry, and the gold standard of contrast-
enhanced (digital subtraction) angiography (DSA). Starting with
the case series by Raabe et al. in 2003, ICG angiography has been
studied in aneurysm clipping. ICG offers an easy, rapid, and min-
imally invasive method of allowing evaluation of complete aneu-
rysm exclusion, neck remnant, and blood flow in parent and
perforating arteries (Fig. 13.2). Many of the studies since Raabe
et al. [5] have compared ICG to Doppler ultrasonography or DSA
to assess anatomy pre- and post-clipping, clip positioning, pres-
ence of aneurysm residuals, and patency of normal vessels. It is
recommended that the surgeon use an objective intraoperative
technique rather than relying on visual assessment alone [6].
ICG, while not without its limitations, does offer benefit over
some of the existing methods of flow detection. DSA, which has
been shown to have a significant impact on 7-34% of cases when
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Fig. 13.2 Middle cerebral artery aneurysm with the neck dissected and clear
view of the parent vessel and its two branches (a), after retraction showing the
neck of the clipped MCA aneurysm (b), and intraoperative ICG videoangiog-
raphy showing the patency of the branches of the MCA and complete exclu-
sion of the aneurysm from the circulation (c) [10]

used intraoperatively, is expensive, requires additional specially
trained staff, and has a complication rate of 0.4-3.5% [7]. A min-
imum of 20 min is typically needed to set up and perform intraop-
erative DSA, a length of time that may exceed the ischemic limit
of cerebral tissue in certain cases. Clip adjustment after DSA is
associated with a 33% rate of stroke. Doppler ultrasonography
exhibits good correlation with postoperative angiography and is
inexpensive and noninvasive and does not add significant time to
the case, but interpretation of signals is subjective, and such fac-
tors as the angle of insonation, thickness of the vessel wall, and
investigation point may affect the outcome of the assessment
[2,6].

Aneurysm clipping is often completed with two doses of ICG;
one dose being administered prior to clipping and the second to
confirm the position of the clip and exclusion of the aneurysm.
With an up to 42-min visualization window, no additional doses
are needed in the pre-clipping step, and the patency of parent and
surrounding perforating arteries can be easily assessed. However,
a second dose is typically required for post-clipping evaluation
due to “trapping” of the ICG in the aneurysm which could simu-
late incomplete clipping [11]. Eliava et al. [6] demonstrated in
their series that it takes approximately 10 min to complete aneu-
rysm clipping after ICG administration. The use of ICG also
allowed the surgeon to quickly recognize stenosis or incomplete
exclusion and reposition the clip accordingly. Vessels less than
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1 mm in diameter are well assessed with the operating microscope
and ICG allowing for the accurate assessment of perforating arter-
ies [2]. These small perforating arteries may be below the level of
detection for DSA, and Oliveira et al. [12] showed a 1.6% rate of
clip adjustments based on ICG detection of compromised flow
through perforating arteries.

Despite a greater than 90% correlation with intra/postoperative
DSA, ICG angiography cannot completely remove all risk of
improperly placed clips [2]. Eliava et al. [6] described a case
where postoperative selective angiography revealed a remnant
aneurysmal neck that was unable to be evaluated intraoperatively
due to inability to directly view the area because of the location.
Several other studies have demonstrated a small rate of unex-
pected neck residuals and close vessel occlusion at a rate of 4-6%
[7, 8, 13]. In the series of 15 patients, one patient also had mild
stenosis of the internal carotid artery that was only noted on con-
trol angiography and not on ICG angiography. Studies have dem-
onstrated clip repositioning rates of 2-38% with the use of ICG;
part of this variation is due to the lack of standardization of ICG
technique, potential limited experience, and varied patient groups.
ICG angiography was noted to be crucial to case success in three
cases where blood flow, not visible by Doppler ultrasonography,
was visible by ICG angiography. A comparison of intraoperative
DSA to ICG, with 100 patients in each group, by Hardesty et al.
[14] demonstrated no reliable difference in the risk of postopera-
tive ischemia (4% vs 3%), unexpected aneurysm filling (4% vs
2%), or parent vessel compromise (2% vs 2%).

ICG is not without its drawbacks. Mainly, the fluorescence can
only be traced within the limits of visibility; important structures
may be easily obscured by vessel branches, a clip, or the aneu-
rysm itself. A comparison of contrast-enhanced angiography and
ICG by Washington et al. [7] did not favor ICG. In this study, the
conclusion of 14.3% of cases was discordant, largely due to the
fact that only visible vessels were assessed by ICG. Within the
seven cases of discordance from this study, five of the cases
underwent clip adjustment leading to complete aneurysm occlu-
sion or restoration of patency in branch vessels. No specific aneu-
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rysm characteristics were more likely to contribute to discordance
on multivariate analysis, but there was a trend toward anterior
communicating artery location leading to discordance on univari-
ate analysis. This finding aligns with the findings of Gruber et al.
[15] and Dashti et al. [13] that deep-seated aneurysms are poorly
imaged with ICG. Similarly, Roessler et al. [16] demonstrated a
9.1% identification rate with selective angiography of small
(<2 mm) neck aneurysm remnants and a residual 6 mm aneurysm
following ICG. These findings suggest that DSA may still serve a
vital role in complex aneurysms where hidden parts of the parent,
branching, and perforating vessels and undissected portions of the
aneurysm dome are difficult to directly visualize with ICG
(Fig. 13.3). ICG can also be affected by calcified or atheroscle-
rotic vessels and thrombosis within the aneurysm. However, intra-
operative DSA also has its limitations with a reported 7.9%
residual aneurysm and 4.8% rate of distal arterial branch occlu-
sion detected on postoperative DSA. Despite the aforementioned
finding, the study of 295 patients by Roessler et al. [16] is one of
the largest to date and also demonstrated a 9% repositioning rate
and a 4.5% rate of incomplete clipping after ICG administration,
findings that may not have been detected with Doppler or flowm-
etry.

The use of ICG has advanced beyond microscope integrated
use, and in 2013 the first described use of endoscopic-ICG
(E-ICG) use for neurovascular use was reported by Bruneau et al.
[18]. Aneurysm clipping was performed on an unruptured anterior
communicating artery aneurysm using a similar two bolus proto-
col and a 0° NIR-optimized endoscope. The E-ICG provided
high-resolution, panoramic views with additional information on
the aneurysm exclusion and parent and perforating artery patency
that would be potentially obscured without an angled camera. In
2014, Mielke et al. [19] published a series of 26 patients with
ruptured and non-ruptured aneurysms comparing M-ICG and
E-ICG. The series showed that in 11 of 26 patients, E-ICG added
information by increasing fluorescence time, offering different
viewing angles and enlarged views of the vessels and aneurysms.
An additional series by Yoshioka and Kinouchi [20] and Cho et al.
[21] demonstrated successful use of E-ICG in aneurysm clipping.
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Fig. 13.3 (a) Preoperative anteroposterior angiography with right internal
carotid injection in a patient with an anterior communicating artery aneu-
rysm. (b) Indocyanine green videoangiography after clipping. There is no
evidence of residual aneurysm. The direction of the arrow denotes the direc-
tion of the clip. Postoperative anteroposterior angiography (¢, d) showed
residual aneurysm. The patient underwent reclipping, and angiography (e)
after reclipping showed complete obliteration of the aneurysm [17]

Cho et al. [21] specifically selected ICA-PCoA and ICA-AChA
aneurysms due to the higher incidence of incomplete clipping and
branch compromise (Fig. 13.4). With the use of endoscopic ICG,
all necessary anatomic information and assessment of the clip-
ping was possible despite limited microscopic views. The main
advantage of endoscopy is enhanced visualization, better magnifi-
cation, and dynamic vision which improves the ability to view
less accessible regions, particularly posterior to the clip and
beyond the direct view of the microscope. Critical to the success
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Fig. 13.4 A 59-year-old man with an unruptured left internal carotid artery
(ICA) anterior choroidal artery (AChA) aneurysm measuring approximately
7 mm (case 8). (a) The AChA (thick arrow) and PCoA (thin arrow) were
observed on medioposterior view of three-dimensional reconstructed left [CA
angiography. (b, ¢) The orifice of the AChA (arrows) at the aneurysm neck
was identified with the microscope (b) (with a magnifying view at the right
lower side) and endoscope (¢), with a hard atherosclerotic anterior aneurysm
wall (asterisks). (d, e) After clipping, the orifice of the AChA was not visual-
ized with the microscope (d); however, it was shown to be compromised by
the standard clip (arrow) with the endoscope (e). (f, g) A miniclip was instead
applied, and the orifice of the AChA (arrows) was shown on microscopic
indocyanine green angiography with no indocyanine green filling within the
sac. (h, i) Dual-channel endoscopic indocyanine green angiography of fluo-
rescent (left panels) and visible color light (right panels) imaging also visual-
ized the intact orifice (arrows in h) and trunk proper (circles in i) of the AChA
[21]
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of E-ICG procedures is the maintenance of a clear surgical field.
Without a clear field, visual perception may be distorted and
“false” vascular structures visualized.

Compared with other forms of vascular assessment, ICG angi-
ography is approximately ten times more expensive than Doppler
ultrasonography and four times more expensive than flowmetry.
ICG is considered a cost-effective replacement to intraoperative
DSA. Studies comparing the cost of ICG and other standard flow
assessments are lacking with Nishiyama et al. [22] being one of
the few to look at per-patient cost of intraoperative imaging.

Washington et al. [7] note that a combination of ICG and DSA
may be the most effective for maximizing the safety and efficacy
of aneurysm surgery. Care should be taken when relying on ICG
for aneurysms where the field of view is limited or there are com-
plex flow dynamics.

ICG Use in Arteriovenous Malformation

The goal of surgical intervention of arteriovenous malformations
(AVM) is the removal of the AVM nidus and complete excision.
Microsurgical resection is the only treatment option that immedi-
ately eliminates the risk of hemorrhage from the AVM and any
remaining residual nidus with a high chance of re-rupture. DSA
can be used intraoperatively for assessment of AVMs, but it comes
with increased operating time and expense. The DSA images are
not integrated into the microscopic view like ICG and must be
interpreted separately, diverting the surgeon’s attention away
from the operative field.

ICG can help distinguish vessels in physiological and patho-
logical states; with arterialized veins emitting fluorescence in the
late arterial phase. Using ICG can help the surgeon identify AVM
arteries and veins early and plan operative steps. Deep-seated
AVMs are somewhat troublesome for ICG as the location is not
amenable to direct visualization; in these cases DSA is the gold
standard, but ICG can be a helpful adjunct.



394 B. Jones and M. Almenoff

ICG Use in Extracranial-Intracranial Bypass

ICG has always had a leading role in bypass surgery, and use with
neurovascular bypass was incorporated after the benefit was dem-
onstrated in coronary artery bypass. Extracranial-intracranial
bypass plays an important role in management of complex intra-
cranial aneurysms, moyamoya disease, and cerebral ischemia.
Early bypass graft occlusion and bypass failure are the main obsta-
cles of EC-IC bypass surgery, which leads to cerebral ischemia and
resulting morbidity. Intraoperative assessment of bypass graft
function can reduce complications, but techniques such as Doppler
ultrasonography and thermal artery imaging are limited in respect
to image quality and spatial resolution, thus limiting the ability to
detect flow in perforating arteries. DSA is the gold standard but is
associated with limitations as mentioned previously. Historically,
the immediate postoperative bypass patency rate has been cited
between 89% and 96%. Multiple factors contribute to the patency
of the graft including graft and donor vessel diameter, atheroscle-
rotic changes in the donor vessel, cerebral blood flow demand, and
flow direction within the bypass [23]. ICG has been reliably shown
to detect stenosis and nonfunctioning bypasses and can help judge
flow and anatomic relationships at the anastomotic site. Woitzik
et al. [24] demonstrated a patency rate of EC-IC bypass of 100%
after introducing the usage of ICG; prior to ICG the patency rate
was less than 90%. The use of ICG localized the site of failure to
the anastomosis and allowed for surgical revision and restored
flow in six cases reported by Woitzik et al. [24].

While ICG can rapidly allow identification of parent and recip-
ient arteries, further advancement in the quantitative and qualita-
tive evaluation of blood flow is underway. Awano et al. [25]
measured ICG perfusion area to assess hemodynamic changes
following superficial temporal artery (STA) and middle cerebral
artery (MCA) bypass surgery in moyamoya disease and non-moy-
amoya ischemic stroke. The group showed a significant increase
in cortical oxygen saturation in the moyamoya disease cohort
thought to be attributable to the increase of blood flow demand
and pressure gradient between the STA and recipient vessels [26].
Januszewski et al. [23] attempted to classify the type of flow
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through bypass grafts to predict early graft failure and need for
intraoperative revision. The group characterized flow through the
graft into three types: type I being robust and anterograde (early
arterial phase), type II being delayed anterograde flow (usually
corresponding to capillary or venous phase), and type III being
delayed anterograde flow without continuity to the bypass site or
no flow at all. This classification makes use of the three phases of
ICG distribution: arterial, capillary, and combined arteriovenous
due to the recirculation of dye. On postoperative imaging, four
occluded grafts (11%) were found in the series, all of which were
type Il or III. Based on these findings, Januszewski recommended
revision of most type II flow grafts as failure is not likely to be
related to competitive flow. ICG was found to be accurate and
comparable to DSA in this series.

Discussion of Hyperperfusion After STA-MCA

ICG can also be of use in detecting patients who may be at risk for
cerebral hyperperfusion. Two studies performed by Horie et al.
[27] and Uchino et al. [28] examined ICG intensity-time curves
and semiquantitative analysis of ICG-video angiography
(ICG-VA), respectively. This can be applied in both patients with
moyamoya disease and atherosclerotic disease. A blood flow
index, calculated on the basis of the ICG intensity-time curve,
with an increase of greater than threefold, may be predictive of the
occurrence of hyperperfusion. Additionally, ICG-VA and analysis
with specialized software may allow for recognition of flow
parameters and hemodynamic changes that may be indicative of
transient neurologic event complications, but to date no evidence
has shown a correlation with improved patient outcomes.

Intraoperative Vessel Identification
Intraoperative vessel identification can also be performed with

ICG-VA in aneurysm bypass and indirect bypass. While
preoperatively there are multiple modalities to assist in selection
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of an appropriate donor vessel for EC-IC bypass, ICG can be used
intraoperatively for mapping and preparation of the donor vessel.
ICG-VA has also been used for selective targeting of the most
suitable recipient artery, and this has been well-described in the
treatment of complex MCA aneurysm. As a terminal branch of the
MCA (M4) is preferred as a recipient vessel in this case, [CG-VA
can detect the direction of flow and delayed or reversed filling
time of M4 branches during arterial phase and other vascular
structures during the capillary and venous phases. A primary and
secondary identification protocol has been described by Esposito
et al. [29, 30] in which delayed filling of superficial M4 branches
during either phase demarcates the supplied cortical area and any
artery within this area can be selected as the recipient. The sec-
ondary identification consists of a provocative temporary occlu-
sion. ICG-VA can then be repeated after anastomosis to rule out
residual filling of the aneurysm. A “flash fluorescence” technique
has also been described by Lawton (Fig. 13.5). This technique
helps identify an adequate recipient artery through occlusion of
the afferent artery and subsequent flash fluorescence with ICG of
efferent arteries after removal of the clip. This method can reduce
unnecessary sylvian fissure dissection and allows for anastomosis
to be performed on the cortical surface without brain retraction.
Transdural ICG-VA use in STA-MCA bypass has helped in delin-
eation of superficial vessel anatomy and allowed for tailoring of
the dural incision and prevention of vessel damage during dural
opening and microsurgical dissection.

There is also a report by Yokoyama et al. [31] of E-ICG use in
the treatment of recurrent skull base tumors. ICA angiography
was performed after identification of a possible branch feeding
the tumor; this information was used as the basis for deciding
whether to deliver intra-arterial chemotherapy [11].
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Flash Fluorescence

| Cortical outflow
arteries

Flash
fluorescence

Fig. 13.5 Use of flash fluorescence technique to identify the efferent arteries
of the aneurysm using ICG-VA. (a) Identification of candidate bypass recipi-
ent arteries among the surface M4 branches is difficult but could be improved
using the following steps. (b) Temporary clip occlusion of the aneurysm
inflow (afferent arteries) proximal to the aneurysm. (¢) ICG-VA demonstrat-
ing initial fluorescence in uninvolved arterial branches. (d) Removal of tem-
porary clip for aneurysm reperfusion. (e) Fluorescence seen in the efferent
arteries to identify the most suitable recipient on the cortical surface for the
bypass [26]
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Standard ICG Dosing

The standard dose of ICG is 0.2-0.5 mg/kg [26]. Januszewski
et al. [23] described a standard injection, through a peripheral
vein, of 25 mg of ICG dissolved in 10 mL of water. Cavallo et al.
[26] reported dissolving 25 mg in 5 mL of water and flushing
immediately with 10 mL of normal saline. Redosing is suggested
at 20 min to ensure adequate clearance of the tracer with the total
cumulative dose not to exceed 5 mg/kg.

Conclusion

Over the past decade, the use of ICG angiography in neurosurgery
has expanded. This technique has found use in multiple aspects of
neurosurgery and offers additional tool in the surgeon’s kit. Series
in neurovascular bypass, aneurysm exclusion, and AVM have
demonstrated the utility of ICG-VA. This technology may even
help in the early recognition of postsurgical complications with
the application of software that can analyze flow using ICG inten-
sity. [CA-VA can be time-saving in some cases and simpler to
interpret but is limited in its ability to view deeper vessels. This
limitation has been somewhat overcome by the introduction of
E-ICG. Additional studies are still needed to further determine
when ICG is superior to other imaging methods.
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