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Background: Extracranial-intracranial (EC-IC) bypass surgery is the main
treatment approach to moyamoya disease, and an accurate assessment of
the patency of anastomosis is critical for successful surgery. So far, the most
common way to do this is the intraoperative intravenous indocyanine green (ICG)
video-angiography. Intra-arterial ICG-VA has been applied to treat peripheral
cerebral aneurysms, spinal arteriovenous fistulas, and dural arteriovenous fistulas,
but few reports have concerned the use of arterial injection of ICG to evaluate
anastomotic patency. This research aims to explore the feasibility and effects of
catheter-guided superficial temporal artery injection of ICG in the evaluation of
anastomotic patency after bypass surgery.

Methods: In this study, 20 patients with moyamoya disease or syndrome who
underwent bypass surgery were divided into two groups, one who received
intravenous ICG angiography and the other who received intra-arterial ICG
angiography, to compare the two injection methods for vascular anastomosis
patency. We conducted conventional intraoperative digital subtraction
angiography (DSA) in a hybrid operating room during extracranial-intracranial
(EC-IC) bypass surgery, including the additional step of injecting ICG into the
main trunk of the superficial temporal artery (STA) through a catheter.

Results: Intra-arterial injection of indocyanine green video-angiography (ICG-
VA) indicated good patency of the vascular anastomosis when compared with
conventional digital subtraction angiography (DSA) and intravenous ICG-VA,
confirming the feasibility of using the arterial injection of ICG for assessing
anastomotic patency. And intra-arterial ICG-VA results in faster visualization than
intravenous ICG-VA (p <0.05). Besides, ICG-VA through arterial injection provided
valuable information on the vascular blood flow direction after the bypass surgery,
and allowed for visual inspection of the range of cortical brain supply from the
superficial temporal artery and venous return from the cortex. Moreover, arterial
injection of ICG offered a rapid dye washout effect, reducing the repeat imaging
time.

Conclusion: This study indicates that intra-arterial ICG-VA has good effects in
observing the direction of blood flow in blood vessels and the range of cortical
brain supply from the STA, which reflects blood flow near the anastomosis and
provides additional information that may allow the postoperative prediction of
cerebral hyperperfusion syndrome. However, the procedure of intra-arterial ICG-
VA is relatively complicated compared to intravenous ICG-VA.
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1. Introduction

Moyamoya disease is a cerebrovascular disease that mainly
manifests in the distal internal carotid artery, as well as the proximal
anterior and middle cerebral arteries which are progressively stenosed
or occluded, leading to the formation of an abnormal vascular network
at the base of the brain (1). It primarily occurs in East Asian countries
like Japan, China, etc. The major complications of moyamoya disease
include transient ischemic attack (TTA), ischemic and hemorrhagic
strokes, cognitive impairment, headaches, and seizures, which can lead
to disability or even death (2). So far, there are no definitely effective
drugs for the treatment of moyamoya disease, and further investigations
are needed (3). Surgical revascularization surgery includes direct,
indirect, and combined bypass surgeries. Meta-analysis suggests that
the first and the third have significant advantages in treating late-stage
stroke and bleeding patients (4). As direct and combined bypass
surgeries are the main treatments of moyamoya disease, the assessment
of the patency of the anastomosed vessels during surgical bypass of
moyamoya disease is therefore critical to ensuring the surgical success.

In 2003, Raabe et al. (5) introduced indocyanine green video-
angiography (ICG-VA), which has since then been extensively used
for the evaluation of cerebral blood flow intraoperatively in procedures
such as aneurysm clipping, bypass surgery, arteriovenous
malformation (AVM) and arteriovenous fistula (AVF) (6). In bypass
surgery, the evaluation of patency at the anastomotic site is mainly
achieved by intravenous injection of ICG (7). However, intravenous
injection of ICG has several drawbacks. For instance, due to dilution
by the circulation, the intracranial arteries need a large amount of ICG
after peripheral venous injection of indocyanine green, and the
metabolic process in cerebral vessels after imaging has to last 15min
(8) and is even unrepeatable within a short time. Since synchronization
easily occurs at the anastomotic vessels when the indocyanine green
flows to the cortical vessels through the carotid artery, the contrast in
the imaging area is not abundantly clear, which affects the afterward
assessment of results. Currently, although arterial injection of ICG has
been applied to treat peripheral cerebral aneurysms, spinal
arteriovenous fistulas, and dural arteriovenous fistulas (9-11), there
have been few reports about the use of superselective arterial injection
of ICG to estimate the patency of the anastomotic site during bypass
surgery (12). Thus, this study attempts to estimate the patency of the
anastomotic site after cerebral blood flow reconstruction by
superselective injection of ICG into the superficial temporal artery
through a catheter (select right femoral artery and apply a 5F curved
catheter), and investigate the feasibility and effects of this method.

2. Methods
2.1. Patients and acquisition of data

This study involved 20 patients diagnosed with moyamoya disease
or syndrome and with indications for surgery, all of whom underwent
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preoperative digital subtraction angiography (DSA) imaging
evaluation based on the diagnostic criteria for moyamoya diseases in
the 2021 Japanese moyamoya disease management guidelines (13).
The inclusion criteria for patients are as follows:

i. Male or female subjects, age ranging between 18 and 70 years.

ii. Digital subtraction angiography (DSA) imaging demonstrating
stenosis or occlusion in the arteries centered on the terminal
portion of unilateral or bilateral ICA and abnormal vascular
networks in the vicinity of the stenotic or occlusive lesions in
the arterial phase.

iii. A qualifying transient ischemic attack (TTA) or ischemic stroke
or hemorrhagic stroke in the stenotic or occlusive territory
must have occurred within the past 12 months.

iv. No previous history of EC-IC bypass surgery.

v. Must be competent to give informed consent.

These patients were admitted to The First Affiliated Hospital of
Ningbo University between December 2022 and April 2023, and
underwent STA-MCA bypass surgery combined with intraoperative
cerebral angiography. The research protocol has been ratified by the
Medical Ethics Committee of the First Affiliated Hospital of Ningbo
University (2022-085A),
organizational guidelines, and complied with the Helsinki Declaration

conducted according to relevant
(revised in 1983). We obtained written informed consent from all the
patients. Preoperative and postoperative radiographic data were
obtained from the department’s digital management software, and
videos recorded with a KINEVO 900 microscope (Carl Zeiss) were
analyzed and evaluated. Numerical data were compared within the
same group using the paired t-test. All analyses were performed with
IBM SPSS Statistics 25.0. Results with p<0.05 were

considered significant.

2.2. Surgical procedure

All STA-MCA bypass surgeries and intraoperative cerebral
angiography were executed, respectively, by the same experienced
neurosurgeon in the hybrid operating room. Following general
anesthesia, the patient was in a supine position with the head tilted
60° to the opposite side. The perineum was disinfected and draped,
the Seldinger technique was used to pierce the right femoral artery, a
5F sheath was inserted, and a 5F curved catheter was selected and
advanced to the beginning of a parietal branch of the superficial
temporal artery on the affected side. The catheter position was
maintained, and heparinized saline was continuously infused through
the catheter and manually flushed every 20min to prevent
thromboembolism. Next, the head was disinfected and draped, a
curved incision of approximately 15cm was made on the ipsilateral
frontotemporal area, and the scalp was incised to create a flap. The
temporal muscle was partially incised to create a muscle flap, and the
muscle was dissected and flipped forward with adequate intraoperative
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protection of the superficial temporal artery. Based on the preoperative
digital subtraction angiography, the bone flap of approximately
6cm x 8 cm was removed to avoid the middle meningeal artery. Then,
the dura mater was suspended, and the parietal branch of the
superficial temporal artery was separated and the dura mater was
radially incised. The brain surface was examined, and a suitable
receptor vessel was selected for the STA-MCA anastomosis. After the
anastomosis, the fluorescence microscope was turned on, and 25mg
indocyanine green (25mg in 5cc) was intravenously injected
peripherally to determine the patency of the anastomosis. In the ICG
video-angiography, the imaging is recorded under a microscope while
ICG is injected. Subsequently, digital subtraction angiography (DSA)
was conducted to evaluate the blood flow patency of the anastomotic
site. Afterward, indocyanine green was intra-arterially injected
through the catheter, and the anastomotic site was evaluated using an
integrated ICG-VA microscope. The catheter sheath was removed, the
vascular closure device was used to close the vessel, and local
hemostatic dressings were applied. The temporal muscle was repaired,
and the dural defect was closed in layers. Finally, conventional
postoperative computed tomography (CT) scans were performed
2hours after surgery to detect any secondary cerebral hemorrhage. In
addition, it is necessary to monitor the patient’s systemic symptoms
and to check the magnetic resonance imaging (MRI) immediately if
there are signs of cerebral infarction.

2.3. Intraoperative indocyanine green
videoangiography

A microscope (KINEVO 900, Carl Zeiss), outfitted with a
fluorescence illuminant (wavelength 700-850nm) and an infrared
camera for imaging, was used to integrate near-infrared indocyanine
green fluorescence imaging. It provides an automatic zoom function and
adjusts the camera gain automatically during ICG-VA to the near-
infrared signal strength within the camera’s dynamic range, achieving
optimal visualization of the fluorescent area. The microscope was placed
vertically about 300 mm away from the study area. During ICG-VA, the
surgical area light was turned off, and 25 mg of indocyanine green was
dissolved in 5mL of saline and administered as a single intravenous
injection through a peripheral venous catheter. When reaching the
corresponding area, ICG emits fluorescence after being excited by near-
infrared light, then converted to a black-white image which is displayed
on the microscope monitor. The operator evaluated the patency of the
anastomosis site by looking at the ICG videoangiography recording on
the microscope monitor. Similarly, the graft patency of the anastomosis
site was evaluated by observing the fluorescence image through the
microscope after ICG was injected into the superficial temporal artery
through a catheter. 25mg of indocyanine green in 5mL of saline was
dissolved and a smaller dose (0.5mL) was used to compare the results
after peripheral venous injection. Flow control at 2mL/min is required
by micropump injection.

3. Results
3.1. Demographics

A total of 20 patients with MMD who underwent STA-MCA
anastomosis surgery were included in this study, including 12 males and
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8 females. The patients’ ages ranged from 23 to 70years (mean age
51years). The patency of the anastomosis was evaluated using both
intravenous and arterial injection of ICG-VA in all the patients and
verified by intraoperative DSA. Among them, 19 were detected with
symptoms of transient ischemic attacks, ischemic strokes, or hemorrhagic
strokes, except one being asymptomatic, as shown in Table 1.

3.2. Assessment of anastomotic patency

Each patient received intravenous injection of ICG-VA, followed
by intraoperative DSA and intra-arterial injection of ICG-VA. Based
on the visualized demonstration of ICG after intravenous injection in
Figure 1 and the evaluation results of intraoperative DSA for the same
patient in Figure 2, the patency of the anastomotic vessel is clear,
which is also verified by the evaluation results during intra-arterial
injection of ICG-VA in the arterial phase of the same patient shown
in Figures 3A-C. It should be noted that there were no adverse
reactions to indocyanine green during the operation. Thus, the
comparison of the results between intra-arterial injection and the
intravenous injection and their intraoperative DSA evaluation all
confirmed the effectiveness of intra-arterial injection of ICG-VA in
evaluating anastomosis patency.

3.3. Timing of ICG signal after injection

In our current study, we recorded the timing of ICG signals after
injection by both methods. As shown in Table 2, we counted the time
required for two methods of ICG video-angiography to begin imaging.

TABLE 1 Study participants clinical characteristics.

Case Sex Age Symptoms Operated
No. side
1 Female 53 Ischemia Left

2 Male 43 TIA Right
3 Female 23 Hemorrhage Right
4 Male 42 Headache Left

5 Male 40 Hemorrhage Left
6 Female 37 Hemorrhage Right
7 Female 58 Ischemia Left

8 Male 53 Headache Left

9 Female 57 Ischemia Right
10 Male 56 Ischemia Right
11 Male 55 Ischemia Right
12 Male 59 TIA Left
13 Male 70 TIA Left
14 Male 47 Hemorrhage Right
15 Female 66 Ischemia Left
16 Male 64 TIA Left
17 Male 31 Hemorrhage Right
18 Male 63 Ischemia Left
19 Female 50 TIA Left
20 Female 47 None Right

frontiersin.org


https://doi.org/10.3389/fneur.2023.1241760
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Nietal.

10.3389/fneur.2023.1241760

Intravenous injection of ICG

17 seconds after
ICG injection

16 seconds after
ICG injection

18 seconds after
ICG injection

19 seconds after
ICG injection

FIGURE 1

vessels in one case (the anastomotic site is indicated by the blue arrow).

During the right middle cerebral artery (M4) bypass surgery, intravenous indocyanine green (ICG) video-angiography was performed to visualize blood

Intraoperative DSA

arterial phase

capillary phase

venous phase

——|

FIGURE 2

Intraoperative DSA of the same patient (the anastomotic site is indicated by the blue arrow).

The average time required for intravenous injection of ICG video-
angiography was 27.3s, while the average time required for intra-
arterial injection of ICG video-angiography was only 1.08s, there is a
significant difference between the two data, it can be concluded that
intra-arterial ICG-VA results in faster visualization than intravenous
ICG-VA(p<0.05).

3.4. Blood flow observations with
intravenous and intra-arterial ICGA

Although fluorescence is emitted near the anastomosis site, as
shown in the imaging after intravenous injection of ICG in ,

Frontiers in

which makes it difficult to evaluate the blood flow direction after
bypass grafting, the superficial temporal artery is immediately visible
and subsequently flows into the recipient vessel, cerebral capillaries
and refluxing vein after intra-arterial injection of ICG, as shown in

, which clearly illustrates the arterial, capillary, and venous
phases of ICG entering the vessels. Furthermore, the approximate
range of the cerebral cortex is supplied by the superficial temporal
artery, as shown in , and there exists the venous reflux of the
cortical area with the corresponding vein being identifiable, as shown
in . However, due to the low contrast, ICG-VA
intravenously injected fails to demonstrate the above positive effects,
according to . Comparing and ,

we found that despite the difference of only 5s between the two
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1.60 sec.

FIGURE 3

injection is noted in the upper left corner.

Intra-arterial injection of ICG

The video angiography results of the same patient after arterial injection of indocyanine green (ICG). Panels (A—C) depict the arterial phase of ICG
injection, where the blue arrow indicates the temporal superficial artery and the red arrow indicates the anastomosis site. Panels (D—F) represent the
capillary phase of ICG injection. Panels (G-1) display the venous phase, where the green arrow indicates the refluxing vein. The time of ICG signal after

images, most of the ICG in the capillary phase was not visible after
entering the venous phase, indicating that the dye washout effect of
arterial injection of ICG is stronger.

Direct and combined bypass are currently the main methods for
treating adult moyamoya disease (4), and vascular anastomosis is
the key to surgery. Due to the slender nature of the recipient and
donor vessels, vascular anastomosis is extremely difficult, and
intraoperative excessive damage to the intima is more likely to cause
acute thrombosis (14) and occlusion of the anastomosis. Failing a
timely warning and possible early detection can produce iatrogenic
cerebral infarction and new-onset neurological dysfunction (7).
Rapid and accurate evaluation of the patency of the anastomotic site
during the bypass surgery thus becomes critical for the success of
the surgery.

So far, there are various methods for intraoperative evaluation
of vascular anastomosis patency, and among them, ICG video-
angiography is the most common and standard technique for

Frontiers in

assessing anastomosis patency during bypass surgery, owing to its
good temporal and spatial resolution and ease of use. Previously,
peripheral venous injection of ICG was usually used to evaluate
vascular anastomosis, while for our treatment, the images are
instantly generated and visible on the screen during intra-arterial
injection of ICG, while for the conventional peripheral
intravenous injection, the process of imaging needs 10-30s (15),
in our study, the average time required for intravenous injection
of ICG video-angiography was 27.3 s, which is consistent with the
above. After imaging, our method of the intra-arterial injection
allows the direct observation of blood flow direction, which
makes the result more objective, reflecting the patency of the
anastomotic site and visually demonstrating that the superficial
temporal artery is supplying blood to the recipient vessel,
representing the success of this bypass surgery. But for the
conventional injection of ICG angiography, there is an uncertainty
about the direction of cerebral blood flow after grafting and
difficulty in detecting the blood flow direction when the cerebral
blood flow velocity is high, since it requires an in-depth analysis
and detection under the FLOW 800 system (16) with the ROI in
a better position as setting, ultimately causing a delay and some
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TABLE 2 The time from ICG injection to ICG signal appearance (seconds).

(OF 13- \\[o} Intravenous Intra- p-value

ICG-VA arterial
ICG-VA

2 227 0.8

3 23.1 22

4 25.4 0.5

5 262 0.2

6 16 0.6

7 50 32

8 21.8 1.2

9 34.4 1.2

10 37.6 1.6

11 20.5 1.2

12 222 03

13 29.2 1.2

14 22 0.2

15 37.2 22

16 252 0.5

17 26.7 1.2

18 29.8 0.8

19 33.6 2

20 234 0.4

Mean 27.3 1.08 2x10712

deviation. Furthermore, in our study, it becomes easily identifiable
of the cortical area supplied by the superficial temporal artery and
the venous reflux of the cortical area. Currently, cerebral
hyperperfusion syndrome (CHS) is a not rare and thorny
complication after bypass surgery, mainly manifested as epilepsy,
headache, and even cerebral hemorrhage (17). A study indicates
that the larger the direct perfusion range of the superficial
temporal artery, the lesser the possibility of CHS occurring (18),
and a case report prompts that cortical venous reddening near the
anastomotic site after bypass surgery may be a sign of
hyperperfusion (19). Therefore, although there are many factors
that affect the occurrence of CHS, the observation of the supply
area of the superficial temporal artery and cortical venous reflux
can serve as additional information that may allow the prediction
of cerebral hyperperfusion syndrome for subsequent prevention
and treatment. Additionally, for the conventional method, the
flowing of intravenous ICG into the cortical vessels through the
internal carotid artery probably causes almost simultaneous
imaging of the vessels in the field of surgery, which results in
poorer image contrast.

The use of a relatively small dose of ICG during this arterial
injection process also obtains a favorable imaging result.
Although very few reports of adverse reactions to ICG but some
cases exposing severe allergic reactions and cardiac arrest (20),
therefore a smaller amount of ICG is conducive to the reduction
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of the incidence of adverse reactions (21). In addition, intra-
arterial injection has a better dye washing effect than intravenous
injection (22). Moreover, the reduced dosage of ICG results in
less residual time in cerebral blood vessels, and in case of poor
imaging effect during the operation, the next imaging can
be performed more quickly, shortening the surgery time
(according to our experience, usually about 1 min of the interval
between two vascular imaging).

DSA is considered the gold standard for diagnosing moyamoya
disease and assessing the patency of bypass surgery (23). In our
study, apart from conventional cerebral angiography, catheter
superselection, and indocyanine green angiography into the
superficial temporal artery were also employed to obtain images so
that these images were congruent with those observed under the
surgical microscope, allowing for a better understanding of the
anatomical structures with higher spatial resolution. Moreover,
satisfactory imaging results were also achieved when injection of
ICG into the branch vessel of STA using a syringe after STA-MCA
anastomosis, which was specially designed for some patients who
refused DSA (24).

Intraoperative microvascular Doppler ultrasound is proposed to
be performed directly on the bypass vessel to assess patency using
quantitative vascular flow parameters (15). A retrospective study of 51
patients with obstructive cerebrovascular disease who underwent
bypass surgery suggested that a cutoff flow index (CFI) of 0.5 can
be used as a threshold for evaluating graft patency, with a graft patency
rate of 92% for cases with CFI >0.5 and 50% for cases with CFI <0.5
(25). However it should be noted that in view of a high requirement
of Doppler technique for the angle between the probe and the vessel,
measurements at different angles will yield significantly different
results. Besides, it is not as perfect as needed in the spatial resolution
and image quality, posing an insuperable obstacle to the evaluation of
blood flow in tiny vessels (26). By contrast, intracarotid injection of
indocyanine green through a catheter enables more direct observation
of the patency of the anastomosis and the filling status of the cortical
small vessels.

This study has some limitations. First, intra-arterial injection of
ICG is not covered by the FDA permission. However, injection of a
lower dose of ICG should be acceptable, compared with intravenous
injection. Second, the sample capacity of this study is comparatively
small. More data and cases will be better for comparative research to
thoroughly evaluate the security and availability of this technology.

5. Conclusion

In vascular bypass anastomosis for moyamoya disease, intra-
arterial ICG video-angiography contributes to achieving the same
evaluation effect as intravenous ICG video-angiography for
evaluating the patency of the anastomotic site and giving a visual
display of the blood flow direction of the bypass vessel. In
addition, during the imaging process, the cortical area
approximately supplied by the donor vessels is observable,
providing additional information that may allow the prediction of
postoperative cerebral hyperperfusion syndrome. However, the
procedure of intra-arterial ICG-VA is relatively complicated
compared to intravenous ICG-VA.
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FIGURE 4
(A) Image of complete visualization after intravenous injection of ICG. (B) Microvascular phase after arterial injection of ICG in the same patient (red
arrow indicates the cortical area of the brain supplied by the superficial temporal artery). (C) Venous phase after arterial injection of ICG in the same
patient (blue arrow indicates the venous return). (D) Microscopic view of the operative field after completion of the bypass in the same patient (blue
arrow indicates venous return)
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