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                    Abstract
Background
Carotid endarterectomy (CEA) is the most effective treatment method of carotid stenosis or occlusion. Surgeons typically check the blood flow in each vessel using Duplex Doppler ultrasonography or radiocontrast angiography in order to prevent postoperative complications. Embolic cerebral infarction on the ipsilateral side has been reported in 4–7% of patients undergoing CEA despite a tolerable blood flow reported by Duplex ultrasonography. This study was designed to evaluate a new intraoperative method for detecting technical errors during CEA using indocyanine green (ICG) angiography.
Methods
Six consecutive patients with severe carotid stenosis or occlusion underwent CEA. Both ICG angiography and Doppler ultrasonography were performed before the carotid arterial incision and after the carotid arterial suture. After injecting ICG dye via an intravenous route, the internal surface, atheroma, and flow defect were visualized with a microscope.
Results
In ICG angiography, stenotic lesions could be identified as regions of relatively dark signal intensity. Magnified real-time images could be created using a microscope with an infrared filter, including three-dimensional images and detailed images of the inner lumen. These images could then be compared with the results of Doppler ultrasonography. In the six cases assessed by both ICG angiography and Doppler ultrasonography, all Doppler results were acceptable. However, one patient underwent revision surgery because a fluttering atheroma was detected by ICG angiography. ICG angiography could assume the extent of severe stenotic area. ICG angiography could also detect mobile lesions such as a fluttering atheroma.
Conclusions
Intraoperative ICG angiography before arteriotomy is useful to determine the precise stenotic area and the shape of the associated plaque. ICG angiography after an arteriotomy site is sutured is also useful for detecting residual stenosis or fluttering atheroma. ICG angiography could be an alternative method to Doppler ultrasonography for ensuring a complete and successful operation and preventing complications.
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                                    Introduction
Extracranial carotid artery stenosis occurs because of atherosclerosis, and it is an important cause of ischemic and embolic stroke [9]. Both carotid endarterectomy (CEA) and carotid artery stenting are known to be effective treatment modalities. The Carotid Revascularization Endarterectomy versus Stenting Trial (CREST) found that stroke occurred more frequently after carotid-artery stenting than after CEA [3]. The periprocedural rates of stroke and death in symptomatic patients were significantly higher in association with carotid artery stenting than with CEA [12]. Because almost all instances of stroke after CEA were detected immediately following the operation, intraoperative methods to test the completion of the treatment are recommended in order to decrease the complication rate and ensure technical perfection of the CEA procedure.
Radiocontrast arteriography (RAG) is considered the gold standard intraoperative method for ensuring technical perfection. Blaisdell et al. [2] documented a 26% incidence rate of technical defects that required intraoperative correction following CEA guided by intraoperative RAG. However, RAG has the following potential disadvantages: (1) a large space is required for the angiographic machine [1], (2) an arterial puncture is necessary, (3) there is a potential for flap or clamp injuries, (4) air emboli may occur, possibly due to subintimal injection of contrast material, and (5) arterial dissection or stroke could occur during surgery [8]. In order to avoid the disadvantages of RAG, pulsed duplex Doppler ultrasound in conjunction with a real-time spectrum analyzer were introduced in 1984 [14]. In contrast to arteriography, continuous wave Doppler ultrasonography is noninvasive and rarely has procedure-related complications. A Doppler probe with a transmission frequency of 8–10 MHz is commonly used to validate the integrity of flow velocity signals [1]. Because of the inconvenience and risks associated with intraoperative arteriography, most surgeons currently use duplex Doppler ultrasonography. However, the usefulness of the Doppler technique has been not been determined [10]. Until now, users of Doppler ultrasonography had to validate velocity criteria on an individual basis using angiography in order to correct for interequipment variability and the lack of cutoff values in the Doppler system. Furthermore, the Doppler system is not useful for visualizing the distal portion of the internal carotid artery (ICA), which is beyond the reach of the ultrasound probe. We have also experienced postoperative cerebral ischemic infarction although duplex Doppler ultrasonography had indicated a perfect surgery. The purpose of this study was to describe and evaluate six consecutive cases in which indocyanine green (ICG) angiography was used to ensure technical perfection.


Materials and methods
ICG
In 1960, Fox and Wood first described the physical and physiological properties of ICG. ICG angiography has been used extensively by cardiologists for cardiac flow studies since the 1960s [9]. ICG is a cyanine dye with a peak spectral absorption at approximately 800 nm. ICG angiographic images are visualized using a microscope with an infrared filter. ICG binds tightly to plasma proteins and is confined to the vascular system. It has a half-life of 150 to 180 s and is removed from circulation exclusively by the liver through bile juice. Fox and Wood reported no adverse effects in more than 1,000 patients undergoing cardiac function tests [4]. Garski et al. reported that after more than 240,000 intravenous injections of ICG, only four patients experienced adverse reactions; specifically, one patient presented with urticaria, and three presented with anaphylactic reactions [5].
Data collection and experimental procedure
We prospectively collected the records of all patients receiving ICG angiography between October 2010 and April 2011. A single surgeon performed the CEA procedure on each patient. Patient demographics, clinical presentation, radiological studies, intraoperative Doppler results, and ICG angiograms were reviewed for each case. The degree of carotid stenosis was evaluated using the North American Symptomatic Carotid Endarterectomy Trial (NASCET) criteria. CEA was indicated following a transient ischemic attack or mild cerebral infarction with ipsilateral carotid stenosis (>60%) or in the case of high-grade carotid stenosis (>60%) without associated symptoms. Patients with a previous history of drug allergy or hepatic dysfunction were excluded. Patients were monitored for 5 days following treatment for possible complications related to ICG such as allergic reaction or anaphylaxis.
ICG angiography required the use of ICG dye and a microscope equipped with an infrared filter, while CEA was performed as usual [7]. All procedures were performed under general anesthesia. After the ICA was exposed, the ICG dye was prepared. The microscope and infrared filter were turned on after a mixture of 12.5 mg of ICG (half of a single vial) and 5 ml of distilled water was injected. Several seconds later, the internal surface of the artery could be observed. Severe stenosis was identified by greatly reduced signal levels or signal distortion. After performing the endarterectomy and closing the site of ateriotomy, the same amount of ICG dye was injected again in order to check for residual stenosis, atheroma, and the new levels of blood flow.


Results
A total of six patients underwent CEA at our institution during the 7-month period reviewed in this study. The demographics of the patients, degree of stenosis, symptoms, adverse effects, and treatment complications are given in Table 1. Overall, the mean age of the patients was 71.2 years, and five males and one female were included in the study. All patients had carotid stenosis of at least 60%, and the mean grade of stenosis was 75.72%. Symptomatic carotid stenosis and more than 80% stenosis, determined by NASCET, were observed in three of six patients. Three patients were admitted to the emergency department complaining of weakness and dysphasia. The other three patients were diagnosed incidentally. No operative or postoperative complications, including vessel rupture or thrombosis, were experienced. Postprocedural observation lasted an average of 6 days, after which patients were discharged. There were no ICG-related adverse effects or complications. ICG angiography was used intraoperatively to assess blood flow patterns for 30 s. In every case, the result of the operation was also documented by Doppler ultrasonography. The results of Doppler ultrasonography, acquired after closing the arteriotomy site, are demonstrated in Table 2. The mean peak velocities of the CCA, ICA, and ECA were 12.83 cm/s, 11.45 cm/s, and 7.52 cm/s, respectively. All results acquired with Doppler ultrasonography were within the acceptable normal range.
Table 1 Demographic data of six CEA patientsFull size table


                        Table 2 Blood flow measurements achieved with pulsed Doppler after arterial closureFull size table


                     Comparison of ICG angiography and radiocontrast arteriography
Preoperative RAG and intraoperative ICG angiography performed prior to the arteriotomy are shown in Fig. 1. Both techniques offer structural images of the vasculature. RAG shows a vivid and exaggerated image of the inner surface that could help detect ulceration. However, RAG requires injections of a radiocontrast agent via an intraarterial route, in addition to a fluoroscopic machine. It only allows for reduced image coverage and has risks associated with radiation. In contrast, the intraoperative ICG angiography acquired prior to arteriotomy showed both the inner and outer surfaces of the vessels and portrayed the stenotic lesion as a relatively dark area (Fig. 1). ICG angiography could not offer precise information regarding the stenotic degree that RAG provided. However, because ICG angiography could display magnified real-time images when using a microscope with an infrared filter, the surgeon could see through arteries and identify the stenotic area. In addition, ICG angiography does not involve radiation.
Fig. 1[image: figure 1]
Comparison of ICG angiography and RAG. A dark signal area (arrow) identified the stenotic area in the ICG angiographic image (left). A filling defect revealed stenosis in RAG (right). ICG angiography could also show both the inner and outer surfaces. RAG showed only the inner lumen and could not offer the information needed to mark the stenotic area


Full size image


                        Comparison of ICG angiography and duplex Doppler ultrasonography
Doppler ultrasonography offered the surgeon quantified values of flow rate and sectional vascular images. Lesions that were big, steady, and perpendicular to the probe were well defined, yet the machine is relatively inexpensive and small. However, the flow rate was not reliable when the blood did not exhibit laminar flow or when the flow was measured at different isonation angles. The probe could not contact all the surfaces of arteries at the correct isonation angle because of spatial restrictions, and it was difficult to detect mobile lesions. ICG angiography offered three-dimensional images and images of the inner lumen. ICG angiography could also help detect mobile lesions and turbulent flow. Technical errors or incomplete treatment that demanded immediate surgical correction was identified by intraoperative ICG angiography in one of the six patients after the site of arteriotomy was closed. Although Doppler ultrasonography gave acceptable data, fluttering atheroma was revealed by ICG angiography (Fig. 2). In another patient, the ICG angiography results showed residual ICA stenosis beyond the site of the endarterectomy, despite the observation of intact flow using Doppler ultrasonography.
Fig. 2[image: figure 2]
Case 1. Distal ICA revealed a residual atheroma at the end of the incision (arrow). Additional atheroma-stabilizing stitches were placed (middle). ICG angiography showed residual stenosis (lower)


Full size image


                        Illustrative cases
Case 1
A 69-year-old man visited the ER with weakness of the left leg. His symptom had developed 2 days prior to his presentation at the hospital, and although it improved 20 h later, it later recurred. He was treated under a clinical diagnosis of three-vessel coronary disease and hypertension. He was the first case of ICG angiography in this study. During CEA, the distal portion of the ICA showed a residual atheroma. The surgeon attempted to remove the residual ICA atheroma but was only able to perform atheroma-stabilizing suturing because of insufficient arterial exposure and limited arterial clamping time. After arterial closure, the peak blood flow velocities were 11.8 cm/s, 14.3 cm/s, and 6.2 cm/s for the CCA, ICA, and ECA, respectively. A residual stenotic band was detected by ICG angiography (Fig. 2).
Case 2
An 81-year-old woman presented with memory deficit. A neurologist evaluated magnetic resonance images of the brain and carotid artery. Severe areas of carotid stenosis were detected, scoring 61.6% based on the NASCET criteria. We performed CEA because the patient had symptomatic carotid stenosis with 92% stenosis. Her atheroma was ulcerated and fragile. The incision was closed after massive intimal irrigation. ICG angiography showed a fluttering atheromatous plaque at the end of the arteriotomy site (Fig. 3). The incision was reopened, and the residual atheroma was removed.
Fig. 3[image: figure 3]
Case 2. ICG angiography showed a fluttering residual atheroma (arrow) in the incision site. The wound was reopened, and the atheroma was removed


Full size image


                           Case 3
A 59-year-old man was admitted for treatment of newly diagnosed prostate cancer. He had been treated under a clinical diagnosis of hypertension and diabetes. Routine preoperative evaluation revealed stenosis of the proximal portion of the right ICA. Conventional angiography indicated 62% stenosis in the right ICA using the NASCET criteria. Intraoperative ICG angiography before arteriotomy revealed an extensive plaque in the proximal portion of the ICA (Fig. 4). After the distal portion of the ICA had been widely exposed, the atheroma was completely removed.
Fig. 4[image: figure 4]
Case 3. ICG angiography showed the wide extent of an atheroma in the proximal ICA (arrow). The ICA was dissected up to the hypoglossal nerve (H) and incised up to the hypoglossal nerve. The thick and ulcerated atheroma (arrow head) was completely removed


Full size image


                           Case 4
A 76-year-old man presented at the emergency department with motor dysphasia. Magnetic resonance images showed stenosis of the proximal portion of the left ICA. Using RAG, the grade was determined to be 61% based on the NASCET criteria. Preoperative ICG angiography demonstrated low signal in the proximal portion of the ICA, which was not seen in other areas. The low ICG signal was not eccentric and was seen in the whole segment, and the atheroma had a cylindrical shape. The signal brightness on the ICG angiography results reflects the depth of the artery (Fig. 5).
Fig. 5[image: figure 5]
Case 4. ICG angiography showed a segment of low signal. The area of low signal was not eccentric but cylindrical (arrow). The shape of the plaque is like a ring (arrowhead). ICG angiography clearly showed the arterial walls


Full size image


                           

Discussion
CEA is the standard treatment of carotid stenosis or occlusion. However, the operation must treat the atheroma completely: the majority of complications arising from CEA are related to an incomplete operation. Previous investigators have emphasized the importance of intraoperative assessment in performing CEA [2]. Other investigators reported that 7% of 150 CEA procedures resulted in arteriographic defects that needed to receive immediate surgical correction [14]. Pulsed Doppler examinations were proposed as a means to minimize this additional risk. Nearly 30 years later, surgeons are still confirming surgical completeness by Doppler ultrasonography or RAG. Although Doppler is the more popular method, it has three main disadvantages. First, the blood flow rate is dependent upon the isonation angle. The correct insonation angle is known to be between 55-65°. It is difficult to stay within this range and image all parts of a vessel. Second, as the lumen narrows, the velocity of blood flow increases at early stage and decreases at advanced stage. The diameter of the lumen cannot be directly assumed from Doppler ultrasonography data. Thus, the numerical value of blood flow provided by Doppler ultrasonography might not be proportional to the real blood flow. Third, Doppler data are only reliable in the case of laminar flow. In turbulent flow, Doppler may be an unreliable tool for blood flow quantification.
ICG angiography has been used by cardiologists and ophthalmologists for 50 years. Recently, neurovascular surgeons have also started using ICG angiography after clipping aneurysms. Although ICG angiography has frequently been used in numerous hospitals, adverse effects related to ICG have rarely been reported. ICG has some additional advantages in the confirmation of postoperative status. First, ICG angiography can show the entire inner and outer lumen of the carotid artery in real time. Duplex Doppler ultrasonography can only assess the areas near the probe. Because RAG characterized only the inner surface of vessels, it was difficult to estimate the extent of atheroma and decide the appropriate targeting area for CEA. Diffuse cylindrical atheroma in the distal portion of the ICA could cause either ischemic or embolic stroke. Both RAG and Doppler methodologies provide limited evaluation of this location: RAG is unable to measure the thickness of the vessel, and Doppler ultrasonography only examines a narrow area of the vessel, avoiding nearby muscles. ICG angiography before arteriotomy could help determine the stenotic area and determine the targeting area for surgery, especially when the atheroma is localized in the distal region of the ICA. ICG angiography after endarterectomy showed the extent of removed and residual atheroma by a difference of signal intensity, and it could help surgeons to evaluate the completeness of the procedure or any residual stenosis. Second, ICG angiography showed fluttering atheroma and approximate blood flow rates. Although RAG could also provide information on fluttering atheroma, it provided only reduced coverage in the images. Fluttering atheroma causing embolic infarction is easy to miss. Doppler ultrasonography showed an even further limited image. Theoretically, Doppler ultrasonography can detect fluttering atheroma theoretically, but it is difficult to fix the probe in the surgical field and to distinguish motion artifacts from fluttering atheroma. ICG angiography illustrated magnified carotid artery images by microscope. Surgeons could see through arteries and detect fluttering atheroma and/or the presence of an intimal flap. Although the surgical field was always irrigated with heparinized saline, the cerebral infarction sometimes occurred immediately after surgery because of residual atheroma. Some instances of infarction occurred because of residual atheromas anchored to the vessel wall, which may not have been successfully removed by irrigation. In addition to fluttering atheroma, ICG angiography can also report on blood flow. Although it cannot quantify blood flow, the differences in brightness of dye flow rates may be suggestive of the rate and type (laminar or turbulent) of blood flow. Doppler and RAG could offer the type and rate of flow, but no more.
One patient not included in this study was a middle-aged man who had a carotid occlusion diagnosed incidentally. He underwent left CEA, and the operation was deemed successful. However, he suddenly complained of right-side weakness and dysphasia 2 days following surgery. He was diagnosed with a left middle cerebral artery infarction. We could not explain the delayed embolic infarction. In the literature, some cases have reported cerebral infarction despite satisfactory Doppler exam findings [13]. Prior investigators reported that a new hyperintensity was observed in postoperative diffusion-weighted images in 4% of CEA patients [11]. Other investigators stated that 7.7% of 65 patients who underwent CEA developed neurological deficits [6]. Other authors reported that Duplex ultrasonography was of limited to no value, whereas contrast arteriography rarely documented a lesion that required repair [13]. Doppler ultrasonography could confirm stenotic lesions but could not detect all embolic sources. In our case (case 2), we removed the atheroma and evaginated the internal lumen of the vessel. Although we examined the entire inner lumen, ICG angiography showed fluttering atheroma. We concluded that the reported post-CEA embolic infarction with an undefined cause may be due to fluttering atheroma. In another case, an arterial incision was made without ICG angiography, as in a routine CEA procedure, and extended to the distal portion of the ICA. A thick cylindrical plaque persisted at the end of the arteriotomy. Only intimal-stabilizing sutures were placed. After completion of the arterial sutures, ICG angiography showed a residual stenosis of approximately 3 mm. ICG angiography gave information on the exact extent of the atheroma and helped surgeons remove the atheroma completely. ICG dye is a safe and stable material that induces allergic reactions less frequently than radiocontrast materials. ICG angiography is free from radiation and does not require direct arterial puncture or a space for an RAG machine. It can be a substitute for intraoperative angiography and help decrease procedure time, costs and risks.
A major limitation of this study is that few patients were included. Many patients opted for the less invasive carotid stenting over invasive surgery. A large multicenter study with randomized concurrent controls is desirable in order to better understand the advantages and disadvantages of ICG angiography. Furthermore, we did not conduct intraoperative RAG, and preoperative RAG was compared with ICG angiography. The comparison might be different when comparing two intraoperative methods.


Conclusions
Intraoperative ICG angiography before arteriotomy is useful to determine a stenotic area and the shape of the plaque precisely. ICG angiography after closing an arteriotomy site is also useful for detecting residual stenosis and the presence of a fluttering atheroma. It is safe and can provide magnified and intraluminal images. ICG angiography could be an alternative method for ensuring a complete operation and preventing complications associated with CEA.
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Additional information
Comment
This most excellent report from Boramae Hospital in Seoul documents six patients with intraoperative ICG angiography used to guide the extent of arteriotomy and to evaluate potential technical errors in the completed repair. One patient had a residual floating thrombus identified post-closure that was resected, possibly preventing a stroke. The method reliably demonstrated the distal endpoint and patency of repair. From what I can see, no patch grafts were used.
We use ICG angiography to assess all of our carotid arteries now and have an experience of 20–25 cases. What we have found is that with the thick wall of the cervical carotid artery, we need a double dose (two vials) to get adequate imaging. It is difficult to see through the Hemashield patch at the conclusion of the case, but the distal endpoint and robust flow up the distal ICA are easily visualized. I must say that I am unsure how to interpret Fig. 2 radiologically as showing a residual thrombus; I think I might have overlooked this finding and passed it as simple postoperative roughness, but of course the authors have the benefit of having reopened the vessel and confirming their impression with a direct look at the anatomy.
I respect and applaud these authors for their groundbreaking work on this topic. Their report has inspired me to put my own cases together and hopefully publish a similar manuscript soon, as the technique and imaging will be different with our routine use of a Hemashield patch graft.
Christopher M. Loftus
Philadelphia, PA, USA
This is a relatively small series evaluating the possible utility of ICG angiography in carotid endarterectomy surgery. The small size of the series makes any statistical conclusions impossible. Nonetheless, the practical demonstration of the utility of this technique merits continued attention. Given that the pre-arteriotomy evaluation of plaque extent has already been published by others, the main contribution of this paper is to raise the possiblity that post-endarterectomy ICG angiography may provide valuable information (e.g., about intimal flaps) that might affect management. The authors are encouraged to pursue this in a more comprehensive study.
Michael Tymianski
Ontario, Canada
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