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Endovascular treatment of intracranial internal carotid artery bifurcation region aneurysms
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Intracranial internal carotid artery (ICA) bifurcation region aneurysms are uncommon. When treatment is necessary for ICA, endovascular treatment (EVT) can be a useful option. Due to the complexity of these aneurysms and the variability of EVT techniques, EVT for ICA bifurcation aneurysms is challenging. Currently, it is necessary to perform a review to explore this issue further. In this review, the following issues were discussed: the anatomy of the ICA bifurcation region; the classification, natural history and EVT status of ICA bifurcation region aneurysms; the technique used for identifying ICA bifurcation region aneurysms; and the prognosis and complications of EVT for ICA bifurcation region aneurysms. According to the review and our experience, traditional coiling is currently the preferred therapy for ICA bifurcation region aneurysms. In addition, in select cases, new devices, such as flow diverters and Woven EndoBridge devices, can also be used to treat ICA bifurcation region aneurysms. Generally, EVT is an alternative treatment option for ICA bifurcation region aneurysms.
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1 Introduction

The intracranial internal carotid artery (ICA) bifurcation region is centered on the ICA terminus, and this region can involve the distal ICA segment beyond the anterior choroidal artery (AchA), middle cerebral artery (MCA) and anterior cerebral artery (ACA) origins (1, 2). Aneurysms can occur in this region because increased hemodynamic stress at the level of arterial bifurcations has been linked to the development of aneurysms or aneurysmal rupture (3, 4). ICA bifurcation region aneurysms have a relatively high incidence in young patients, accounting for 2%–9% of all intracranial aneurysms (5, 6).

Ruptured or daughter-sac/multilobed, large or giant, growing ICA bifurcation region aneurysms may need treatment, including open surgery and endovascular treatment (EVT) (7–10). Currently, EVT, including traditional coiling, flow diverter (FD) and Woven EndoBridge device (WEB) (MicroVention, Tustin, California, United States) deployment, has been used for the treatment of ICA bifurcation region aneurysms (11, 12). However, EVT is challenging due to the unfavorable morphologic features of ICA bifurcation aneurysms. Due to the complexity of EVT and insufficient understanding of ICA bifurcation region aneurysms, it was necessary to perform a review to explore this issue further.



2 Anatomy of the ICA bifurcation region

The ICA bifurcation region is located lateral to the optic chiasm and below the anterior perforated substance at the medial end of the sylvian fissure. The ICA bifurcation has a complex anatomy, and its location may project laterally or posteriorly. The ACA may be hyperplastic, hypoplastic or absent; in addition, fenestration, moyamoya disease and the twig-like MCA may involve the ICA bifurcation (Figure 1).
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FIGURE 1
 Anatomy and anomaly of the ICA bifurcation region. (A) Number 1 panel: CTA showing symmetrical ICA bifurcations (arrows), the ACA was well-developed. Number 2 panel: CTA showing asymmetrical ICA bifurcations (arrows), and the unilateral ACA (arrow) was hyperplastic. Number 3 panel: CTA showing that unilateral ACA (arrow) was absent, and there was no true ICA bifurcation (arrow). (B) CTA showing that, in the ICA bifurcation region, the ACA was thicker than the MCA (arrow). (C) In the left and right panels (different views), CTA showing the ICA bifurcation located at the level of anterior clinoid process (lines). (D) In the left and right panels (different views), CTA showing the ICA bifurcation located outside anterior clinoid process (lines); the fenestration (asterisks) on the ACA can be seen. (E) Number 1 panel: CTA showing a fenestration (asterisk) at the ICA bifurcation. Number 2 panel: CTA showing moyamoya disease involving bilateral ICA bifurcations. Number 3 panel: CTA (left) showing that the twig-like MCA (arrow); the AMCA supplied the twig-like MCA; DSA (right) showing the twig-like MCA (arrow). ACA, anterior cerebral artery; AMCA, accessory middle cerebral artery; CTA, computed tomography angiography; DSA, digital subtraction angiography; ICA, internal carotid artery; MCA, middle cerebral artery.


The ICA bifurcation region may be devoid of larger perforating arteries. Usually, only 3–5 perforating arteries <0.5 mm in diameter arise from the midportion of the ICA bifurcation superiorly to the medial portion of the anterior perforated substance; these perforating arteries are often difficult to locate via digital subtraction angiography (Figure 2A) (13). However, perforating branches of adjacent cerebral arteries can cross the ICA bifurcation region, including the ACA, MCA, AchA and recurrent artery of Heubner (Figure 2B) (14, 15). Intraoperative images obtained during clipping of the aneurysm in the ICA bifurcation region also confirmed these angiographic findings (Figures 2C,D).
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FIGURE 2
 Angiographic and intraoperative findings of the ICA bifurcation region. (A) DSA showing no visible perforating arteries from the ICA bifurcation region (frame). (B) Three-dimensional DSA showing that the recurrent artery of Heubner (arrowhead) and lateral lenticulostriate arteries (asterisks) course across the ICA bifurcation region. (C) Intraoperative image showing that, in the left panel, no major perforating arteries can be seen from the ICA bifurcation region. The ICA bifurcation aneurysm was clipped (arrow in the right panel). (D) Intraoperative image after clipping the ICA bifurcation aneurysm showing, in left panel, a group of perforating arteries (arrow) can be seen from the A1 origin, in right panel, no major perforating arteries can be seen from the ICA bifurcation region (arrow). ACA, anterior cerebral artery; AchA, anterior choroidal artery; DSA, digital subtraction angiography; ICA, internal carotid artery; MCA, middle cerebral artery.




3 Classifications of ICA bifurcation region aneurysms


3.1 Location

Broadly speaking, ICA bifurcation region aneurysms can include those beyond the AchA involving the ICA terminus and those at the ICA bifurcation, ICA-A1 junction or ICA-M1 junction (7). In a narrow sense, ICA bifurcation aneurysms refer only to those at the ICA apex. Those that arose purely from the proximal A1 or M1 were excluded (16).



3.2 Saccular or dissecting

Saccular aneurysms settled on the ICA bifurcation and had a neck (Figure 3A). They can project superiorly, posteriorly, anteriorly, laterally or medially, based on the aneurysmal dome relative to the distal ICA axis (17, 18). Saccular aneurysms can be categorized as symmetric and centered on the ICA bifurcation, with A1 or M1 being the predominant type. Symmetric-type aneurysms account for 50% of aneurysms, followed by the M1-and A1-predominant types (7). ICA bifurcation region dissecting aneurysms had no neck and presented with fusiform dilation involving the ICA terminus (Figure 3B) (19).
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FIGURE 3
 Classifications of ICA bifurcation region aneurysms. (A) Left panel: CTA showing a symmetric type of saccular aneurysm (arrow) that is on the highest point of the ICA. Right panel: CTA showing a M1 predominant type of saccular aneurysm (arrow). (B) Left panel: CTA showing a serpentine aneurysm (arrow) involving the ICA terminus. Right panel: Three-dimensional DSA showing a tandem of dissecting aneurysms (arrows) involving the ICA terminus and MCA origin. ACA, anterior cerebral artery; CTA, computed tomography angiography; DSA, digital subtraction angiography; ICA, internal carotid artery; MCA, middle cerebral artery.




3.3 Other classifications

According to the International Subarachnoid Aneurysm Trial (ISAT) (20), ICA bifurcation region aneurysms can be divided into small (<7 mm), medium (7–12 mm), large (>12–25 mm) or giant (>25 mm) lesions. Giant aneurysms are uncommon and account for 7% of all these lesions (19, 21, 22). ICA bifurcation region aneurysms can be divided into wide-necked (neck width ≥4.0 mm or dome-to-neck ratio <2.0) and narrow-necked (neck width <4 mm, dome-to neck ratio >2) aneurysms (23). In addition, ICA bifurcation region aneurysms can be spontaneous, traumatic or secondary to radiation (24, 25). They can be bilateral mirror-like or can involve multiple lesions associated with other aneurysms (even up to 50% in patients with ICA bifurcation region aneurysms) (6, 8, 19, 26–28).




4 Natural history of ICA bifurcation region aneurysm

Rupture of an intracranial aneurysm is a catastrophic event. Without access to treatment, the fatality rate is 50% in the first 30 days, including for ICA bifurcation region aneurysms. Rebleeding is the most imminent danger (29). Therefore, ruptured ICA bifurcation region aneurysms have a malignant natural history, aggressive treatment can be recommended.

According to the ISAT (20) and the Japanese Study on Unruptured Aneurysms (30), there is no direct information on the natural history of unruptured ICA bifurcation region aneurysms. These aneurysms are often mixed into intracranial ICA aneurysms for study (31). In Rinkel’s et al. (32) review of intracranial ICA aneurysms, including ICA bifurcations, during 2,449 patient-years, the overall risk of rupture per patient-year was 1.2%, and the risk of rupture per patient-year was 0.7% for those with a size ≤10 mm and 4% for those with a size >10 mm. In the natural course of unruptured cerebral aneurysms in a Japanese cohort (30), of 1,245 intracranial ICA aneurysms, including those of the ICA bifurcation, the annual rupture rates were 0.14%, 0, 1.19, 1.07, and 10.61% for aneurysms 3–4 mm, 5–6 mm, 7–9 mm, 10–24 mm, and ≥25 mm in length, respectively. Because some paraophthalmic aneurysms with a benign history were included in above studies, unruptured ICA bifurcation region aneurysms may have a greater risk of rupture than whole intracranial ICA segment aneurysms.

Currently, it is accepted that aneurysms in the smaller ICA bifurcation region may have a much lower risk of growth and rupture (33). Because the intracranial ICA bifurcation region is considered a terminal vessel, similar to other intracranial bifurcations, this region is associated with special hemodynamic stress and high wall shear stress (17, 34). When ICA bifurcation region aneurysms are associated with aneurysms in other locations or are multilobed, daughter sac, large or giant, or growing, their natural history may be poor (20, 30, 35–37). Therefore, for these lesions, aggressive treatment can be considered.



5 Open surgery and EVT status

In the current EVT era, an increasing number of aneurysms are being treated through EVT. As a result, microsurgical clipping is often reserved for complex ICA bifurcation region aneurysms, especially for those that need bypass (15, 16, 38–42). In addition, open surgery may be helpful for treating ICA bifurcation region aneurysms with intracerebral hematomas that require decompression (42). However, deep retraction is needed for surgical exposure and clipping of ICA bifurcation region aneurysms to achieve good exposure, the high position of the aneurysm with respect to the skull base increases the difficulty of microsurgery, and the attachment of the aneurysm dome to the surrounding brain parenchyma and rich perforators in this region also increases the difficulty of microsurgery (8).

Undeniably, EVT can now be used for intracranial aneurysms based on robust randomized controlled trial data. EVT, including traditional coiling, FD and WEB device deployment, can be a useful option for ICA bifurcation region aneurysms (Figure 4). However, EVT is challenging due to the complexity of aneurysms.
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FIGURE 4
 Mode pattern of the EVT of ICA bifurcation region aneurysms. ACA, anterior cerebral artery; AN, aneurysms; EVT, endovascular treatment; FD, flow diverter; ICA, internal carotid artery; MCA, middle cerebral artery; WEB, Woven EndoBridge device.




6 Various EVT techniques


6.1 Traditional coiling

Currently, traditional coiling is still the preferred method for treating ICA bifurcation aneurysms. Due to the various directions and deviations, catheterization is often difficult. For aneurysms with superior projections and those with narrow necks, catheterization may be easy (Figures 5A,B) (17). Microcatheters with various tip shapes can be used to access ICA bifurcation saccular aneurysms based on the axis of aneurysm and ICA, and the tortuosity of the petrous and cavernous ICA (Figure 5C). In a study by Lee et al. (16), during the catheterization of ICA region saccular aneurysms, a steam-shaped “S” microcatheter was most commonly used, followed by a preshaped 45-degree, 90-degree and straight tip.
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FIGURE 5
 Catheterization for the ICA bifurcation aneurysms and tortuosity of cavernous and petrous ICA segments. (A) Roadmap DSA showing successful catheterization for ICA bifurcation aneurysm (arrows) using a microcatheter with “C” shape tip. (B) Roadmap DSA showing successful catheterization for ICA bifurcation aneurysm (arrows) using a microcatheter with straight tip. (C) Three-dimensional DSA showing an ICA bifurcation aneurysm (arrow) that was coiled; the zigzag lines indicated the tortuosity of cavernous and petrous ICA segments. ACA, anterior cerebral artery; DSA, digital subtraction angiography; ICA, internal carotid artery; MCA, middle cerebral artery.


When a stable coil frame is not produced with a single microcatheter, supplemental maneuvers can be used, such as double microcatheters, balloon remodeling coiling and single or double “Y” configuration stent assisting coiling (Figure 6) (6, 34, 43–45). When the contralateral A1 and anterior communicating artery (AcomA) are sufficient, the transcirculation stenting technique can be used. In this technique, a stent can be advanced through the AcomA from the contralateral A1 and placed horizontally across the aneurysm neck; then, the aneurysm can be coiled by an ipsilateral microcatheter (46–49). In addition, when the contralateral A1 segment and Acoma were patent, proximal ACA occlusion with an aneurysm and reversal of flow in the ipsilateral A1 segment may be feasible (Figure 6C).

[image: Figure 6]

FIGURE 6
 Traditional EVT of ICA bifurcation aneurysms. (A) Left panel: Three-dimensional DSA showing a symmetric type ICA bifurcation aneurysm (arrow). Right panel: DSA showing that the aneurysm (arrow) was coiled. (B) Left panel: Three-dimensional DSA showing a M1 predominant type ICA bifurcation aneurysm (arrow) with a wide neck. Right panel: 6 months follow-up DSA showing that the aneurysm (arrow) was coiled under the assistance of stenting from the MCA to ICA; the asterisks indicated the tips of the stent. (C) Number 1 panel: DSA showing an A1 predominant type ICA bifurcation aneurysm (arrow) with a wide neck, the arrowhead indicated the contralateral ACA. Number 2 panel: Three-dimensional DSA showing the wide-necked aneurysm (arrow). Number 3 panel: Unsubtracted DSA showing that the aneurysm (arrow) was coiled under the assistance of stenting (asterisks) from the MCA to ICA. Number 4 panel: DSA showing that the ipsilateral ACA was occluded. Postoperatively, the patient had no symptom due to ACA occlusion. (D) DSA showing that an ICA bifurcation aneurysm (arrow) can be seen via the contralateral A1 and AcomA, after the ipsilateral ICA was compressed. Right panel: DSA showing that the aneurysm (arrow) was coiled. (E) Left panel: Three-dimensional DSA showing an ICA bifurcation aneurysm (arrow) pointing inferiorly and a small AchA aneurysm (arrowhead). Right panel: DSA showing that the ICA region aneurysm (arrow) was coiled, the AchA aneurysm was untreated. 3D, three-dimensional; ACA, anterior cerebral artery; AchA, anterior choroidal artery; AcomA, anterior communicating artery; A1, first segment of the ACA; DSA, digital subtracted angiography; ICA, internal carotid artery; MCA, middle cerebral artery.




6.2 WEB deployment

The WEB device is designed for wide-necked bifurcation aneurysms and is typically used at four typical locations: the MCA bifurcation, AcomA, basilar apex and ICA apex (12, 50). After deployment in the aneurysm sac, the device provides immediate flow disruption, leading to aneurysm thrombosis and endothelialization across the aneurysm neck over time. Because the device leaves the parent artery unaffected, long-term antiaggregant therapy is not necessary (51). Several previous landmark studies, including WEBCAST, WEBCAST-2, WEB-IT, and the French Observatory, have confirmed the safety and efficacy of the WEB device (52–56).

The WEB device can be used for ICA bifurcation aneurysms. After deployment, the aneurysm dome and ruptured bleb can be protected from rerupture despite residual flow into the aneurysm base (Figure 7) (57–59). When deployed, the WEB device is typically oversized by 1 mm in width and undersized in height by 1 mm (+1/−1 rule) (60, 61). Oversizing the width was predictive of better occlusion (11, 61). However, WEB deployment has several limitations. WEB devices for large aneurysms >10 mm in size were unavailable. Only aneurysms 2–10 mm can be treated by a WEB device (60). In addition, the WEB device cannot be used for thrombosed aneurysms or pseudoaneurysms (61).
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FIGURE 7
 WEB device deployment for an ICA bifurcation aneurysm. Number 1 panel: DSA showing an ICA bifurcation aneurysm. Number 2 panel: Roadmap DSA showing the microcatheter (arrow) in the aneurysm. Number 3 panel: Roadmap DSA showing the partially open WEB device in the aneurysm. Number 4 panel: X-ray image showing the open WEB device. Number 5 panel: Vascular reconstructive DSA showing the WEB device in the aneurysm. Number 6 panel was the postoperative DSA. ACA, anterior cerebral artery; DSA, digital subtraction angiography; ICA, internal carotid artery; MCA, middle cerebral artery; WEB, Woven EndoBridge device.




6.3 FD deployment

FDs with high mental coverage can restrain blood flow into aneurysms and promote thrombosis, resulting in subsequent endothelialization over the aneurysm neck (62). FDs are designed with a low porosity that diminishes flow to the treated aneurysm but still allows flow to the side branches or perforators of the parent vessel (63–65). Highly selective saccular and dissecting aneurysms of the ICA bifurcation region represent potential FD applications, such as aneurysms with a large irregular morphology or potential risk of recanalization after coiling (Figures 8A,B) (2). FD deployment should mainly be limited to unruptured aneurysms and reserved only as a last resort for ruptured aneurysms.
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FIGURE 8
 FD deployment of ICA bifurcation region aneurysms. (A) Number 1 panel: Three-dimensional DSA of the ICA showing an unruptured fusiform dissecting aneurysm (arrow) beyond the AchA involving the ICA terminus, the AcomA was patent, and the contralateral A1 can be seen. Number 2 panel: X-ray image showing the coils and FD deployment (asterisk). Number 3 panel: DSA of the ICA showing that the ipsilateral ACA was occluded. Number 4 panel: DSA of VA showing the arteriovenous malformation opposite the aneurysm; the ACA can be seen. Postoperatively, the patient had no symptom due to ACA occlusion. (B) Number 1 panel: Three-dimensional DSA showing an unruptured saccular aneurysm (arrow) at the ICA terminus; the associated A1 origin and AchA aneurysms (arrowheads) were found. Number 2 panel: DSA of the contralateral ICA showing the hypoplastic proximal ACA. Number 3 panel: X-ray image showing the coils and FD deployment (asterisk). Number 4 panel: Postoperative DSA showing that the ACA and MCA were patent. (C) Number 1 panel: Three-dimensional DSA showing an unruptured fusiform dissecting aneurysm (arrow) at M1 origin involving the ICA terminus. Number 2 panel: X-ray image showing the coils and FD deployment (asterisk). Number 3 panel: 6 months follow-up DSA of the ICA showing that the aneurysm (arrow) was occluded partially. Number 4 panel: After the transition to single antiplatelet agent, the patient suffered acute infarction of the caudate nucleus on magnetic resonance imaging. ACA, anterior cerebral artery; A1, first segment of the ACA; AchA, anterior choroidal artery; AcomA, anterior communicating artery; DSA, digital subtracted angiography; ICA, internal carotid artery; MCA, middle cerebral artery; VA, vertebral artery.


When using FD to treat ICA bifurcation region aneurysms, FD deployment may be deployed from the MCA to the ICA or from the ACA to the ICA. Rarely, horizontal FD deployment through the contralateral ICA can be performed (66). Due to flow competition, the pressure gradient of ACA or MCA covered by FD decreases. The involved brain territory begins to receive blood flow from collaterals to reconstitute blood flow. Because the MCA is a terminal vessel with no direct collateral circulation, FD deployment from the ACA to the ICA to cover the MCA origin should be used cautiously to avoid ischemia.

When there is no well-developed contralateral A1 or AcomA, the ipsilateral ACA is also a terminal vessel, and FD deployment from the MCA to the ICA to cover the ACA should also be used cautiously. When there is a well-developed contralateral A1 and AcomA, direct and sufficient blood flow can be ensured immediately from the collateral ACA via the AcomA. The fate of ACA may be patent, flow-reduced or occluded (1, 67, 68). After FD deployment from the MCA to the ICA, although the ICA bifurcation aneurysm is not covered too much, the aneurysm can be occluded due to flow modification.



6.4 New devices

In addition to the WEB device, other intrasaccular flow disruptors, such as the Cerus Endovascular Neqstent device and Contour Neurovascular System (CNS) (Cerus Endovascular, Fremont, CA, United States), the Luna/Artisse embolization system (Medtronic, Irvine, CA, United States), and the Medina Embolic Device (MED) (Medtronic, Irvine, CA, United States), can be used in selective ICA bifurcation region aneurysms (69–72). Stent-like devices, including the pCONus device (Phenox GmbH, Bochum, Germany), the eCLIP device (Evasc Medical Systems, Vancouver, Canada), and the PulseRider device (Cerenovus, Irvine, CA, United States), can be used for the treatment of ICA bifurcation region aneurysms (73). However, additional evidence is needed for the deployment of these new devices.




7 Prognosis and complications


7.1 Prognosis

For EVT for intracranial ICA bifurcation region aneurysms, a good clinical outcome can be defined as a modified Rankin scale (mRS) score ≤2 or a Glasgow Outcome Scale (GOS) score of 4 or 5 (74, 75). Angiographic aneurysm occlusion after traditional coiling or WEB device deployment can be assessed by the Raymond–Roy occlusion scale (RROS) (51, 76). Adequate angiographic outcomes of aneurysm occlusion were defined as RROS class I (complete occlusion) or class 2 (near complete occlusion with a small residual neck). Aneurysm occlusion by FD deployment can be assessed by the O’Kelly Marotta (OKM) grading scale, which includes aneurysm occlusion from grade A-complete filling (>95%), grade B-incomplete filling (5–95%), grade C-neck remnant (<5%) and grade D-no filling (77).


7.1.1 Traditional coiling

Traditional coiling for ICA bifurcation aneurysms can result in good outcomes in >90% of patients, as shown in Oishi’s et al. (44) report, Morales-Valero’s et al. (6) meta-analysis, Lee’s et al. (16) report and Ban’s et al. (5) report. An adequate angiographic occlusion at immediate post-EVT can be achieved in approximately 85% of ICA bifurcation aneurysms (5, 6, 9, 34, 44). However, a major limitation of traditional coiling is the recanalization due to hemodynamic stress (5, 6, 34, 44). In Ban’s et al. (5) report, after coiling, 21.2% of ICA bifurcation region aneurysms were recanalized during follow-up. A large aneurysm and low packing density are risk factors for recanalization (5, 37, 78). Additionally, superiorly projecting aneurysms may suffer recurrence compared with aneurysms without superiorly projecting aneurysms due to higher hemodynamic stress (17).

Recanalization can be divided into minor types, in which progressive filling limited to the neck of the aneurysm occurs, and major types, in which the aneurysmal sac is filled. Most recanalizations are the minor type (17). Retreatments were advocated for major recanalizations including coiling, FD deployment and clipping (51). According to the meta-analysis by Morales-Valero et al. (6), 14% of aneurysms required EVT retreatment.



7.1.2 FD deployment

In highly selective ICA bifurcation region aneurysms, FD deployment can yield good outcomes. For instance, in Cagnazzo’s et al. (1) report, 20 ICA bifurcation aneurysms accounted for 47.6% of all 42 intracranial ICA aneurysms. After FD deployment, 88% of the aneurysms were completely or nearly completely occluded (OKM C and D) during a mean angiographic follow-up of 14 months, and the rate of morbidity was only 2.3%. In Mahmoud’s et al. (2) report of 7 patients with 8 ICA bifurcation aneurysms, all the aneurysms were cured by FD deployment. In addition, they also performed a literature review; a total of 38 patients harboring 42 aneurysms were identified, and FD deployment was associated with a >70% rate of complete or nearly complete aneurysm occlusion (2).



7.1.3 WEB deployment

WEB device deployment for ICA bifurcation region aneurysms can yield good outcomes (79–83). Currently, there are no specialized studies that aim to treat ICA bifurcation aneurysms with the WEB device. The outcomes had to be extracted from those studies containing ICA bifurcation region aneurysms (79, 81, 84–87). In general, WEB deployment for ICA bifurcation region aneurysms can yield good outcomes in approximately 80% of cases, as shown in the studies of Pierot et al. (84), Dmytriw et al. (81), Cortese et al. (85), Pierot et al. (79), Lee et al. (86) and Hassankhani et al. (87).

Recently, more exciting results have been achieved. In Adeeb’s et al. (88) study, the outcomes of WEB device deployment for various intracranial bifurcation aneurysms (38 ICA bifurcation region aneurysms were included, accounting for 6.6% of 572 aneurysms) were compared; at the >1 year follow-up, a 96.7% rate of adequate occlusion was achieved for ICA bifurcation region aneurysms.

When using the WEB device to treat bifurcation aneurysms, the device may be compacted, resulting in aneurysm recurrence. In Dmytriw’s et al. (81) study, during at least 6 months of follow-up, minor compaction (<50%) occurred in 32.8% of bifurcation aneurysms, and major compaction was observed in 9.3% of the bifurcation aneurysms. Retreatment via stent-assisted coiling, FD or clipping may be necessary for 10% of aneurysms (61, 82, 83). Oversizing the WEB may result in slightly better angiographic treatment outcomes (89).




7.2 Complications

EVT for ICA bifurcation region aneurysms is associated with a risk of hemorrhagic and thromboembolic complications.


7.2.1 Traditional coiling

In traditional coiling, due to unstable microcatheter positioning, intraoperative aneurysm rupture can occur in 3% of patients (6). Soft coils may be helpful. In addition, intraoperative thromboembolic complications can occur (6, 44). According to Ban et al. (5), complications due to thromboembolism occurred in 1.9% of patients. A high-metal coverage stent should be used cautiously to cover the MCA origin. Intraprocedural thrombus formation can be attempted by intra-arterial infusion of urokinase and/or tirofiban (5, 37, 44). Rarely, large ICA bifurcations can produce visual deficits via the mass effect of coiling because of the close proximity of the ICA (90). Therefore, coiling of large aneurysms should also be performed cautiously.



7.2.2 FD deployment

When deploying FD to treat ICA bifurcation region aneurysms, intraprocedural and delayed thromboembolic complications can occur (Figure 8C). According to Cagnazzo et al. (1), 4.7% of ischemic events occurred, including basal ganglia infarction after coverage of the M1 perforators and transient acute in-stent thrombosis. In Mahmoud’s et al. (2) review, 7.9% of ischemic events were reported, including minor strokes and ganglionic infarctions. Intra-arterial infusion of urokinase and/or tirofiban can eliminate intraprocedural ischemic complications. In addition, delayed hemorrhage can rarely occur due to hemodynamic changes after FD deployment for ICA bifurcation region aneurysms (91). New generation of FDs with surface modifications that facilitate single antiplatelet therapy may have the potential to reduce the complication of delayed hemorrhage (92, 93).



7.2.3 WEB deployment

WEB device deployment for ICA bifurcation region aneurysms can be associated with complications. The complications were thromboembolic events in 10% of the patients and hemorrhagic complications in 2% of the patients (81, 94–96). Intraprocedural thromboembolic events can be attempted by intra-arterial infusion of urokinase and/or tirofiban. When the WEB device protrudes into the parent artery, additional stent implantation may be used to avoid thromboembolic event (61, 97). However, most thromboembolic events are asymptomatic, and the major morbidity and mortality rates are reported to be <5%. Intraoperative bleeding during web deployment may often be disastrous, which halts successful WEB deployment (51). Coiling the ruptured bleb or choosing the appropriate size of WEB device was helpful for preventing intraoperative aneurysm rupture.





8 Summary

ICA bifurcation region aneurysms are uncommon. EVT can be a useful option for these aneurysms. Due to the complexity of these aneurysms and the variability of EVT techniques, EVT is challenging. Currently, traditional coiling is still a useful therapy for ICA bifurcation region aneurysms. In addition, the FD and Woven EndoBridge devices can be used in select cases. Some new devices are becoming promising.



Author contributions

XL: Data curation, Writing – review & editing. YG: Writing – review & editing. KZ: Data curation, Writing – review & editing. JY: Conceptualization, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Cagnazzo,F, Ahmed,R, Lefevre,PH, Derraz,I, Dargazanli,C, Gascou,G , et al. Flow modification on the internal carotid artery bifurcation region and A1 segment after M1-internal carotid artery flow diverter deployment. J Neurointerv Surg. (2020) 12:1226–30. doi: 10.1136/neurintsurg-2020-016051 

 2. Mahmoud,M, Farag,A, Farid,M, Elserwi,A, Abdelsamad,A, Guergues,W , et al. Application of flow diverters in the treatment of aneurysms in the internal carotid artery bifurcation region. Neuroradiol J. (2020) 33:297–305. doi: 10.1177/1971400920924840 

 3. Ćmiel-Smorzyk,K, Kawlewska,E, Wolański,W, Hebda,A, Ładziński,P, and Kaspera,W. Morphometry of cerebral arterial bifurcations harbouring aneurysms: a case-control study. BMC Neurol. (2022) 22:49. doi: 10.1186/s12883-022-02559-8 

 4. Doddasomayajula,R, Chung,B, Hamzei-Sichani,F, Putman,CM, and Cebral,JR. Differences in hemodynamics and rupture rate of aneurysms at the bifurcation of the basilar and internal carotid arteries. AJNR Am J Neuroradiol. (2017) 38:570–6. doi: 10.3174/ajnr.A5088 

 5. Ban,SP, Hwang,G, Kim,CH, Byoun,HS, Lee,SU, Kim,T , et al. Risk factor analysis of recanalization and retreatment for patients with endovascular treatment of internal carotid artery bifurcation aneurysms. Neuroradiology. (2018) 60:535–44. doi: 10.1007/s00234-018-2013-5 

 6. Morales-Valero,SF, Brinjikji,W, Murad,MH, Wald,JT, and Lanzino,G. Endovascular treatment of internal carotid artery bifurcation aneurysms: a single-center experience and a systematic review and meta-analysis. AJNR Am J Neuroradiol. (2014) 35:1948–53. doi: 10.3174/ajnr.A3992 

 7. Chung,J, Park,W, Park,JC, Kwun,BD, and Ahn,JS. Characteristics of peri-internal carotid artery bifurcation aneurysms according to a new anatomic classification: how to overcome difficulties in the microsurgical treatment of posteroinferiorly projecting carotid-A1 junctional aneurysms. World Neurosurg. (2019) 126:e1219–27. doi: 10.1016/j.wneu.2019.02.232 

 8. Shivhare,P, Vaidya,P, Garhwal,G, Raj,N, Gohil,J, Sawant,N , et al. ICA bifurcation aneurysms: clinical features and surgical outcome in a tertiary referral center in South India. Turk Neurosurg. (2021) 31:318–23. doi: 10.5137/1019-5149.JTN.25915-19.3 

 9. van Rooij,WJ, Sluzewski,M, and Beute,GN. Internal carotid bifurcation aneurysms: frequency, angiographic anatomy and results of coiling in 50 aneurysms. Neuroradiology. (2008) 50:583–7. doi: 10.1007/s00234-008-0375-9 

 10. Shoji,T, Murakami,K, Noshita,N, Takahashi,T, and Kaneko,U. Perforating artery injury during microsurgery for internal carotid artery bifurcation aneurysms. No Shinkei Geka. (2015) 43:517–22. doi: 10.11477/mf.1436203063 

 11. Goertz,L, Liebig,T, Siebert,E, Herzberg,M, Borggrefe,J, Lichtenstein,T , et al. Extending the indication of Woven EndoBridge (WEB) embolization to internal carotid artery aneurysms: a multicenter safety and feasibility study. World Neurosurg. (2019) 126:e965–74. doi: 10.1016/j.wneu.2019.02.198 

 12. Kashkoush,A, El-Abtah,ME, Petitt,JC, Glauser,G, Winkelman,R, Achey,RL , et al. Flow diversion for the treatment of intracranial bifurcation aneurysms: a systematic review and meta-analysis. J Neurointerv Surg. (2023). doi: 10.1136/jnis-2023-020582 [Online ahead of print].

 13. Grand,W. Microsurgical anatomy of the proximal middle cerebral artery and the internal carotid artery bifurcation. Neurosurgery. (1980) 7:215–8. doi: 10.1227/00006123-198009000-00002 

 14. Marinković,SV, Milisavljević,MM, and Marinković,ZD. The perforating branches of the internal carotid artery: the microsurgical anatomy of their extracerebral segments. Neurosurgery. (1990) 26:472–9. doi: 10.1227/00006123-199003000-00015 

 15. Laranjeira,M, Sadasivan,B, and Ausman,JI. Direct surgery for carotid bifurcation artery aneurysms. Surg Neurol. (1990) 34:250–4. doi: 10.1016/0090-3019(90)90136-D

 16. Lee,WJ, Cho,YD, Kang,HS, Kim,JE, Cho,WS, Kim,KM , et al. Endovascular coil embolization in internal carotid artery bifurcation aneurysms. Clin Radiol. (2014) 69:e273–9. doi: 10.1016/j.crad.2014.01.017

 17. Konczalla,J, Platz,J, Brawanski,N, Güresir,E, Lescher,S, Senft,C , et al. Endovascular and surgical treatment of internal carotid bifurcation aneurysms: comparison of results, outcome, and mid-term follow-up. Neurosurgery. (2015) 76:540–51. doi: 10.1227/NEU.0000000000000672

 18. Ibrahim,T, and Brophy,BP. Posterior projecting carotid bifurcation aneurysms. J Clin Neurosci. (2009) 16:844–5. doi: 10.1016/j.jocn.2008.08.037 

 19. Lehecka,M, Dashti,R, Romani,R, Celik,O, Navratil,O, Kivipelto,L , et al. Microneurosurgical management of internal carotid artery bifurcation aneurysms. Surg Neurol. (2009) 71:649–67. doi: 10.1016/j.surneu.2009.01.028 

 20. Molyneux,AJ, Kerr,RS, Yu,LM, Clarke,M, Sneade,M, Yarnold,JA , et al. International subarachnoid aneurysm trial (ISAT) of neurosurgical clipping versus endovascular coiling in 2,143 patients with ruptured intracranial aneurysms: a randomised comparison of effects on survival, dependency, seizures, rebleeding, subgroups, and aneurysm occlusion. Lancet. (2005) 366:809–17. doi: 10.1016/S0140-6736(05)67214-5 

 21. Morota,N, Ohtsuka,A, Kameyama,S, Suzuki,Y, and Yasukawa,K. Obstructive hydrocephalus due to a giant aneurysm of the internal carotid bifurcation. Surg Neurol. (1988) 29:227–31. doi: 10.1016/0090-3019(88)90011-0 

 22. Perret,CM, Bertani,R, Koester,SW, Santa Maria,PE, von Zuben,D, Batista,S , et al. A giant internal carotid bifurcation aneurysm as a rare and dangerous differential diagnosis of a craniopharyngioma. Cureus. (2022) 14:e21588. doi: 10.7759/cureus.21588 

 23. Sirakov,A, Bhogal,P, Sirakova,K, Penkov,M, Minkin,K, Ninov,K , et al. Endovascular treatment of wide-necked intracranial aneurysms using the nautilus intrasaccular system: initial case series of 41 patients at a single center. J Neurointerv Surg. (2023) 15:989–94. doi: 10.1136/jnis-2022-019295 

 24. Han,JH, Koh,EJ, Choi,HY, Park,JS, and Lee,JM. Visualization of a traumatic pseudoaneurysm at internal carotid artery bifurcation due to blunt head injury: a case report. Korean J Neurotrauma. (2014) 10:126–9. doi: 10.13004/kjnt.2014.10.2.126 

 25. Girishkumar,HT, Sivakumar,M, Andaz,S, Santosh,V, Solomon,R, and Brown,M. Pseudo-aneurysm of the carotid bifurcation secondary to radiation. J Cardiovasc Surg. (1999) 40:877–8.

 26. Gupta,SK, Khosla,VK, Chhabra,R, Mohindra,S, Bapuraj,JR, Khandelwal,N , et al. Internal carotid artery bifurcation aneurysms: surgical experience. Neurol Med Chir. (2007) 47:153–8. doi: 10.2176/nmc.47.153

 27. La Pira,B, Brinjikji,W, Burrows,AM, Cloft,HJ, Vine,RL, and Lanzino,G. Unruptured internal carotid artery bifurcation aneurysms: general features and overall results after modern treatment. Acta Neurochir. (2016) 158:2053–9. doi: 10.1007/s00701-016-2958-2 

 28. Choi,HH, Cho,YD, Yoo,DH, Lee,J, Moon,JH, Ahn,SJ , et al. Intracranial mirror aneurysms: anatomic characteristics and treatment options. Korean J Radiol. (2018) 19:849–58. doi: 10.3348/kjr.2018.19.5.849 

 29. Deshmukh,AS, Priola,SM, Katsanos,AH, Scalia,G, Costa Alves,A, Srivastava,A , et al. The management of intracranial aneurysms: current trends and future directions. Neurol Int. (2024) 16:74–94. doi: 10.3390/neurolint16010005 

 30. Morita,A, Kirino,T, Hashi,K, Aoki,N, Fukuhara,S, Hashimoto,N , et al. The natural course of unruptured cerebral aneurysms in a Japanese cohort. N Engl J Med. (2012) 366:2474–82. doi: 10.1056/NEJMoa1113260

 31. Lee,KS, Zhang,JJY, Alalade,AF, Vine,R, Lanzino,G, Park,N , et al. Radiological surveillance of small unruptured intracranial aneurysms: a systematic review, meta-analysis, and meta-regression of 8428 aneurysms. Neurosurg Rev. (2021) 44:2013–23. doi: 10.1007/s10143-020-01420-1 

 32. Rinkel,GJ, Djibuti,M, Algra,A, and van Gijn,J. Prevalence and risk of rupture of intracranial aneurysms: a systematic review. Stroke. (1998) 29:251–6. doi: 10.1161/01.STR.29.1.251

 33. Ishibashi,T, Murayama,Y, Urashima,M, Saguchi,T, Ebara,M, Arakawa,H , et al. Unruptured intracranial aneurysms: incidence of rupture and risk factors. Stroke. (2009) 40:313–6. doi: 10.1161/STROKEAHA.108.521674

 34. Geyik,S, Yavuz,K, Cekirge,S, and Saatci,I. Endovascular treatment of basilar and ICA termination aneurysms: effects of the use of hydrocoils on treatment stability in a subgroup of patients prone to a higher recurrence rate. Neuroradiology. (2007) 49:1015–21. doi: 10.1007/s00234-007-0290-5 

 35. Yang,Y, Wang,B, Ge,X, Lu,W, Peng,C, Zhao,Y , et al. Natural course of ruptured but untreated intracranial aneurysms: a multicenter 2 year follow-up study. Stroke. (2023) 54:2087–95. doi: 10.1161/STROKEAHA.123.042530 

 36. Korja,M, Kivisaari,R, Rezai Jahromi,B, and Lehto,H. Natural history of ruptured but untreated intracranial aneurysms. Stroke. (2017) 48:1081–4. doi: 10.1161/STROKEAHA.116.015933 

 37. Uemura,A, Musacchio,M, Cardoso,M, Mostoufizadeh,S, and Tournade,A. Internal carotid bifurcation aneurysms: anatomical features and outcome of endovascular treatment. Neuroradiol J. (2008) 21:574–8. doi: 10.1177/197140090802100417 

 38. Sauvigny,J, Drexler,R, Pantel,TF, Ricklefs,FL, Catapano,JS, Wanebo,JE , et al. Microsurgical clipping of unruptured anterior circulation aneurysms-a global multicenter investigation of perioperative outcomes. Neurosurgery. (2024). doi: 10.1227/neu.0000000000002829 [Online ahead of print].

 39. Torazawa,S, Ono,H, Inoue,T, Tanishima,T, Tamura,A, and Saito,I. Trapping, dome puncture, and direct suction decompression in conjunction with assistant superficial temporal artery-middle cerebral artery bypass to clip giant internal carotid artery bifurcation aneurysm. Surg Neurol Int. (2019) 10:205. doi: 10.25259/SNI_462_2019 

 40. Cikla,U, Uluc,K, and Baskaya,MK. Clip reconstruction of an 8 cm giant internal carotid artery bifurcation aneurysm: microsurgical technique. Neurosurg Focus. (2015) 38. doi: 10.3171/2015.V1.FOCUS14618

 41. Yaşargil,MG, Boehm,WB, and Ho,RE. Microsurgical treatment of cerebral aneurysms at the bifurcation of the internal carotid artery. Acta Neurochir. (1978) 41:61–72. doi: 10.1007/BF01809137

 42. Savardekar,AR, Patra,DP, Narayan,V, Bollam,P, Guthikonda,B, and Nanda,A. Internal carotid artery bifurcation aneurysms: microsurgical strategies and operative nuances for different aneurysmal directions. Oper Neurosurg. (2018) 15:386–94. doi: 10.1093/ons/opx282 

 43. Gupta,V. Balloon-assisted coiling of large internal carotid artery (ICA) bifurcation aneurysm: assessment of neck In: V Gupta, AS Puri, and R Parthasarathy, editors. 100 interesting case studies in neurointervention: tips and tricks. Singapore: Springer (2019). 41–3.

 44. Oishi,H, Yamamoto,M, Nonaka,S, and Arai,H. Endovascular therapy of internal carotid artery bifurcation aneurysms. J Neurointerv Surg. (2013) 5:400–4. doi: 10.1136/neurintsurg-2012-010414

 45. Castaño,C, Terceño,M, Remollo,S, García-Sort,MR, and Domínguez,C. Endovascular treatment of wide-neck intracranial bifurcation aneurysms with ‘Y’-configuration, double Neuroform® stents-assisted coiling technique: experience in a single center. Interv Neuroradiol. (2017) 23:362–70. doi: 10.1177/1591019917708568 

 46. Benndorf,G, Klucznik,RP, Meyer,D, Strother,CM, and Mawad,ME. Cross-over technique for horizontal stenting of an internal carotid bifurcation aneurysm using a new self-expandable stent: technical case report. Neurosurgery. (2006) 58:ONS-E172. doi: 10.1227/01.NEU.0000193530.95489.D8

 47. Kitahara,T, Hatano,T, Hayase,M, Hattori,E, Miyakoshi,A, and Nakamura,T. Jailed double-microcatheter technique following horizontal stenting for coil embolization of intracranial wide-necked bifurcation aneurysms: a technical report of two cases. Interv Neuroradiol. (2017) 23:117–22. doi: 10.1177/1591019916685080 

 48. Mascitelli,JR, Levitt,MR, Griessenauer,CJ, Kim,LJ, Gross,B, Abla,A , et al. Transcirculation approach for stent-assisted coiling of intracranial aneurysms: a multicenter study. J Neurointerv Surg. (2021) 13:711–5. doi: 10.1136/neurintsurg-2020-016899 

 49. Hou,K, and Yu,J. Application of the Neuroform atlas stent in intracranial aneurysms: current status. Front Neurol. (2022) 13:829143. doi: 10.3389/fneur.2022.829143 

 50. Mantilla,DE, D Vera,D, Ortiz,AF, Nicoud,F, and Costalat,V. The Woven EndoBridge device, an effective and safe alternative endovascular treatment of intracranial aneurysm-systematic review. Interv Neuroradiol. (2023). doi: 10.1177/15910199231201544 [Online ahead of print].

 51. Diestro,JDB, Dibas,M, Adeeb,N, Regenhardt,RW, Vranic,JE, Guenego,A , et al. Intrasaccular flow disruption for ruptured aneurysms: an international multicenter study. J Neurointerv Surg. (2023) 15:844–50. doi: 10.1136/jnis-2022-019153 

 52. Fiorella,D, Molyneux,A, Coon,A, Szikora,I, Saatci,I, Baltacioglu,F , et al. Demographic, procedural and 30-day safety results from the WEB Intra-saccular Therapy Study (WEB-IT). J Neurointerv Surg. (2017) 9:1191–6. doi: 10.1136/neurintsurg-2016-012841 

 53. Pierot,L, Costalat,V, Moret,J, Szikora,I, Klisch,J, Herbreteau,D , et al. Safety and efficacy of aneurysm treatment with WEB: results of the WEBCAST study. J Neurosurg. (2016) 124:1250–6. doi: 10.3171/2015.2.JNS142634 

 54. Pierot,L, Gubucz,I, Buhk,JH, Holtmannspötter,M, Herbreteau,D, Stockx,L , et al. Safety and efficacy of aneurysm treatment with the WEB: results of the WEBCAST 2 study. AJNR Am J Neuroradiol. (2017) 38:1151–5. doi: 10.3174/ajnr.A5178 

 55. Pierot,L, Moret,J, Turjman,F, Herbreteau,D, Raoult,H, Barreau,X , et al. WEB treatment of intracranial aneurysms: clinical and anatomic results in the French observatory. AJNR Am J Neuroradiol. (2016) 37:655–9. doi: 10.3174/ajnr.A4578 

 56. Pierot,L, Moret,J, Turjman,F, Herbreteau,D, Raoult,H, Barreau,X , et al. WEB treatment of intracranial aneurysms: feasibility, complications, and 1 month safety results with the WEB DL and WEB SL/SLS in the French observatory. AJNR Am J Neuroradiol. (2015) 36:922–7. doi: 10.3174/ajnr.A4230 

 57. Mihalea,C, Caroff,J, Pagiola,I, Ikka,L, Hashemi,GB, Naderi,S , et al. Safety and efficiency of the fifth generation Woven EndoBridge device: technical note. J Neurointerv Surg. (2019) 11:511–5. doi: 10.1136/neurintsurg-2018-014343 

 58. Pagano,P, Cortese,J, Soize,S, Caroff,J, Manceau,PF, Moret,J , et al. Aneurysm treatment with Woven EndoBridge-17: angiographic and clinical results at 12 months from a retrospective, 2-center series. AJNR Am J Neuroradiol. (2023) 44:467–73. doi: 10.3174/ajnr.A7830 

 59. Salem,MM, Jankowitz,BT, Burkhardt,JK, Price,LL, and Zaidat,OO. Comparative analysis of long term effectiveness of Neuroform atlas stent versus low profile visualized intraluminal stent/Woven EndoBridge devices in treatment of wide necked intracranial aneurysms. J Neurointerv Surg. (2023). doi: 10.1136/jnis-2023-020716 [Online ahead of print].

 60. Hecker,C, Broussalis,E, Pfaff,JAR, Pikija,S, Griessenauer,CJ, and Killer-Oberpfalzer,M. Comparison of the contour neurovascular system and Woven EndoBridge device for treatment of wide-necked cerebral aneurysms at a bifurcation or sidewall. J Neurosurg. (2023) 139:563–72. doi: 10.3171/2022.12.JNS222268 

 61. Goertz,L, Liebig,T, Siebert,E, Pennig,L, Zaeske,C, Celik,E , et al. WEB embolization of very broad-based intracranial aneurysms with a dome-to-neck ratio ≤ 1.1. Interv Neuroradiol. (2022). doi: 10.1177/15910199221125102

 62. Zoppo,CT, Mocco,J, Manning,NW, Bogdanov,AA Jr, and Gounis,MJ. Surface modification of neurovascular stents: from bench to patient. J Neurointerv Surg. (2023). doi: 10.1136/jnis-2023-020620 [Online ahead of print].

 63. Rangel-Castilla,L, Munich,SA, Jaleel,N, Cress,MC, Krishna,C, Sonig,A , et al. Patency of anterior circulation branch vessels after pipeline embolization: longer-term results from 82 aneurysm cases. J Neurosurg. (2017) 126:1064–9. doi: 10.3171/2016.4.JNS16147 

 64. Dmytriw,AA, Kapadia,A, Enriquez-Marulanda,A, Parra-Fariñas,C, Kühn,AL, Nicholson,PJ , et al. Vertebral artery aneurysms and the risk of cord infarction following spinal artery coverage during flow diversion. J Neurosurg. (2020) 134:961–70. doi: 10.3171/2020.1.JNS193293 

 65. Wagner,KM, Srinivasan,VM, Srivatsan,A, Ghali,MGZ, Thomas,AJ, Enriquez-Marulanda,A , et al. Outcomes after coverage of lenticulostriate vessels by flow diverters: a multicenter experience. J Neurosurg. (2019) 132:473–80. doi: 10.3171/2018.8.JNS18755 

 66. Trivelato,FP, Araújo,JF, Salles Rezende,MT, and Ulhôa,AC. A novel configuration of pipeline embolization device for internal carotid bifurcation region aneurysms: horizontal deployment. Clin Neuroradiol. (2017) 27:57–60. doi: 10.1007/s00062-015-0414-y 

 67. Saleme,S, Iosif,C, Ponomarjova,S, Mendes,G, Camilleri,Y, Caire,F , et al. Flow-diverting stents for intracranial bifurcation aneurysm treatment. Neurosurgery. (2014) 75:623–31; quiz 31. doi: 10.1227/NEU.0000000000000522 

 68. Nossek,E, Chalif,DJ, Chakraborty,S, and Setton,A. Modifying flow in the ICA bifurcation: pipeline deployment from the supraclinoid ICA extending into the M1 segment-clinical and anatomic results. AJNR Am J Neuroradiol. (2014) 35:2125–9. doi: 10.3174/ajnr.A4013 

 69. Fatania,K, and Patankar,DT. Comprehensive review of the recent advances in devices for endovascular treatment of complex brain aneurysms. Br J Radiol. (2022) 95:20210538. doi: 10.1259/bjr.20210538

 70. Hecker,C, Broussalis,E, Griessenauer,CJ, and Killer-Oberpfalzer,M. A mini-review of intrasaccular flow diverters. J Neurointerv Surg. (2023) 15:70–4. doi: 10.1136/neurintsurg-2021-018426 

 71. Heiferman,DM, Goyal,N, Inoa,V, Nickele,CM, and Arthur,AS. A new era in the treatment of wide necked bifurcation aneurysms: intrasaccular flow disruption. Interv Neuroradiol. (2022). doi: 10.1177/15910199221094390 [Online ahead of print].

 72. Dmytriw,AA, Salem,MM, Yang,VXD, Krings,T, Pereira,VM, Moore,JM , et al. Endosaccular flow disruption: a new frontier in endovascular aneurysm management. Neurosurgery. (2020) 86:170–81. doi: 10.1093/neuros/nyz017 

 73. Krupa,K, Brzegowy,P, Kucybała,I, Łasocha,B, Urbanik,A, and Popiela,TJ. Endovascular embolization of wide-necked bifurcation aneurysms with the use of pCONus device: a systematic review and meta-analysis. Clin Imaging. (2021) 70:81–8. doi: 10.1016/j.clinimag.2020.10.025 

 74. Rankin,J. Cerebral vascular accidents in patients over the age of 60. II. Prognosis. Scott Med J. (1957) 2:200–15. doi: 10.1177/003693305700200504 

 75. Petr,O, Coufalová,L, Bradáč,O, Rehwald,R, Glodny,B, and Beneš,V. Safety and efficacy of surgical and endovascular treatment for distal anterior cerebral artery aneurysms: a systematic review and meta-analysis. World Neurosurg. (2017) 100:557–66. doi: 10.1016/j.wneu.2016.11.134 

 76. Raymond,J, Guilbert,F, Weill,A, Georganos,SA, Juravsky,L, Lambert,A , et al. Long-term angiographic recurrences after selective endovascular treatment of aneurysms with detachable coils. Stroke. (2003) 34:1398–403. doi: 10.1161/01.STR.0000073841.88563.E9 

 77. O’Kelly,CJ, Krings,T, Fiorella,D, and Marotta,TR. A novel grading scale for the angiographic assessment of intracranial aneurysms treated using flow diverting stents. Interv Neuroradiol. (2010) 16:133–7. doi: 10.1177/159101991001600204 

 78. Usman,M, Critchley,G, Koumellis,P, and Poitelea,M. Interval growth in an ICA bifurcation aneurysm treated with balloon occlusion, and possible contribution of vasa vasorum hypertrophy. Br J Neurosurg. (2023) 37:720–2. doi: 10.1080/02688697.2019.1594690

 79. Pierot,L, Szikora,I, Barreau,X, Holtmannspoetter,M, Spelle,L, Klisch,J , et al. Aneurysm treatment with the Woven EndoBridge (WEB) device in the combined population of two prospective, multicenter series: 5 year follow-up. J Neurointerv Surg. (2023) 15:552–7. doi: 10.1136/neurintsurg-2021-018414 

 80. El Naamani,K, Mastorakos,P, Adeeb,N, Lan,M, Castiglione,J, Khanna,O , et al. Long-term follow-up of cerebral aneurysms completely occluded at 6 months after intervention with the Woven EndoBridge (WEB) device: a retrospective Multicenter observational study. Transl Stroke Res. (2023). doi: 10.1007/s12975-023-01153-5 [Online ahead of print].

 81. Dmytriw,AA, Diestro,JDB, Dibas,M, Phan,K, Sweid,A, Cuellar-Saenz,HH , et al. International study of intracranial aneurysm treatment using Woven EndoBridge: results of the WorldWideWEB consortium. Stroke. (2022) 53:e47–9. doi: 10.1161/STROKEAHA.121.037609 

 82. Kobeissi,H, Ghozy,S, Pakkam,M, Bilgin,C, Tolba,H, Kadirvel,R , et al. Aneurysmal recurrence and retreatment modalities after Woven EndoBridge (WEB) device implantation: a systematic review and meta-analysis. Interv Neuroradiol. (2023). doi: 10.1177/15910199231206082 [Online ahead of print].

 83. Srinivasan,VM, Dmytriw,AA, Regenhardt,RW, Vicenty-Padilla,J, Alotaibi,NM, Levy,E , et al. Retreatment of residual and recurrent aneurysms after embolization with the Woven EndoBridge device: Multicenter case series. Neurosurgery. (2022) 90:569–80. doi: 10.1227/neu.0000000000001883 

 84. Pierot,L, Moret,J, Barreau,X, Szikora,I, Herbreteau,D, Turjman,F , et al. Aneurysm treatment with Woven EndoBridge in the cumulative population of 3 prospective, multicenter series: 2 year follow-up. Neurosurgery. (2020) 87:357–67. doi: 10.1093/neuros/nyz557 

 85. Cortese,J, Caroff,J, Chalumeau,V, Gallas,S, Ikka,L, Moret,J , et al. Determinants of cerebral aneurysm occlusion after embolization with the WEB device: a single-institution series of 215 cases with angiographic follow-up. J Neurointerv Surg. (2023) 15:446–51. doi: 10.1136/neurintsurg-2022-018780 

 86. Lee,KB, Suh,CH, Song,Y, Kwon,B, Kim,MH, Yoon,JT , et al. Trends of expanding indications of Woven EndoBridge devices for the treatment of intracranial aneurysms: a systematic review and meta-analysis. Clin Neuroradiol. (2023) 33:227–35. doi: 10.1007/s00062-022-01207-5 

 87. Hassankhani,A, Ghozy,S, Amoukhteh,M, Bilgin,C, Kadirvel,R, and Kallmes,DF. Long-term outcomes of the Woven EndoBridge device for treatment of intracranial aneurysms: a systematic review and meta-analysis. Interv Neuroradiol. (2023). doi: 10.1177/15910199231184524 [Online ahead of print].

 88. Adeeb,N, Dibas,M, Diestro,JDB, Phan,K, Cuellar-Saenz,HH, Sweid,A , et al. Comparing treatment outcomes of various intracranial bifurcation aneurysms locations using the Woven EndoBridge (WEB) device. J Neurointerv Surg. (2023) 15:558–65. doi: 10.1136/neurintsurg-2022-018694 

 89. Goertz,L, Liebig,T, Siebert,E, Zopfs,D, Pennig,L, Schlamann,M , et al. Oversizing of the Woven EndoBridge for treatment of intracranial aneurysms improves angiographic results (WEBINAR). World Neurosurg. (2024) 181:e182–91. doi: 10.1016/j.wneu.2023.09.090 

 90. Spinelli,C, Dumont,AS, and Wang,A. Delayed-onset homonymous hemianopia following stent assisted coil embolization of a large internal carotid artery bifurcation aneurysm; case report and review of the literature. Interdiscip Neurosurg. (2022) 27:101412. doi: 10.1016/j.inat.2021.101412

 91. Pujari,A, Howard,BM, Madaelil,TP, Skukalek,SL, Roy,AK, Dion,JE , et al. Pipeline embolization device treatment of internal carotid artery terminus aneurysms. J Neurointerv Surg. (2019) 11:485–8. doi: 10.1136/neurintsurg-2018-014312 

 92. Li,YL, Roalfe,A, Chu,EY, Lee,R, and Tsang,ACO. Outcome of flow diverters with surface modifications in treatment of cerebral aneurysms: systematic review and meta-analysis. AJNR Am J Neuroradiol. (2021) 42:327–33. doi: 10.3174/ajnr.A6919 

 93. Monteiro,A, Khan,A, Donnelly,BM, Kuo,CC, Burke,SM, Waqas,M , et al. Treatment of ruptured intracranial aneurysms using the novel generation of flow-diverters with surface modification: a systematic review and meta-analysis. Interv Neuroradiol. (2022). doi: 10.1177/15910199221117921 (Accessed August 5, 2022).

 94. Goertz,L, Liebig,T, Siebert,E, Pflaeging,M, Forbrig,R, Pennig,L , et al. Intrasaccular flow disruption with the Woven EndoBridge for narrow-necked aneurysms: a safety and feasibility study. World Neurosurg. (2021) 151:e278–85. doi: 10.1016/j.wneu.2021.04.018 

 95. Javed,K, Fortunel,A, Holland,R, Khatri,D, Ahmad,S, Haranhalli,N , et al. Identifying risk factors for perioperative thromboembolic complications in patients treated with the Woven EndoBridge device. Interv Neuroradiol. (2023) 29:561–9. doi: 10.1177/15910199221113907 

 96. Rodriguez-Erazú,F, Cortese,J, Mihalea,C, Popica,A, Chalumeau,V, Vasconcellos,N , et al. Thromboembolic events with the Woven EndoBridge device: incidence, predictive factors, and management. Neurosurgery. (2023) 94:183–92. doi: 10.1227/neu.0000000000002696

 97. Diestro,JDB, Dibas,M, Adeeb,N, Regenhardt,RW, Vranic,JE, Guenego,A , et al. Stent-assisted Woven EndoBridge device for the treatment of intracranial aneurysms: an international multicenter study. J Neurosurg. (2023). doi: 10.3171/2023.8.JNS235 [Online ahead of print].


Copyright
 © 2024 Liu, Guo, Zhang and Yu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Endovascular treatment of intracranial internal carotid artery bifurcation region aneurysms



		1 Introduction



		2 Anatomy of the ICA bifurcation region



		3 Classifications of ICA bifurcation region aneurysms



		3.1 Location



		3.2 Saccular or dissecting



		3.3 Other classifications









		4 Natural history of ICA bifurcation region aneurysm



		5 Open surgery and EVT status



		6 Various EVT techniques



		6.1 Traditional coiling



		6.2 WEB deployment



		6.3 FD deployment



		6.4 New devices









		7 Prognosis and complications



		7.1 Prognosis



		7.1.1 Traditional coiling



		7.1.2 FD deployment



		7.1.3 WEB deployment









		7.2 Complications



		7.2.1 Traditional coiling



		7.2.2 FD deployment



		7.2.3 WEB deployment















		8 Summary



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References



















OPS/images/cover.jpg
& frontiers | Frontiers in Neurology

Endovascular treatment of
intracranial internal carotid artery
bifurcation region aneurysms












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Neurology






OPS/images/fneur-15-1344388-g005.jpg





OPS/images/fneur-15-1344388-g006.jpg





OPS/images/fneur-15-1344388-g003.jpg





OPS/images/fneur-15-1344388-g004.jpg
Simple coiling 'WEB

AN
_ Non-wide-necked
saccular aneurysm — or
IcA IcA IcA
single or double stent-assisted coiling WEB
AN I
Wide-necked
saccular aneur — or
rysm
IcA
D
Colling
AN or not
e D
- Dissecting aneurysm _—

IcA





OPS/images/fneur-15-1344388-g007.jpg





OPS/images/fneur-15-1344388-g008.jpg





OPS/images/fneur-15-1344388-g001.jpg





OPS/images/fneur-15-1344388-g002.jpg





