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Cerebral aneurysms are an abnormal ballooning of blood vessels which have the potential to rupture and cause hemorrhagic stroke. The diagnosis, treatment, and monitoring of cerebral aneurysms is highly dependant on high resolution imaging. As an imaging modality capable of cross-sectional resolution down to 10 μm, intraluminal optical coherence tomography (OCT) has great potential in improving care for cerebral aneurysms. The ability to assess the blood vessel microanatomy in vivo may be able to predict aneurysm growth and rupture. During treatment, intraluminal OCT may aid in assessment of treatment efficacy and complication avoidance, such as via visualization of in-stent thrombosis, stent wall apposition, and the fate of covered branch vessels. This technology can also be used in post-treatment monitoring, to assess for aneurysmal remnants or for endothelialisation and healing over the diseased segments. The goal of this clinically focused narrative review is to provide an overview of the previous applications of intraluminal OCT in cerebral aneurysms and future prospects of applying this technology to improve care in patients with cerebral aneurysms, including a specific neurovascular OCT catheter, doppler OCT for high resolution blood flow assessment, and further research endeavors.
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INTRODUCTION
Rupture of cerebral aneurysms can lead to hemorrhagic stroke and significant morbidity and/or mortality (Macdonald and Schweizer, 2017). These vascular abnormalities are found in approximately 3.2% of the population (Vlak et al., 2011). Once found, the risk of rupture based on factors such as aneurysm size, morphology, and wall structure, in relation to patient age and comorbiditie,s can be calculated and weighed against the risks of treatment (Vlak et al., 2011; Macdonald and Schweizer, 2017; Zhao et al., 2018). If treatment is indicated, the current gold standard is endovascular coiling, which has been shown to lead to lower rates of morbidity and mortality, albeit with higher aneurysm recurrence rates, compared to microsurgical clipping (Molyneux et al., 2015; Thompson et al., 2015).
During coiling, following vascular access, catheters are navigated to the aneurysm, where detachable metallic coils are placed inside, which promote thrombosis within the aneurysm. Aneurysmal thrombosis leads to obliteration of blood flow into the aneurysm, removing the risk of rupture. Endothelialisation then occurs over the neck of the aneurysm, leading to restoration of the normal cerebral anatomy. As an adjunct to coiling, or as a stand-alone endovascular treatment, stenting with a metallic mesh tube over the neck of the aneurysm can also be performed (Thompson et al., 2015; Zhao et al., 2018). Specifically, flow-diverting stents, which have a higher surface area coverage and lower porosity compared to traditional stents, can be utilized to divert blood flow away from the aneurysm to also promote intra-aneurysmal thrombosis. The recurrence rate of aneurysms following endovascular treatment can be up to 20%, with a number of these patients requiring re-treatment (Raymond et al., 2003; Molyneux et al., 2015; Thompson et al., 2015; Zhou et al., 2017). The diagnosis, monitoring, treatment, and monitoring of cerebral aneurysms is highly dependant on high resolution imaging. Current imaging modalities utilized include catheter angiography, CT and CT angiography, and MRI and MR angiography. As an imaging modality that has a spatial resolution of 10 microns, the highest resolution currently available (Tearney et al., 1979; Pasarikovski et al., 2020a; Anagnostakou et al., 2021), intraluminal optical coherence tomography (OCT) has great potential in improving care for cerebral aneurysms. First developed in 1991, OCT is a light-based imaging modality that utilizes low-coherence interferometry to produce images based on the differential light reflection or backscattering from biological tissue (Huang et al., 1979). OCT at times has been described as an “optical biopsy,” due to the capability to provide microanatomical details of the imaged tissue without the requirement for tissue excision (Tearney et al., 1979). This technology was first applied to the retinal surface and inside coronary vessels in 1991 (Huang et al., 1979), and subsequently the Food and Drug Administration (FDA) approved the use of intraluminal OCT for the diagnosis and treatment of cardiovascular disease in 2010 (Tearney et al., 2012). In the cardiovascular environment, this technology has allowed for the high-resolution imaging of atherosclerotic plaques or thrombus, vessel wall imaging, stent evaluation, and detailed assessment of coronary aneurysms (Tearney et al., 2012; Dionne et al., 2018; Shimamura et al., 2021). It is unparalleled ability to visualize the intraluminal environment and blood vessel microanatomy on a near histological level has led to widespread adoption in the field of interventional cardiology (Tearney et al., 2012; Yonetsu et al., 2013).
As such, the utility of intraluminal OCT has also garnered clinical and research interest in the field of interventional neuroradiology. Similar to interventional cardiology, applications of intraluminal OCT in the cerebrovasculature can include assessment of atherosclerosis, aneurysms, stenting, or following thrombectomy (Pasarikovski et al., 2020a; Anagnostakou et al., 2021). As a disease that leads to significant morbidity and mortality, cerebral aneurysms as a disease deserves specific attention. The goal of this narrative review was to assess the previous uses of intraluminal OCT in cerebral aneurysms, with a view towards future progress. This review will discuss the device description and the technical aspects of image acquisition, and then the different aspects of aneurysm care where intraluminal OCT may be enlightening. This includes imaging of the vessel wall to better understand the aneurysm and risk of rupture, imaging during aneurysm treatment to prevent adverse outcomes, or imaging during aneurysm follow-up to guide further therapies.
DEVICE DESCRIPTION AND IMAGE ACQUISITION
Currently, there is no intraluminal OCT device approved for use in the cerebrovasculature, and the commercially available coronary intraluminal OCT devices are utilized “off-label” for clinical or research purposes (Table 1). There are several intraluminal OCT catheters to choose from, including the Dragonfly (St. Jude Medical, Minneapolis, MN), Novasight Hybrid System Fastview catheter with the Lunawave system (Terumo Corporation, Tokyo, JP), and the Vis-Rx Micro-Imaging Catheter with the Gentuity HF-OCT Imaging System (Gentuity LCC, Sudbury, MA).
TABLE 1 | Commercially available intraluminal OCT catheters.
[image: Table 1]At our institution, we utilize the Dragonfly catheter with the ILUMIEN OPTIS system (St. Jude Medical, Minneapolis, MN). The Dragonfly is a 2.7 French OCT imaging catheter that can be navigated to the region of interest co-axially through an access catheter or in monorail fashion over a 0.014" microwire. Radio-opaque markers on the catheter allow for confirmation of positioning using fluoroscopy. There is one marker that indicates the distal tip and another 2.3 cm proximally that indicates the starting position of imaging lens. There is a third marker 5.0 cm proximal to the imaging lens marker, and OCT images are acquired between the second and third radio-opaque markers. For image acquisition, the OCT catheter is placed within the parent vessel with the aneurysm between the second and third markers. A schematic of the catheter tip and example image is shown in Figure 1.
[image: Figure 1]FIGURE 1 | (A) Schematic of the Optical Coherence Tomography Catheter Tip, showing the optical element and lens to redirect the light radially outward, with the torque coil providing rotation allowing for the generation of cross sectional images of the artery wall. (B) An OCT image of a coronary artery, showing the catheter, wire and wire artifact (*), and layers of the blood vessel wall including Internal Elastic Lamina (IEL) and External Elastic Lamina (EEL). Scale bar = 1 mm. Reprinted with permission (Ughi and Adriaenssens, 2017).
As blood is a scattering medium in the near infra-red range that OCT utilizes, it must be displaced from the region of interest to capture an intraluminal OCT image. This can be performed with heparinized saline, contrast solution, or a mixture of both, and can be done via hand injection or auto-injection. However, this represents a limitation for intraluminal OCT in aneurysms. If blood is not fully cleared within the aneurysm, the portion of the aneurysm past the blood will be obscured. This may occur as flushing from the parent vessel may not be sufficient to expel the pooled blood from the aneurysm. On the other hand, excessive flushing may also increase the risk of intra-procedural rupture, as instances of aneurysmal rupture during contrast injection during catheter angiography have been previously reported (Klisch et al., 2003). Contrast or fluid overload with repeated flushing may also be an issue, leading to cardiorespiratory or renal issues (Tavakol et al., 2012; Rear et al., 2016). Ideally, OCT image acquisition should occur simultaneously during angiography image acquisition when a bolus of contrast is to be given, to decrease the amount of flushing required.
The catheter automatically detects blood clearance from the lumen and begins the automated motorized pullback (between the second and third radio-opaque markers) to capture OCT images at 100 frames per second, leading to a total of 540 cross-sectional images with a spatial resolution of 10–15 microns and a vessel wall depth of penetration of 3 mm. Image acquisition can be repeated multiple times, as the catheter itself maintains its position during this process. The field of view is 10 mm from the catheter’s lateral surface. This does represent a limitation in the application of intraluminal OCT for cerebral aneurysms, as the dome of aneurysms may not be seen. Additionally, the blood vessels of the intracranial vessels are also wider than the coronary vessels where intraluminal OCT is usually deployed. On the other hand, the neck of the aneurysm can be well-visualized, and this is where high resolution imaging may aide in assessing treatment success and complications.
In terms of safety and feasibility, intraluminal OCT has been performed successfully in 3D printed models, cadavers, animals, and humans (Table 2). The posterior circulation is more straightforward to navigate compared to the anterior circulation, mostly due to the tortuosity present in the carotid siphon. Intraluminal OCT catheter navigation for vertebral or basilar arteries in humans have been performed successfully without complication in 3 cases (Pasarikovski et al., 2020b; Li et al., 2022). For the anterior circulation, Lopes et al. first demonstrated the ability to navigate the OCT catheter past the internal carotid artery and imaged the middle and posterior cerebral arteries in a fresh frozen cadaver in 2012, visualizing important small perforating arteries which are not well appreciated on catheter angiography (Lopes and Johnson, 2012). In patients, there has been one reported case of an inability to negotiate the carotid siphon, leading to transient vasospasm and incomplete imaging of a deployed flow-diverting stent (Griessenauer et al., 2017). Overall, there have been no reported cases of neurologic complications following intraluminal OCT catheter navigation and image acquisition in twelve patients with intracerebral aneurysms (Table 2). However, as the use of OCT continues to expand, continued complication monitoring will be paramount, as it is often compared to non-invasive imaging modalities with minimal risk. Intraluminal OCT does require arterial access and intravascular catheter navigation to the aneurysm; therefore, it should only be done during times when cerebral angiograms are to be performed. It should be viewed as an adjunct to angiography to allow for high resolution image acquisition.
TABLE 2 | Studies of Intraluminal OCT in Cerebral Aneurysms.
[image: Table 2]Notably, OCT can be compared to intravascular ultrasound (IVUS), as another intraluminal methodology of image acquisition. One key difference between the two are that OCT has 10x the resolution of IVUS but more limited tissue penetration (3 mm for OCT vs. up to 10 mm for IVUS, which decreases for frequencies greater than approximately 25 MHz), especially in the presence of red blood cells, red thrombus, lipids, or necrosis (Maehara et al., 2017; Nagaraja et al., 2020). OCT also requires blood clearance whereas IVUS does not, and IVUS has a longer image acquisition time than OCT (Maehara et al., 2017; Nagaraja et al., 2020). In the field of interventional cardiology, where both have been well studied, clinical circumstances where one is better than the other have been established (Tearney et al., 2012; Maehara et al., 2017; Nagaraja et al., 2020). On the other hand, IVUS experience in neuro-intervention (Macdonald and Schweizer, 2017) These vascular abnormalities are foervention and outside the scope of this review article. Intraluminal OCT for aneurysms may have more utility given its ability to obtain higher resolution imaging, but further studies are needed.
IMAGING OF THE VESSEL WALL
Cerebral aneurysms are thought to arise from congenital or acquired defects of the internal elastic lamina (IEL) or media, with further remodelling leading to the characteristic ballooning of the blood vessel wall (Frösen et al., 2019; Staarmann et al., 2019). These changes most commonly occur at bifurcation sites, where the blood flow is more turbulent and shear forces against the arterial wall are higher (Frösen et al., 2019). As such, it follows that the ability to assess the blood vessel microanatomy in vivo via intraluminal OCT may be able to predict aneurysm formation, growth, and rupture.
In 2011, Mathews et al. performed in vivo intraluminal OCT imaging of the internal carotid arteries in two pigs and in three patients with previously coiled cerebral aneurysms (Mathews et al., 2011). The blood vessel microanatomy, including the intima, internal elastic lamina (IEL), media, external elastic lamina (EEL), and adventitia, was well visualized and correlated with histological findings (Mathews et al., 2011). This has also been investigated with imaging of silicone phantom models based on angiographic images of patients’ aneurysms (Hoffmann et al., 2016). Hoffman et al. found the ability to visualize intimal thickening, dissections, and perforating arteries, as well as macro-anatomical details such as aneurysmal geometry and dimensions (Figure 2) (Hoffmann et al., 2016). However, they were unable to fully image large aneurysms due to the OCT imaging diameter of 10 mm, nor bottleneck aneurysms due to the overlapping tissue of the parent vessel and the aneurysm (Hoffmann et al., 2016). Additionally, as the saline/contrast flush is utilized for intraluminal clearing of the parent vessel, it is possible that blood is not fully cleared from the aneurysm to allow for image acquisition. Conversely, flushing may also increase the risk of intra-procedural rupture, as instances of aneurysmal rupture during contrast injection during catheter angiography have been previously reported (Klisch et al., 2003).
[image: Figure 2]FIGURE 2 | Schematic of Intraluminal OCT acquisition for aneurysms, with the catheter positioned in the parent vessel and the pullback length encompassing the area to be imaged. The corresponding cross-sectional image is illustrated as A-A. Reprinted with permission (Hoffmann et al., 2016).
From an extra-vascular perspective, OCT has been previously utilized to assess the microstructural composition of aneurysms in 16 patients undergoing microsurgical clipping, allowing for assessment of characteristics including wall thickness, calcification, residual tunica media, and atherosclerosis (Hartmann et al., 2019). However, these findings may be difficult to replicate from an intraluminal catheter, due to the imaging limitations of the catheter from the parent vessel. Navigation of the catheter into the aneurysm itself is likely dangerous due to the stiffness of the catheter and the length of catheter before the imaging lens.
Although an estimated 3.2% of people harbor intracranial aneurysms, not all aneurysms require treatment once discovered (Vlak et al., 2011). Treatment is only undertaken when it is felt that the risk of rupture outweigh the risks associated with treatment, but the prediction of rupture risk remains an inexact science. Rupture risk reflects a complex interplay of aneurysm factors (size, morphology, location, flow dynamics), patient factors (age, sex, comorbidities, genetics), and beyond (Cebral et al., 2011; Lv et al., 2019). Imaging findings including vessel wall enhancement on MRI (Lv et al., 2019; Staarmann et al., 2019) and computational flow modelling on CT or diagnostic angiogram (Cebral et al., 2011; Ishida et al., 2021) are recent advances in the field of aneurysmal rupture prediction. As suggested above, there is also potential in the use of intraluminal OCT in this realm, however the exact role has yet to be elucidated, and there is a lack of current studies assessing this. Further prospective research is required to determine whether OCT findings can be correlated with aneurysmal growth and rupture.
In addition, intraluminal OCT may also be utilized to further our understanding of the pathophysiology behind aneurysms without necessitating ex-vivo histological analysis. Griessenauer et al. imaged two traumatic aneurysms of the internal carotid artery and visualized disruption of the intima with preservation of the other layers, as well as thrombus formation and an intimal dissection not seen on standard angiography (Griessenauer et al., 2016). Li et al. imaged a dissecting aneurysm of the vertebral artery, albeit only following stent assisted coiling, so disease patho-anatomical details were obscured (Li et al., 2022). Additional intraluminal OCT imaging of non-saccular aneurysms, such as dissecting, fusiform, or blister aneurysms, may aid further understanding about these pathologies which commonly have worse outcomes and/or are more difficult to treat compared to saccular aneurysms (Barletta et al., 2019; Cagnazzo et al., 2020).
ASSESSMENT DURING ANEURYSM TREATMENT
During aneurysm treatment, intraluminal OCT may be utilized to assess placement of stents and/or coils and the immediate effects of this. In 2012, Lopes et al. first demonstrated this by deploying a Pipeline Embolization Device (PED) on the basilar artery and utilized intraluminal OCT to visualize the relationship of the stent to the vessel wall, including strut apposition, and the branching vessels with stent struts across these orifices (Lopes and Johnson, 2012). Further work has been done in animal models to further assess this and infer the feasibility and utility of intraluminal OCT during aneurysm treatment, specifically immediately following stent deployment. In canine side-wall aneurysms, intraluminal OCT was able to quantify stent wall apposition as ‘device-wall distance’ with automatic detection of distance beyond 0.25 mm to facilitate screening for potential malapposition and acute thrombus formation (van der Marel et al., 2016). Thrombus formation is a rare but feared complication following stent deployment and can lead to acute ischemia or chronic in-stent stenosis (Zhou et al., 2017). If seen, it is commonly treated with intra-arterial or intravenous antithrombotic therapy (Zhou et al., 2017; Lin et al., 2018). In a swine model where flow diverting stents were deployed to cover a branch vessel of the internal carotid artery, intraluminal OCT allowed for the evaluation of acute thrombus formation on the stent struts and inside the jailed artery, as well as verification of lysis of thrombus following administration of antithrombotics (Iosif et al., 2016). The ability of OCT to detect and quantify stent-related thrombus has also been utilized in a preclinical environment to assess different types of stent coatings and antithrombotic regimens to reduce acute thrombus formation (Marosfoi et al., 2018; King et al., 2020), as seen in Figure 3.
[image: Figure 3]FIGURE 3 | Intraluminal OCT of different stent devices under different antiplatelet regimens (A–F), showing the ability to assess for clot formation (white arrow) and incomplete blood clearance (white *). Scale bar = 1 mm. Reprinted with permission (King et al., 2020).
In addition, stent strut apposition to the parent vessel wall can also be assessed with intraluminal OCT immediately following stent deployment, as seen in Figure 4 (Anagnostakou et al., 2021). Good wall apposition has been strongly associated with complete occlusion after flow-diverter therapy, but catheter angiography has been reported as suboptimal for the assessment of this (Rouchaud et al., 2016). With intraluminal OCT, poor apposition can be visualized and immediately corrected with balloon inflation (Iosif et al., 2016). King et al. placed flow diverting stents with balloon angioplasty in 40 aneurysms in rabbits and obtained OCT images prior to and following angioplasty, and found that malapposition of the flow diverter at the neck of the aneurysm which was present after angioplasty was associated with aneurysmal persistence at 30 days (King et al., 2018). They did report one case of malapposition caused by the balloon angioplasty leading to poor aneurysm occlusion, and posited that ubiquitous balloon angioplasty may actually have a negative effect on stent apposition, and thus intraluminal high resolution imaging may aid in the decision-making process following stent deployment (King et al., 2018).
[image: Figure 4]FIGURE 4 | High resolution CT imaging showing good flow diverting stent wall apposition (A), but intraluminal OCT (B,C) of the same stent revealing areas of poor wall apposition (white arrow). Scale bar = 1 mm. Reprinted with permission (Anagnostakou et al., 2021).
The ability of intraluminal OCT to detect and treat instances of thrombus formation and/or stent malapposition, which could otherwise lead to adverse outcomes, has also been explored in several human studies. Martínez-Galdámez et al. imaged a Pipeline Shield stent deployed to treat an unruptured posterior communicating artery aneurysm, and found areas of malapposition, particularly at the paraclinioid section of the ICA, which was not seen on catheter angiography, without evidence of acute thrombus (Martínez-Galdámez et al., 2019). However, as there was already contrast stasis within the aneurysm following deployment, a predictive marker for successful aneurysm occlusion (O’Kelly et al., 2010), balloon angioplasty was not performed (Martínez-Galdámez et al., 2019). Li et al. imaged two cases of stent-assisted coiling in vertebral artery aneurysms, in which Enterprise and Enterprise two stents were used, which have a lower metal coverage and higher porosity compared to flow diverting stents. They found that OCT was able to demonstrate good apposition of the stent struts and visualized loops of coils at the neck of the aneurysm without herniation into the parent vessel (Li et al., 2022). Notably, neither article reported any findings on OCT that required additional clinical action.
Although most of the research interest has been in imaging of flow diverting stents, intraluminal OCT is also possible for traditional stent assisted coiling, as demonstrated by Li et al. (Li et al., 2022), or even in cases of simple coiling. Theoretically, OCT could also be utilized to demonstrate the relationship of coil loops at the neck of the aneurysm, and possibly visualize any coil loop herniations into the parent artery not visible on angiography but may still have potential to cause distal embolization events (Luo et al., 2008).
Additionally, there is the potential to discover new predictors of aneurysm occlusion following coiling with better visualization of the relationship between the coil loops and the parent vessel, in addition to traditionally assessed markers such as packing volume or density (Kawanabe et al., 2001; Sluzewski et al., 2004). The Woven Endobridge (WEB) is another type of machinal detachable device which has been recently developed for the treatment for cerebral aneurysms, especially wide-necked aneurysms at arterial bifurcations (Harker et al., 2021; Mouchtouris et al., 2022). Intraluminal OCT has been applied to assess adequate WEB deployment within the aneurysm (no protrusion, good apposition), and has been shown to predict aneurysmal occlusion at 12 weeks follow-up in a rabbit model (Vardar et al., 2021). Overall, the expansion of applying intraluminal OCT into the assessment of aneurysmal treatments other than flow diversion is a gap in the literature that may be expanded upon.
ANEURYSM MONITORING
Intraluminal OCT can also be used in post-treatment monitoring, in the assessment for aneurysmal remnants, for the fate of branching vessels, or for endothelialisation over the diseased segments or deployed stents. Iosif et al. covered branching arteries with a flow-diverting stent in four swine at 12 weeks, and readily visualized neointimal formation over stent struts and postulated that OCT may be utilized to assess when full coverage is achieved to guide antiplatelet regimen management (Iosif et al., 2016). The ability to analyze endothelialisation over the stent as well as over the ostium of covered vessels has also allowed for the use of OCT in comparing the effect of different antiplatelet regimens or different stent types on neointimal formation (Matsuda et al., 2019; Caroff et al., 2020). Intraluminal OCT application has also led to discovery that flow diversion may induce a drastic reduction of the covered branch ostium area, despite continued patency on catheter angiography (Caroff et al., 2020). Branching vessels covered by flow diverting stents may not always remain patent (Zhou et al., 2017), and improving our understanding about how and why this occurs can help with complication avoidance. Our own group recently performed OCT imaging on aneurysms in rabbits treated with flow diversion at 4 weeks, and again found the ability to characterize endothelialisation across the stent and patent areas across the neck of the aneurysm, with minimal thrombus formation within the aneurysm itself (Pasarikovski et al., 2021). This work shows that OCT can also improve our knowledge of the mechanisms behind aneurysmal healing following flow diversion. Additionally, intraluminal OCT has also been utilized to image in-stent thrombosis in an animal model, showing neointima on top of asymmetrical topography covering the stents, likely representing thrombus presence under the endothelization, furthering our understanding behind the causes of in-stent thrombosis (Monteiro et al., 2021).
Comparison of catheter angiography versus OCT in detecting residual aneurysms following flow diversion have also been performed in animal models. Fries et al. found that residual aneurysms at 28 days were significantly more often likely to be visible with OCT (78%) than with DSA (52%) after flow diversion in an animal model (Fries et al., 2020). However, as not all residual or recurrent aneurysmal remnants need to be treated (Madaelil et al., 2019), caution should be practiced when utilizing OCT to detect very small remnants and basing practice decisions on these particular OCT findings.
Studies in humans have also found that intraluminal OCT could also reliably visualize and measure endothelialisation on flow diverting stents, which can be utilized to assess aneurysmal healing and the need for continued antiplatelets to prevent thrombus formation. Griessenauer et al. found variability along the length of a long-standing implanted PED for an ICA aneurysm, with areas of bare stent, thin endothelium, or robust neointima (Griessenauer et al., 2017). Guerrero et al. reported one case flow diversion of a previously coiled PICA aneurysm, with OCT at 8 weeks demonstrating good wall apposition and concentric neointimal growth (Guerrero et al., 2018). In two stent assisted coiling cases, Li et al. also found variability in endothelial formation at 6 months, with one case of complete coverage by neointima and another with many struts prolapsed into the lumen and nonadherent to the vessel wall (Figure 5) (Li et al., 2022). They utilized these findings to guide management, as clopidogrel administration was stopped in the patient with a fully endothelialised stent (minimal risk of thrombus formation), while dual antiplatelet therapy was continued in the patient with a partially endothelialised stent (continued risk of thrombus formation) (Li et al., 2022). Yako et al. also performed intraluminal OCT in two stent-assisted coiling cases, at 1- and 2-year follow-up. In one case there was complete neointimal coverage of the stents over the aneurysmal neck in one case, and in the other there was only partial coverage of the stent struts with an irregular, thrombus-like matrix covering the coils loops at the aneurysmal neck (Yako et al., 2017). In the latter case, continued antiplatelet therapy and close follow-up to monitor for aneurysmal recurrence was performed based on the OCT findings (Yako et al., 2017). The length of antiplatelet therapy and choice of agents following flow diversion remains a contentious topic (Madaelil et al., 2019; Cagnazzo et al., 2020; Tonetti et al., 2020), and OCT may provide further insights on guiding antiplatelet therapy based on individualized high resolution imaging findings.
[image: Figure 5]FIGURE 5 | Cerebral angiography (A,B) showing the dissecting aneurysm (white arrows), with intraluminal OCT (C,D). The aneurysm (white arrow, white asterisk representing the far wall) is only partially imaged due to the limitations of OCT (yellow arrows). Following stent assisted coiling, angiography (E,F) shows obliteration of the aneurysm, and intraluminal OCT (G,H) demonstrates coil loops within the aneurysm and some areas of stent malapposition (white arrows). Scale bar = 1 mm. Reprinted with permission (Li et al., 2022).
The reasons behind aneurysmal persistence or recurrence following treatment may also be explored with intraluminal OCT, especially when traditional imaging techniques, including catheter angiography, fail to elucidate the issue. Neira et al. reported the use of OCT in a recanalized ICA aneurysm treated by stent assisted coiling to reveal malapposition of the stent and lack of neointimal growth at the aneurysm neck (Neira et al., 2021). This was then treated with an overlapping PED, with 1 year angiogram demonstrating aneurysmal healing and OCT good stent apposition and total endothelialisation over the aneurysm neck (Neira et al., 2021). Our own center has utilized intraluminal OCT similarly, in a case of a posterior communicating artery aneurysm which increased in size after 2 months despite flow diverting stent assisted coiling. Although there was no evidence of stent malapposition with high-resolution cone-beam (VASO) CT, OCT imaging demonstrated no stent endothelialisation over a patent portion of the aneurysm neck. This was treated with a second stent, leading to complete aneurysmal occlusion (Pasarikovski et al., 2020b). Although repeat flow diversion is generally felt to be safe and effective (Salem et al., 2022), there can still be associated complications, such as in-stent stenosis or closure of jailed branch vessels due to the increased metal coverage, or other risks associated with a repeat endovascular procedure. As such, intraluminal OCT may provide additional details about the microvascular environment to help guide additional therapies for aneurysmal recurrence or residual.
FUTURE DIRECTION
Clearly, intraluminal OCT has great potential in improving care for patients with cerebral aneurysms. The ability to provide high resolution micro-anatomical imaging of blood vessels and vascular abnormalities can add to our understanding of aneurysms, and possibly monitor or predict aneurysmal growth or rupture. During endovascular procedures, OCT can be utilized to assess the efficacy of treatment, providing clinicians with additional information that may guide the need for additional management. This could include the visualization of malapposition leading to balloon angioplasty or findings of acute thrombus requiring antithrombotic administration, findings which may not be readily apparent on catheter angiography. During follow-up, intraluminal OCT assessment of the endothelial healing over the neck of the aneurysm and/or the parent vessel may help guide antiplatelet regimen management or the necessity for closer follow-up. The reasons behind aneurysmal persistence or recurrence following treatment may also be explored with OCT, leading to individualized treatment plans based on micro- and macro-anatomical details not obtainable with other imaging modalities. In a preclinical realm, OCT can also be utilized as an assessment tool for the efficacy of aneurysm treatment, including different stent types, antiplatelet regimens, or in the development of novel devices. Areas for future direction include a neurovascular specific OCT catheter, doppler OCT, and additional clinical research, amongst others (Table 3).
TABLE 3 | Possible areas for future development in intraluminal OCT for cerebral aneurysms.
[image: Table 3]One important future direction would be the continued development of a neurovascular specific OCT catheter. Improvements on currently available devices include better flexibility and navigability into the more tortuous cerebrovasculature (especially the anterior circulation) and a wider field of view to image larger vessels and aneurysms (Anagnostakou et al., 2021). Such a device is currently under development with promising results showing good maneuverability and the capability to rapidly acquire volumetric microscopy data at a 10-micron resolution level in swine vessels with and without deployed stents and in ex-vivo human atherosclerotic vessels (Ughi et al., 2020). Another area for catheter improvement could be a shorter “leading tip”. Currently, entry of the aneurysm itself with the OCT catheter is not possible due to the long length between the catheter tip and the imaging length, usually larger than the aneurysm size itself. A shorter “leading tip” could allow for placement of the OCT catheter within the aneurysm to better assess the wall structure of the aneurysm, though this must be weighed with the risks of aneurysm catheterization (e.g., rupture). Other areas for future development could include more rapid image acquisition, and improved mechanisms for blood clearing/image acquisition. Even small amounts of residual blood can adversely affect intraluminal OCT image acquisition, especially in situations where there may be flow stasis within the aneurysm, leading to incomplete visualization. Improved mechanisms for blood clearing or image acquisition, without the need to aggressively flush blood from the target vasculature, would be most welcome.
Another area for further advancement could be the development of doppler OCT, to assess blood flow velocity and provide volumetric flow measurements (Sun et al., 2012; Vuong et al., 2014). For example, we have previously utilized doppler OCT to assess a novel liquid embolic agent treatment in a phantom model of a cerebral aneurysm, showing changes in flow following obliteration of the aneurysm (Figure 6) (Dobashi et al., 2021). Hemodynamic patterns and flow patterns into a cerebral aneurysm have implicated to be predictive of aneurysm growth and rupture risk (Cebral et al., 2011; Ishida et al., 2021), and contrast stasis (or lack of flow into the aneurysm) immediately following treatment has been found to be predictive of aneurysm healing (O’Kelly et al., 2010). Intraluminal doppler OCT may be able to provide more detailed hemodynamic information regarding aneurysms and aneurysm treatment, however, this technology must first be validated against other flow-measuring modalities and explored further in phantom and animal models. Additionally, one significant barrier to doppler OCT is nonuniform rotational distortion (NURD), the distortion of the cross-sectional images as the transducer rotates in a nonuniform manner despite being coupled to a uniformly rotating motor, due to tortuosity in the blood vessels or friction with the catheter sheathe (Kawase et al., 2007; Ahsen et al., 2014). This can lead to artefact in the acquired images. Imaging processing techniques have allowed for minimization of NURD with intraluminal OCT (Kawase et al., 2007; Ahsen et al., 2014), however, techniques for NURD shift induced phase shift artifact removal for doppler OCT remain limited (Sun et al., 2012).
[image: Figure 6]FIGURE 6 | Doppler intraluminal OCT in a model aneurysm, with pre-treatment imaging in the systolic phase (A) and diastolic phase (B) showing blood flow in the parent artery (white arrowhead) and into the aneurysm (green arrowhead). Following embolization with a novel liquid embolic agent, intraluminal doppler OCT in the systolic phase (C) and diastolic phase (D) shows continued flow in the parent artery (white arrowhead) but complete cessation of flow into the aneurysm (green arrowhead). Scale bar = 1 mm. Reprinted with permission (Dobashi et al., 2021).
Lastly, much additional research is required in this fledgling field. In the realm of interventional cardiology, intraluminal OCT has become widely adopted clinically (Tearney et al., 2012; Dionne et al., 2018; Shimamura et al., 2021), and from a research perspective, there have already been multiple randomized controlled trials showing OCT efficacy in guiding management leading to improved clinical outcomes (Burzotta et al., 2014; Meneveau et al., 2016; Lee et al., 2020). Conversely, reports of intraluminal OCT use in human cerebral aneurysms are limited to case reports and case series. Nevertheless, the potential of OCT in improving aneurysm care has been demonstrated and should be continued to be explored.
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Findings

The structural compositions of the arteries, including intima and internal elastic
lamina, media, external elastic lamina, and adventitia were visualized at high
resolution and corresponded with histological cross sections

The perforating branches, not well seen with DSA, were well visualized with OCT.
Stent struts following flow diversion were also visualized

OCT demonstrated disruption of the intima with preservation and stretching of the
more peripheral layers. In 1 patient the traumatic aneurysm was associated with
thrombus formation and a separate, more proximal dissection not visible on CTA
or DSA

OCT visualized thin structures (intimal flaps), changes of the vessel wall morphology
(intimal thickening, layers), adjacent vesscls, small vessel outlets, arterial branches
and histological information, however, aneurysm morphology may limit full
assessment.

OCT visualized flow divertor malapposition, with quantitative measurements, and
occasional acute thrombus formation

OCT demonstrated great variability of endothelialization of the stent, with portions
where the PED struts lid bare or were covered by thin endothelium versus robust
neointima.

OCT enabled clear visualization of the vessel wall structures and demonstrated
complete coverage of the stent struts as well as full stent wall apposition in 1 case and
incomplete coverage near the aneurysm neck as well as malapposition of some struts
in the other case.

OCT demonstrated that the flow diverter had good wall apposition and concentric
neointimal growth over the braid with exception to the areas that the PED was not in
contact with the endothelial wall

OCT visualized flow diverter malapposition following deployment, allowing for
balloon angioplasty, and this was predictive of rates of aneurysm occlusion

OCT was utilized to visualize the effect of different flow divertor surface coatings and
antiplatelet regimens on thrombus formation within the stent

‘The Dragonfly catheter was able to navigate in tortuous anatomies. OCT’
demonstrated areas of unsatisfactory apposition, not seen on DSA, with no thrombus
formation following flow diversion.

OCT could not be achieved in 5 cases owing to navigational difficulties. Residual
ancurysms were significantly more often visible with OCT than with DSA.

OCT visualized incomplete prior treatment with a stent malapposition and small
neck remnant following flow diverting stent assisted coiling, allowing for repeat flow
diversion

OCT was used to visualize for adequate WEB deployment (protrusion and
malapposition), which could prognosticate aneurysm occlusion

OCT was used to assess for stent apposition immediately following deployment, and
then for neointimal coverage at follow-up to help with antiplatelet regimen decision
making.

OCT demonstrated endothelialization across the stent over the neck of the aneurysm,
appearing to originate from the parent vessel, along with small amounts of thrombus
on the stent-struts, with minimal thrombus seen within the aneurysm sac

CCA, common carotid artery; CTA, Computed Tomography Angiography; DSA, Digital Subtraction Angiography; ICA, intemal carotid artery; OCT, Optical Coherence Tomography;

PCOM, posterior communicating arter
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