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Background: To investigate the effect of the A Direct Aspiration First-Pass Thrombectomy (ADAPT) vs. Solumbra technique in the treatment of acute intracranial atherosclerosis-related large vessel occlusion (LVO).

Methods: Patients with acute atherosclerosis-related LVO who had undergone endovascular treatment were retrospectively enrolled into two groups: The Solumbra and ADAPT groups. The clinical data were analyzed.

Results: Patients (104) were enrolled with 48 in the Solumbra and 56 in the ADAPT group. The mean time from femoral access to recanalization was significantly (P < 0.05) shorter in the ADAPT than in the Solumbra group. The recanalization time at the first line was significantly shorter in the ADAPT group than in the Solumbra group (17 ± 10.21 vs. 26 ± 15.55 min, P = 0.02). However, the rate of switching to the alternative was significantly higher in the ADAPT group than that in the Solumbra group (46.42 vs. 33.33%, P = 0.01). Eighty-two patients had eventual recanalization, resulting in a final recanalization rate of 78.85%. At 3-month clinical follow-up for all patients, the good prognosis rate reached 51.92% with good prognosis in 24 patients (50%) in the Solumbra and 30 (53.57%) in the ADAPT group. The rate of symptomatic intracranial hemorrhage was 18.75% (n = 9) in the Solumbra and 19.64% (n = 11) in the ADAPT group. The mortality rate was 21.15% (22/104). Among 80 (76.92%) patients who had angiographic follow-up (3–30 months), five (6.25%) patients experienced in-stent stenosis, and two (2.5%) experienced asymptomatic stent occlusion.

Conclusion: In patients with acute intracranial atherosclerosis-related LVO, clinical outcomes treated using the ADAPT technique are comparable with those using the Solumbra technique, and more patients need additional remedial measures if treated with the ADAPT technique.

Keywords: intracranial atherosclerosis-related, large vessel occlusion, ADAPT, Solumbra, endovascular treatment


BACKGROUND

As a significant health burden worldwide, acute ischemic stroke is a leading cause of morbidity and mortality; however, early revascularization and reperfusion are correlated with improved clinical outcomes (1, 2). For acute intracranial large vessel occlusion (LVO), mechanical thrombectomy has become a standard approach of treatment because of the high efficacy and good prognoses (3–6). However, the etiology of LVO is different in different ethnics, with intracranial atherosclerosis as the most common cause of ischemic stroke and more common in Asian, Spanish, and Afro-American populations (7, 8). The clinical presentation, risk factors, and demographic features are different between patients with acute intracranial atherosclerosis-related LVO (ICAS-LVO) and those with thromboembolism-related LVO (8). Mechanical thrombectomy with a stent retriever has become the mainstay of modern endovascular therapy for LVO caused by thromboembolism, but the stent retriever is less efficient for atherosclerosis-related LVO (9–11). Moreover, reocclusion and residual stenosis are often encountered in the endovascular management of atherosclerosis-related LVO, and rescue treatment with balloon angioplasty is frequently required for complete recanalization (9, 12, 13). Since fast recanalization is the most important factor in determining the clinical outcomes, multiple endovascular management techniques are needed to recanalize intracranial atherosclerosis-related LVO compared with thromboembolism-related LVO. Two currently principal techniques for mechanical thrombectomy are (1) application of a stent retriever like the Solitaire FR stent (Medtronic Neurovascular, Irvine, CA, USA) and (2) direct aspiration of the thrombus with the technique of A Direct Aspiration First-Pass Thrombectomy (ADAPT) using a large-bore aspiration catheter like the ACE 64 or 5 Max ACE catheter (Penumbra, Alameda, CA, USA) (14, 15). Moreover, a stent retriever can be used together with direct aspiration at the proximal end of a thrombus at the time of mechanical thrombectomy (16–18). The Solumbra technique uses the Solitaire FR stent retriever for mechanical thrombectomy in combination with proximal thrombus aspiration using the Penumbra aspiration catheter (16–18). The Solumbra technique seems better in complete removal of the thrombus because it combines both the mechanical thrombectomy with a stent retriever and thrombus aspiration, while the ADAPT seems quicker in removing the thrombus. Studies have shown that the ADAPT technique can achieve the same clinical and imaging effects as those achieved by the Solumbra technique in mechanical thrombectomy of LVO (19, 20). However, no studies had compared these two techniques in endovascular management of intracranial atherosclerosis-related LVO. This study was consequently performed to compare the effect and clinical outcomes of the two techniques in recanalization of intracranial atherosclerosis-related LVO in a Chinese cohort.



METHODS


Subjects

This study was approved by the ethics committee of our hospital, and all patients had given their signed informed consent to participate. Between March 2018 and August 2019, patients with LVO treated with either the Solumbra or ADAPT technique were enrolled. The residual stenosis >70% of a cerebral artery after the first-pass thrombectomy is usually used as a golden criterion to diagnose ICAS-LVO (21–23). If the residual stenosis is below 70%, but its distal blood flow is impaired, or it tends to re-occlude, it is also considered ICAS-LVO. Other indicators of ICAS-LVO may also be required to assist the definitive diagnosis, including truncal-type occlusions or the sign called the “microcatheter first-pass effect,” which can be used to diagnose an ICAS-LVO. The inclusion criteria were patients with LVO, age ≥18 years, the time from disease onset to femoral artery puncture ≤8 h or between 8 and 24 h but consistent with the inclusion criteria of the DAWN experiment or DEFUSE-3 experiment (24), LVO confirmed by computed tomography angiography (CTA) or magnetic resonance angiography (MRA) including occlusion of the intracranial segment of the internal carotid artery (ICA), M1 segment of the middle cerebral artery (MCA), intracranial segments of the vertebral artery and basilar artery, atherosclerotic stenosis-related LVO, the modified Rankin scale score (mRS) ≤2, and baseline score of the National Institutes of Health Stroke Scale (NIHSS) ≥6. The exclusion criteria were intracranial hemorrhage confirmed by CT or MRI and LVO caused by arterial dissection, Moyamoya disease, or arteritic occlusion.



Treatment Approaches

Before endovascular treatment, patients who were within the time window for intravenous thrombolysis had rt-PA (recombinant tissue plasminogen activator) at a dose of 0.9 mg/kg. After digital subtraction angiography revealed the location and length of LVO, arterial stenosis, and collateral circulation, appropriate endovascular approaches were chosen for treatment. In both the Solumbra and ADAPT techniques, a 300-mm micro-guidewire was used to assist the microcatheter through the occlusion lesion so that a stent or suction catheter could be navigated in place.



Solumbra Technique

With the Solumbra technique, a long sheath was sent to the distal cervical segment of the ICA or the vertebral artery using an exchange technique under general or local anesthesia, and a 0.025-inch microcatheter (Rebar27, Medtronic Neurovascular, Irvine, CA, USA) harboring a 0.016-inch micro-guidewire was introduced into a large-bore aspiration catheter (ACE, Penumbra, Oakland, CA, USA; or the SOFIA, MicroVention Terumo, Tustin, CA, USA), which were all navigated into the long sheath as a unit. After the 0.025-inch microcatheter was navigated through the thrombus along the micro-guidewire, the large-bore aspiration catheter was sent to the proximal end of the thrombus as close as possible before deployment of the Solitaire FR stent-retriever (Medtronic Neurovascular, Irvine, CA, USA) across the thrombus through the 0.025-inch microcatheter. The microcatheter was then completely removed. Three to five minutes later, the large aspiration catheter was connected for continuous aspiration while advancing the aspiration catheter to the proximal end of the thrombus as close as possible. If recanalization was not successful after aspiration for three times, the DAPT technique would be tried for recanalization.



DAPT Technique

The establishment of the access road to the thrombus was the same as that in the Solumbra technique. After the aspiration catheter (ACE60, Penumbra, Oakland, CA, USA; or the SOFIA PLUS, MicroVention Terumo, Tustin, CA, USA; REACT68, Medtronic Neurovascular, Irvine, CA, USA) was navigated to the proximal end of the thrombus as close as possible through a 0.021-inch microcatheter (Rebar27, Medtronic Neurovascular, Irvine, CA, USA) harboring a 0.014-inch 300-mm micro-guidewire, it was connected to a negative pressure suction pump for continuous aspiration for 60–90 s. Then, the aspiration catheter was slowly withdrawn until the blood flow velocity returned to normal in the connecting pipe of the negative pressure pump. If the flow velocity did not resume normal, the aspiration catheter was gradually removed under continuous negative pressure. This process was repeated three times until successful reperfusion. If the path is extremely tortuous and the suction catheter cannot be in place, a 300-mm micro-guidewire was used to help the microcatheter through the thrombus-occluded segment. If reperfusion could not be achieved after trying three times, the Solumbra technique was considered.



Remedial Measures for Treatment

If reperfusion was not successful after the Solumbra or the ADAPT technique had been tried three times, the LVO was thought to be an intractable vessel occlusion, and remedial measures would be taken. If the aspiration catheter could not be navigated through the occlusion segment, a 1.5- or 2-mm diameter rapid-exchanging balloon would be sent to expand the occluded segment while advancing the aspiration catheter, which was connected to the negative pressure pump for thrombus aspiration. The balloon was deflated and withdrawn after the aspiration catheter was in place. This was the so-called balloon-assisted aspiration technique. If recanalization was successful, but the blood flow was obviously limited due to severe vascular stenosis, or there was a tendency of vascular occlusion, remedial measures would be taken including mechanical thrombectomy, percutaneous balloon angioplasty, intracranial stent implantation, and intra-arterial injection of tirofiban (0.5–2.0 mg). For patients with intracranial stent implantation, intravenous tirofiban maintenance therapy was given after the treatment procedure. If the patient did not have intracranial hemorrhage or other hemorrhagic complications, double anticoagulation therapy with aspirin (100 mg/day) and clopidogrel (75 mg/day) was administered the second day after the procedure.



Effect Evaluation and Follow-Up

The modified Thrombolysis in Cerebral Infarction (mTICI) score was used to evaluate the recanalization of the large vessels during the procedure, and successful recanalization was defined as mTICI 2b-3. Post-procedure CT or MRI was performed to check if intracranial hemorrhage was present, and the intracranial hemorrhage was defined as any intracranial hemorrhage with increased NIHSS score ≥4.

Three months after the procedure, all patients were followed up either through outpatient clinics or via telephone contact. The prognosis was assessed with a good prognosis of mRS score between 0 and 2. Three to six months after the procedure, digital subtraction angiography was performed for patients with deployment of intracranial stents for possible in-stent restenosis.



Statistical Analysis

The statistical analysis was performed with the SPSS 19.0 software (IBM, Chicago, IL, USA). Measurement data in normal distribution were presented as mean ± standard deviation (normal distribution) or median with interquartile range (skewed distribution) and tested with the paired t-test or Mann–Whitney U-test as indicated between groups. Enumeration data were presented as percentage (n and %) with their corresponding 95% confidence intervals (CIs) and tested with the Chi square test. The significant P was set at <0.05.




RESULTS


Subjects

One hundred and four patients met the inclusion criteria and were enrolled including 77 (74.0%) male and 27 female (26.0%) patients with an age range of 36–88 years (mean 64.05 ± 12.10). Seventy-nine (76.0%) patients had hypertension, 23 (22.1%) had diabetes mellitus, 62 (59.6%) had hyperlipidemia, four (3.8%) had atrial fibrillation, and 24 (23.1%) had smoking. Twenty-six (25%) patients had ICA occlusion, 27 (26.0%) had M1 segment occlusion, 23 (22.1%) had occlusion of ICA-L (involving carotid terminus and MCA), 19 (18.3%) had basilar artery occlusion, and 9 (8.7%) had occlusion of both the basilar and vertebral arteries. The baseline NIHSS score was 16.05 ± 4.61. Forty-eight patients were treated with the Solumbra technique, while 56 with the ADAPT (Figures 1, 2), and no significant (P > 0.05) differences were found in the age, sex distribution, and risk factors for atherosclerosis, or baseline NIHSS score between the two groups (Table 1). The proportion of patients with ICA-L serial occlusion was significantly (P < 0.05) higher in the ADAPT than in the Solumbra group. Among 104 patients, 10 patients (20.83%) in the Solumbra and nine (16.07%) in the ADAPT group had rt-PA intravenous thrombolysis, with no significant (P > 0.05) difference in the proportion between the two groups.


[image: Figure 1]
FIGURE 1. A 36-year-old man had sudden onset of left limb weakness 17 h ago, and the symptom was relieved after intravenous thrombolysis. However, the symptom was aggravated 4 h later, and he was transferred to our hospital with the NIHSS score of 11. Magnetic resonance imaging demonstrated acute infarction in the right basal ganglia. (A,B) Before aspiration, cerebral angiography revealed occlusion of the right middle cerebral artery. (C) After the thrombus was removed by the aspiration catheter connected to the negative pressure pump, the blood flow forward was resumed. (D) During the procedure, a 2 mm × 12 mm balloon was used to expand the stenotic segment. (E,F) An Enterprise stent (4.5 mm × 22 mm) was deployed at the stenotic location, and the blood flow was restored to the modified Thrombolysis in Cerebral Infarction (mTICI) grade 3.



[image: Figure 2]
FIGURE 2. A male patient in his 60s had paroxysmal dysphasia, left limb weakness for 1 h, and coma for 30 min. The NHISS score was 19. (A) Cerebral digital subtraction angiography showed lateral circulation and basilar artery tip, suggesting intracranial atherosclerotic stenosis-related large vessel occlusion (ICAS-LVO). (B) The right vertebral artery angiography demonstrated occlusion of the initial segment of the basilar artery. (C) A REACT68 suction catheter was navigated to the basilar artery proximal to the occlusion, and after 30 s of negative pressure suction in situ, the retrograde blood flow in the catheter suddenly recovered. (D) Angiography confirmed that the anterior blood flow of the basilar artery returned to normal. (E) The aspiration catheter was withdrawn, and angiography revealed severe stenosis at the middle segment of the basilar artery as ICAS-LVO. (F) After 10 min of observation, the stenosis degree was increased, and the forward blood flow gradually became worse. (G) A stent was implanted after balloon pre-dilation, with the blood flow reaching mTICI grade 3. (H) Computed tomography angiography of the head and neck was performed 3 days after operation, which indicated that the stent was unobstructed, and the basilar artery forward blood flow was stable. Seven days after operation, the patient was discharged, with the NIHSS score of 1.



Table 1. Demography and clinical data.
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Clinical Effect and Follow-Up

The mean time from femoral access to recanalization was 76.57 ± 27.23 min for all patients, with a significantly (P < 0.05) shorter time for the ADAPT technique than that for the Solumbra (73.61 ± 24.66 vs. 78.05 ± 30.55 min) (Table 2). Twenty-one (43.75%) patients had recanalization at the first pass in the Solumbra group, which was not significantly (P > 0.05) different from that in the ADAPT group (n = 26, 46.2%). The recanalization time at the first pass was significantly shorter in the ADAPT group than in the Solumbra group (17 ± 10.21 vs. 26 ± 15.55 min, P = 0.02). However, the rate of switching to the alternative was significantly higher in the ADAPT group than in the Solumbra group (46.42 vs. 33.33%, P = 0.01) (Table 2). Eighty-two patients had eventual recanalization, resulting in a final recanalization rate of 78.85%, with the final recanalization rate of 83.33% (n = 40) in the Solumbra group, which was not significantly (P > 0.05) different from that in the ADAPT group (75%, n = 42).


Table 2. Radiologic outcomes of endovascular treatment.

[image: Table 2]

At 3-month clinical follow-up for all patients (Table 3), the good prognosis rate reached 51.92% with good prognosis in 24 patients (50%) in the Solumbra and 30 (53.57%) in the ADAPT group (Figure 2). The rate of symptomatic intracranial hemorrhage was 14.58% (n = 9) in the Solumbra and five 19.64% (n = 11) in the ADAPT group. The mortality rate was 21.15% (22/104). No significant (P > 0.05) difference existed in the rate of hemorrhagic transformation, parenchymal hemorrhage, subarachnoid hemorrhage, symptomatic intracranial hemorrhage, good prognosis, independent functions, or death (Table 3). Among 80 (76.92%) patients who had angiographic follow-up between 3 and 30 months following endovascular thrombectomy, five (6.25%) patients had in-stent stenosis, one of whom was recanalized with balloon expansion. The other four patients with in-stent stenosis were asymptomatic. Two (2.5%) patients had asymptomatic stent occlusion, which was not managed.


Table 3. Clinical outcomes at 3-month follow-up.
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DISCUSSION

This study investigated the effect and clinical outcomes of the Solumbra and ADAPT technique in treating patients with intracranial atherosclerosis-related LVO, and it was found that the ADAPT technique is significantly quicker to obtain recanalization than the Solumbra technique (73.61 ± 24.66 vs. 78.05 ± 30.55 min), but no significant differences existed in the other aspects including the first-pass recanalization rate, final recanalization rate, periprocedural complication rate, good prognosis rate, and mortality at 3-month follow-up.

After comparing the effect and adverse events of the direct contact aspiration technique vs. the standard stent retriever technique as a first-line endovascular therapy for successful revascularization of acute ischemic stroke and LVO in the anterior circulation, Lapergue et al. (19) found no significant (P > 0.05) difference in the recanalization rate in the contact aspiration group vs. the stent retriever group [85.4 vs. 83.1%, odds ratio or OR: 1.20 (95% CI, 0.68–2.10); P = 0.53; difference, 2.4% (95% CI, −5.4 to 9.7%)]. No significant difference existed in the clinical efficacy outcomes at 90 days and adverse events. They drew a conclusion that first-line thrombectomy with contact aspiration did not have an increased recanalization rate compared with the stent retriever technique. After studying reperfusion, adverse events, neurological recovery, and functional outcomes of patients with isolated M2 occlusions in 79 patients treated with the contact aspiration or the stent retriever technique, Gory et al. (25) found no significant difference in the reperfusion rate, in the 90-day mRS score (≤ 2) rate (54.4 vs. 50.0%; P = 0.84), 24-h change in NIHSS score, or the Alberta Stroke Program Early Computed Tomography score, with the conclusion being that first-line mechanical thrombectomy with contact aspiration vs. stent retriever did not result in an increased successful revascularization rate in patients with acute stroke caused by isolated M2 occlusion. Zhu et al. (26) also found no significant increase in the successful reperfusion rate in acute ischemic stroke patients with LVO of the anterior circulation in the contact aspiration group compared with the stent retriever group. However, in a PRISMA-compliant systematic review and meta-analysis investigating the efficacy and safety of the direct aspiration approach of thrombectomy for recanalization in patients with acute ischemic stroke compared with the stent-retriever approach, Qin et al. (27) found better functional outcomes at 3 months defined as an mRS score of 0 to 2 (OR, 0.77; 95% CI, 0.66–0.97; P = 0.03), fewer adverse events especially in symptomatic intracerebral hemorrhage (OR, 0.56; 95% CI, 0.33–0.98; P = 0.04) and embolization to a new territory (OR, 0.49; 95% CI, 0.28–0.84; P = 0.01) in the direct aspiration group than in the stent retriever group even though no significant differences existed in the rate of successful recanalization between the two groups.

The above studies indicated that the direct contact aspiration technique is as good as or better than the stent retriever technique in achieving the recanalization rate or clinical outcomes in treating patients with LVO. These studies were conducted with only thrombus-related occlusion of LVO without the concomitant factor of atherosclerosis. Thus, the effect of direct contact aspiration with the ADAPT technique vs. the Solumbra technique with combined stent retriever and aspiration is not clear for patients with intracranial atherosclerosis-related LVO. These two entities of disease are different in the clinical presentation, risk factors, and demographic features (8), and the clinical outcomes treated with mechanical thrombectomy may also be different. Baek et al. (7) studied the outcomes of mechanical thrombectomy for acute intracranial LVO and found that recanalization with a stent retriever is significantly (P < 0.001) less successful in patients with intracranial atherosclerosis-related LVO, and more patients with intracranial atherosclerosis-related LVO need specific rescue measures including balloon angioplasty, stenting, and intra-arterial glycoprotein IIb/IIIa inhibitor infusion, even though the rates for favorable outcomes, mortality, and symptomatic intracranial hemorrhage were not significantly different between the two groups. In investigating endovascular and clinical outcomes of vertebrobasilar intracranial atherosclerosis-related LVO, Baek et al. (28) also found a similar recanalization rate in patients of LVO with or without concurrent intracranial atherosclerosis, but the recanalization using conventional endovascular modalities such as stent retriever thrombectomy, contact aspiration, or intra-arterial urokinase infusion was less successful in patients with atherosclerosis-related LVO. In our study using the Solumbra technique with the stent retriever combined with aspiration vs. the ADAPT technique of contact aspiration, similar effects and clinical outcomes had been achieved. However, the ADAPT technique was quicker to achieve recanalization than the Solumbra technique, especially when a larger suction catheter is applied, which had been confirmed by some authors (19, 20). The mechanism of suction in the ADAPT technique is to aspirate the whole thrombus without further advancing the catheter once the catheter is in place (29), whereas the Solumbra technique is to send a stent to capture the thrombus and pull it out. The ADAPT technique is thus much quicker than the Solumbra technique in resuming blood flow. Being quicker, cheaper, and comparable in the clinical outcomes and safety, the ADAPT technique has thus become a comparable technique to the standard Solumbra technique in recanalizing intracranial atherosclerosis-related LVO. However, compared with the Solumbra technique, the ADAPT technique has a significantly (P < 0.05) greater rate (33.33 vs. 46.42%) of switching to the alternative because atherosclerosis-caused arterial stenosis and local arterial course may readily affect the efficiency of the ADAPT technique compared with the Solumbra technique. Moreover, when the suction catheter is parallel to the long axis of the thrombus in the ADAPT technique, the suction efficiency is the greatest; however, when the suction catheter forms an angle with the long axis of the thrombus (or the artery), the suction efficiency is decreased, and the thrombi may not all be aspirated (30). In the actual situation of suction, it may not always be easy to set the suction catheter parallel to the long axis of thrombus, especially in cases of ICAS-LVO, and it thus needs more remedial measures.

Recently, a study by Yoo et al. investigated the immediate effect of first-line thrombectomy devices for intracranial atherosclerosis-related occlusion using stent retrievers vs. contact aspiration (31). Successful reperfusion was more frequently achieved after first-line thrombectomy in the stent retriever group than in the contact aspiration group (77.6 vs. 43.5%, P = 0.001), with significantly fewer remedial measures (12.2 vs. 59.7%, P < 0.001) or lower iatrogenic dissection rate (8.2 vs. 29.0%, P = 0.012) in the stent retriever group. After remedial measures, the final successful reperfusion rate was similar in both groups (87.8 vs. 77.4%, P = 0.247), with no significant difference in the 3-month good outcomes (modified Rankin Scale, P = 0.524). However, this study was performed between 2011 and 2016 when the first-generation aspiration devices were used, while no aspiration-assisted techniques were applied in the stent retriever group. Currently, the second-generation aspiration devices with larger-diameter suction catheters had been applied and had achieved a better reperfusion rate and good prognosis rate. Moreover, the Solumbra technique had been standardized. In our study, the latest devices were used, and to compare the efficacy of these two mainstream techniques in ICAS-LVO cases may have more clinical significance.

Acute intracranial atherosclerosis-related LVO may be caused by thrombi at the stenotic location, at the segment proximal or distal to the stenosis, or covering a longer segment both proximal and distal to the stenosis. When the thrombus is only at the stenotic location, the thrombus load is small or soft with high permeability. In this situation, application of the ADAPT technique can easily remove the thrombus without damaging the intima at the stenosis caused by use of the Solumbra technique. Some authors suggested the use of balloon angioplasty for thrombus at the stenotic location (32). However, direct balloon angioplasty may cause distal embolization by escaped thrombi, injury to perforating arteries, and possible escape of the balloon or stent. For thrombi that are located at the segment only proximal to the stenosis or both proximal and distal to the stenosis, the current focus is on the management of the thrombus at the segment distal to the stenosis using the ADAPT technique. Because the aspiration catheter, if located proximal to the stenosis, has a low efficiency for aspirating thrombi distal to the stenosis, it is thus necessary to dilate the stenotic segment before navigating the aspiration catheter beyond the stenosis for aspiration. However, in doing this, the risk of thrombus escape is increased. Previous studies have demonstrated that stent pulling at the stenotic segment will damage the intima and that the stenosis will also increase the power of the stent to cut the thrombus, leading to the distal escape of more thrombi (33, 34). In our study using the ADAPT technique, we used an assisted aspiration technique as a rescue treatment in a small number of cases. A small-diameter balloon (1.5 or 2 mm) was used to predilate the stenotic segment while applying negative pressure for continuous aspiration, which effectively prevented thrombus escape distally. This is primarily based on the fact that the tip of the aspiration catheter has a 2-mm external diameter, and that after predilation with a 2-mm balloon, the passage of the aspiration catheter through the stenotic segment can limit forward flow, facilitating negative pressure aspiration of distal thrombus. Moreover, the ADAPT technique is the commonly used technique in clinics, and it has been confirmed that the aspiration catheter will not increase the risk of distal thrombus escape when passing through the stenotic segment (35). Third, a 2-mm rapid exchange balloon along a 300-mm intracranial support wire can be quickly navigated to the required location or withdrawn without increasing the operation time. Of course, if the occlusion is located in an arterial segment rich in perforating vessels, the risk of perforator occlusion will be increased if balloon dilation is performed before removal of the high-load thrombus.

Recently, the ADAPT technique has gradually gained clinical acceptance primarily because of the invention of large-caliber catheters suitable for thrombus aspiration and improvement of direct aspiration technology. The latest generation of large-diameter aspiration catheter can ensure enough local negative pressure for suction of thrombus and has excellent flexibility for passing through tortuous blood vessels to reach the required location, being more effective especially for cardiogenic or arterial emboli with large load. However, the key to the ADAPT technique is to ensure sufficient local negative pressure for aspiration. For intracranial atherosclerosis-related LVO with tortuous vessels or long segment stenosis, the effect of aspiration and efficiency will be affected even with balloon predilation because the large caliber catheter still has the risk of cutting plaques, causing vasospasm or even arterial dissection when passing through the stenosis. Tortuous vessels and long-segment stenosis may direct the negative pressure toward the vascular wall, affecting the treatment effect and efficiency.

Some limitations existed in this study including the retrospective nature, single center study, a small cohort of patients, and the enrolled Chinese patients only. Moreover, some patients had intravenous thrombolysis before enrollment, which may affect the effect of mechanical thrombectomy. All these factors may affect the generalization of the outcome of this study. Future studies will have to resolve these issues for better clinical outcomes.



CONCLUSION

In conclusion, in patients with acute intracranial atherosclerosis-related LVO, clinical outcomes and safety treated with the ADAPT technique are comparable with those achieved with the Solumbra technique even though additional remedial measures are required for both groups for complete recanalization.
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Background and Purpose: Determining the occlusion mechanism before endovascular treatment (EVT) is of great significance for acute large vessel occlusion patients. We aimed to develop and validate a simple pre-EVT scale with readily available variables for predicting in situ atherosclerotic thrombosis (ISAT) in acute vertebrobasilar artery occlusion (VBAO) patients.

Materials and Methods: Consecutive patients were retrieved from Nanjing Stroke Registry Program between January 2014 and December 2019 as a derivation cohort. Anonymous data of consecutive patients between January 2014 and December 2019 were collected from another comprehensive stroke center as an external validation cohort. Demographics, medical histories, and clinical characteristics were collected. ISAT was defined according to the following criteria: (a) detection of moderate to severe (≥50%) stenosis or stenosis with significant distal flow impairment at the occluded segment when successful reperfusion was achieved; (b) transient visualization of eccentric plaque contour or a recurrent re-occlusion tendency when reperfusion was unsuccessful. Logistic regression was taken to develop a predictive scale. The performance of the scale was assessed by area under the receiver operating characteristic curve (AUC) and Hosmer–Lemeshow test.

Results: ISAT was observed in 41 of 95 (43.2%) patients included in the derivation cohort. The ISAT predictive scale consisted of three pre-interventional predictors, including the history of hypertension, atrial fibrillation rhythm, and baseline serum glucose level ≥7.55 mmol/L. The model depicted acceptable calibration (Hosmer–Lemeshow test, P = 0.554) and good discrimination (AUC, 0.853; 95% confidence interval, 0.775–0.930). The optimal cutoff value of the ISAT scale was 1 point with 95.1% sensitivity, 64.8% specificity, and 77.9% accuracy. In the validation cohort, the discrimination ability was still promising with an AUC value of 0.800 (0.682–0.918).

Conclusion: The three-item scale comprised of the history of hypertension, atrial fibrillation rhythm, and dichotomous serum glucose level had a promising predictive value for ISAT before EVT in acute VBAO patients.

Keywords: endovascular treatment, vertebrobasilar artery occlusion, in situ atherosclerotic thrombosis, acute ischemic stroke, predictive model


INTRODUCTION

Acute vertebrobasilar artery occlusion (VBAO) is one of the most devastating types of acute ischemic stroke with a high disability and mortality rate (1). The best treatment choice for VBAO is still under debate (2), but evidence on the effectiveness of endovascular treatment (EVT) in treating VBAO is accumulating (3–5).

Considering the heterogenicity in occlusion mechanisms, VBAO patients can be categorized into different subtypes (6, 7). Different occlusion mechanisms exert influences on device selections, reperfusion procedures, and clinical prognosis (8–10). One of the most frequent causes of VBAO is atherosclerotic occlusion resulting from local thrombosis due to severe stenosis (1). Previous studies indicate that intracranial atherosclerosis-related occlusion has a higher intraprocedural re-occlusion rate, need for rescue therapies, and longer puncture-to-reperfusion time (11). Figuring out the exact occlusion mechanism of VBAO is beneficial for EVT procedures.

Analyses and predictions of occlusion types have been investigated in previous studies (12, 13). However, these studies usually rely heavily on digital subtraction angiography (DSA) characteristics, which seems lagging in predicting models. Simple predictive scales with readily available parameters before EVT are needed.

Thus, we performed a retrospective analysis on consecutive patients from a prospectively enrolled stroke database to develop a pre-EVT predictive scale for ISAT in VBAO patients and tested its performance in a cohort enrolled from another comprehensive stroke center.



METHODS


Patient Selection

De-identified data collected from the Nanjing Stroke Registry Program were taken as the derivation cohort. Nanjing Stroke Registry Program is a prospectively maintained database based on Jinling Hospital. Detailed introductions on this registry have been published previously (14). The validation cohort was established based on de-identified data from the Neurology Department of the Yijishan Hospital.

Between January 2014 and December 2019, angiographically proved acute VBAO patients who underwent EVT (e.g., intra-arterial thrombolysis/glycoprotein IIb/IIIa inhibitor, mechanical thrombectomy, angioplasty, or various combinations of these) were included. Patients who had non-occlusion, sub-occlusion, and estimated occlusion time to puncture >24 h were excluded. Patients were also excluded if EVT procedures were aborted owing to an inability to advance the guidewire, catheter, or other EVT devices to the occlusion site and without endovascular rescue therapies. Analyses on the Nanjing Stroke Registry Program were approved by the ethical committee of Jinling Hospital. Informed consent was waived due to its retrospective design.



Data Collection

Demographic characteristics, medical histories, results of electrocardiogram examination on admission, imaging scale score, and lab results were collected and double-checked by two neurologists (MZ and MW). Severe stroke at the onset was defined when coma, quadriplegia, and locked-in syndrome were presenting symptoms (15). Prodrome was defined as stroke-associated symptoms before index events (coma, quadriplegia, and locked-in syndrome) of VBAO (16). Occlusion mechanisms were diagnosed according to established criteria (7), and ISAT was defined according to the following criteria: (a) detection of moderate to severe (≥50%) stenosis or stenosis with significant distal flow impairment at the occluded segment when successful reperfusion was achieved; (b) transient visualization of eccentric plaque contour or a recurrent re-occlusion tendency when reperfusion was unsuccessful. The embolism mechanism was diagnosed when there was no evidence of ISAT, including (a) complete recanalization without residual stenosis in occluded segments and (b) have established source of embolism with or without reperfusion (8).

Diagnoses of ISAT were independently finished by two experienced neurologists (MZ and MW) following the flowchart in the published reference (7), and disparities were solved by an experienced neuro-interventionalist (RL). Interobserver agreement for ISAT was assessed using Cohen's kappa coefficient (Cohen κ). Scores of the baseline National Institute of Health Stroke Scale (NIHSS) (17), the Glasgow Coma Scale (GCS) (18), and the modified Rankin Scale (mRS) (19) were collected. posterior circulation Acute Stroke Prognosis Early Computed Tomography Score (pc-ASPECTS) (20) was used to analyze brain ischemia before EVT.



Statistical Analyses

Multiple imputations with chain equations were performed to account for missing values (≤10%). Patients were categorized into the ISAT group and the embolism group. Continuous data were expressed as mean (standard deviation, SD) if normally distributed or median (interquartile range, IQR) if not. Categorical data were expressed as number (percentage). Clinical parameters between the ISAT group and the embolism group were compared with t-test, Mann–Whitney U test, Chi-square test, and Fisher exact test as appropriate.

Candidate variables with P-value < 0.1 on univariate analysis were included in multivariable regression. Continuous variables were transformed into dichotomous variables to facilitate application before enrolling in the regression model, and the cutoff values were calculated with the receiver operating characteristic (ROC) curve by maximizing the Youden index (sensitivity + specificity − 1). Colinearity diagnosis was performed by using the variance inflation factor (VIF). Binary logistic regression (forward, likelihood ratio) was taken to generate the regression model. The discrimination and calibration of the model were assessed by the area under the ROC curve (AUC) and the Hosmer–Lemeshow test, respectively. β-coefficients obtained from the regression model were rounded to the closest integer and used to generate the scoring system of the ISAT scale (21). ROC curve analysis was used to calculate the optimal cutoff value of the ISAT scale.

Two-sided P-values < 0.05 were considered statistically significant. Analyses were performed using the SPSS software package, version 25 (IBM-Armonk, NY) and R statistical software, version 3.6.3 (22).




RESULTS


Overview

Between January 2014 and December 2019, 95 patients in the derivation cohort fulfilled the criteria and were enrolled in the final analyses (Figure 1). The mean age was 62.2 years old, and men accounted for 75.8% (72/95). Median (IQR) baseline NIHSS and GCS score were 26.0 (17.5, 29.5) and 6.0 (6.0, 11.0), respectively. The median mRS score on admission was 5.0 (4.0, 5.0). Ten (10.5%) patients had a history of coronary heart disease. Thirty-five (36.8%) patients had a smoking history, and the prevalence of hypertension history was 69.5%. Sixteen (16.8%) patients were diagnosed with atrial fibrillation (AF) previously, and electrocardiograms (ECGs) on admission indicated that 24 (25.3%) patients had AF rhythm. Twenty-seven (28.4%) patients had severe stroke at the onset. According to the appearances of DSA documents, 41 (43.2%) patients were categorized into the ISAT group and 54 (56.8%) into the embolism group. There was a good agreement on the presence of ISAT (Cohen κ: 0.782 in the derivation cohort and 0.783 in the validation cohort) between two independent neurologists.


[image: Figure 1]
FIGURE 1. The flowchart of this study. VBAO, vertebrobasilar artery occlusion; NSRP, Nanjing Stroke Registry Program; DSA, digital subtraction angiography; OTP, onset to puncture; EVT, endovascular treatment; ISAT, in situ atherosclerotic thrombosis.




Predictors of in situ Atherosclerotic Thrombosis

Table 1 illustrates the comparisons of clinical parameters between the ISAT group and the embolism group. The average age in the ISAT group was significantly lower than that in the embolism group (59.5 vs. 64.3 years old, P = 0.039). The ISAT group had a lower percentage of AF history (2.4% vs. 27.8%, P = 0.001) and a higher proportion of hypertension history (85.4% vs. 57.4%, P = 0.003) when compared with the embolism group. Evaluations of stroke severity according to medical histories illustrated that fewer patients in the ISAT group had severe stroke at the onset (12.2 vs. 40.7%, P = 0.002). Median baseline NIHSS score of the patients in the ISAT group was statistically lower than that in the embolism group (25.0 vs. 27.0, P = 0.044), while the GCS score was comparable between the two groups (6.0 vs. 6.0, P = 0.113). Table 2 shows the comparisons of admission laboratory tests between the two groups. Median glucose level (7.7 vs. 6.8 mmol/L, P = 0.018), median blood urea nitrogen level (5.6 vs. 4.8 mmol/L, P = 0.047), and average total cholesterol level (4.92 vs. 4.39 mmol/L, P = 0.036) before EVT were significantly higher in the ISAT group.


Table 1. Demographics and clinical characteristics between the in situ atherosclerotic thrombosis group and the embolism group.
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Table 2. Comparisons of laboratory tests between the in situ atherosclerotic thrombosis group and the embolism group.
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Formation and Assessment of the Predictive Scale

After excluding colinearity and enrolling all potential predictors into a logistic regression, three variables left in the predictive model: the history of hypertension, AF rhythm, and dichotomous serum glucose level (cutoff value, 7.55 mmol/L, Table 3). The model depicted acceptable calibration (Hosmer–Lemeshow test, P = 0.554) and good discrimination (AUC, 0.853; 95% confidence interval, 0.775–0.930). The β-coefficients of the three predictors are listed in Table 3, and the illustration of the ISAT scale is shown in Figure 2. The optimal cutoff value of the predictive scale was 1 point with 95.1% sensitivity, 64.8% specificity, and 77.9% accuracy. The distributions and percentages of ISAT patients according to the predictive scale risk categories are illustrated in Figure 3. The percentage of ISAT increased with the rising ISAT score. ROC curves of the consecutive and dichotomous predictive scale are depicted in Figure 4.


Table 3. Predictors of in situ atherosclerotic thrombosis in the final multivariable regression model.
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[image: Figure 2]
FIGURE 2. The illustration of the predictive scale on in situ atherosclerotic thrombosis. ISAT, in situ atherosclerotic thrombosis.



[image: Figure 3]
FIGURE 3. The distributions and percentages of in situ atherosclerotic thrombosis patients in different predictive scale risk categories. (A) The derivation cohort (consecutive). (B) the validation cohort (consecutive). (C) the derivation cohort (dichotomous). (D) the validation cohort (dichotomous). ISAT, in situ atherosclerotic thrombosis.
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FIGURE 4. The receiver operating characteristic curves of the consecutive and dichotomous predictive scale. (A) The derivation cohort. (B) the validation cohort. ISAT, in situ atherosclerotic thrombosis.




External Validation

In the validation cohort (Table 4), the performance of the ISAT score was still promising, with an AUC value of 0.800 (0.682–0.918). When using 1 point as the optimal cutoff value, the diagnostic efficacy of the ISAT scale was 100% sensitivity, 54.3% specificity, and 68.6% accuracy. Performances of the ISAT scale in the validation cohort are depicted in Figures 3, 4.


Table 4. The characteristics of the validation cohort.
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DISCUSSIONS

The ISAT predictive scale consisted of dichotomous baseline serum glucose level, history of hypertension, and AF rhythm. This scale was convenient to use and had a promising predictive value for ISAT before EVT in acute VBAO patients.

As one of the most devastating subtypes of large vessel occlusion, the mortality rate of VBAO could be as high as 90% (23). No high-quality evidence favoring EVT has been established in VBAO (2, 24). Nevertheless, the superiority of EVT toward the best medical treatment is accumulating in studies worldwide (4, 5, 25), which shed light on this research area of uncertainty. ISAT is associated with a low recanalization rate and a high ratio of rescue therapy when compared with embolism-related occlusion (6, 26). The relationship between ISAT and poor prognosis is still debated (6, 8, 27, 28). Moreover, opinions on best treatment devices in ISAT populations are still controversial. Mechanical thrombectomy alone might not be sufficient enough to deal with ISAT and is associated with re-occlusion after EVT in ISAT patients (29). Some researchers emphasize the importance of angioplasty and stenting in treating intracranial atherosclerosis-related occlusion (30, 31). Disparities between ISAT and embolism-caused large vessel occlusion (LVO) urge neuro-interventionalists to judge the exact type of occlusion and choose the optimal treatment device. Furthermore, the basilar artery is one of the most common sites of atherosclerotic lesions (32). How to predict this subtype of VBAO before EVT is a crucial clinical question waiting for clinical researchers to answer.

So far, various hypotheses on discriminations of ISAT have been put forward. Truncal type occlusion (10), tapered occlusion (33), and occluded segment (34) were all proved to be indicators of intracranial atherosclerosis-related occlusion. Baseline DSA appearance was useful to distinguish underlying etiology, but the significance of predicting ISAT by using pre-EVT variables is much higher. Early prediction could help neuro-interventionalists and nurses get ready for following EVT, choose the best treatment devices, prepare additional therapies (e.g., glycoprotein IIb/IIIa inhibitor) in advance, and face the potential challenge with mental preparations.

In previous studies, ISAT patients are much prevalent in males, hypercholesterolemia, and posterior circulation involvement (9). The percentage of AF is significantly lower in the ISAT population (8). In our research, elevated glucose level, history of hypertension, and AF rhythm were independent indicators of ISAT. History of hypertension was prevalent in the ISAT group in our study, which was correlated with previous discovery: hypertension is a kind of risk factor of intracranial artery atherosclerosis (32). AF is a well-known risk factor for ischemic stroke and systemic embolism (35). In our model, active AF status was more efficient than the history of AF in distinguishing ISAT patients, which emphasized the importance of ECG examination on admission in identifying occlusion mechanisms. High glucose levels witnessed in the ISAT group correlated with previous research, as elevated blood glucose/hyperglycemia [fasting glucose ≥110 mg/dl (6.1 mmol/l)] is proved to be significantly associated with intracranial atherosclerosis (36), whereas the history of diabetes mellitus and glycosylated hemoglobin level were comparable between the ISAT group and the embolism group. This phenomenon might be attributed to the relatively small sample of this study. The deeper mechanism between ISAT and elevated glucose level still awaits further studies to answer.

Apart from variables left in the final model, other indicators might also be useful in distinguishing ISAT patients. ISAT is based on localized intracranial artery atherosclerosis. This long-lasting process might give additional time for collateral formation (28), and this might explain the reason why there is a lower percentage of severe stroke at the onset in the ISAT group.

Compared with previous studies, the most important strengths of our scale were convenient application, high sensitivity, and readily available parameters. It could be assessed within several minutes, and the accuracy was relatively high. The strengths of this study also included detailed data collection and credible assessments. External validation increased our persuasiveness.

However, it was worthwhile to mention the weaknesses of this study. First, potential recall and information bias were unavoidable in retrospective analyses, although various attempts (e.g., double-check the data collection process and independent evaluations) had been made. Second, a limited sample restricted the persuasiveness of our conclusion and the generalizability of the results. Third, relatively low specificity meant that some patients might be misclassified into the ISAT group and caused additional workloads for interventional doctors and nurses. Although the effectiveness of the ISAT scale was proved in the validation cohort with a lower ISAT percentage, it would be more practical to have the tools and medicines handy in the angio-suite regardless of the outcome of the scale, especially in a population where nearly half the cases were diagnosed as ISAT.



CONCLUSION

The three-item predictive scale comprised of the history of hypertension, atrial fibrillation rhythm, and dichotomous baseline serum glucose level had a promising predictive value for ISAT before EVT in acute VBAO patients.
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Background: First-pass effect (FPE) is increasingly recognized as a predictor of good outcome in large vessel occlusion (LVO). This systematic review and meta-analysis aimed to elucidate the factors influencing recanalization after mechanical thrombectomy (MT) with FPE in treating acute ischemic stroke (AIS).

Methods: Main databases were searched for relevant randomized controlled trials (RCTs) and observational studies reporting influencing factors of MT with FPE in AIS. Recanalization was assessed by the modified thrombolysis in cerebral ischemia (mTICI) score. Both successful (mTICI 2b-3) and complete recanalization (mTICI 2c-3) were observed. Risk of bias was assessed through different scales according to study design. The I2 statistic was used to evaluate the heterogeneity, while subgroup analysis, meta-regression, and sensitivity analysis were performed to investigate the source of heterogeneity. Visual measurement of funnel plots was used to evaluate publication bias.

Results: A total of 17 studies and 6,186 patients were included. Among them, 2,068 patients achieved recanalization with FPE. The results of meta-analyses showed that age [mean deviation (MD):1.21,95% confidence interval (CI): 0.26–2.16; p = 0.012], female gender [odds ratio (OR):1.12,95% CI: 1.00–1.26; p = 0.046], diabetes mellitus (DM) (OR:1.17,95% CI: 1.01–1.35; p = 0.032), occlusion of internal carotid artery (ICA) (OR:0.71,95% CI: 0.52–0.97; p = 0.033), occlusion of M2 segment of middle cerebral artery (OR:1.36,95% CI: 1.05–1.77; p = 0.019), duration of intervention (MD: −27.85, 95% CI: −42.11–13.58; p < 0.001), time of onset to recanalization (MD: −34.63, 95% CI: −58.45–10.81; p = 0.004), general anesthesia (OR: 0.63,95% CI: 0.52–0.77; p < 0.001), and use of balloon guide catheter (BGC) (OR:1.60,95% CI: 1.17–2.18; p = 0.003) were significantly associated with successful recanalization with FPE. At the same time, age, female gender, duration of intervention, general anesthesia, use of BGC, and occlusion of ICA were associated with complete reperfusion with FPE, but M2 occlusion and DM were not.

Conclusion: Age, gender, occlusion site, anesthesia type, and use of BGC were influencing factors for both successful and complete recanalization after first-pass thrombectomy. Further studies with more comprehensive observations indexes are need in the future.

Keywords: acute ischemic stroke, mechanical thrombectomy, first pass effect, influencing factors, systematic review, meta-analysis


INTRODUCTION

Stroke is the second-leading cause of global morbidity and mortality (1, 2). Mechanical thrombectomy (MT) has been widely used to treat acute ischemic stroke (AIS) patients and has proved superior over intravenous tissue-type plasminogen activator (tPA) by several landmark randomized trials (RCTs) (3–6). Thus, the American Heart and American Stroke Association recommends MT as the first-line therapy for selected AIS patients with proximal artery large vessel occlusions (LVO) (2).

However, some trials showed that functional independence in AIS patients is only around 50% even with a high recanalization rate of over 70% (3, 6). Thrombectomy with first pass effect (FPE), an emerging new metric, is strongly correlated with improved functional outcomes (7–10). Thrombectomy with FPE may have many advantages such as less vessel wall injury, lower risk of clot fragments, and decreased time to reperfusion (8, 11). Also, FPE is associated with better outcomes than MPE after achieving successful or complete recanalization (12). Thus, identifying factors influencing FPE could help clinicians and interventionalists maximize the benefit of MT through suitable patient selection and pre-interventional risk modification. There are many studies seeking to explore this phenomenon, but with inconsistent results (7, 8, 11, 13–20). For example, balloon guide catheters (BGC) and non-internal carotid artery (ICA) terminus occlusion were correlated with FPE in the study of Zaidat et al. (7), but factors such as older age, a lower systolic blood pressure, and conscious sedation were not (17).

Thus, this systematic review and meta-analysis seeks to summarize the current literature investigating influencing factors of thrombectomy with first pass and elucidate associations with it.



METHODS

This study was reported in conformity to the criterion of Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) (21).


Search Strategy

Eligible studies were independently searched by two reviewers from the following databases: MEDLINE, EMBASE, Web of Science, and the Cochrane Library. Clinical trial registers were also searched as potential sources. The included studies were restricted to the publication time before October 31, 2020, and the English language. The following key words were used: “acute ischemic stroke,” “mechanical thrombectomy,” “endovascular thrombectomy,” “first pass effect,” “first attempt,” “recanalization.” A search strategy Table is presented in detail in the online supplementary material (online Supplementary Table 1).



Study Selection


Patient Selection Criteria

Inclusion criteria included age ≥18 years with AIS due to large vessel occlusion, including the anterior or posterior circulation. Arterial occlusion was confirmed by computed tomographic angiography (CTA), magnetic resonance angiography (MRA), or digital subtraction angiography (DSA). Exclusion criteria included patients with baseline pre-stroke mRS score ≥3 and artery occlusion of non-atherosclerotic etiology such as dissection, moyamoya disease, vasospasm, or vasculitis. Patients with ICH, significant cerebellar mass effect, and acute hydrocephalus on CT or MRI before the onset of stroke were also excluded.



Definitions

FPE was defined as achieving successful or complete recanalization by MT after first pass regardless of thrombectomy device, such as contact aspiration and stent retriever. By contrast, non-FPE was defined as failure to achieve successful or complete recanalization by MT after first pass using different thrombectomy devices, such as contact aspiration and stent retriever.



Outcome

The primary outcome was successful recanalization with FPE, and secondary outcome was complete recanalization with FPE. The definitions of successful recanalization and complete recanalization were up to modified thrombolysis in cerebral ischemia (mTICI) score of 2b-3 and 2c-3 respectively after MT by post-interventional DSA as per usual convention (22, 23).



Studies

RCTs and observational studies including cohort studies, case-controlled studies, and case series where the number of patients exceeded 10 were included to avoid type II errors from low power (24, 25). Case reports, conference abstracts, or case series reports with the number of included patients <10 were excluded.




Selection of Studies and Data Extraction

Studies which qualified were extracted by two independent reviewers (YZ and RX). In the initial stage of screening, titles, keywords, and abstracts were screened, and irrelevant studies were then excluded. Subsequently, reviewers obtained the full articles of all the remaining studies and checked the full texts to ascertain the included variables. In addition, the reasons for inclusion or exclusion of studies after full-text check were recorded. Disagreement in study selection between two reviewers was resolved by a third reviewer (TW).

Two reviewers independently (LL and XW) extracted the data according to a standardized data extraction form. The extracted information of included studies was as follows: (1) Authors, publication time, country, number of patients in FPE and non-FPE groups, inclusion and exclusion criteria; (2) Mean age, gender, medical history, site of occlusion by angiography, admission NIHSS score, baseline ASPECTS, MT strategy, use of tPA, and procedural times. The resolution of disagreement regarding data extraction was achieved through assistance of a third reviewer (TW). For missing or unclear data in included studies, effort was made to contact the corresponding authors by e-mail in order to best guarantee the accuracy of data.



Assessment Risk Bias and Heterogeneity

Two reviewers (YF and CSM) independently assessed the risk of bias of each included study. The Cochrane Collaboration criteria were applied for RCTs, and the Newcastle–Ottawa scale was used for observational studies, including cohort studies and case–control studies (26). For case series, the method described in Methodological Quality and Synthesis of Case Series and Case Reports was applied (27). The heterogeneity of pooled outcomes was evaluated by the I2 statistic. The I2 statistic that was >60% demonstrated high heterogeneity, and the DerSimonian and Laird method for random-effect estimation was performed for pooling outcomes. If heterogeneity was mild or moderate, the Mantel–Haenszel method for fixed-effect estimation was applied. In instances where heterogeneity of outcomes and sufficient studies were high, we conducted subgroup analysis by site of occlusion, such as anterior circulation or posterior circulation. The meta-regression and sensitivity analysis were also used to explore the potential sources of heterogeneity.



Statistical Analysis

The STATA statistical software package (version 15.0, Stata Corp, College station, Texas, USA) was used for all data analysis and heterogeneity assessments. For dichotomous data, we adopted odds ratios (OR) with 95% confidential interval (CI), and the mean difference (MD) with 95% CI was used for continuous data. The standard of p-value <0.05 was regarded as statistically significant. If the number of included studies was more than 10, publication bias was assessed by visualization of a funnel plot.




RESULTS


Study Selection and Study Characteristics

There were 924 records identified through the main database and clinical trials registers, and 16 studies were finally eligible for inclusion in the qualitative and quantitative analysis. The flow diagram of study selection is demonstrated in Figure 1.


[image: Figure 1]
FIGURE 1. Flow diagram for systematic review and meta-analysis.


Table 1 depicts the characteristics of included studies. A total of 16 studies and 6,095 patients were eligible according to inclusion criteria. Among them, 2015 (33.1%) patients achieved recanalization with FPE. All studies were published after 2016, seven conducted in Europe, five conducted in North America, and four in Asia. There were seven multicenter studies, and the remaining were single-center investigations. The number of patients in each study ranged from 50 to 1,832, and the numbers of male and female patients were essentially equal [2,929 (50.05%) vs. 2,923 (49.95%)]. Mean NIHSS scores ranged from 2 to 28. The location of occlusion by angiography was mostly within the anterior circulation, such as ICA and middle cerebral artery (MCA), particularly the M1 and M2 segments (Online Supplementary Table 2).


Table 1. Main characteristics of included studies.
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Influencing Factors

The following factors were assessed: age, gender, hypertension, DM, coronary artery disease, smoking history, atrial fibrillation, dyslipidemia, previous anticoagulation therapy, initial NIHSS score, systolic blood pressure, diastolic blood pressure, suspected stroke etiology, IV thrombolysis, stroke laterality, location of occlusion, anterior communicating artery (AComA) and posterior communicating artery (PComA) presence, and intervention characteristics.



Determinants for Achieving Successful Recanalization With FPE

The outcomes of meta-analysis showed that age (MD: 1.21, 95% CI: 0.26–2.16; p = 0.012), female gender (OR: 1.12, 95% CI: 1.00–1.26; p = 0.046), DM (OR: 1.17, 95% CI: 1.01–1.35; p = 0.032), ICA location (OR: 0.71, 95% CI: 0.52–0.97; p = 0.033), M2 segment (OR: 1.36, 95% CI: 1.05–1.77; p = 0.019), duration of intervention (MD: −27.85, 95% CI: −42.11–13.58; p < 0.001), time of onset to recanalization (MD: −34.63, 95% CI: −58.45–10.81; p = 0.004), general anesthesia (OR: 0.63, 95% CI: 0.52–0.77; p < 0.001), and use of BGC (OR: 1.60, 95% CI: 1.17–2.18; p = 0.003) were significantly associated with successful recanalization with FPE (Table 2 and Figures 2, 3). The remainder were not significantly correlated with achieving successful recanalization with FPE (online Supplementary Figures 1, 2).


Table 2. Summary of meta-analysis of influencing factors for achieving successful recanalization with FPE.
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FIGURE 2. Determinants of achieving successful recanalization with FPE. (A) Age; (B) female; (C) diabetes mellitus; (D) ICA.
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FIGURE 3. Determinants of achieving successful recanalization with FPE. (A) M2; (B) duration of intervention; (C) time of onset to recanalization; (D) general anesthesia; (E) use of BGC.




Determinants for Achieving Complete Recanalization With FPE

Table 3 summarizes the results of meta-analysis of factors influencing complete recanalization with FPE. Age (MD: 1.43, 95% CI: 0.39–2.48; p = 0.007), female gender (OR: 1.20, 95% CI: 1.06–1.37; p = 0.006), ICA (OR: 0.66, 95% CI: 0.45–0.97; p = 0.035), duration of intervention (MD: −27.85, 95% CI: −42.11–13.58; p < 0.001), general anesthesia (OR: 0.65, 95% CI: 0.54–0.80; p < 0.001), and use of BGC (OR: 1.81, 95% CI: 1.27–2.59; p = 0.001) were significantly associated with the complete recanalization with FPE (Figures 4, 5). The remainder were not significantly correlated with achieving successful recanalization with FPE (Online Supplementary Figures 3, 4).


Table 3. Summary of meta-analysis of influencing factors for achieving complete recanalization with FPE.
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FIGURE 4. Determinants of achieving complete recanalization with FPE. (A) Age; (B) female; (C) ICA.
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FIGURE 5. Determinants of achieving complete recanalization with FPE. (A) Duration of intervention; (B) general anesthesia; (C) use of BGC.




Risk of Bias in Studies Included

The Newcastle–Ottawa scale was used to assess the bias risk of observational studies, such as case–control studies, with the majority of included studies being low risk bias (online Supplementary Table 3). Both meta-regression and sensitive analysis were conducted to explore the potential heterogeneity. We also used funnel plots to explore the publication bias, with the results demonstrating no evident reporting bias (Supplementary Figures 5–16).




DISCUSSION

In this systematic review and meta-analysis, the proportion of FPE ranged from 19 to 58% in the endovascular treatment of LVO inclusive of M2 occlusions. Factors contributing to successful recanalization with FPE included age, female gender, DM, general anesthesia, use of BGC, and occlusion of ICA and M2 segment. Among those, age, female gender, general anesthesia, use of BGC, and occlusion of ICA also increased the chance of complete reperfusion after first-pass thrombectomy.

BGC use has been widely accepted contributing to FPE during thrombectomy procedure (7, 9, 13, 15). One of the reasons may be decreased distal embolization and more importantly increased flow reversal. According to Kang et al. (9), additional positive effects of BGC use were suggested. One is the force needed for clot retrieving, including impaction force and combined force of friction and adhesion between the thrombus and vessel wall. The other is that inflating the BGC can markedly reduce systemic blood pressure on the proximal clot surface and decrease the pressure gradient across the clot.

It is difficult to explain why increased age was found a contributor to successful and complete recanalization after first-pass thrombectomy. One possible reason may be stroke etiology, as elderly patients are more likely to have cardioembolic cause (32). Clots from cardioembolic causes are more likely to be rich in red blood cells whereas thromboembolism due to preexisting atherosclerosis may be rich in fibrin and platelets. Clots composed predominantly of RBCs are considered fresh and less compact, and this may lead to easier recanalization through thrombectomy with first pass (33–37). Also, increased fibrin percentage could decrease the possibility of clot complete retrieval (38, 39). However, heterogeneous results exist among studies and we could not detect a relationship between FPE and stroke etiology, which may be due to limited data.

This study showed that females are more likely to achieve FPE than males. This phenomenon has been described by Zaidat et al. (7). Anatomical, pathophysiological, and biochemical factors may potentially account for observed difference in response to recanalization therapy between sexes (40). In addition, there was a difference of endogenous fibrinolytic activity between males and females (35, 41). Further studies are needed to explore the underlying biochemical interactions which are further felt to change with age/menopause (42).

Conscious sedation has been associated with better outcomes of MT than general anesthesia in previous researches (43). In this study, we further extended this preference of local anesthesia considering FPE, but the mechanisms remain unknown (17). One hypothesis is a shorter time to reperfusion by conscious sedation (44), as dynamic changes of clot composition found in previous studies, such as fibrin deposition, may increase the risk of re-occlusion (34, 36). However, some studies have mentioned that GA is associated with better outcome than conscious sedation. So, comparison of different anesthesia modalities needs further research (45). At the same time, difference in clot length may be a principal reason for the association between clot location and FPE. It was found that clots in ICA were with longer length and those in M2 segment were with relatively shorter length (7, 17).

There are some limitations of this study. Recruited studies were mostly retrospective with small sample size, and variables observed were not uniform. Some potentially important factors, such as clot volume (13), were only investigated occasionally and thus could not be reliably meta-analyzed. Potential differences may exist between anterior and posterior circulation stroke, and separate analysis may be more valuable. Also, device development could also influence the recanalization outcome, and comparison among different thrombectomy techniques may also be very important. However, it is unable to be analyzed due to high heterogeneity among studies. It remains elusive why DM was a contributor to successful recanalization with FPE (46). Maybe this is caused by bias from limited studies and should be further studied.



CONCLUSION

Age, gender, occlusion site, conscious sedation, and use of BGC were factors influencing both successful and complete recanalization after first-pass thrombectomy. Further studies with more comprehensive observational indices are needed to confirm these observations.
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Patients with non-disabling middle cerebral artery (MCA) stenosis (ND-MCAS) are at risk for disabling ischemic cerebrovascular events (DICE) despite aggressive medical therapy. In this study, we aimed to verify whether cerebral circulation time (CCT) was a potential predictor of DICE in patients with ND-MCAS. From January 2015 to January 2020, 46 patients with ND-MCAS treated with aggressive medical therapy were enrolled for digital subtraction angiography (DSA) in this convenience sampling study. They were divided into the DICE (–) and DICE (+) groups based on the occurrence of DICE within 3 months after DSA. The CCT was defined as the time from the appearance of the MCA to the peak intensity of the Trolard vein during DSA. The rCCT (relative CCT) was defined as the ratio of the CCT of the stenotic side (sCCT) to the CCT of the healthy side (hCCT). The differences in sCCT, hCCT, and rCCT between the two groups were analyzed with Mann-Whitney U tests. Logistic regression analysis was performed to evaluate the association between the risk factors and DICE. Receiver operating characteristic (ROC) curves were constructed to assess the predictive value of rCCT in identifying DICE in ND-MCAS patients. The results showed that DICE appeared in 5 of the 46 patients within 3 months. rCCT were significantly increased in the DICE (+) group compared with the DICE (–) group [1.08 (1.05, 1.14) vs. 1.30 (1.22, 1.54), p < 0.001]. Logistic regression analysis found that prolonged rCCT was an independent positive prognostic factor for DICE (odds ratio = 1.273, p = 0.019) after adjustment for potential confounders (age, diabetes, antithrombotic use, and stenosis degree). ROC analysis showed that rCCT provided satisfactory accuracy in distinguishing the DICE (+) group from the DICE (–) group among ND-MCAS patients (area under the curve = 0.985, p < 0.001), with an optimal cutoff point of 1.20 (100% sensitivity, 97.6% specificity). In conclusion, prolonged rCCT is independently associated with the occurrence of DICE in ND-MCAS patients and may be used to identify individuals at risk of DICE.

Keywords: non-disabling middle cerebral artery stenosis, cerebral circulation time, digital subtraction angiography, disabling ischemic cerebrovascular events, prognosis


INTRODUCTION

Stenting, angioplasty and aggressive medical management are established procedures for the prevention of further ischemic events following middle cerebral artery (MCA) stenosis (1–6). In recent years, an increasing proportion of patients with non-disabling MCA stenosis (ND-MCAS) have been treated with dual antiplatelet agents (7). The evidence to support their use comes mainly from the results of the two randomized clinical trials Stenting and Aggressive Medical Management for Preventing Recurrent Stroke in Intracranial Stenosis (SAMMPRIS) and Vitesse Intracranial Stent Study for Ischemic Stroke Therapy (VISSIT), which showed that pharmacologic management is safer and has a lower incidence of ischemic events than stenting (8, 9). However, SAMMPRIS and VISSIT showed a 5.8 and 9.4% risk of stroke and death, respectively, at 30 days during the treatment with dual antiplatelet agents (2, 8, 9). Therefore, early identification and subsequent stenting or angioplasty should be carried out for patients who are at high risk of disabling ischemic cerebrovascular events (DICE) or death.

Impaired cerebrovascular reserve is an important predictor of stroke and transient ischemic attack (TIA) in patients with cerebral artery stenosis or occlusion (10–12). At present, the clinical evaluation of the cerebrovascular reserve mainly relies on acetazolamide-challenged single-photon emission computed tomography (ACZ-challenged SPECT), computed tomography perfusion imaging (CTP) and magnetic resonance (MR) perfusion-weighted imaging (PWI), which are expensive and expose the patients to radiation and contrast medium (13–15). The cerebral circulation time (CCT) derived from digital subtraction angiography (DSA) has been reported to be well-correlated with cerebrovascular reserve (12, 16–21). It can help surgeons observe the patient's cerebrovascular reserve during surgery without the need for SPECT, CTP, and PWI.

In this study, we carried out a retrospective analysis of all prospectively collected data from patients with ND-MCAS treated with aggressive medical therapy, and aimed to verify whether CCT could be used as a potential predictor of DICE for patients with ND-MCAS.



MATERIALS AND METHODS


Patients and Study Design

The clinical and radiological data from 273 patients with MCA stenosis treated at Zhujiang Hospital of Southern Medical University, Guangzhou, China between January 2015 and January 2020 were reviewed in this convenience sampling study. After excluding 227 patients with disability or multiple vascular stenosis, we enrolled 46 patients with non-disabling unilateral MCA stenosis in the final analysis. Their demographic characteristics, stroke risk factors, clinical symptoms, medications and relevant scale scores [National Institutes of National Institutes of Health Stroke Scale (NIHSS) and Modified Rankin Scale (mRS)] were reviewed by two neurologists. According to the trial A Pooled Analysis of Clopidogrel in High-Risk Patients with Acute Non-Disabling Cerebrovascular Events (CHANCE), non-disabling ischemic stroke was defined as: 1. Transient ischemic attack (TIA); 2. Minor ischemic stroke (22, 23). Transient ischemic attack was defined as a transient episode of neurological symptoms caused by focal cerebral or retinal ischemia without radiographic evidence of acute infarction (24). Minor ischemic stroke was defined as a stroke with a NIHSS score ≤ 3 or mRS score ≤ 3 (25). Patients with ND-MCAS were allocated to the DICE (+) group if they suffered from disabling ischemic cerebrovascular events (NIHSS score > 3 or mRS score > 3) in 90 days after the onset of the stroke. Otherwise, patients were allocated to the DICE (–) group. This study was approved by the Ethics Committee of Zhujiang Hospital of Southern Medical University and conducted in accordance with the ethical standards of the 1975 Declaration of Helsinki and the 1999 National Institutes of Health Human Subjects Policies and Guidance.



DSA Protocol and Data Analysis

All patients were enrolled for DSA with a uniform and standard protocol in Zhujiang Hospital of Southern Medical University, Guangzhou, Guangdong, China. During the DSA procedures, a 5F angio-catheter was placed in the carotid artery at the C3 vertebral body level. All of the subjects were examined by a single-plane angiographic machine (GE IGS 330, America) with a power injector (5 ml ioversol injection with 3 ml/s speed, 150 psi/kg pressure). The stenotic degree was measured according to the NASCET criteria from DSA image (26). Neuroimaging and analysis were performed independently by two trained neurologists who were blinded to the clinical conditions and were responsible for assessing all of the neuroimaging variables used in this study.



Cerebral Circulation Time Measurement

During the angiography procedure, the CCT was defined as the time from the appearance of the MCA to the peak intensity of the Trolard vein (Figure 1). In order to reduce the data errors, the CCT of same patient was measured for three times, and then the average of these three measurements was used in the following analysis. The main research indicator of the present study was rCCT (relative CCT), which was calculated with the following formula: rCCT = the CCT of the stenotic side (sCCT)/the CCT of the healthy side (hCCT).


[image: Figure 1]
FIGURE 1. Schematic diagram of the measurement of cerebral circulation time (CCT). (A) shows the appearance of the middle cerebral artery (MCA); (B) shows the peak intensity of the Trolard vein. The CCT was defined as the time from the appearance of the MCA to the peak intensity of the Trolard vein during digital subtraction angiography (DSA).




Treatment Options

All patients received aggressive medical therapy for at least 3 months after the DSA examination. Four of the 5 patients in the DICE (+) group and 27 of the 41 patients in the DICE (–) group received dual antiplatelet therapy (100 mg aspirin and 75 mg clopidogrel per day). The remaining patients all received single antiplatelet therapy. Patients suffering from hypertension, diabetes, or dyslipidemia all received standard drug treatment.



Statistical Analysis

All statistical analyses were conducted using SPSS 23 for Windows. All continuous variables were tested for normality and expressed as median (interquartile range). Categorical variables were expressed as numbers (%). The differences in demographic and clinical variables between the DICE (–) and DICE (+) groups were analyzed by Mann-Whitney U-tests for continuous variables and Pearson's χ2 test or Fisher's exact test for categorical variables. Logistic regression analysis was performed to estimate the odds ratio (OR) for DICE with rCCT and other risk factors as independent variables. P < 0.05 was considered statistically significant. Receiver operating characteristic (ROC) curve analysis of rCCT was performed to evaluate the predictive accuracy of DICE in the ND-MCAS patients.




RESULTS

Between January 2015 and January 2020, 46 patients with ND-MCAS were confirmed by DSA in our hospital, including 30 males (65.2%), with an average age of 55 (48.7, 63) (range 25–87 years), hypertension (45.6%), diabetes (26.1%), dyslipidemia (45.6%) and smoking (26.1%). Eighteen of the patients presented with TIA, and 28 presented with minor ischemic stroke. Among all of the included patients, 5 patients suffered from DICE within 3 months after DSA and were allocated to the DICE (+) group, and the remaining patients without disability were allocated to the DICE (–) group. The demographic and clinical data of the patients is shown in Table 1.


Table 1. The demographic and clinical data for patients with and without DICE.

[image: Table 1]

No significant differences were observed in sex, stroke risk factors, baseline clinical manifestation or usage of drugs between the DICE (–) and DICE (+) groups. The rCCT in the DICE (+) group were prolonged compared with those in the DICE (–) group [1.08 (1.05, 1.14) vs. 1.30 (1.22, 1.54), p < 0.001; Table 1, Figure 2]. There was no significant difference in sCCT and hCCT between the two groups [6.83 (6.50, 7.75) vs. 7.67 (6.50, 10.67), p = 0.258; 6.33 (5.92, 7.00) vs. 6.25 (4.96, 7.25), p = 0.480; Table 1, Figure 2].


[image: Figure 2]
FIGURE 2. Comparison of the stenotic side CCT (sCCT), the healthy side CCT (hCCT) and the relative CCT (rCCT) among the DICE (–) and DICE (+) groups. (A) shows no difference in hCCT [6.33 (5.92, 7.00) vs. 6.25 (4.96, 7.25), p = 0.480] and sCCT [6.83 (6.50, 7.75) vs. 7.67 (6.50, 10.67), p = 0.258] between the DICE (–) and DICE (+) groups. (B) shows a significant difference in rCCT (1.37 ± 0.19 vs. 1.09 ± 0.07, p < 0.001) between the DICE (–) and DICE (+) groups.


Logistic regression analysis showed that after adjustment for possible confounders, namely, age, diabetes, stenosis degree and antithrombotic use, a longer rCCT was independently associated with a higher risk of DICE (OR = 1.273, p = 0.019, Table 2). The ROC curves of CCT and the other risk factors for the prediction of DICE are shown in Figure 3. The optimal cutoff point of rCCT (1.20) predicted DICE with 100% sensitivity and 97.6% specificity (Table 3, Figure 3). In contrast, the optimal cutoff point of sCCT (9.5 s) predicted DICE with 40% sensitivity and 100% specificity; the optimal cutoff point of stenosis degree (65%) predicted DICE with 100% sensitivity and 43.9% specificity (Table 3, Figure 3).


Table 2. Multivariable logistic regression analysis to evaluate the association between DICE and risk factors, including rCCT.
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FIGURE 3. Receiver operating characteristic curves to evaluate the utility of CCT and traditional risk factors in predicting DICE in patients with ND-MCAS. The AUC was 0.985 for rCCT (blue curve), 0.656 for sCCT (red curve), 0.807 for age (green curve) and 0.617 for stenosis degree (purple curve). CCT, cerebral circulation time; sCCT, CCT of the stenotic side; hCCT, CCT of the healthy side; rCCT, relative CCT = CCT of the stenotic side/CCT of the healthy side; A, area under the curve; ROC, receiver operating characteristic; DICE, disabling ischemic cerebrovascular events; ND-MCAS, non-disabling middle cerebral artery stenosis.



Table 3. ROC curves for traditional risk factors and CCT in the prediction of disabling ischemic cerebrovascular events.
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DISCUSSION

Non-disabling ischemic stroke, which indicates a patient is at risk of an early recurrent stroke, can lead to severe disabling events and even death, seriously affecting their quality of life (27–30). Therefore, early identification of such patients is particularly important (31–33). In this study, we provided novel observations by evaluating the usefulness of CCT for the prediction of DICE in ND-MCAS patients.

Compared with other previous studies, we specifically demonstrated the presence of prolonged rCCT in arterial stenosis. Yamamoto et al. detected prolonged CCT measured through visual observation in patients with unilateral occlusive lesions in the ICA or MCA (21). Lin et al. investigated multiple segments of CCT in 25 patients with carotid stenosis and 34 normal control subjects and found that some of the segments of CCT were longer in patients with carotid stenosis than in control subjects (34). In our study, we found that rCCT was a more sensitive marker than sCCT for predicting DICE in ND-MCAS.

Impaired cerebrovascular reserve is the main cause of cerebral infarction. Lin et al. showed that CBF, MTT and Tmax were found to correlate with CCT. Prolonged CCT may reflect the impairment of cerebrovascular reserve (20). This conclusion is in line with our findings, in which 5 of the 46 patients showed significant prolongation of rCCT and subsequently suffered DICE. The rCCT in these 5 patients were significantly increased compared with the patients without DICE. We could conclude that rCCT may reflect the cerebrovascular reserve and predict the occurrence of DICE. At the same time, possibly because rCCT excluded the difference in CCT among individuals, rCCT was found to be more effective than sCCT in predicting DICE (AUC of rCCT = 0.985, p < 0.001, AUC of sCCT = 0.656, p < 0.259).

Our results also suggested that rCCT (OR = 1.273, p = 0.019) was a more sensitive predictor of DICE than the degree of stenosis (OR = 1.025, p = 0.626) after adjustment for age, diabetes, usage of dual antiplatelet therapy and stenosis degree. Yong's study showed that prolonged CCT was more closely associated with symptomatic carotid stenosis than stenosis degree or collateral circulation (34). This theory also seems to be applicable in our study for intracranial vascular stenosis.

Scientific statements from the American Heart Association have shown that angioplasty or placement of a Wingspan stent may be warranted for patients with severe stenosis (70–99%) of a major intracranial artery who have progressing symptoms, recurrent TIA or stroke (2). In this study, the risk of DICE occurring in patients with MCA stenosis was assessed in real-time by intraoperative measurement of rCCT. For patients with severe rCCT prolongation, traditional drug therapy may not prevent the occurrence of severe DICE. Thus, with the help of rCCT in the prediction of DICE, the surgeons may prefer immediate intravascular treatment after calculating rCCT, avoiding the additional radiation, contrast agent and economic burden from SPECT, CTP, PWI, and secondary surgery.

The limitations of this study include the small number of cases and the imbalance in the number of cases between the DICE (–) and DICE (+) groups. The patients in the present study were followed up for only 3 months. Longitudinal studies of large cohorts and longer follow-up periods are needed to confirm our results. In addition, collateral circulation may influence the prognosis of the patients (35). The relationship between CCT and collateral circulation was not included in the analysis of this study, and it may need further investigation in the future.



CONCLUSIONS

Prolonged rCCT is an independent positive prognostic factor for the occurrence of DICE in patients with ND-MCAS treated with drugs, and it could be used by surgeons to identify individuals at high risk of DICE during surgery. In patients with a significantly prolonged CCT, angioplasty or placement of a balloon expandable and self-expanding vascular stents may be warranted even when their degree of stenosis is <70%. Future studies with larger sample sizes are required to further verify the sensitivity and accuracy of CCT in the clinical management of stroke.
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Metabolic syndrome (MetS) can worsen cerebral arterial atherosclerosis stenosis in patients with stroke; however, its effect on patients without stroke remains ambiguous. This study explored the association of MetS and its individual components with asymptomatic intracranial arterial stenosis (aICAS) and asymptomatic extracranial arterial stenosis (aECAS) among older Chinese adults. A total of 1988 participants from the Kongcun Town study aged ≥40 years and without a history of stroke were enrolled. The baseline data were obtained via face-to-face interviews. MetS was defined according to International Diabetes Federation criteria. Detection of aICAS was conducted using transcranial Doppler ultrasound, followed by diagnosis via magnetic resonance angiography. The evaluation of aECAS was performed using bilateral carotid ultrasonography. The aICAS and aECAS groups were 1:1 matched separately to the non-stenosis group by age and sex. The association between MetS and aICAS or aECAS was analyzed using multivariate logistic regression. Among the 1988 participants, 909 were diagnosed with MetS. The prevalence of MetS was higher in the aICAS group than in the non-stenosis group (P <0.001), but did not differ significantly between the aECAS and non-stenosis groups. The prevalence of aICAS increased with the number of MetS components from 3.4% in the ≤ 1 component group to 12.7% in the ≥4 components group (P for trend <0.001). After adjusting for confounding factors, MetS components associated with aICAS included central obesity, elevated triglyceride levels, and elevated blood pressure. None of the MetS components was associated with aECAS. MetS was positively associated with aICAS, but not with aECAS. Further, different components play different roles in the pathological process leading to aICAS.

Keywords: asymptomatic intracranial arterial stenosis, asymptomatic extracranial arterial stenosis, metabolic syndrome, asymptomatic cerebral arterial stenosis, stroke primary prevention


INTRODUCTION

Ischemic stroke caused by cerebral arterial atherosclerotic stenosis is a serious health and social issue worldwide, often leading to disability and mortality (1, 2). Some traditional vascular risk factors are involved in cerebral arterial atherogenesis, and they play different roles in the pathogenesis of intracranial and extracranial atherosclerosis (3). For instance, hyperlipidemia is more closely associated with extracranial arterial stenosis (ECAS), while diabetes mellitus (DM) and hypertension are associated with intracranial arterial stenosis (ICAS) (3, 4). Identifying different risk factors for ICAS and ECAS is helpful for efficient stroke prevention.

Metabolic syndrome (MetS) is a constellation of several metabolic risk factors, including central obesity, hypertension, elevated fasting blood glucose, and hyperlipidemia. The prevalence of MetS is gradually increasing with the aging population and changing lifestyle (5). In recent years, there has been a widespread concern regarding MetS as a novel risk factor for atherosclerosis (6).

MetS and its individual components are closely associated with ICAS or ECAS in patients with stroke, and this relationship is more significant with respect to ICAS than to ECAS (7–11). Some retrospective studies have evaluated the association of MetS with different locations (extracranial vs. intracranial) of asymptomatic cerebral arterial stenosis. A study in an asymptomatic Caucasians population found that MetS was an independent risk factor for moderate to severe (defined as ≥50% stenosis) intracranial atherosclerotic disease, but not for moderate to severe extracranial atherosclerotic disease (12). Another study involving a racially and ethnically diverse population found that the impact of MetS on the distribution of intracranial and extracranial atherosclerosis varied by race and ethnicity (13). Two community-based studies from China have separately reported a significant association between MetS and asymptomatic ICAS (aICAS) or asymptomatic ECAS (aECAS) (14, 15). However, no study has compared the association between MetS, including its individual components, and aICAS or aECAS in the Chinese population.

This study aimed to explore whether there is a differential profile in the association of MetS and its individual components with aICAS and aECAS among middle-aged and older adults living in rural communities in China.



MATERIALS AND METHODS


Study Design and Population

This study was based on the Kongcun Town study (16), a population-based study targeting 2,311 rural residents aged ≥40 years with no history of clinical stroke. Data on demographics, medical history, and physical examinations were obtained through face-to-face interviews. aICAS was detected using a two-phase procedure: screening using transcranial Doppler and diagnosis via magnetic resonance angiography. aECAS was evaluated using bilateral carotid ultrasonography. Among the 2,311 participants, 305 were excluded owning to incomplete information, two because of abnormal waist circumference, and 16 with combined aICAS/aECAS were excluded owning to the small number of cases. Finally, data from the 1988 eligible participants were analyzed. Participants were categorized into the following three groups according to the site of stenosis: (1) non-stenosis (n = 1813) (2) isolated aICAS (n = 132); and (3) isolated aECAS (n = 43).

The study protocol was approved by the Ethical Standards Committee on Human Experimentation at Shandong Provincial Hospital, Cheeloo College of Medicine, Shandong University. This study was conducted in accordance with the principles of the Declaration of Helsinki. All participants provided a written informed consent.



Definitions of Vascular Risk Factors

Baseline data on demographics and risk factors were collected via interviews, clinical examinations, and laboratory tests in a similar manner as reported in our previous study (16). Hypertension was defined as a systolic blood pressure of ≥140 mm Hg, diastolic blood pressure of ≥90 mm Hg, use of antihypertensive drugs, or self-reported hypertension. DM was defined as a fasting plasma glucose level of ≥7.0 mmol/L (126.0 mg/dL), use of blood glucose-lowering drugs, receipt of insulin injection, or a self-reported history of diabetes. Based on smoking habits, participants were classified into current smokers (smoked at least one cigarette per day for more than 1 year) and former smokers (quit smoking <6 months earlier). Based on their drinking habits, participants were classified into current drinkers (consumed alcohol at least once a week for at least 6 months) and former drinkers (quit <6 months earlier).



Definition of MetS

MetS was defined using the criteria previously published by the International Diabetes Federation (17). The definition included the presence of central obesity (waist circumference ≥90 cm for Chinese men and ≥80 cm for Chinese women), plus any two of the following: (1) triglyceride (TG) level ≥1.7 mmol/L (150 mg/dL) or receiving specific treatment for this lipid abnormality (2) high-density lipoprotein cholesterol (HDL-C) level <1.03 mmol/L (40 mg/dL) in men and <1.29 mmol/L (50 mg/dL) in women or receiving specific treatment for this lipid abnormality; (3) systolic blood pressure ≥130 mm Hg or diastolic blood pressure ≥85 mm Hg or receiving treatment for previously diagnosed arterial hypertension; and (4) fasting plasma glucose level ≥5.6 mmol/L (100 mg/dL) or previously diagnosed DM.



Assessment of aICAS and aECAS

The protocol for the evaluation of aICAS and aECAS has been described in detail in our previous study (16). In brief, aICAS was detected through a two-phase procedure: a screen phase using transcranial Doppler and the diagnostic phase using magnetic resonance angiography. Transcranial Doppler was performed by two physicians using a portable machine (VIASYS Companion III). The bilateral middle cerebral artery, internal carotid artery, anterior cerebral artery, posterior cerebral artery, vertebral artery, and basilar artery were examined with a 2-MHz probe via temporal, occipital, and eye windows. Stenosis of participants with poor temporal windows in the bilateral vertebral artery, posterior cerebral artery, and basilar artery was examined via the occipital window. In this study, aICAS was defined according to the previously published criteria for the identification of one or more stenotic lesions of any degree in any one of the analyzed intracranial vessels on magnetic resonance angiography (18). The diagnosis and grading of aICAS was performed by a stroke specialist and clinical neuroradiologist. The degree of stenosis in the evaluated arteries (bilateral middle cerebral artery, bilateral intracranial internal carotid artery, anterior cerebral artery, posterior cerebral artery, and basilar artery) was classified into five grades by consensus as normal, mild (signal reduction <50%), moderate (signal reduction ≥50% and <70%), severe (signal reduction ≥70%), or occlusion (focal signal loss with the presence of distal signal). aECAS was diagnosed via carotid ultrasonography examination, which has a high sensitivity and specificity (19, 20), and was performed by two experienced physicians. aECAS was defined according to established carotid ultrasonography criteria (21) as the identification of one or more stenotic lesions of any degree in any one of the analyzed vessels, including the carotid artery, internal carotid artery, and external carotid artery. The degree of aECAS was classified into four grades: mild (<50% stenosis), moderate (50–69% stenosis), severe (70–99% stenosis), and total occlusion.



Statistical Analyses

All analyses were conducted using IBM Statistical Package for the Social Sciences Statistics V22.0 for Windows (IBM Corp., released 2013, Armonk, NY, USA). Baseline population statistics and continuous laboratory-based variables are expressed as terms of mean and standard deviation, and categorical variables are expressed as frequencies and percentages. Continuous variables were compared using the t-test or analysis of variance with post hoc tests, while categorical variables were compared using the chi-square test. The Bonferroni adjustment was performed to assess the statistical significance of the intergroup differences. The aICAS and aECAS groups were 1:1 matched separately to the non-stenosis group by age and sex. The multivariate logistic regression was used to determine the association between MetS and its individual components with aICAS or aECAS. The variables with a P-value of <0.1 in the univariate analysis were included in the logistic regression models. The associations of different cerebral arterial stenosis were reported as odds ratio (OR) values and their 95% confidence intervals (CI). All statistical tests were two-tailed, and P < 0.05, indicated statistical significance.




RESULTS


Baseline Characteristics of the Study Population

The demographic and clinical characteristics of the study participants are shown in Table 1. Compared with the non-stenosis group, the aICAS group had significantly higher mean age, body mass index, waist circumference, and TG and low-density lipoprotein cholesterol levels and a significantly lower mean HDL-C level. The prevalence of hypertension, DM, and MetS was also higher in the aICAS group than in the non-stenosis group. The mean age and prevalence of hypertension and DM were also higher in the aECAS group than in the non-stenosis group. Of the 1988 participants, 909 (45.7%) were diagnosed with MetS. Compared with the non-stenosis group, the prevalence of MetS and all its individual components (all P < 0.017) was higher in the aICAS group and that of elevated blood pressure and elevated fasting glucose (all P < 0.017) was higher in the aECAS group.


Table 1. Demographic and clinical characteristics of study participants.

[image: Table 1]



Demographic and Clinical Characteristics of the Participants After Matching for Age and Sex

Table 2 shows the demographic and clinical characteristics of the participants after matching for age and sex. Age, sex, smoking habits, and drinking habits showed no significant difference between the aICAS/aECAS and control groups. Compared with the control 1 group, the aICAS group had significantly higher body mass index, waist circumference, and a significantly lower mean HDL-C level. The prevalence of hypertension and MetS was also higher in the aICAS group than in the control 1 group. The HDL-C level was lower in the aECAS group than in the control 2 group.


Table 2. Demographic and clinical characteristics of the participants after matching for age and sex.
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Associations of MetS and Its Components With aICAS or aECAS

In the multivariate logistic regression analysis (Figure 1), MetS was significantly associated with aICAS (OR: 4.01; 95% CI: 1.84, 8.75) after adjusting for total cholesterol level, body mass index, and low-density lipoprotein cholesterol level, which were significantly related to aICAS or ECAS in the univariate logistic regression analysis (Table 3, all P <0.1). Participants with more severe MetS components were more likely to have aICAS (P for linear trend =0.011). The following MetS components were significantly associated with aICAS: central obesity, elevated TG levels, and elevated blood pressure. However, no significant association between aECAS, MetS and its components was observed.


[image: Figure 1]
FIGURE 1. Multivariate logistic regression analysis of the association of MetS with aICAS or aECAS. aICAS, asymptomatic intracranial arterial stenosis; aECAS, asymptomatic extracranial arterial stenosis; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; BMI, body mass index; BP, blood pressure; MetS, metabolic syndrome; OR, odds ratio. ORs were calculated using logistic regression model after adjusting total cholesterol, BMI, and LDL-C.



Table 3. Univariate logistic regression analysis of the association of MetS with aICAS or aECAS.
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Prevalence of aICAS and aECAS According to the Number of MetS Components

The prevalence of aICAS increased significantly in proportion to the number of MetS components from 3.4% in the ≤ 1 component group to 12.7% in the ≥4 components group (P for trend <0.001). However, the same association was not found for aECAS (Figure 2).


[image: Figure 2]
FIGURE 2. Prevalence of aICAS and aECAS according to the number of MetS components. aICAS, asymptomatic intracranial arterial stenosis; aECAS, asymptomatic extracranial arterial stenosis; MetS, metabolic syndrome.





DISCUSSION

This study found that MetS was associated with aICAS, but not with aECAS, and different components play different roles in the pathological process leading to aICAS. Among MetS components, central obesity, elevated TG levels, and elevated blood pressure were significantly associated with aICAS. To the best of our knowledge, this is the first study to investigate the association between MetS and aICAS or aECAS among middle-aged and older adults living in rural communities in China.

MetS is a proinflammatory and hypercoagulable state, which is mainly mediated by insulin resistance. It has been suggested that accelerated atherosclerosis in MetS is associated with defective insulin signaling pathways (22). In addition, oxidative stress is associated with MetS and plays a role in endothelial dysfunction and subsequent atherosclerosis (23). Previous hospital-based studies reported that MetS was an independent risk factor for stroke, and that patients with MetS were more likely to experience ICAS than ECAS (7–11). A prospective Korean study revealed that MetS was more prevalent in ICAS patients than in ECAS patients with posterior circulation stroke (3). These studies concluded that MetS could play an important role in promoting cerebral arterial stenosis and increasing the risk of subsequent stroke. Furthermore, several studies have focused on investigating the association between MetS and aICAS or aECAS in the stroke-free population. The Asymptomatic Polyvascular Abnormalities in Community study targeting employees and retirees of the Kailuan (Group) Co. Ltd (a large coal mine industry) reported significant associations between MetS and aICAS (14), which is consistent with our results. Another study involving asymptomatic Chinese people reported significant associations between MetS and aECAS in menopausal women (15). The reason for the inconsistent results may be that the participants investigated were different. Regarding severity, the Barcelona-Asymptomatic Intracranial Atherosclerosis study found that MetS was significantly associated with moderate to severe intracranial atherosclerotic disease and not with moderate to severe extracranial atherosclerotic disease (12). This finding was apparently corroborated by the finding that MetS may be independently associated with the early stage rather than the advanced stages of intracranial arterial atherosclerosis (24). To the best of our knowledge, some studies have reported that ECAS is common in Caucasian population, whereas ICAS is more frequent in Asian and African populations (25–27). A previous study involving a racially and ethnically diverse population found that the impact of MetS on the distribution of intracranial and extracranial atherosclerosis varied by race and ethnicity (13). The race-specific impact of MetS on the distribution of cerebral arterial atherosclerosis may be caused by racial-specific differences in the prevalence of MetS components and in the host response to the presence of specific components. This finding may partly explain the well-known differences in race-ethnic predilection to intracranial or extracranial atherosclerosis. Future studies with genotyping may be important to define the relationships between the biological race differences between ICAS and ECAS.

In this study, central obesity was associated with aICAS, but not with aECAS. Central obesity can lead to an increase in the free fatty acids, which play an important role in the pathogenesis of insulin resistance (28, 29). Furthermore, insulin resistance can damage intracranial vasodilatory function by increasing the stiffness of the vascular wall and reducing the buffering ability, which increases its susceptibility to arterial oxidative stress (30, 31). Therefore, early intervention for central obesity may delay the progression of cerebral arterial stenosis, especially aICAS.

In this study, elevated TG levels were significantly associated with aICAS. High TG levels can promote the formation of low-density lipoprotein particles (32); high levels of low-density lipoprotein cholesterol, especially its oxidized form, can facilitate endothelial dysfunction, which is the first step in atherosclerotic plaque formation (33).

The significant association between elevated blood pressure and aICAS detected in this study is consistent with previous studies (34, 35). Hypertension is a well-known risk factor for arteriosclerosis (36). Compared with the extracranial arteries, the thickness and elasticity of the tunica media is inferior in the intracranial arteries; therefore, it may be more vulnerable to the changes in vascular stress and blood flow caused by hypertension (36).

Among MetS components, the association between reduced HDL-C and elevated fasting glucose levels with MetS was not found. However, previous hospital-based studies found that the components (reduced HDL-C and elevated fasting glucose levels) constituting MetS were related to aICAS (9, 11). This suggests that MetS can affect intracranial arterial atherosclerosis in different pathological states via different metabolic pathways. In addition, this finding may reveal that the association between aICAS and MetS may be derived from the specific components of MetS, such as central obesity, elevated TG levels, and elevated blood pressure, especially in the asymptomatic phase of intracranial arterial stenosis. More metabolism-related basic research is needed to confirm this inference in the future.

The reasons for the aforementioned differential effects of MetS on the distribution of cerebral arterial stenosis are not well-understood. The potential reasons for this are as follows: first, the differential responses of intracranial and extracranial arteries to oxidative stress may explain our finding that most components constituting MetS were associated with aICAS, since oxidative stress has been reported to be associated with MetS (23). Compared with the extracranial arteries, the intracranial arteries were found to be susceptible to oxidative stress with increasing age (37). Second, the histological differences between the intracranial and extracranial arteries should be considered. The extracranial arteries are elastic arteries whose tunica media are rich in elastin filaments. However, the intracranial arteries with a fewer elastic fibers may be more vulnerable to the circulatory abnormalities caused by MetS (36).

Some potential limitations of our study are worth mentioning. First, a cross-sectional study cannot prove the existence of a causal relationship between MetS and aICAS/aECAS; further studies using a prospective study are needed to confirm this relationship. Second, owning to the relatively small sample size, this study was unable to evaluate the association between MetS and distribution of stenosis in various strata of severity of stenosis. Finally, the findings of this study may not be generalizable to other populations since it included only Chinese adults living in rural areas. Nevertheless, to the best of our knowledge, this is the first study to investigate the differences in the associations between certain MetS components and the distribution of cerebral arterial stenosis.

In conclusion, the study findings indicate that MetS is associated with aICAS, but not with aECAS, and different components play different roles in the pathological process of aICAS. These differences may prompt the employment of individualized preventive measures during the asymptomatic stage of cerebral arterial stenosis; thereby, reducing the incidence of stroke.
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Background: Endovascular treatment for intracranial atherosclerotic stenosis (ICAS) has been developed. However, the intracranial internal carotid artery (ICA) presents a particular challenge due to the location and tortuous route, and the outcomes of endovascular treatment in patients with stenosis of the intracranial ICA still have not been reported. This article retrospectively investigated the 30-day and 1-year outcomes of tailored endovascular treatment for patients with severe intracranial ICA stenosis from a single center.

Methods: Between June 2014 and December 2017, 96 consecutive patients with severe atherosclerotic stenosis (70–99%) of the intracranial ICA were managed with endovascular treatment in Beijing Tiantan Hospital. Three different kinds of treatments [angioplasty with balloon dilatation alone (BD group), balloon-mounted stent (BMS group), and self-expanding stent (SES group)] were performed according to the characteristics of the lesions. The primary endpoints included any stroke or death within 30 days and ipsilateral ischemic stroke afterwards within 1 year. Secondary endpoints included the revascularization success rate (residual stenosis <30%) and the restenosis rate (stenosis ≥ 50%) within 1 year.

Results: The 30-day death rate was 0, and the stroke rate of all patients was 7.3% (7/96). The stroke rate was higher in the BD group (15.8%) and SES group (9.8%) than in the BMS group (0%) (p = 0.047). Thirteen (13.5%) patients suffered at least one onset of ischemic stroke in the ipsilateral ICA territory within 1 year, and there was no significant difference among the three groups (p = 0.165). The overall revascularization success rate was 93.8%, and the revascularization success rate was significantly higher in the SES group (100%) than in the BD group (78.9%) (p = 0.006). The restenosis rate of all patients within 12 months was 20.8%, and there was no significant difference among the three groups. Patients with Mori type C target lesions were more likely to suffer stroke within 30 days (25%) and restenosis within 1 year (31.3%).

Conclusions: Both the 30-day and 1-year outcomes of tailored endovascular treatments seemed to be acceptable in the treatment of symptomatic atherosclerotic stenosis of the intracranial ICA. However, this needs to be confirmed by further investigation, preferably in large multicenter randomized controlled clinical trials.

Keywords: endovascular treatment, atherosclerotic stenosis, intracranial internal carotid artery, outcome, complication


INTRODUCTION

Intracranial atherosclerotic stenosis (ICAS) is a common etiology of stroke worldwide, with the highest prevalence being in Asian, Hispanic, and African populations and ICAS accounting for approximately half of transient ischemic attacks (TIAs) and ischemic strokes in Asian populations (1, 2). The annual risk of recurrent stroke in patients with ICAS varies from 4 to 40% and is especially high in patients with severe stenosis (70–99%), for which the rate is ~23% despite best medical therapy (BMT) (3, 4). Endovascular treatments, including percutaneous transluminal angioplasty (PTA) with balloon dilatation (BD) alone and PTA with stenting (PTAS) using either a balloon-mounted stent (BMS) or a self-expanding stent (SES) have been developed and widely used in some countries. These treatments initially appeared to be safe and effective (5). However, two randomized controlled trials [Stenting and Aggressive Medical Management Therapy for Preventing Recurrent Stroke in Intracranial Stenosis (SAMMPRIS) and Vitesse Intracranial Stent Study for Ischemic Therapy (VISSIT)] did not show superiority of stenting over aggressive medical management alone for ICAS, with a high incidence of periprocedural complications and recurrent stroke (6, 7). Restenosis is another major drawback with a rate of up to 34% (8).

One of the major concerns about the SAMMPRIS and VISSIT trials is that only one type of stent was used in each trial. However, different lesions are suitable for different treatments, and selecting either a BMS or SES based on the characterization of lesions might achieve a better clinical result (3, 9). In addition, the clinical outcome of endovascular treatment is also associated with the location of arteries (10). Symptomatic intracranial internal carotid artery (ICA) atherosclerotic stenosis plays an important role in ischemic stroke and responds poorly to anticoagulation therapy (11). Due to the location and tortuous route of the intracranial ICA, endovascular treatment for stenosis of intracranial ICA presents a particular challenge and is relatively underdeveloped, with more perioperative complications, higher long-term in-stent restenosis rates, and higher recurrent rates of ischemic stroke (12, 13). Currently, clinical trials with 30-day outcomes of tailored endovascular treatment for ICAS and endovascular treatments for intracranial ICA stenosis with small samples have been reported, while outcomes of individualized tailored endovascular treatments for intracranial ICA stenosis with large samples and a longer follow-up have not been reported (11, 14). This article aimed to investigate the 30-day and 1-year outcomes of tailored endovascular treatments for severe intracranial ICA stenosis.



MATERIALS AND METHODS


Patients and Study Design

This retrospective study was carried out at a tertiary stroke center and approved by the institutional ethics committee at Beijing Tiantan Hospital. Between June 2014 and December 2017, 96 consecutive patients with severe atherosclerotic stenosis of the intracranial ICA (70–99%), including the C5, C6, and C7 segments of the ICA were managed with endovascular treatment. The identification of segments of ICA was performed according to Bouthillier's classification system (15). Inclusion criteria were as follows: (1) Patients over 18 years old; (2) TIA or stroke attributable to the severe stenosis (≥70%) of intracranial ICA within the past 30 days; (3) stenosis was verified by digital subtraction angiography (DSA) and measured according to the warfarin-aspirin symptomatic intracranial disease (WASID) trial criteria with normal distal vessels as the reference; (4) ipsilateral hypoperfusion (≥40% decrease in cerebral blood flow in the territory distal to the target lesion) with poor collaterals by CT perfusion; and (5) atherosclerotic stenosis and having at least one atherosclerotic risk factor (hypertension, diabetes mellitus, hyperlipidemia, hyperhomocysteinemia, and smoking) (4, 14, 16). Exclusion criteria included (1) non-atherosclerotic causes of intracranial stenosis (arterial dissection, vasculitis, etc.), potential source of cardiac embolism, or concurrent intracranial pathology such as Moyamoya disease; (2) concurrent intracranial tumor, cerebral aneurysm, or arteriovenous malformation; (3) known contraindication to aspirin, clopidogrel, heparin, tirofiban, contrast media, metal, etc.; (4) life expectancy <1 year because of other medical conditions such as cancer; and (5) other conditions not suitable for general anesthesia or endovascular treatment.



Strategy of Endovascular Treatment

DSA was performed for all patients, and the strategy of endovascular treatment was decided according to the site and characteristics of the target lesions and based on the operators' experience and preference (3, 9). In general, Apollo BMS (MicroPort Medical, Shanghai, China) was preferred in lesions with straightforward arterial access. SES (Wingspan, Boston Scientific; Enterprise, Codman Neurovascular; Solitaire, Covidien; Neuroform, Smart Therapeutics/Boston Scientific) with balloon pre-dilatation were selected in lesions with tortuous arterial access or lesions with a significant mismatch in the diameter between the proximal and distal segments. BD alone (Gateway, Stryker Neurovascular, USA) was performed in patients with more tortuous arterial access for which stenting was considered to be improper by operators (17).



Periprocedural Management

Aggressive medical management and intensive risk factor management were implemented pre-procedurally, including aspirin (100 mg/day), clopidogrel (75 mg/day), atorvastatin calcium (20 mg Qn), platelet function monitoring by thromboelastography, strict blood glucose control, and cigarette control.

Endovascular treatments were performed by experienced neurointerventionists. Either general anesthesia or local anesthesia was chosen based on the operator's experience and the patient's condition, and most of the procedures were performed under general anesthesia. An intravenous heparin regimen was administered to maintain an activated clotting time between 250 and 300 s during the procedure. Briefly, a 6F-guiding catheter was introduced through the common femoral artery and guided into the target ICA. After a microwire was first passed through the intracranial stenosis, one of the three kinds of interventional procedures (BD, BMS, SEM) was performed based on the operators' experience. The devices of endovascular treatment were as follows: BD alone with Gateway balloon, PTAS with the Apollo BMS, or balloon predilatation and subsequent deployment of a SES (Wingspan, Enterprise, Solitaire, or Neuroform).

Dual antiplatelet therapy was maintained for at least 6 months, and aspirin alone was continued daily afterwards. Rehabilitation treatment was recommended for patients with functional disability. Long-term management of individual medical risk factors such as blood pressure, cholesterol, and diabetes mellitus was implemented.



Patient Follow-Up and Outcome Measures

All patients were followed up regularly. CT angiography or CT perfusion was performed at the 30-day or 6-month follow-up. DSA was performed in the 6-month or 1-year follow-up. MRI was recommended if the patient had symptoms of ischemia. The primary endpoints were any stroke or death within 30 days and ipsilateral ischemic stroke beyond 30 days after angioplasty. Recurrent ischemic stroke was considered to be any focal neurological symptom of sudden onset that lasted for at least 24 h, was related to the corresponding vascular territory, was not associated with a hemorrhage on brain CT or MRI, and occurred within the follow-up period (8). Secondary endpoints included the revascularization success rate and the restenosis rate at the 1-year follow-up. The revascularization success of endovascular treatment was based on the following criteria: (1) the blood flow was unobstructed, reaching TICI grade 3; (2) the residual stenosis was <30% (measured according to WASID trial criteria); (3) the distal vessels were not embolized or missing; and (4) there was no leakage of contrast medium. Restenosis was defined as 50% or greater diameter stenosis at the follow-up angiography.



Statistical Analysis

The data were primarily analyzed by intention-to-treat analysis. Continuous variables were presented as the mean ± standard deviation (SD) or median with interquartile range (IQR), as appropriate. The differences between groups were determined by one-way analysis of variance or Kruskal-Wallis test. Categorical variables were expressed as percentages, for which the chi-square test or Fisher's exact tests were used. Binary logistic regression analysis was used to relate the occurrence of the endpoints to multiple clinical factors, and factors were included as candidates for inclusion in the model if the probability value for the bivariate association with the endpoint was <0.2. A two-tailed p-value < 0.05 was considered statistically significant. Statistical analysis was performed using SPSS® software (SPSS Statistical Software 26).




RESULTS


Baseline Characteristics

Between June 2014 and December 2017, 124 consecutive patients with severe atherosclerotic stenosis (70–99%) of the C5-7 segments of the ICA were screened and managed with endovascular treatment in Beijing Tiantan Hospital, among which 96 patients (60.99 ± 8.00 years old) were followed up for at least 1 year. The 96 patients included 64 (66.7%) males and 32 (33.3%) females. According to the morphology and length of the stenosis lesions, different strategies of endovascular treatments were selected. Of the 96 patients, 19 (19.8%) were treated with BD alone (BD group), 36 (37.5%) were treated with BMS (BMS group), and 41 (42.7%) were treated with SES (SES group).

The baseline characteristics of the patients are presented in Table 1. The median mRS score of all enrolled patients was 0 (IQR 0–1), and the National Institutes of Health Stroke Scale (NIHSS) score was 0 (IQR 0–2). The most common risk factor was hypertension (75.0%), followed by diabetes mellitus (53.3%), and hyperlipidemia 35.4%. A total of 44.8% of patients had a past history of smoking or were still smoking. A total of 9.4 and 2.1% of patients had a past history of myocardial infarction and atrial fibrillation, respectively. There was no significant difference in functional scale, common risk factors, or relative disease history between the three groups.


Table 1. Baseline characteristics of patients receiving endovascular treatment in different groups.
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For the characteristics of the target lesions in all patients, the mean rate of stenosis was 84.6 ± 7.4%, and the mean length of the lesions was 6.8 ± 2.6 mm. The mean length of the lesions in the SES group (7.9 ± 2.9 mm) was longer than that in the BMS group (5.9 ± 1.8 mm, p = 0.003) and the BD group (6.4 ± 2.8 mm, p = 0.120). The mean rate of stenosis in the BMS group (82.5 ± 7.7%) was slightly lower than that in the SES group (86.0 ± 6.2%, p = 0.126) and the BD group (85.7 ± 8.8%, p = 1); however, the difference was not significant. The BMS group tended to have more Mori type A lesions (27.8%) and fewer Mori type C lesions (8.3%) than the other two groups (p = 0.126), though the difference was not significant (Table 1).



Primary Endpoints

The 30-day stroke rate of all patients was 7.3% (7/96), and the death rate was 0. Among the seven patients who suffered stroke within 30 days, four suffered ischemic stroke, two suffered hemorrhagic stroke, and one suffered both. In detail, two patients suffered in-stent thrombosis, one patient suffered in-stent thrombosis and perforator occlusion, one patient suffered distant emboli, one patient suffered vascular perforation and distant emboli, and the other two patients suffered from intraparenchymal hemorrhage (IPH). The 30-day stroke rate was higher in the BD group [15.8% (3/19)] and SES group [9.8% (4/41)] than in the BMS group (0%) (p = 0.047).

Of the 96 patients, 13 (13.5%) patients suffered at least one onset of ischemic stroke in the ipsilateral ICA territory within the 1-year follow-up. There were no significant differences among the three groups (p = 0.165), although the rate of recurrent ipsilateral ischemic stroke within 1 year in the BMS group tended to be lower (5.6%, 2/36) than that in the BD group (21.1%, 4/19) and the SES group (17.1%, 7/41). Detailed data are presented in Table 2.


Table 2. Primary and secondary endpoints and other adverse events.
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Secondary Endpoints

The overall success rate of revascularization during surgery was 93.8% (90/96) and was significantly higher in the SES group (100%) than in the BD group (78.9%) (p = 0.006). The mean degree of residual stenosis was 17.1 ± 12.2%, which was significantly higher in the BD group (27.4 ± 16.7%) than in the BMS group (15.7 ± 10.8%, p = 0.001) and the SES group (13.5 ± 7.8%, p = 0.000). During follow-up, the restenosis rate of all patients within 1 year was 20.8% (20/96), and there were no significant differences among the three groups. Fourteen patients (14.6%) suffered ischemic stroke within 1 year, and no patient suffered myocardial infarction; there were no significant differences among the three groups.



Factors Associated With Primary and Secondary Endpoints

Univariate analyses showed that the strategy of endovascular treatments was associated with the stroke/death rate within 30 days (p = 0.047) and the revascularization success rate (p = 0.006). The patients with Mori type C target lesions were more likely to suffer stroke or death within 30 days (25%, 4/16) than patients with Mori type A lesions (0%, 0/18) and Mori type B lesions (4.8%, 3/62) (p = 0.020). Multivariate analyses showed that the restenosis rate within 1 year was also higher in Mori type C lesions (31.3%, 5/16) than in Mori type A lesions (5.6%, 1/18) (p = 0.035). Factors including the original stenosis rate, length of the target lesion, history of hypertension, diabetes mellitus, smoking, coronary disease, and atrial fibrillation were not significantly associated with the primary and secondary endpoints. Detailed data are presented in Table 3.


Table 3. Factors associated with primary and secondary endpoints.
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DISCUSSION

In this study, we retrospectively investigated the safety and efficacy of tailored endovascular treatments for severe atherosclerotic stenosis of intracranial ICA. This was the first study with a 1-year outcome of endovascular treatment specifically for severe intracranial ICA stenosis, and it had a larger sample than prior studies. Our study revealed that the 30-day stroke rate of patients with severe intracranial ICA atherosclerotic stenosis was 7.3 and 13.5% patients suffered at least one onset of ischemic stroke in the ipsilateral ICA territory within the 1-year follow-up.

Since the SAMMPRIS and VISSIT trials, the safety and efficacy of endovascular treatment for intracranial atherosclerotic stenosis has been questioned given the negative results. The SAMMPRIS trial showed a higher rate of 30-day stroke and death in the stenting arm with the Wingspan stent (14.7%) relative to aggressive medical management (5.8%) and a higher rate of 1-year stroke and death (19.7%) relative to the medical arm (12.6%) (7). The VISSIT trial demonstrated an even higher 30-day stroke/hard TIA rate in the stenting group with a BMS (24.1%) than in the medical group (9.4%) and a much higher 1-year stroke/hard TIA rate in the stenting group (36.2%) than in the medical group (15.1%) (5). However, owing to the limitations of the trials, researchers and clinicians still regard angioplasty as a promising measure for stroke prevention in patients with severe ICAS. Researchers have begun to study the outcomes of endovascular treatments for atherosclerotic stenosis in some specific sites of intracranial arteries (18, 19). In addition, several measures have been taken to modify the endovascular treatment strategies.

Endovascular treatment for stenosis of the intracranial ICA presents a particular challenge because of the artery's location and tortuous route. Compared with other sites of intracranial arteries, the intracranial ICA is more tortuous and thus it is difficult to transport endovascular devices in place (11). Studies in endovascular therapy specific for intracranial ICA remain particularly scarce. Detailed analysis of periprocedural strokes in patients undergoing intracranial stenting in SAMMPRIS showed that 15% of patients out of 40 patients with intracranial ICA stenosis had periprocedural strokes with Wingspan stents, including 3 (7.5%) hemorrhagic events and 3 (7.5%) ischemic events. Turk et al. disfavored interventional stenting with stenosis lesions in the ICA supraclinoid segment owing to high rates of in-stent restenosis and recurrent ischemic stroke (20). However, Wang's study showed that only one patient (1.7%) out of 36 patients with atherosclerotic stenosis in the intracranial ICA treated with Wingspan stents had ischemic stroke during the 30-day perioperative period, five patients (13.9%) had ipsilateral stroke and three patients (8.3%) had ipsilateral TIA during a 6–68-month follow-up (11). Wang's study also revealed that the outcomes of patients with intracranial ICA atherosclerotic stenosis treated with endovascular therapy were acceptable; however, this finding remains to be further verified owing to the limited number of patients enrolled. In our study, a larger number of patients with severe atherosclerotic stenosis of the intracranial ICA (70–99%) were managed with endovascular treatment and were followed up for at least 1 year, and both 30-day and 1-year outcomes were shown to be acceptable.

In addition, since the SAMMPRIS trial several measures have been proposed to modify the endovascular treatment strategy, these were utilized in our study. First, we restricted the inclusion criteria. The patients selected in our study had ipsilateral hypoperfusion and poor collateral circulations from CT perfusion examination, as patients with hypoperfusion symptoms and poor collaterals were most likely to fail medical therapy and benefit from revascularization (14). Another measure taken in our study was variable device selection in cases of different lesions, as the devices exclusively used in prior studies (the Wingspan system for SAMMPRIS, the Vitesse intracranial stent for VISSIT) have not been shown to be well-suited for all ICAS lesions (17, 21). Miao used tailored angioplasty and/or stenting for ICAS, and the results showed that the complication rate within 30 days was 5.3% (14). However, longer-term outcomes of tailored endovascular treatment of ICAS have never been explored. The results of our study demonstrated that the overall 30-day stroke rate was 6.5%, the death rate was 0, and the overall 1-year ipsilateral ischemic stroke rate was 13.5%, which was much lower than that in the stenting arms of SAMMPRIS and VISSIT and comparable with that in the medical arm. Considering that the medical treatments in the trials above were too aggressive to be achieved in clinical practice, at least for a Chinese population, our study showed that outcomes of tailored endovascular treatment of intracranial ICA atherosclerotic stenosis were acceptable.

Intracranial segments of the ICA are more tortuous than other intracranial arteries, and the tailored endovascular treatment strategy used in this trial could mitigate this problem well, as different devices have inherent advantages and drawbacks and are thus suitable for different target lesions. BD alone has better flexibility but greater risk of elastic recoil and dissection. BMS has a high radial force but the flexibility is limited; it has a greater risk of injury to the vessel due to excessive straightening and is difficult to pass through tortuous vessels (22). SES has a certain degree of flexibility and conforms well to the vessel wall, but the radial force is limited; thus, it is less apt to achieve good revascularization in calcified lesions. Besides, as SES placement requires two steps (first balloon dilatation and then stenting angioplasty), a longer procedural time is required. Therefore, there was preference for BMSs for straight arterial access and Mori A lesions for better radial force and shorter procedural time, balloon pre-dilatation plus SES for tortuous arterial access and Mori B or C lesions for a certain degree of flexibility and radial force, and BD alone for more tortuous arterial access for safety.

In addition, we investigated the factors associated with the primary and secondary outcomes. Our results showed that the strategy of endovascular treatments had a significant effect on the results in patients with stenosis of the intracranial ICA. The 30-day stroke or death rate was significantly higher in the BD and SES groups than in the BMS group (0%), and the revascularization success rate was significantly higher in the SES group (100%) than in the BD group (78.9%). This was reasonable given the principle of stenting selection and the characteristics of the different endovascular strategies mentioned above. However, due to the high incidence of complications and stroke, and the low recanalization rate in BD group, it is suggested that patients with difficult lesions should be left alone, only be given medical therapy instead of intravascular therapy. Another notable and important factor was Mori type. In our study, patients with Mori type C target lesions were more likely to suffer stroke within 30 days and restenosis within 1 year. A number of papers have shown that lesions with different characteristics classified by Mori carry different risks during intracranial endovascular revascularization (17, 18). However, few studies have clearly demonstrated the incidence of primary and secondary endpoints. Mori's study showed that in type C lesions, the clinical success rate of angioplasty was 33%, the restenosis rate at 1 year was 100%, and the cumulative risk of ipsilateral ischemic stroke at 1 year was 56% (23). Our study showed that in type C lesions, the clinical success rate was 75%, the revascularization success rate was 87.5%, the restenosis rate at 1 year was 31.3%, and the annual ipsilateral ischemic rate was 25%; these results were all greatly improved when compared with Mori's. In addition to the development of techniques and richer experience with neurointerventionists, we believe modifications in our study such as tailored angioplasty also contribute much to this improvement. Even so, our study showed that both the safety and efficacy of endovascular treatments in type C lesions were still not satisfactory and more research should be performed on angioplasty for Mori type C lesions.

We also performed detailed analyses of periprocedural strokes in our study. Among the seven patients who suffered periprocedural strokes, there were six ischemic stroke events in five patients. Traditionally, ischemic strokes are categorized as perforator territory, distal embolic, or delayed in-stent thrombosis. Contrary with SAMMPRIS, in which most of the patients with ischemic stroke were perforator territories, only one patient suffered perforator occlusion in our study, while three suffered in-stent thrombosis and the other two were distal embolic strokes (24). This may be because the intracranial ICA has fewer tenuous perforators and thus fewer complications caused by perforator occlusion. Hemorrhagic strokes were categorized as subarachnoid or intraparenchymal. In our study, three patients suffered hemorrhagic stroke, among whom two suffered intraparenchymal hemorrhage and the other suffered vascular perforation. The mechanism of IPH post-stenting is uncertain, and hyperperfusion or autoregulatory dysfunction may be one possible mechanism (24). The ICA is much larger than other intracranial arteries, and hyperperfusion is thought to occur more frequently after carotid stenting, which may have contributed to IPH in our study (25).

Our study also has some limitations. First, the trial was performed in a single center and the patients enrolled were only Chinese people, which was not representative. Second, the pre-procedural NIHSS scores of patients in our study were relatively low, so there may be some extent of selection bias. In addition, this was a retrospective trial and was absent of a medical arm as the control group, therefore, the evidence-based level of this study is not so high. Also, a number of stents, such as Neuroform, Enterprise, and Solitaire, originally designed for neck remodeling in the treatment of intracranial aneurysms were used off label (21, 26, 27). Finally, the number of patients in our study was not large enough even though this is the largest study of tailored endovascular treatments for atherosclerotic stenosis of intracranial ICA.



CONCLUSIONS

Both the 30-day and 1-year outcomes of tailored angioplasty seemed to be acceptable in the treatment of symptomatic atherosclerotic stenosis of intracranial ICA. However, this needs to be confirmed by further investigation, preferably in large multicenter randomized controlled clinical trials.
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Background: To date, there has been no consensus regarding the benefits of percutaneous transluminal angioplasty and stenting (PTAS) vs. those of standardized medical treatment (SMT) for patients with symptomatic intracranial vertebrobasilar stenosis (IVBS). The purpose of this retrospective study was to compare the effects of PTAS or SMT on symptomatic IVBS in a real-world Chinese population.

Methods: We included 238 patients with ischemic stroke caused by IVBS stenosis who were admitted to Shandong Provincial Hospital Affiliated to Shandong University between September 2012 and May 2018; 62 of these patients were treated with SMT and 176 underwent PTAS. Ischemic stroke in the territory of the responsible artery, hemorrhage, and death within 1 year were recorded as primary endpoints. Secondary endpoints included assessment of stroke severity and the incidence of re-stenosis. The primary endpoint rates were compared between the PTAS and SMT groups at 7 days, 1, 6 months, and 1 year.

Results: In the PTAS group, the success rate of stent placement was 98.9%. During the entire trial, except for 7 days, the SMT group had a higher frequency of primary endpoint events than did the PTAS group. The primary endpoint was 17.7% (11/62) vs. 8.6% (15/174) at 1 month (p = 0.049), 29% (18/62) vs. 14.4% (25/174) at 6 months (p = 0.01), and 32.2% (20/62) vs. 17.2% (30/174) at 1 year (p = 0.013). The restenosis rate of the target lesion was 13.8%; 60% were symptomatic restenosis and 40% were asymptomatic restenosis. The rate of severe stroke at 1 year after PTAS was 0%, while that in the SMT group was 9.7%.

Conclusions: In a real-world Chinese cohort, PTAS for patients might be superior to SMT, and provide better long-term neurological function recovery and lower disability rate.

Keywords: real-world, standardized medical treatment, intracranial artery stenosis, stenting angioplasty, vertebrobasilar artery


INTRODUCTION

Intracranial atherosclerotic stenosis (ICAS) is an important cause of ischemic stroke worldwide. In Caucasians, 5–10% of strokes are caused by ICAS, while this ratio is 30–50% in Asian population (1). Approximately 20% of ischemic strokes are caused by vertebrobasilar artery stenosis (2). Compared with anterior circulation stenosis, intracranial vertebrobasilar artery stenosis (IVBS) leads to a higher risk of occurrence and recurrence of transient ischemic attack (TIA) or cerebral infarction (3–5). A study showed that patients with symptomatic IVBS had poor prognosis, high mortality, and high disability rate (4). It has been reported as high as 33% recurrence in the first month with the best medical therapy (5). Other studies, including patients with severe IVBS, have shown that despite aggressive medical treatment, the annual incidence of stroke remained between 10 and 28.7% (6–8).

Percutaneous transluminal angioplasty and stenting (PTAS) is another method of treating ICAS. The Stenting and Aggressive Medical Management for Preventing Recurrent Stroke in Intracranial Stenosis (SAMMPRIS) and the Vitesse Intracranial Stent Study for Ischemic Stroke Therapy (VISSIT) studies are the two prominent randomized clinical trials of intracranial stenting (9, 10). These studies showed no advantage of stenting over medical treatment for patients with ICAS, partly due to the high complication rate. However, a recent post-marketing surveillance trial (WEAVE trial) showed a 2.6% periprocedural stroke, bleeding, and death rate in patients with symptomatic ICAS lesions of 70–99% who underwent stenting angioplasty with the Wingspan stent (11). In the WOVEN trial, the natural extension of the WEAVE trial, stroke, or death rate was 8.5% at 1-year follow-up (12). A meta-analysis of symptomatic IVBS found that the annual stroke or death rate in the endovascular treatment group was approximately 8.9% (3). Therefore, it appears that the outcomes of endovascular procedures for symptomatic IVBS have been inconsistent. In addition, several studies in Asia showed inconsistent results of stenting vs. medical treatment for IVBS (13, 14). In the real world, the effect of PTAS on symptomatic IVBS remains elusive. Therefore, the purpose of this retrospective study was to compare the effects of PTAS and standardized medical treatment (SMT) in patients with IVBS in a real-world setting at a single center in China.



MATERIALS AND METHODS


Patient Selection

Detailed clinical information was obtained from the Department of Neurology at Shandong Provincial Hospital, Cheeloo College of Medicine, Shandong University between January 2012 and December 2018. All patients were from Shandong Province, China. This retrospective study was a single-center study. This study was reviewed and approved by the ethical standards committees on human experimentation at Shandong Provincial Hospital, Cheeloo College of Medicine, Shandong University.

The inclusion criteria were as follows: (1) age of 18–80 years; (2) digital subtraction angiography (DSA) revealing that the stenosis of the intracranial vertebrobasilar artery was > 70%. The responsible arteries were the intracranial segment of the vertebral artery or the basilar artery. The degree of stenosis was measured using the Warfarin-Aspirin Symptomatic Intracranial Disease (WASID) trial method (5); and (3) TIA attack or cerebral infarction was related to posterior circulation. The typical symptoms of posterior circulation TIA include dizziness, numbness of limbs or face, weakness of limbs, vomiting, diplopia, hemianopia, gait disorder, temporary loss of consciousness, and falls. Cerebral infarction refers to magnetic resonance diffusion limitation in the cerebellum, brainstem, occipital lobe, and other posterior circulation areas.

Exclusion criteria were as follows: (1) severe systemic diseases or unsuitable or intolerable dual antiplatelet therapy; (2) non-atherosclerotic stenosis such as artery dissection, arteritis, or moyamoya disease, confirmed by DSA and high-resolution magnetic resonance; (3) international standardized ratio (INR) > 1.5, and uncorrectable bleeding tendency; (4) failure to follow up in time and life expectancy <5 years.

SMT group was comprised of those who suffered first onset of posterior circulation TIA or cerebral infarction and those who had recurrent events without SMT but refused PTAS. The indication for PTAS was posterior circulation TIA or occurrence of cerebral infarction despite SMT, and despite the first attack of posterior circulation TIA or cerebral infarction, stenting was required.



Treatments
 
Standardized Medical Treatment

The medications in the SMT and PTAS groups were identical: aspirin 100 mg and clopidogrel 75 mg were given daily orally for 90 days in the SMT group and 180 days in the PTAS group after the onset of treatment. Thereafter, the administration of one antiplatelet agent was stopped. Statins (atorvastatin 20 mg or rosuvastatin 10 mg) were administered orally daily after the onset of treatment. All patients were treated with standard management of vascular risk factors, including systolic blood pressure <140 mmHg (diabetic patients <130 mmHg), and statins to lower low-density lipoprotein (LDL) levels <1.80 mmol/L, and blood glucose <7 mmol/L. We advised all patients to quit smoking, engage in sufficient exercise, and other lifestyle changes.



PTAS Procedure

PTAS was performed by a neurointerventionist, Qinjian Sun, who had been engaged in neurointerventional therapy for 10 years and had completed more than 500 cases of PTAS for ICAS. He had experience in more than 50 cases of intracranial artery stents before this study. He was credentialed to participate in this study based on a review of 20 consecutive intracranial angioplasty and stenting cases, at least five of which must have used the Wingspan system in order to reduce the occurrence of technical complications. The degree of stenosis before and after intervention was determined according to the WASID (5) criteria in DSA. Antiplatelet aggregation drugs were started 3–5 days before PTAS, along with clopidogrel 75 mg, and aspirin 100 mg orally. It was recommended to fast on the day of PTAS, but not to stop the administration of the antiplatelet drug.

The interventional procedures were performed under general anesthesia. Using the modified Seldinger technique, a 6-French vascular sheath was placed in the right femoral artery. A bolus of 5,000 units of heparin was administered. The 6-French Mach 1 guiding catheter (Boston Scientific, US) was placed into the distal V2 segment of the vertebral artery to provide sufficient support. A guiding catheter was used to perform the responsible artery angiography. The degree of stenosis was calculated based on the adjacent distal normal blood vessel diameter (WASID standard). The guide catheter containing the contrast agent was used as a reference, and the blood vessel diameter was calibrated through the DSA workstation.

The choice of the type of stent (Gateway-Wingspan system, Stryker, US; or Apollo stent system, Microport, China) depended on the arterial pathway, lesion morphology, and operator discretion. Operator was instructed to choose the devices based on the need of a patient individually. This decision of tailored stenting would primarily take into consideration the ease of vascular access and lesion morphology. According to our experience, the Gateway-Wingspan system is more suitable for patients with tortuous vascular access because the system has better flexibility in traversing curvature. Compared with the Gateway-Wingspan system, the Apollo stent (a bare-metal balloon-expandable intracranial Stent) is more rigid; however, it is a good choice for patients with smoother access because the delivery of the balloon-expandable stent does not require replacement and requires less surgical time (Table 1). If the Gateway–Wingspan system was selected, the gateway balloon was used to pre-expand the stenosis before stent implantation. The recommended diameter of the gateway balloon was 80% of the diameter of the normal vessel at the distal end of the stenosis. The center has been using Gateway-Wingspan system or Apollo stents from beginning to end. We selected all cases with the same surgical methods and instruments to join the study. A prospective and observational registration study of multicenter symptomatic intracranial artery stenosis stent treatment in China showed that there was no difference in the probability of primary outcome between patients treated with balloon-mounted stent and patients treated with self-expanding stent (15).


Table 1. Comparation between the Gateway-Wingspan system and the Apollo stent.

[image: Table 1]

According to the diameter and the length of the stenosis, the size of the Wingspan stent was selected (the stent extends at least 3 mm on both sides of the lesion). If the Apollo stent system was selected, the diameter of the Apollo stent was the same as that of the adjacent normal vessels (the smaller of the two sides of the stenosis) or slightly smaller (1:1 or 0.9:1), and the length of the stent was 1–2 mm longer than that of both sides of the target lesion. The guiding catheter was used for re-angiography.

All patients underwent computed tomography (CT) scans for bleeding or early cerebral infarction within 24 h after endovascular treatment. Dual antiplatelet therapy (clopidogrel 75 mg and aspirin 100 mg orally) and statins (atorvastatin 20 mg or rosuvastatin 10 mg orally) were generally continued for 6 months post-procedure, after which the intake of one antiplatelet agent was stopped. All medical management procedures were the same as that in the SMT group.




Follow Up

All patients were followed up by clinic visits or telephone interviews at 7 days, 1, 6 months, 1 year, and once a year after the start of medication or surgery. Neurologists perform detailed neurological assessments, including standardized assessment [National Institutes of Health Stroke Scale (NIHSS), Modified Rankin Score (mRS), etc.] and recorded any intermittent occurrence of ischemic symptoms. Ischemic stroke in the territory of the qualifying artery, hemorrhage, or death within 1 year were recorded as primary endpoints. Stroke severity and incidence of restenosis were assessed during the follow-up period. The neurological disability at baseline was defined by mRS. The deterioration of the severity of a stroke event during follow-up was defined by NIHSS. Ischemic stroke is divided into mild (non-disabling) stroke, defined as NIHSS score worsening of 3 points or less, or severe (disabling) stroke, if the baseline NIHSS score deteriorated by more than 3 points. For patients with neurological symptoms, brain imaging examinations, including CT angiography and DSA were performed. We calculated the degree of restenosis relative to the adjacent distal normal blood vessel diameter (WASID standard). Restenosis was defined as ≥ 50%. If the patient was diagnosed with restenosis, we classified the patient as symptomatic or asymptomatic. Hemorrhagic stroke was defined as an intracerebral hemorrhage, including parenchymal, subarachnoid, or intraventricular hemorrhage, which was related to seizures, symptoms, or signs, and lasted for at least 24 h. The differences between the two groups at 7 days, 1, 6 months, and 1 year were analyzed. The stroke rates and severe stroke rates in 1–12 months between the two groups were analyzed.



Statistical Methods

Using the SPSS 25.0 version statistical package (Armonk, NY: IBM Corp.), the measurement data were expressed as mean ± standard deviation ([image: image] s). The t-test was used to compare the two samples (medical group and PTAS group). The chi-squared test or Fisher's exact probability method was used to compare the enumeration data. Patients from PTAS group were used as a reference group in the Cox proportional hazards model to determine hazard ratios (HRs) as effect size measures, with their 95% confidence intervals (CIs). Primary event rates were compared between the two groups using the Cox proportional hazards model adjusted by sex, age, hypertension, diabetes mellitus, coronary heart disease, smoking history, qualifying ischemic events, qualifying artery, high-density lipoprotein (HDL), LDL, and mRS. P < 0.05 was considered as statistically significant. HRs > 1 implied greater risk of SMT therapy and HRs <1 implied greater risk of PTAS.




RESULTS

We included 238 patients with symptomatic severe IVBS; 62 patients were treated with SMT and 176 patients underwent PTAS for IVBS. In the PTAS group, stent angioplasty was successfully performed in 174 patients (Figures 1, 2). The success rate was 98.9%. The reasons for the two patients not being able to complete surgery were tortuosity of the proximal vertebral artery, and the guide catheter could not reach the V2 segment. The mean time from the last event to stenting in the PTA cohort was 61 days.


[image: Figure 1]
FIGURE 1. Representative images of cases of V4 before and after stenting (Apollo stent). (A) Digital subtraction angiography (DSA) revealed severe stenosis of the right intracranial vertebral artery (V4) before stenting (red arrow). (B) DSA revealed significant improvement in stenosis of the right intracranial vertebral artery (V4) after stenting (red arrow).



[image: Figure 2]
FIGURE 2. Representative images of cases of basilar artery (BA) before and after stenting (Gateway-Wingspan system). (A) Digital subtraction angiography (DSA) revealed severe stenosis of BA before stenting (red arrow). (B) DSA revealed significant improvement in stenosis of BA after stenting (red arrow).


Table 2 shows that there were no significant differences in sex, age, hypertension, diabetes mellitus, coronary heart disease, smoking history, cholesterol (HDL and LDL), or qualifying ischemic events (TIA or cerebral infarction) between the SMT and PTAS groups.


Table 2. Baseline characteristics of the participants between PTAS and SMT group.
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Except for the 7th day, the SMT group had a higher frequency of primary endpoint events than did the PTAS group (Table 3, Figure 3). Figure 3 shows that the primary endpoint rates in the SMT and PTAS groups were 4.8% (3/62) and 5.2% (9/174) at the 7th day (p = 1.000), 17.7% (11/62) and 8.6% (15/174) at the 1st month (p = 0.049), 29% (18/62) and 14.4% (25/174) at the 6th month (p = 0.01), and 32.2% (20/62) and 17.2% (30/174) at 1st year (p = 0.013), respectively. Although there was no significant difference in stroke rate from the 1st month to the 1st year between the SMT group (9/62, 14.5%) and the PTAS group (13/174, 7.5%), there was a significant difference in severe stroke rates between the SMT (6/62, 9.7%) and PTAS groups (0/174) (Table 4).


Table 3. Primary endpoints at 7 days, 1, 6 months, and 1 year.
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[image: Figure 3]
FIGURE 3. Comparison between the standardized medical treatment group and the percutaneous transluminal angioplasty and stenting group for the primary endpoints at 7 days, 1, 6 months, and 1 year. *p < 0.05.



Table 4. Comparison between early and delayed results in PTAS and SMT groups.
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Table 3 shows the primary end points and other major adverse events during the follow-up period in each group. On the 7th day, there was one cardiogenic death, five ischemic strokes, and three cerebral hemorrhages in the PTAS group. All ischemic strokes were caused by the responsible artery. All cerebral hemorrhages were post-operative and symptomatic. There was one fatal hemorrhage stroke and two ischemic strokes due to the responsible artery in the SMT group. From the 7th day to the 1st month, there were six patients with ischemic strokes (one fatal stroke) due to the responsible artery in the PTAS group. In the SMT group, there were eight patients with ischemic strokes (two fatal strokes) due to the responsible artery. Between 1st and 6th month, one patient died of heart disease and nine patients suffered ischemic strokes caused by the responsible artery in the PTAS group. In the SMT group, ischemic stroke in seven patients was caused by the responsible artery, including one fatal stroke. Between 6th month and 1st year, one patient died of heart disease and four patients had ischemic strokes caused by the responsible artery in the PTAS group. In the medical treatment group, two patients had ischemic strokes caused by a responsible artery, and both survived.

The mortality rates at 7th day, 1st, 6th month, and 1st year were as follows (PTAS group vs. SMT group): 0.6 vs. 1.6%, 1.1 vs. 4.8%, 1.7 vs. 6.5%, and 2.3 vs. 6.5%. Among the four deaths in the PTAS group, one resulted from the responsible artery, and the other three were cardiogenic deaths. In the SMT group, four were stroke-related deaths.

Of the 174 patients in the PTAS group, 145 underwent neurovascular imaging in the 1st year. Of 145 patients, 20 patients (13.8%) showed restenosis of the surgical segment of 50% or more. Among these patients, 12 (60%) were symptomatic and eight (40%) were asymptomatic. In symptomatic patients, ten patients resumed dual antiplatelet therapy for 3 months, and two patients underwent angioplasty alone. In asymptomatic patients, all eight patients resumed dual antiplatelet therapy for 3 months. During the 1-year follow-up period, no further stroke or death occurred in the patients who underwent angioplasty or medical treatment again (Table 3).

Table 5 shows primary event rates which were compared between the PTAS group and SMT group using the Cox proportional hazards model adjusted for sex, age, hypertension, diabetes mellitus, coronary heart disease, smoke history, qualifying ischemic events, qualifying artery, HDL, LDL, and mRS. When no adjustment factors were added, PTAS group had a lower risk of primary endpoint compared with that of SMT group (HR, 2.04; 95% CI, 1.16, 3.59; p = 0.014). After adjusting for other factors, the difference was still significant (HR, 2.22; 95% CI, 1.22, 4.05; p = 0.009). The adjusted factors had no effect on the incidence of primary endpoint events.


Table 5. Comparison of the primary endpoints using the Cox proportional hazards model adjusted by various factors.
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DISCUSSION

In this study, we found significant differences in the primary endpoint event rates between PTAS and SMT in patients with symptomatic IVBS at 1, 6, and 12 months, which suggests that PTAS could be superior to SMT. On follow-up, the rate of severe stroke rate from the 1st to 12th month after stenting was very low at 0% in the PTAS group, while it was high to 9.7% in the SMT group. In addition, the restenosis rate of the surgical segment in the PTAS group was 13.8% in the first year, and among these patients, 60% were symptomatic restenosis, and 40% were asymptomatic restenosis.

PTAS showed an advantage in patients with symptomatic IVBS, which was inconsistent with the results of the SAMMPRIS and VISSIT trials. These studies showed that active medical treatment was superior to PTAS for patients with intracranial artery stenosis (9, 10). An analysis of the SAMMPRIS trial on the posterior artery subgroup showed that 2-year endpoint event rates were higher in the PTAS group than in the medical group (27% vs. 9.8%) (16). In the present study, the 1-year endpoint event rate was 32.2% for all patients in the medical group. The higher risk of end point event rate may be due to unsatisfactory implementation of SMT in this study. First, all patients were treated with aspirin and clopidogrel double antiplatelet aggregation. However, some studies have shown that gene mutations in Chinese people (more than 50%) affect the antiplatelet efficacy of clopidogrel (17). In this study, only individual patients were performed platelet function testing, those patients were excluded from this study in order to avoid affecting the results. Second, the patients came from all parts of Shandong Province. During follow-up, the medication of some patients could not be completely unified because the drug manufacturers were different, which may lead to a reduction in drug efficacy, and was quite common in real-world China. Third, most patients were not treated by local hospitals due to complex conditions. In contrast, in the SAMMPRIS trial, a randomized controlled trial, the vast majority of patients were non-Asians, and great efforts have been made to control the interference factors (18). This type of aggressive medical treatment is difficult to carry out in the real world. This result suggests that medical treatment needs to be strengthened, so that patients can benefit from medical treatment in the real world.

In this study, the stroke recurrence or death rate for all patients in the PTAS group was 8.6% at 30 days after the procedure, and the annual rate was 17.2%, which was consistent with the results of previous studies on posterior circulation. A meta-analysis indicated that PTAS was associated with an 8% incidence of stroke recurrence or death in patients with IVBS within 30 days after the procedure (19). A study showed that stenting for symptomatic IVBS, the primary outcome of 30-day stroke, TIA, or death was 7.2% (13). Another meta-analysis of stroke recurrence rates in symptomatic IVBS patients showed that the risk of annual stroke recurrence or death was 14.8% (3). The WEAVE trial showed that in 152 patients with symptomatic ICAS (stenosis from 70 to 99%), there were 4 (2.6%) patients with stroke, bleeding, or death events within the 72 h after the procedure (11). In the WOVEN Trial, the natural extension of the WEAVE Trial, there were 11 strokes or deaths (8.5%) in 129 patients at 1-year follow-up (12). These studies suggest that through best practice and careful patient selection, the incidence of perioperative complications in symptomatic ICAS patients who receive stent implantation can be maintained at a low level, and the long-term effect of stent implantation may be comparable to or better than drug treatment alone. In this study, the mean time from the last event to stenting in the PTA cohort was 61 days. This may be one of the reasons for the lower rate of complications in the PTAS group. A study showed that patients with delayed (> 14 days) ICAS stenting had a lower risk of long- term cerebral vascular events than those in whom the procedure was carried out <14 days of the qualifying event (20). Although there was no significant difference in stroke rates from the 1st to 12th month between the SMT (9/62, 14.5%) and PTAS groups (13/174, 7.5%), there was a significant difference in the rate of severe stroke between the PTAS (0%) and SMT groups (9.7%). The rate of severe stroke in the PTAS group showed a very low incidence of long time, as it was 0.8% in the WOVEN trial, and in the stenting arm of SAMMPRIS at 2.2% (12). This result suggests that symptomatic IVBS patients with stenting have a lower trend of delayed severe strokes than do patients with SMT. Patients with IVBS who receive stent therapy may have better long-term neurological function recovery and lower disability rates. Nevertheless, larger randomized trials are required to verify these findings.

All three cases of cerebral hemorrhage in the PTAS group occurred within 7 days after the surgery. In PTAS, the increased risk of rupture may be due to the following: (1) the thin wall of the intracranial arteries (21); (2) the intracranial arteries located in the cerebrospinal fluid of the subarachnoid cavity with no tissue around them; (3) the perforating arteries of the intracranial arteries and the possible damage of these arteries during stent placement (22); and (4) the experience of the operator is another important factor that affects the outcome of stent therapy. To reduce the risk of stroke recurrence or death, the technology needs to be improved based on the above characteristics in the future.

In the first year, the restenosis rate of the surgical segment in the PTAS group (13.8%) was similar to that in the WOVEN study (15.2%) (12). Among restenosis patients, 60% were symptomatic, which showed that in-stent restenosis was an important cause of recurrent stroke after PTAS in symptomatic IVBS patients. In future studies, the development of new technologies, new materials, or new drugs to reduce the rate of restenosis of stents may help reduce the incidence of stroke after stenting.

In this study, the duration of DAPT in the PTAS group was different from that in the SMT group. However, this discrepancy should not lead to misinterpretation of the results. A study showed that there was a tendency toward lower rate of any ischemic stroke in the patients who used DAPT beyond 90 days, but the difference was not statistically significant (23). Different from the high-dose applications of statins in Europe and America, the low doses of statins were used in this study. The results of the HPS2-THRIVE study showed that under the same dose of statin treatment, the incidence of liver adverse reactions in patients with cardiovascular disease in China was significantly higher than that in European patients, and the incidence of elevated liver enzymes was higher in European patients, and the risk of myopathy was 10 times higher than that in Europeans (24). The results of CHILLAS showed that high-intensity statins did not benefit Chinese patients more (25). Therefore, in China, moderate-intensity statins (atorvastatin 20 mg or rosuvastatin 10 mg) are used clinically.

This study was a retrospective real-world study for symptomatic IVBS in a Chinese population. It is a double-arm study with a medical group and a stent group, which has been less frequently used in previous studies. Nevertheless, this study has several limitations. First, this was a single-center retrospective study. The procedures of the medical treatment and PTAS were not random, which increased the possibility of bias. Second, the number of patients was small to be further divided into subgroups, which may have resulted in failure to investigate subgroups that benefit from medical treatment or PTAS. Although these limitations may compromise the conclusions, large multicenter randomized clinical trials may effectively confirm or refute these conclusions in the future.

In conclusion, in real-world China, PTAS for patients with symptomatic IVBS may be superior to SMT, have better long-term neurological function recovery, and lower disability rate. In the real world, medical management needs to be strengthened to benefit more patients. These findings need to be confirmed or refuted by randomized controlled clinical trials.
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Background: The ideal treatment for patients who survive from acute vertebrobasilar artery occlusion but develop aggressive ischemic events despite maximal medical therapy in the early non-acute stage is unknown. This paper reports the technical feasibility and outcome of staged endovascular treatment in a series of such patients with symptomatic intracranial vertebral artery occlusion.

Methods: Ten consecutive patients who presented with aggressive ischemic events in the early non-acute stage of intracranial vertebral artery occlusion from Jan 2015 to Nov 2020 were retrospectively reviewed. Among them, eight male and two female patients with a mean age of 66.7 years developed aggressive ischemic events, and the NIHSS score was elevated by a median of 7 points despite medical therapy. All patients received staged endovascular treatment 4–21 days from onset, at an average of 11 days. The strategy of staged treatment was as follows: first, a microwire was passed through the portion of the occlusion, which was then dilated with balloon inflation to maintain the perfusion above TICI grade 2b. Then, with the use of antiplatelet drugs, the residual intravascular thrombus was gradually eliminated by the continuous perfusion and an activated fibrinolytic system, leaving the residual stenosis. A second stage of angioplasty with stent implantation was subsequently performed if residual stenosis was ≥50%. The NIHSS scores and mRS scores were compared between pre- and post-endovascular treatment groups and in the follow-up period.

Results: Technical success was achieved in 9 patients who received staged endovascular treatment (perforation occurred in one patient during the first stage). The NIHSS scores were significantly improved, with a median score 7 points lower on discharge compared with the scores for the most severe status. Favorable outcomes with mRS score ≤ 2 were achieved in 7 and 9 patients at the 3-month follow-up and the latest follow-up, respectively, which was better than the preoperative status.

Conclusion: Staged endovascular treatment might be a safe, efficient, and viable option in carefully selected patients with symptomatic intracranial vertebral artery occlusion in the early non-acute stage. However, this needs to be confirmed by further investigation, preferably in a large, controlled setting.

Keywords: occlusion, endovascular treatment, recanalization, vertebral artery, staged


INTRODUCTION

Acute vertebrobasilar artery occlusion is a serious condition with high mortality rates that range from 80 to 95% (1). Thrombolysis and/or mechanical thrombectomy has historically achieved rates of recanalization of 45–78%, which provides the patients with favorable functional outcomes (2). However, effective therapies for acute treatment of ischemic stroke rely on timely restoration of the blood supply to salvageable brain tissue. Currently, only 10–20% of stroke patients in China reach the hospital within 3 h of the stroke onset (3). In addition, fewer than 3% of patients receive intravenous thrombolysis, a proportion much lower than that in high-income countries (4). A subset of patients with vertebrobasilar artery occlusion survive the acute events without endovascular recanalization due to the leptomeningeal collaterals; however, as the collaterals usually fail to provide sufficient perfusion during periods of increased oxygen demand, the patients may develop recurrent or aggressive ischemic events and progressive disability in the early non-acute stage (>24 h) despite intensive medical therapy. These patients miss the optimal period for endovascular recanalization, and extracranial-intracranial bypass treatment is not recommended in such cases because of technical challenges and a high risk of morbidity and mortality (5, 6). Herein, we report our experience with staged endovascular treatment in such patients.



METHODS


Patient Enrollment

We retrospectively reviewed our maintained neurointerventional database for cases from January 2015 to November 2020 at Peking University First Hospital, Beijing. We identified consecutive cases of the intracranial vertebral artery occlusion in the early non-acute stage in our database. According to the results of the DAWN clinical trials, the time window of thrombectomy can be extended to 24 h (7), and the thrombosis is almost organized about 1 month after the occlusion (8), therefore, we defined the “early non-acute stage” as the time from 24 h to 1 month after the onset of ischemic stroke. Ten patients receiving endovascular treatment in this stage were enrolled in this study, including 8 males and 2 females with a mean age of 66.7 years (range: 52–78 years) (Table 1). All patients had high-risk factors for stroke (Table 1), and they all suffered typical ischemic symptoms of posterior circulation, such as vertigo, ataxia, dysarthria, blurred vision, facial paralysis, dysphagia and weakness. The National Institute of Health stroke scale (NIHSS) score at onset ranged from 3 to 11, with a median of 6. None of these patients had undergone intravenous thrombolysis or mechanical thrombectomy in the acute phase of infarction. Magnetic resonance imaging (MRI) or computed tomography (CT) examinations showed new or recent infarctions in the territory of the vertebrobasilar artery. All patients received CT angiography (CTA) or magnetic resonance angiography (MRA) examination, which confirmed that the dominant intracranial vertebral artery was occluded and that the contralateral vertebral artery was occluded, hypoplastic, or severely stenotic. Although intensive medical therapy and strict control of risk factors were used, these patients experienced elevated NIHSS scores and severe neurological manifestations such as disturbance of consciousness and hemiplegia. The NIHSS scores were 4–10 points higher in the most severe stage than at onset, with a median increase of 7 points. Because of the aggravation of symptoms despite extensive medical treatment, these patients ultimately received neuroendovascular treatment. The time between symptom onset and endovascular recanalization ranged from 4 to 21 days, with an average of 11 days (Table 1). Each patient himself or his or her family members were authorized to sign an informed consent form, and the protocol for this recanalization study was approved by our institutional ethics committee (No. G202037).


Table 1. Baseline characteristics of the enrolled patients.
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Strategy of Endovascular Treatment
 
Inclusion and Exclusion Criteria

The inclusion criteria for recanalization treatment were as follows: (1) patient age >18 years and <80 years; (2) the patient had evidence of infarctions related to intracranial vertebral artery distribution on MRI; (3) the patient was in an early non-acute stage of intracranial vertebral artery occlusion; (4) the unilateral or dominant intracranial vertebral artery was completely occluded together with total occlusion, hypoplasia, absence, or severe (≥70%) stenosis of the contralateral vertebral artery; (5) the patient had severe neurological manifestations refractory to maximal medical therapy, including double antiplatelet therapy plus a statin use and management of risk factors (e.g., smoking, drinking, diabetes, hyperlipidemia and hyperhomocysteinemia); (6) the patient had at least one atherosclerotic risk factor; and (7) the grade of collateral flow was ≤3 (according to the modified grading system of the American Society of Interventional and Therapeutic Neuroradiology) (9).

The exclusion criteria were as follows: (1) non-atherosclerotic occlusion, e.g., arterial dissection or vasculitis; (2) intracranial hemorrhage on CT or MRI; (3) known allergies or contraindication to aspirin, clopidogrel, heparin, tirofiban, contrast medium, metal, etc.; (4) life expectancy <1 year due to other diseases, such as malignant tumors; and (5) other conditions that were unconducive to general anesthesia or surgery.



Neurointerventional Procedure

All patients were scheduled to receive two stages of endovascular treatment. In the first stage, the procedure was performed under local anesthesia. Heparin was given as an anticoagulant throughout the procedure in all cases to maintain an activated clotting time between 250 and 300 s. Cerebral angiography was first performed to evaluate the condition of all cerebral arteries and collateral perfusion. After confirmation of the occlusive lesion, which usually included the V3 and V4 segments of the vertebral artery, a 6F guiding catheter (Envoy, Cordis, USA) was placed in the distal V2 segment. Then, an Echelon-10 microcatheter (Medtronic, USA) or an Excelsior SL-10 microcatheter (Stryker Neurovascular, USA) with the support of a Pilot-50 microwire (Abbott, USA) or a Synchro 14 microwire (Stryker Neurovascular, USA) was advanced through the occlusive lesion. Once injection confirmed that the microcatheter was in the true lumen of the distal part, a 300-cm-long Transend 300 Floppy microwire (Stryker Neurovascular, USA) was advanced to replace the microcatheter. Then, a Gateway angioplasty balloon (Stryker Neurovascular, USA) was placed at the site of the occlusion and inflated from the distal part to the proximal portions. Anterograde flow through the occluded portion was graded using the Thrombolysis in Cerebral Ischemia (TICI) grading system (10). Technical success in this stage was determined by recanalization with a TICI grade of ≥2b. If the TICI grade was <2b or the perfusion did not remain stable for over 30 min during the observation, one or more additional balloons could be used and inflated in the same way until the TICI grade was ≥2b; meanwhile, a bolus dose of tirofiban was injected through the guiding catheter, and then additional tirofiban was continuously infused intravenously for 48 h. Throughout the treatment process, we communicated with the patients to monitor their discomfort and conducted timely physical examinations if necessary.

After the first stage of endovascular treatment, a head CT scan was performed in the first 24 h after intervention. Intravenous injection of tirofiban was routinely used for 48 h, and preoperative drugs were maintained. Blood pressure was controlled below 140/90 mmHg. Follow-up CTA, MRA or transcranial Doppler (TCD) was performed once a week after the recanalization procedure. If the thrombus in the intracranial vertebral artery was eliminated and the residual stenosis was more than 50% or if there was a dissection in the portion with stenosis, a second stage of the neurointerventional procedure was performed. Nine patients with residual stenosis <50% received a second stage of endovascular treatment, and one patient had complication of dissection. The average interval between the two endovascular treatments was 15.6 d (11–25 d) (Table 2).


Table 2. Clinical summary of 9 patients undergoing staged neuro-endovascular recanalization.
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In the second stage of endovascular treatment, the procedure was performed under general anesthesia. A 6F guiding catheter was placed in the V2 segment of the vertebral artery, and then a microwire was advanced through the stenotic lesion. A Gateway balloon was placed in the lesion and inflated, and then a balloon expanding Apollo stent (MicroPort Medical, Shanghai, China) or a self expanding nitinol Wingspan stent (Stryker Neurovascular, USA) was released across the stenotic lesion. Post-balloon inflation was performed if there was more than 40% residual stenosis. After the second stage of neurointerventional therapy, dual antiplatelet drugs were maintained for at least 6 months, and aspirin alone was given every day thereafter. Rehabilitation treatment was recommended for patients with functional disability (Illustrative case in Figure 1).
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FIGURE 1. Imaging studies of case 1. Axial FLAIR MRI sequences showed ischemic infarctions in the pons (A) and bilateral cerebellum (not shown here). The right vertebral artery was hypoplastic (B), and the left vertebral artery was occluded from the V3 segment onward (C). The right PCOM supplied the PCA with retrograde flow to the top of the BA (D). In the first stage of endovascular treatment, the left intracranial vertebral artery was recanalized by passing a microwire through and dilating a balloon in the stenotic region; some thrombus material remained on the vessel wall (white arrow) (E). In the second stage of endovascular treatment, vertebral angiography showed that the thrombus had disappeared, leaving only the primary stenosis (F), which was fully resolved by angioplasty with stenting (G). Follow-up MRA performed 6 months later showed that the perfusion of the left intracranial vertebral artery and BA was unobstructed (H). MRI, magnetic resonance imaging; FLAIR, fluid-attenuated inversion recovery; PCOM, posterior communicating artery; PCA, posterior cerebral artery; BA, basilar artery; MRA, magnetic resonance angiography.





Follow-Up Study and Statistical Analysis

All patients were followed up regularly. The modified Rankin Scale (mRS) and NIHSS scores were applied before endovascular treatment, at discharge and at follow-up. CTA, MRA or cerebral catheter angiography was performed at the 6-month or 1-year follow-up.

SPSS 16.0 statistical software was used for analysis. The Wilcoxon signed rank test was used to compare the NIHSS and mRS scores before the operation, at discharge and during the follow-up. The difference was statistically significant if P < 0.05.




RESULTS

Cerebral catheter angiography showed that all the 10 patients suffered occlusion of the intracranial vertebral artery on the dominant side. The occlusion sites included the V4 segment of the vertebral artery in 4 patients, originating at the V4 segment and extending to the V3 segment in 5 patients, and originating at the V4 segment and extending to the V2 segment in one patient. Collateral perfusion of the posterior circulation commonly came from the posterior communicating arteries (PCOMs) (5/10) and hypoplastic or stenotic contralateral vertebral arteries (3/10). Technical success of recanalization during the first stage was achieved in 9 cases, in whom the final perfusion was achieved at least on TICI 2b. The procedure failed in 1 patient (case 4) due to microwire perforation of the vertebral artery. Although the patient didn't suffer a symptomatic deterioration after the operation, he died of pneumonia and respiratory failure 3 months after discharge. Another patient (case 3) experienced asymptomatic dissection of the intracranial vertebral artery after the first stage of endovascular treatment (Illustrative case in Figure 2). The mean interval time between the two stages of neuroendovascular treatment was 15.6 d (11–25 d), and during which there were no hemorrhagic complications. Angiographic examination revealed that the residual thrombi in the vertebral arteries were all eliminated, leaving severe stenosis (>50%) in all patients. Then, the patients underwent angioplasty with stent implantation, during which nine stents were implanted, including 6 balloon-expanded Apollo stents and 3 self-expanding Wingspan stents. One patient (case 6) experienced aggressive headaches and disturbed consciousness after stent implantation, and a CT scan showed subarachnoid hemorrhage (SAH) around the pons and medulla associated with moderate hydrocephalus. The patient recovered well with ventricular drainage and rehabilitation. Among the 10 patients, symptoms and NIHSS and mRS scores had improved in 9 at the time of discharge. The NIHSS scores were significantly improved by a median of 7 points on discharge compared with the scores for the most severe status (P < 0.05). The patients were followed up for a mean of 12.8 months (range: 5–36). Excluding the patient who died (case 4), the median mRS scores were 2 (range: 0–3) at the 90-day follow-up and 1 (range: 0–2) at the latest follow-up, both of which were much better than the median score before the first stage of endovascular treatment (range: 4–5; median: 4) (P < 0.05). Angiographic follow-up was available for 7 patients, most of whom had no or mild in-stent stenosis (Table 2).
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FIGURE 2. Imaging studies of case 3. CTA in a local hospital showed severe stenosis of the right intracranial vertebral artery 6 months before admission (A). Axial T2-weighted MRI showed ischemic infarction in the right cerebellum (B). The left intracranial vertebral artery was occluded, and the BA was supplied by the anastomotic branches and leptomeningeal collaterals (C). The right intracranial vertebral artery was occluded from the V3 segment onward (D). In the first stage of endovascular treatment, the right intracranial vertebral artery was recanalized by balloon inflation (E), and stable perfusion was achieved after sufficient dilation with 3 balloons; however, some thrombus remained on the vessel wall (F). CTA performed 1 week later showed intraluminal thrombus and a dissection in the right intracranial vertebral artery (G). Two weeks later, CTA showed that the thrombus had decreased significantly, leaving a dissection and residual stenosis (H). Angiography performed in the second stage confirmed that the thrombus had disappeared and that there was a dissection (white arrow) and residual stenosis in the V4 segment of the intracranial vertebral artery (I); the dissection and stenosis were resolved by a Winspan stent (J). Follow-up angiography performed 12 months later showed moderate stenosis in the proximal part of the stent (K). CTA, computed tomography angiography; MRI, magnetic resonance imaging; BA, basilar artery.




DISCUSSION

Acute vertebrobasilar artery occlusion is a life-threatening condition and requires immediate treatment. Despite recent advances in stroke care, the rate of poor outcomes for those with vertebrobasilar artery occlusion remains high (11). In 2016, a meta-analysis of 5 recent landmark endovascular therapy trials confirmed the superiority and better outcomes of mechanical thrombectomy in large-vessel occlusion for acute anterior circulation strokes (12). Several subsequent trials showed that high rates (ranging from 79 to 96.86%) of successful reperfusion and favorable outcomes could also be achieved in acute vertebrobasilar artery occlusion patients (13–15). Subsequent studies also showed that the window for thrombectomy in cases of acute ischemic stroke could be carefully extended to 24 or 16 h (7, 16, 17). However, there are still limited studies reporting on the ideal treatment strategy in patients presenting more than 24 h from stroke symptom onset. Some patients survived the acute stage of vertebrobasilar artery occlusion because of the collateral flow but developed aggressive ischemic events and progressive disability in the following stage despite receiving maximal medical therapy. A prior study by our group has reported carotid-vertebral artery bypass with saphenous vein grafts for symptomatic V1 segment occlusion (18). However, for patients with intracranial vertebral artery occlusion, bypass surgery is risky and technically challenging (5). Although it has been reported that multiple stenoses or occlusions in the posterior circulation might hide an underlying inflammatory vascular disease, which might increase the interventional risk (19), some researchers have attempted to recanalize the occluded intracranial vertebral artery with endovascular therapy in the non-acute stage.

There is limited literature reporting on interventional therapy for large occluded intracranial vessels beyond the acute phase (1, 2, 20, 21). In a recent study, Gao et al. summarized six previous studies on endovascular recanalization for non-acute occlusions after 2009 (21). In the seven reported studies, including the cases reported by Gao et al. there were 72 patients with early non-acute (6) or chronic (66) occlusion of the intracranial vertebral artery or basilar artery who received endovascular treatment, and the success rate of the technique was 93% (67 in 72 cases), with a mortality rate of 1.39% (1 in 72 cases). In our case series, the technical success rate was 90%, and the mortality was 0% at discharge. Complications occurred in 2 patients: asymptomatic intracranial vertebral artery dissection in one patient and subarachnoid hemorrhage in the other patient (case 6), which might be associated with heavy calcification in the intracranial vertebral artery because a recent study showed that larger vertebrobasilar artery calcification volumes were a significant predictor of reduced technical success and functional independence and increased mortality (22). Although our results seemed encouraging, it should be emphasized that revascularization of intracranial vertebral artery occlusion in the early non-acute stage is a high-risk procedure.

The major technical challenge during the first stage of endovascular recanalization is traversing the occlusion site with a microwire. Gao et al. indicated that preoperative high-resolution MRI (HRMRI) and simultaneous two-vessel injection during the recanalization procedure might be helpful in guiding the wire to the distal cavity (21). HRMRI is helpful in the diagnosis of intracranial vertebral artery occlusion and luminal thrombosis and can help to identify the subset of patients with high embolism risk before the procedure (23). Simultaneous two-vessel injection is a good technique for helping the surgeon advance the microwire to the true lumen of the distal vessel. In our case series, this technique was not conducted because the procedure of recanalization procedure was performed under local anesthesia, as slight movements make the road map images unclear. It is critical to communicate with the patient frequently during the procedure. If the patient complains of pain, sweating, nausea, or vomiting, it usually indicates that the microwire has penetrated the blood vessel wall. In our case series, there were two patients (case 3 with dissection and case 4 with perforation) with intraoperative complications. Both of these patients complained of pain as the microwire was being advanced through the occlusion, and sweating and vomiting occurred in case 4. We suspect that patients' self-reports might be more accurate and occur earlier than indications from angiography in reflecting whether the microwire is in the true lumen.

Treatment of early non-acute thrombi is the key to recanalization. In the acute stage, it is advisable to use recombinant tissue plasminogen activator for thrombolysis or mechanical thrombectomy because the thrombus is not firm. In the chronic stage, as the thrombus is well-organized and strongly adhered to the vessel wall, the key point of recanalization is to pass the microwire through the occluded lesion, and there is no need to deal with the organized thrombus except for performing balloon inflation. There are no reports in the literature regarding how to deal with an intravascular thrombus in the early non-acute stage of occlusion, as recanalization treatment is a relatively contraindicated in this stage, and there is a considerable risk of hemorrhagic conversion with early revascularization. In our previous cases involving anterior circulation, we attempted thrombectomy with aspiration and a stent retriever, which failed because the thrombus had a gum-like consistency. New-generation aspiration devices with larger bores and stronger suction force might be useful in clearing the thrombus from the proximal part of the original stenosis (24); however, we speculate that there could be many thrombi in the distal part of the stenoses due to the absence of continuous perfusion, and the aspiration catheter should not be placed over the original stenotic part to aspirate the distal thrombus as this would be dangerous and might result in dissection or thrombus translocation. In our research, we found that the thrombus in the early non-acute stage could be inflated by a balloon without translocation, and the anterograde flow could be achieved stably. Furthermore, these thrombi could be slowly eliminated through sustained blood flow, an activated human fibrinolytic system, and antiplatelet drugs. Among the 9 patients undergoing staged treatment, thromboembolisms did not occur during our observation, suggesting that thrombus elimination with drugs and the patient's own fibrinolytic system is safe. CTA or MRA can clearly show the intraluminal structure, including the dissection and thrombolysis (25–27). Through weekly CTA or MRA examination, we observed that the time to complete thrombus elimination was ~2 weeks, depending on the length of the thrombus, the time from occlusion, the degree of perfusion recovery and the response of patients to antiplatelet drugs. After thrombus elimination, angioplasty with stenting in the severe residual stenotic area becomes straightforward.

Although staged treatment increases the length of hospitalization, our strategy still has some advantages. First, after the initial intervention treatment, there is usually moderate to severe residual stenosis due to the residual thrombus, which limits the perfusion to the basilar artery and reduces the risk of hemorrhagic conversion. Second, in the later stage, the stent does not need to be implanted if the residual stenosis is not severe or only one stent needs to be deployed in the residual severely stenotic portion; thus, it is not necessary to use multiple stents to cover the thrombus, as it would be if only one stage of treatment were performed. Third, our strategy avoids the deployment of stents in the atlantoaxial segments of the vertebral artery, where stents may be develop fractures or in-stent occlusion in the long term as a result of cervical movement. Finally, our study showed good outcomes with an acceptable rate of technical success and a low rate of severe complications.

There are also many limitations in our study. First, the number of subjects was small (n = 10). Future studies with a greater number of included subjects could provide more persuasive evidence. Second, this is a retrospective study and lacks a control group, and therefore, it does not definitively show that staged intervention is more beneficial than other treatment strategies. Third, after revascularization in the first stage, we injected a loading dose of tirofiban into the blood vessel and maintained it for 48 h. Although recent research conducted by Quan et al. showed that low-dose tirofiban did not increase the risk of symptomatic intracranial hemorrhage or 90-day mortality in endovascular treatment of acute intracranial vertebrobasilar artery occlusion (15), its safety, effectiveness and necessity in the early non-acute stage of occlusion recanalization need to be further confirmed. Forth, some recent studies have shown that simultaneous endovascular recanalization and stent implantation may be safe and effective for such patients (23). However, how to select these patients and avoid the risks of hemorrhagic transformation needs further research. Fifth, in this study, we used TICI grading as a measure of technical success for posterior circulation, which is mostly commonly used for anterior circulation. Although some other authors have also used this grading system, AOL might be better in evaluating the posterior circulation (23, 28). Sixth, NIHSS is not ideal to assess stroke in the posterior circulation, because several manifestations of stroke in the posterior circulation, such as vertigo, vomiting, gait instability, and truncal ataxia, are not represented on the NIHSS scale (29). Furthermore, the several angiographic examinations of CTA or catheter angiography increase the risk of renal injury in patients. Finally, as there was variability in the types of stents used (balloon-mounted and self-expanding stents), the durability of stents in this context is also unclear and needs to be further studied. However, our results are encouraging, with a high recanalization rate and a low rate of significant intracranial hemorrhage. Our strategy may be considered an option in a highly select group of patients who have aggressive ischemic events or symptoms despite maximal medical therapy. The effectiveness of this approach in the prevention of progressive strokes and in the improvement of long-term outcomes should be evaluated prospectively in the future.



CONCLUSIONS

Our report based on a small case series suggests that staged neuroendovascular treatment of intracranial vertebral artery occlusion in the early non-acute stage is feasible, with an acceptable rate of technical success and a low rate of complications. However, its efficacy and safety need further investigation, preferably in a randomized controlled setting.
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Background: Despite advances in non-invasive imaging, the characterization of atherosclerotic plaque remains superior with frequency-domain optical coherence tomography (FD-OCT) in the clinical coronary and experimental cerebrovascular literature. An assessment of the feasibility and safety of FD-OCT for intracranial atherosclerotic stenosis (ICAS) is desirable.

Methods: We analyzed a cohort of all consecutive FD-OCT evaluations for ICAS performed at our institution from April 2017 to August 2018 (16 months) in patients who suffered from transient ischemic attack (TIA) or non-disabling stroke despite optimal medical management within 90 days of admission attributable to angiographically verified 70–99% stenosis of an intracranial artery.

Results: Thirty-three patients harboring 36 lesions with an average age of (57.6 ± 7.1) years (male sex 27 cases) comprising nine cases of lesions located within the anterior circulation and 24 cases within the posterior circulation were identified. Of the 33 patients with 36 lesions, the FD-OCT imaging catheter detected 35/36 (97%) lesions except in one case in which the FD-OCT catheter failed to navigate excessively tortuous vessels, and FD-OCT images in 27 patients (81.8%) were finally obtained successful, where the target lesion was fully visible, and image quality under at least one pullback was graded 2 or 3. There were no symptomatic complications. Blood flow was the most common artifact encountered (51.9%).

Conclusion: FD-OCT is safe and feasible for the assessment of ICAS in the anterior and posterior circulation. The use of diagnostic interferometry will have to be weighed against its cost, and these preliminary findings should be verified by prospective large-scale studies.

Keywords: intracranial stenosis, ischemic stroke, optical coherence tomography, percutaneous intervention, vertebrobasilar insufficiency


INTRODUCTION

Intracranial atherosclerotic stenosis (ICAS) is a major worldwide cause of stroke, accounting for 30–50% and 8–9% ischemic events in Asians and Caucasians, respectively (1, 2). Its presence is accurately diagnosed by conventional imaging modalities including computed tomography angiography (CTA), magnetic resonance angiography (MRA), and digital subtraction angiography (DSA). However, these methods are insufficient for the characterization of plaque composition. Novel non-invasive methods have achieved some success in this domain, such as high-resolution vessel wall magnetic resonance imaging (HR VW-MRI), which can depict morphology and determine the location of plaque relative to branch artery ostia. However, even its sub-millimeter resolution (typically <0.7 mm) does not always completely satisfy the clinical need for plaque characterization (3–6).

Frequency-domain optical coherence tomography (FD-OCT) is a relatively new intravascular imaging modality in the neuroendovascular armamentarium with ultra-high resolution (approximately 10 μm), which can offer expanded spatial detail of plaque characteristics. The scope of FD-OCT has extended from the coronary arteries to the peripheral and cerebrovascular circulation within the last 10 years (7–13). Of late, there have been several reports regarding its application within intracranial arteries in carefully selected patients (14–19). However, the data surrounding feasibility and safety in the context of ICAS assessment are still limited. In this study, we report our preliminary experience of FD-OCT in the largest cohort of ICAS patients of which we are aware of.



METHODS


Patient Selection and Study Design

We analyzed a prospective cohort of all consecutive FD-OCT evaluations for ICAS performed at our institution from April 2017 to August 2018 (16 months). These patients all suffered from transient ischemic attack (TIA) or non-disabling stroke despite optimal medical management within 90 days of admission. Ischemic events were attributable to angiographically verified 70–99% stenosis of an intracranial artery based on Warfarin-Aspirin Symptomatic Intracranial Disease (WASID) criteria (20). Percutaneous transluminal angioplasty and stenting (PTAS) was performed with a balloon-mounted stent or self-expandable stent. Clinical data including patient age, gender, National Institutes of Health stroke scale (NIHSS), serum creatinine, Mori type, and operative time were recorded. The study protocol was approved by our ethics committee, and written informed consent was obtained from all patients. The study was approved our Research Ethics Board.



Frequency-Domain Optical Coherence Tomography Techniques in Intracranial Atherosclerotic Stenosis

FD-OCT images were obtained with the Ilumien Optis System (St. Jude Medical, St. Paul, MN, USA) employing a non-occlusive technique. The procedure was performed under general anesthesia. A 6F Navien distal intracranial catheter (Medtronic, Irvine, CA, USA) with an 8F ENVOY guiding catheter (Codman Neurovascular, Raynham, MA, USA) was advanced to the distal part of V2 segment of the vertebral artery or C1 of the carotid artery via transfemoral approach. Then, a 0.014-in. Transcend microwire (Stryker, Kalamazoo, MI, USA) was introduced into the vessel and passed through the site of stenosis with the guidance of an Echelon-10 microcatheter (Medtronic, Minneapolis, MN, USA). The tip of the microwire was navigated to either the P2 segment of posterior cerebral artery (PCA) for posterior circulation cases or M2 segment of middle cerebral artery (MCA) for anterior circulation cases. The Echelon microcatheter was exchanged for a 2.7F Dragonfly Duo OCT catheter (St. Jude Medical, St. Paul, MN, USA), and the imaging catheter was positioned distal to the index region of interest using a standard “monorail” approach. The catheter was used at two different scanning ranges, 75 and 54 mm. The 75-mm scanning length was employed for longer lesions, the higher-detail 54-mm range was chosen by default, and the pullback speed was set to 18 mm/s.

OCT acquisition was performed using the automatic injection system (Mark V ProVis; Medrad Interventional/Possis, Warrendale, PA, USA) in the first 20 patients. Nine milliliters of iso-osmolar Visipaque contrast medium (GE Healthcare, Cork, Ireland) was injected through an Navien catheter at a rate of 3 ml/s at 200 psi. Acquisition was achieved by hand injection of the same volume contrast medium in the last 13 patients. Pullback was trigged as soon as the blood was completely replaced by the contrast medium distal to the interested region. During image acquisition, continuous images were stored digitally for subsequent analysis.



Frequency-Domain Optical Coherence Tomography Image Analysis

The image quality of all FD-OCT pullbacks was assessed by two experienced investigators (LL and BY), graded on a predefined four-category scale as proposed in the coronary literature (21). If <10% of cross sections in a pullback were considered suitable to be analyzed, the image quality was defined as grade 0; if 10–50% of cross sections in a pullback were suitable, the image quality was defined as grade 1; if 51–90% of cross sections in a pullback were suitable, the image quality was defined as grade 2; and if >90% of cross sections in a pullback were suitable, the image quality was defined as grade 3.

Examination was considered successful when (1) image acquisition could be adequately performed, (2) the target lesion was fully visible, and (3) the image quality under at least one pullback was graded 2 or 3. Examination was considered unsuccessful if (1) image acquisition could not be performed due to technical or anatomical problems, or (2) the target lesion could not be reliably assessed, or (3) image quality in all pullbacks was graded 0. Examination was considered partially successful if image quality under at least one pullback was graded 1, and at least a part of the region of interest could be assessed.



Artifact Definition

OCT rotational artifact was defined as an apparent misalignment of the lumen border due to rapid axial rotation of the imaging catheter during pullback. Decentration artifact was defined as the distortion and/or invisible image section due to eccentric position of FD-OCT catheter. Caliber artifact was defined as integrity loss of the whole lumen due to the large diameter of the vessel, and lastly blood artifact was defined as light occlusion caused by residual blood due to inadequate replacement (Figure 1) per standard definitions.


[image: Figure 1]
FIGURE 1. Artifacts of optic coherence tomography for the detection of intracranial atherosclerotic stenosis (ICAS). (A) Rotational artifact appears as an apparent misalignment of the luminal border due to rapid axial rotation of the imaging catheter during pullback. (B) Decentration artifact appears as the distortion and/or invisible part of image because of the eccentric position of frequency-domain optical coherence tomography (FD-OCT) catheter. (C) Caliber artifact was defined as the integrity loss of the whole lumen due to the large diameter of the vessel, and (D) blood-flow artifact was defined as light dissipation caused by the residual blood due to inadequate replacement.




Tortuosity Index

Tortuosity index was defined as the ratio of the linear length to the real length between the first and third markers of the FD-OCT image catheter. The linear length was measured by the DSA software (Siemens, Munich, Germany). All these data were measured by two independent and experienced neuroradiologists. The average of the two data was the final recorded linear length.



Safety Evaluation

NIHSS data were obtained before, immediately after, and 24 h after surgery by two independent and experienced neurologists. Blood creatinine was measured before surgery and 24 h after surgery. If postoperative NIHSS was higher than baseline, MRI was performed to confirm ischemic or hemorrhagic events. Acute kidney injury (AKI) was defined as an increase of ≥44.2 μmol/L and/or an increase of ≥30% of preoperative to postoperative blood creatinine levels within 48–72 h after the procedure.




RESULTS

A total of 33 patients were included in this study. Baseline data are shown in Table 1. Thirty-three cases of patients with an average age of (57.6 ± 7.1) years (male sex 27 cases) comprising nine cases of lesions located within the anterior circulation (Figure 2) and 24 cases within the posterior circulation (Figure 3) were identified. There were a total of 36 severe stenotic lesions, including 11 cases of Mori type A, 15 cases of type B, and seven cases of type C. The FD-OCT imaging catheter successfully detected 35/36 (97%) lesions except one case in which the FD-OCT catheter failed to navigate excessively tortuous vessels, related to an ophthalmic segment stenosis. All patients completed FD-OCT pullback 52/52 (100%) times in total, with an average of 1.58 ± 0.74 pullbacks per person. Pullback in the anterior circulation was performed 13 times, with an average of 1.44 times per person, among which the imaging quality was grade 2 six times and level 3 seven times. Pullback in the posterior circulation was performed 39 times, with an average of 1.63 times per person, of which the imaging quality was grade 0 one time, grade 1 six times, grade 2 12 times, and grade 3 19 times. The tortuosity index was 0.74 ± 0.13 on average. The tortuosity index for the posterior circulation was significantly higher than that of anterior circulation (0.78 ± 0.12 vs. 0.65 ± 0.12, p = 0.01).


Table 1. Baseline clinical and procedural data.
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FIGURE 2. Angiography of an intracranial atherosclerotic stenosis (ICAS) patient suffering from repeated weakness of the right upper limb with dual-antiplatelet therapy (A) showing a severe stenosis of the internal carotid artery (white arrows). The graphic of the imaging catheter and artery is overlaid in the middle panel (B). The markers of the Dragonfly Duo imaging catheter and the optical coherence tomography (OCT) lens are noted in the left and middle panels (black arrows). The black dashed line represents the linear length between the first and third markers. White dashed ellipses on the left panel correspond to the cross section of the OCT acquisition. (C) Frequency-domain optical coherence tomography (FD-OCT) imaging demonstrated the atherosclerotic plaque (white arrowheads) with calcification (*), which imparted the severe stenosis. (D) 10 mm proximal to the cross section A, the artery wall was almost normal.



[image: Figure 3]
FIGURE 3. Angiography of a patient complaining of dizziness and slurred speech for 5 months (A) shows a severe stenosis of the vertebral artery (white arrows). The graphic of the imaging catheter and artery is overlaid in the middle panel (B). The markers of the Dragonfly Duo imaging catheter and the optical coherence tomography (OCT) lens are noted in the left and middle panels (black arrows). The black dashed line represents the linear length between the first and third markers. White dashed ellipses on the left panel correspond to the cross section of the OCT acquisition. (C) Frequency-domain optical coherence tomography (FD-OCT) imaging demonstrated intraluminal thrombosis (red arrows). (D) Atherosclerotic plaque (white arrowheads) with calcification (*) were found at the site of stenosis.


From femoral artery puncture to completion of OCT withdrawal, the average time was 36.7 ± 12.4 min. The average amount of contrast agent per patient was 57.8 ± 13.2 ml. NIHSS was consistent before and after procedure in all patients. The average serum creatinine before angiography and intervention was 65.6 ± 13.9 U/L, and the average serum creatinine afterward was 70.2 ± 17.8 U/L. The serum creatinine was significantly higher afterward in patients with a lesion in anterior circulation (Table 2; 80 ± 14.6 vs. 68.1 ± 9.0, p = 0.006), but no AKI was observed. Iatrogenic dissection occurred in two patients, but neither transcatheter nor medical intervention was needed in either patient. No death or other severe procedural complications were observed in 7 days post-procedure. All patients had the same post-procedural NIHSS compared with pre-procedure.


Table 2. Procedural complications.
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Image quality is shown in Table 3. In all 52 pullbacks, the image quality reached grade 3 26 times (50%), grade 2 18 times (34.6%), grade 1 six times (11.5%), and level 0 two times (3.8%). The grade 0 pullbacks occurred in the first two consecutive patients. Blood artifacts were observed in 27 pullbacks, which was the most common (51.9%), decentration artifacts in 13 pullbacks (25%), caliber artifacts in three pullbacks (5.8%), and rotational artifacts in 10 pullbacks (19.2%). Of the 33 patients, 27 underwent successful FD-OCT (81.8%), three were partially successful (9%), and three were unsuccessful (9%). For the intracranial internal carotid artery, eight cases were successful, and one case was a failure. For intracranial vertebrobasilar artery (V4), 15 cases were successful, two cases were partially successful, and two cases were a failure per the established definitions. For the basilar artery (BA), four cases were successful, and one case was partially successful. No significant difference was found between the examination success rate of the posterior and anterior circulation (91.7 vs. 88.9%, p = 1). The tortuosity indices of successful, partially successful, and unsuccessful groups were significantly different (Table 4; 0.715 ± 0.125 vs. 0.846 ± 0.067 vs. 0.890 ± 0.057, p = 0.03), but further multiple comparisons (Tukey's test) showed no significant difference between all three groups (i.e., successful, partially successful, and unsuccessful). No correlation was discovered with age, gender, underlying disease status, stenosis degree, or Mori classification.


Table 3. Image quality of optical coherence tomography.
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Table 4. Success and tortuosity index of OCT examination.
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DISCUSSION

In this study, we performed FD-OCT in ICAS patients with standard non-occlusive technique in what is the largest reported cohort to date. The FD-OCT imaging catheter reached the distal end of the stenosis and completed at least one pullback in all cases. In 2014, Given et al. (15) reported FD-OCT images of Wingspan stent implantation for vertebrobasilar artery stenosis, and subsequently Gao et al. (14) employed FD-OCT to detect basilar artery dissection. Building on these case reports, we performed a safety study of FD-OCT evaluation for ICAS, suggesting feasibility for obtaining high-quality FD-OCT images.


Feasibility of Frequency-Domain Optical Coherence Tomography for Intracranial Arteries

In 2011, Mathews et al. (22) performed OCT scanning in the cavernous sinus segment and the petrous segment of internal carotid artery for the first time in the literature, which used time-domain OCT assembled in a laboratory rather than a commercial product. Although, a small number of cases were enrolled, the result suggested that OCT examination of intracranial arteries was feasible. OCT was then applied to the field of the treatment of intracranial aneurysms using flow diverters (23–25). These authors considered that there were two difficulties in OCT examination for intracranial arteries. Firstly, blood was difficult to clear completely. Secondly, anatomical tortuosity limited the placement of the OCT catheter.

As red blood cells and near-infrared light interact poorly, circulating blood must be completely cleared to obtain a high-quality image via current transcatheter interferometric technology. Initially, OCT was applied in coronary arteries by using a detachable balloon to arrest flow and flushing saline in order to replace blood completely (26). However, with the progress of imaging techniques, non-occlusive methods by continuous injection of contrast media to clear blood can also obtain high-quality images. The new generation of Dragonfly Duo OCT imaging catheters can achieve faster pullback speed and longer pullback distances than previously methods, which helps to reduce contrast agent volumes and improves rotational artifacts (27). In this study, the first two patients presented with intracranial vertebral artery severe stenosis. The 6F guiding catheter was placed in the distal end of V2 segment per routine. Although, the OCT catheter could successfully reach the predetermined position and complete the pullback, severe blood artifacts were observed due to poor blood clearance. In subsequent cases, the Navien distal intracranial catheter was used. Due to its flexibility, the distance between the catheter tip and the target lesion was minimized to enhance blood clearance, and the image quality was significantly improved. Unmistakably, technique contributed to the first scores being low, and a learning curve for OCT implementation was at play.

There was one failed case of tandem severe stenosis of cavernous sinus segment and petrous segment of ICA because tortuosity made the OCT imaging catheter unable to reach a stenosis located at the distal end of the cavernous sinus segment. We investigated the tortuosity index of the artery and found that the tortuosity index of ICA was significantly lower than that of the V4 and BA. Furthermore, a significant difference was observed in the tortuosity indexes among successful, partially successful, and unsuccessful groups. Although, the multiple comparisons did not show a difference between each group, this is likely due to the small number of patients in the series for Tukey's calculation. The overall result suggests the tortuosity index may quantifiably assess the tortuosity of intracranial arteries and might be a potential predictor of success of OCT scanning. Although, there is a 20-mm rapid exchange tip in the front of Dragonfly Duo catheter, the tapered design allows the catheter to pass through arteries more easily in its current iteration. Nevertheless, its initial design for detection of coronary disease does not inherently consider the anatomical features of intracranial arteries.



Imaging Technology

Yoshimura et al. (28) reported two failed cases due to early withdrawal of the imaging OCT catheter during non-occlusive technique in the carotid artery. To avoid this phenomenon, our strategy was to begin withdrawal as soon as the distal blood clearance was apparent. For some cases, when contrast agent could not pass through a severe stenosis, pullback was initiated 1–2 s after injection. The withdrawal of the Dragonfly Duo OCT imaging catheter in high-resolution mode takes 3 s, so the injection parameters are set at 3 ml/s with a total volume of 9 ml. In particularly, filling the Navien catheter with contrast media before injection could reduce blood interference and improve image quality significantly. The microwire and imaging catheter are appropriately retracted to release tension and maintain coaxial positioning after the OCT imaging catheter passes through the stenotic lesion, which can reduce the decentration artifacts and rotational artifacts.



Safety of Frequency-Domain Optical Coherence Tomography for Intracranial Artery

Most of the early OCT detection data for intracranial arteries were case reports, and no safety reports have been formally published. Reimers et al. (29) used a proximal balloon occlusion technique for OCT examination in seven patients undergoing carotid artery stenting (CAS), and only one patient could not tolerate occlusion during the operation, although, they recovered completely after recanalization of blood flow. Yoshimura et al. (28) also applied proximal occlusion for OCT detection of 34 cases of carotid artery stenosis, with no perioperative complications reported.

In an OCT study before and after carotid artery stent implantation using non-occlusive technique by Setacci et al. (30), no complications were reported in all 25 patients. In our study, all patients were assessed under general anesthesia. A total of 52 OCT pullbacks were performed in 33 patients, with 9 ml of contrast agent used in each retraction. The serum creatinine level elevated mildly after operation, especially in the anterior circulation cases, but no AKI was observed. We adopted distal intracranial catheter as a carrier of the OCT imaging catheter to obtain better blood clearance. As the distance navigated by the catheter within the blood vessel increases, the likelihood of vascular injury increases. Two cases of V4 segment iatrogenic dissection were confirmed by DSA, and both were caused by the distal intracranial catheter. Fortunately, blood flow was not impeded.

FD-OCT has been a powerful tool in the treatment of atherosclerosis of coronary artery, assessing the plaque characterization and guiding the stent implantation (31, 32). With ultra-high resolution, it can also help to study the plaque morphology and composition in ICAS, such as vasa vasorum (33) and neovascularization (34), which have potential contribution to recurrent ischemic events beyond the mere degree of stenosis. Further, large prospective studies and cost–benefit analyses are needed.



Limitations

This study is based on a single-center retrospective data, and while the sample size is the largest to date, it is still modest. Regarding the complications of OCT examination, there is no established control group. Lastly, there were more posterior circulation than anterior circulation cases, which may reflect selection bias.




CONCLUSION

This study suggests the feasibility and safety of FD-OCT for ICAS using a non-occlusive technique. Diagnostic images are obtained in the majority of cases. Further, large prospective studies and cost–benefit analyses are needed.
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Symptomatic intracranial atherosclerotic disease (sICAD) remains a challenging disorder in the neurovascular field. Despite best medical treatment, the recurrence rate for stroke remains high in patients with intracranial high-grade stenosis (>70–99%). Furthermore, two large randomized trials (SAMMPRIS and VISSIT) failed to prove the efficacy of percutaneous transluminal angioplasty and stenting in patients with sICAD. Drug-coated balloon percutaneous transluminal angioplasty (DCB-PTA) represents an alternative treatment modality with therapeutic benefits for interventional cardiology. However, there are very few articles in the existing literature that relate to the use of DCB-PTA in sICAD patients. Here, we aimed to review the rationale underlying the use of DCB-PTA in sICAD patients and summarize recent developments in the neurovascular field.
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INTRODUCTION

Intracranial atherosclerotic disease (ICAD) is a common global disease. Symptomatic ICAD (sICAD) is known to cause 10% of all transient ischemic attacks and strokes worldwide (1, 2). The treatment of sICAD remains challenging given that the recurrence rate of strokes can reach up to 38.2% of patients despite best medical treatment (BMT) (3). The risk of stroke recurrence is particularly high in patients with hemodynamically relevant stenosis or unstable atherosclerotic plaques (3). Current guidelines recommend BMT, a combination of anti-platelet therapy and vascular risk factor control, as first-line therapy (4, 5), with endovascular therapies considered as rescue therapies (4, 5).

The “Warfarin-Aspirin Symptomatic Intracranial Disease” (WASID) trial demonstrated that oral anticoagulation (warfarin) was not superior to aspirin as a single therapy for ICAD patients (6). Subsequently, the findings of the “Clopidogrel plus aspirin vs. aspirin alone for reducing embolization in patients with acute symptomatic cerebral or carotid artery stenosis” (CLAIR) trial and the “Clopidogrel and Aspirin for Reduction of Emboli in Symptomatic Carotid Stenosis” (CARESS) trial provided the rationale behind the use of short-term dual antiplatelet therapy for patients with ICAD (7, 8).

The successful use of percutaneous transluminal angioplasty (PTA) to treat symptomatic, high-grade, basilar stenosis was first reported in 1980 (9). In the early 2000s, the publication of numerous case series clearly demonstrated the feasibility of applying PTA as a single therapy, or in combination with stenting (PTAS), for patients with ICAD (10, 11). With regards to stroke and death rates, the outcomes of PTA tend to vary widely (4–40%) within 30 days of treatment; in addition, 24–50% of patients undergoing PTA developed restenosis (12). Furthermore, dissection and immediate re-coiling can occur during the PTA technique. The results published by the WASID trial were not encouraging (6); consequently, the use of PTAS was strongly encouraged. The single-arm “Stenting of Symptomatic Atherosclerotic Lesions in the Vertebral or Intracranial Arteries” (SSYLVIA) trial subsequently provided convincing data to support the use of a stent system to treat symptomatic intra- and extracranial stenosis (13). In addition, two different cohort studies reported promising results for the use of a novel self-expanding Wingspan stent system (14, 15). Therefore, the “Stenting vs. Aggressive Medical Management for Intracranial Arterial Stenosis” (SAMMPRIS) trial was initiated to specifically compare aggressive medical treatment (AMM) with PTAS using the Gateway Balloon PTA system combined with the Wingspan stent (Stryker, Kalamazoo, USA) (16). The SAMMPRIS trial failed to demonstrate any superiority of the PTAS treatment in comparison with AMM due to the discovery of a significantly higher risk of early ischemia within 30 days in the PTAS group (14.7%) compared with an AMM only group (5.8%) (16). Furthermore, the PTAS group was dominated by peri-interventional complications. Shortly thereafter, the SAMMPRIS data were confirmed by the “Vitesse Intracranial Stent Study for Ischemic Stroke Therapy” (VISSIT) trial, which compared BMT with a balloon-expandable stent system and found that the two techniques were similar with regards to outcome (17). The long-term results provided by the SAMMPRIS trial highlighted the early benefit of AMM compared with PTAS in patients with high-grade ICAD; this effect persisted over an extended median follow-up period of 32.4 months (18). As a consequence, there was a significant decline in the use of endovascular treatment to treat patients with sICAD. Nevertheless, there is an ongoing debate relating to the use of endovascular treatment for patients with sICAD (19, 20).

Short-term results derived from a Chinese multicenter registry study (n = 300) revealed a stroke, bleeding, and death rate of only 4.5% of patients (21). The on-label, multicenter “Wingspan Stent System Post Market Surveillance” (WEAVE) trial demonstrated that the peri-interventional complication rate of PTAS in ICAD patients decreased to only 2.6% in centers with experienced interventionalists and rigorous patient selection protocol (22). Furthermore, the longer-term (1-year) “Wingspan One-year Vascular Events and Neurologic Outcomes” (WOVEN) trial reported sustained benefit for the PTAS group (23). The “China Angioplasty and Stenting for Symptomatic Intracranial Severe Stenosis” (CASSISS) trial, involving the Wingspan stent system, presented their preliminary results at the 14th World Federation of Interventional Radiology and Therapy: stroke or death only occurred in 2% of patients (24, 25). In addition, other self-expanding stent systems such as the Enterprise (Codman, Raynham, USA) or Neuroform stents (Stryker Neurovascular, Fremont, USA) showed in several series promising results in the treatment of symptomatic ICAD patients (26, 27). The introduction of the first-balloon-then-stent technique with the novel self-expanding Credo stent (Acandis, Pforzheim, Germany) together with the NeuroSpeed balloon-catheter system (Acandis, Pforzheim, Germany) may further reduce the perinterventional complication rate (28). In a cohort of 76 ICAD patients treated with another new-generation, self-expanding stent system [Acclino stent/NeuroSpeed balloon catheter system (Acandis, Pforzheim, Germany)], feasibility and safety were promising with a periprocedural stroke rate of 6.5% (29). Thus, novel stent technologies as well as new procedural techniques may further reduce the overall morbidity and mortality in ICAD stenting in the future.



RESTENOSIS: A COMMON LONG-TERM SEQUELA IN ENDOVASCULAR THERAPY

In addition to peri-procedural complications, restenosis is frequently observed as a long-term sequela, both in PTA and PTAS. In PTA, restenosis rate within 6 months was reported in 5–30% of cases (30). A similar proportion of patients (25%) experienced in-stent-restenosis following PTAS (31). The precise mechanisms underlying these findings have yet to be elucidated; however, restenosis is mainly caused by neointimal hyperplasia (NIH), a condition that is induced by mechanical stress and endothelial lesions during PTA and PTAS (32). There are several risk factors for NIH, including age, diabetes mellitus, lesion location, and a history of active smoking (33). NIH is a frequent long-term problem associated with peripheral PTA and interventional cardiology. Consequently, drug-eluted stents (DES) and drug-coated balloons (DCB) were introduced to overcome this issue. In addition, a range of drugs are now available to prevent NIH. Mitotic inhibitors (e.g., paclitaxel) or immuno-modulators (e.g., sirolimus) are commonly used for DES and DCB-PTA coating. DES and DCB-PTA are frequently used in interventional cardiology and have been found to be both safe and effective (34).

Publications relating to the use of DCB-PTA and DES in patients with ICAD are scarce. With the introduction of stent-assisted intracranial stenosis treatment, the use of DES has been shown to be both safe and efficient (35, 36). Similarly, studies have shown that the use of coronary DES for sICAD is feasible and safe. However, a high rate of technical failure has been reported due to DES stiffness. An improved stent deployment rate was achieved using a more flexible DES (37). A study of sICAD patients treated by DCB and the deployment of a bare-metal stent revealed encouraging results with a low rate of restenosis rate (3%) (38).



DRUG-COATED BALLOONS IN THE TREATMENT OF SYMPTOMATIC ICAD

DCB-PTA may represent a promising alternative to PTA or PTAS for the treatment of patients with ICAD (39). DCB-PTA has the potential to minimize peri-interventional and long-term complication rates in the endovascular treatment. In the tortuous neurovascular anatomy, DCB-PTA is more flexible due to a softer distal PTA tip compared with DCS, thus enabling the operator to reach more distant lesions. Endovascular DCB-PTA procedures do not leave residual foreign bodies, thus exerting a positive impact on the possibility of subsequent adverse material-tissue reactions and local flow dynamics (40). In contrast to DES, DCB-PTA offers a uniform anti-proliferative drug coverage of the diseased vessel lumen. Furthermore, a shorter duration of recommended dual anti-platelet therapy (DAPT) might be reasonable for DCB-PTA given the lower risk of delayed endothelialization and subsequent thrombosis when compared with DES (41).

Since 2018, various retrospective and comparative cohort and single studies of DCB-PTA for the treatment of sICAD patients have been published (42–47) (Table 1). These studies featured a range of different DCB-PTA systems, including the Neuro Elutax SV (Aachen Resonance, Aachen, Germany), the Sequent Please (B Braun, Melsungen, Germany), and the Sequent Please NEO (B Braun). All of these DCBs were coated with paclitaxel, a highly lipophilic mitotic inhibitor. These studies also described a range of different DCB-PTA procedures. Three (n = 6) of these studies reported the use of only submaximal angioplasty using a DCB-PTA (42, 44, 47). The other three studies pre-dilated the target lesion using a non-coated PTA balloon (Gateway balloon) immediately followed by DCB-PTA (Sequent Please) (43, 45, 46). When comparing the final post-procedural degree of stenosis, the DCB-PTA only group revealed a higher degree of residual stenosis (37.5–50%) compared with the combined PTA/DCB-PTA group (10–32%). However, there is a lack of systematic data that could demonstrate which method is superior with regards to short- and longer-term outcome. One advantage of the DCB-PTA only approach over the combined approach is that the numbers of intracranial maneuvers can be reduced, whereas the combined approach affords at least one additional step (the exchange of PTA to a DCB-PTA).


Table 1. An overview of existing drug-coated balloon percutaneous transluminal angioplasty (DCB-PTA) studies in patients with symptomatic high-grade intracranial stenosis.

[image: Table 1]

Further analysis showed that the mean follow-up period was variable and ranged from 3 to 21 months, while follow-up was heterogeneously defined. Two factors that were common to all of these DCB-PTA studies were an overall low complication rate and promising results with regards to symptomatic and asymptomatic restenosis rates.

In their series of sICAD patients treated with either Sequent Please NEO alone (n = 10) or Neuro Elutax SV and Sequent Please NEO (n = 33), Gruber et al. reported promising short- (a median of 3 months) and mid-term results (a median of 9 months) with only few symptomatic cases of restenosis (12%) along with low rates of intracranial complications (6%) (44, 47). Another study of sICAD patients (n = 30), treated with routine PTA followed by additional DCB-PTA, reported similar results with regards to restenosis and complication rates (43). A recent Chinese study (n = 35), using the Sequent Please DCB-PTA procedure, reported low complications and a low recurrence rate (stenosis >50%) (45).

Two retrospective comparative studies of DCB-PTA and PTAS provided further support to the findings of the mono-cohort studies (45, 46). A small, single-center, retrospective study (n = 19) comparing DCB-PTA and PTAS using the Wingspan Stent system demonstrated a lower asymptomatic and symptomatic restenosis rate compared with the PTAS group (41) although there was no difference between the two techniques with regards to complication rates. In a recently published Chinese study (n = 115), the restenosis rate was significantly lower in the DCB-PTA group than in a PTAS group (45). However, there were no differences between the two groups with regards to safety and the recurrence of stroke (45). Overall, the technical success rate was reported to be high, although in one study, DCB-PTA could not be advanced over the lesion due to difficult local anatomy (42); two other studies reported few bail-out maneuvers with PTAS (43, 46). The most common periprocedural complication was ischemic events.

In summary, all of these studies demonstrated promising results for symptomatic intracranial high-grade stenosis. However, there is a lack of prospective data with regards to long-term results.



FUTURE DIRECTION AND CONCLUDING REMARKS

It is clear that DCB-PTA offers an alternative treatment option for patients with sICAD compared with BMT and the other endovascular procedures that are used at present. Recent studies have demonstrated encouraging results regarding the use of DCB-PTA, with low complication and restenosis rates. However, future studies should address several key questions. For example, is submaximal DCB-PTA alone superior to the combination of PTA followed by DCB-PTA? Is paclitaxel the appropriate choice for drug coating or are other coating strategies more beneficial for neurovascular applications? Furthermore, we need to be able to identify the ICAD patients for whom DCB-PTA would be the most suitable treatment option. Randomized trials may shed light on whether DCB-PTA is superior to BMT or PTAS in patients with sICAD.

In conclusion, DCB-PTA is a feasible procedure for the treatment of patients with sICAD and represents a promising treatment modality for the future treatment of ICAD. However, further prospective data are now needed to validate the precise role of DCB-PTA in sICAD.
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Background: Neutrophil-to-lymphocyte ratio (NLR) is an indicator of poor prognosis in acute ischemic stroke (AIS), but associations between NLR with stroke severity and prognosis of intracranial atherosclerotic stenosis (ICAS)-related ischemic events have not been well-elucidated; therefore, we aimed to evaluate whether admission NLR levels correlate with the early stroke severity and short-term functional prognosis in patients with symptomatic intracranial atherosclerotic stenosis (sICAS).

Methods: This retrospective study enrolled 899 consecutive patients with AIS attributed to ICAS at Xiangya Hospital stroke center between May 2016 and September 2020. The initial stroke severity was rated by the admission National Institutes of Health Stroke Scale (NIHSS) scores, and the short-term prognosis was evaluated using the 14-day modified Rankin Scale (mRS) scores after stroke onset. A severe stroke was defined as NIHSS >8; an unfavorable functional outcome was defined as mRS scores of 3–6. Admission NLR was determined based on circulating neutrophil and lymphocyte counts.

Results: The median admission NLR of all patients was 2.80 [interquartile range (IQR), 2.00–4.00]. In univariate analysis, admission NLR was significantly elevated in patients with severe stroke and poor short-term prognosis. After multivariate adjustment, admission NLR levels were significantly correlated with severe stroke [odds ratio (OR), 1.132; 95% confidence interval (95% CI), 1.038–1.234; P = 0.005] and unfavorable short-term prognosis (OR, 1.102; 95% CI, 1.017–1.195; P = 0.018) in Model 1. In Model 2, the highest NLR tertile (≥3.533) remained an independent predictor of severe stroke (OR, 2.736; 95% CI, 1.590–4.708; P < 0.001) and unfavorable functional outcome (OR, 2.165; 95% CI, 1.416–3.311; P < 0.001) compared with the lowest NLR tertile (<2.231). The receiver operating characteristic (ROC) curves showed the predictability of NLR regarding the stroke severity [area under the curve (AUC), 0.659; 95% CI, 0.615–0.703; P < 0.001] and short-term prognosis (AUC, 0.613; 95% CI, 0.575–0.650; P < 0.001). The nomograms were constructed to create the predictive models of the severity and short-term outcome of sICAS.

Conclusions: Elevated admission NLR levels were independently associated with the initial stroke severity and could be an early predictor of severity and poor short-term prognosis in AIS patients with ICAS, which might help us identify a target group timely for preventive therapies.

Keywords: ischemic stroke, intracranial atherosclerotic stenosis, neutrophil-to-lymphocyte ratio, stroke severity, short-term prognosis


INTRODUCTION

Stroke is a growing public health concern and remains a leading cause of mortality and disability worldwide (1). Of all different stroke subtypes, ischemic stroke is the most common subtype, accounting for about 80% of all strokes and mainly caused by large artery atherosclerosis (LAA), especially intracranial atherosclerotic stenosis (ICAS), which has a higher prevalence in Asians, Africans, and Hispanics compared with Caucasians (1–3). Accumulating evidence suggests that ICAS was associated with increased risks of cognitive impairment, dementia, stroke recurrence, and death (4–6). However, the pathogenesis of ICAS has not been well-investigated. Previous studies have established that atherosclerosis is an inflammatory disorder mediated by activation of inflammatory markers and infiltration of various inflammatory cells, especially activated macrophages and T cells, which could release metalloproteinases, thus leading to atherosclerotic plaque instability or rupture, ischemia, and infarction (7, 8). Since ICAS is on the spectrum of atherosclerosis, inflammation might also be a pathophysiological mechanism for the development and progression of ICAS.

Neutrophil-to-lymphocyte ratio (NLR) is emerging as an objective and easily accessible indicator of systemic inflammatory status, reflecting the balance between neutrophils and lymphocytes in peripheral blood (9). An increase in NLR levels has been reported to be associated with atherosclerotic events, serving as a prognostic predictor in coronary artery disease (CAD), peripheral arterial occlusive disease (PAOD), and ischemic stroke (10–12). Specifically, it has previously been observed that high NLR levels were correlated with stroke severity, poor functional outcomes, and recurrent ischemic events in stroke patients (12, 13). Furthermore, large vessel occlusion patients with high admission NLR values had increased risks of symptomatic intracranial hemorrhage (sICH) and 3-month mortality after mechanical thrombectomy (14). Even in a healthy population, an elevated NLR has been proved to be linked to the prevalence and burdens of ICAS (15). However, few studies have examined the association between NLR and symptomatic intracranial atherosclerotic stenosis (sICAS). Although a recent study has explored the relationships between NLR with ICAS and ischemic stroke and demonstrated that the association between NLR and ischemic stroke was partially mediated by ICAS (16), there is a relative paucity of studies investigating the underlying relationships between admission NLR with the initial severity and prognosis of sICAS.

In this study, we aimed to determine the potential predictive capacity of admission NLR levels for stroke severity and short-term prognosis of patients with acute ischemic stroke (AIS) attributed to ICAS to help identify a promising therapeutic strategy.



MATERIALS AND METHODS


Patients and Population

This study retrospectively enrolled and analyzed 899 consecutive patients with AIS attributed to ICAS, who were admitted to Xiangya Hospital stroke center between May 2016 and September 2020, satisfying the following inclusion criteria: (1) age ≥18 years; (2) time interval from symptom onset to admission ≤72 h; and (3) blood sampling performed within 24 h after hospital admission. Those patients, who had cardioembolic stroke or evidence of cardioembolic propensity, severe stenosis of extracranial carotid artery, malignant tumors, severe renal or hepatic diseases, hematological diseases, inflammatory or infectious diseases, or history of immunosuppressant medications within the past 3 months, were excluded from the current study. The criteria for diagnosing AIS have been described in detail previously (17). Each participant in this study has provided the informed consent form. The study was approved by the Medical Ethics Committee of Xiangya Hospital, Central South University, China.



Stroke Severity and Outcome Assessment

The National Institutes of Health Stroke Scale (NIHSS) scores have been collected on admission for the assessment of initial stroke severity, stratifying patients into two groups: mild stroke (NIHSS score ≤8) and severe stroke (NIHSS score >8). The 14-day modified Rankin Scale (mRS) scores after stroke onset have been used to evaluate the short-term prognosis after stroke, and patients were therefore categorized into two groups: favorable functional outcome group with mRS scores of 0–2 and unfavorable functional outcome group with mRS scores of 3–6.



Clinical and Laboratory Data Collection

Baseline characteristics including demographics, cardiovascular risk factors, clinical data, and laboratory data were collected and recorded on admission. Histories of hypertension, diabetes mellitus, dyslipidemia, and coronary artery disease (CAD), as well as cigarette smoking and alcohol intake, have been considered cardiovascular risk factors. Besides, systolic and diastolic blood pressure levels were measured on admission. Admission NIHSS scores and 14-day mRS scores were collected as previously mentioned. The treatments including intravenous thrombolysis (IVT), endovascular treatment (EVT), and antiplatelet therapy were collected during hospitalization. Blood samples were collected within 24 h after admission for the examination of laboratory parameters, including white blood cell (WBC), platelet (Plt), neutrophil, lymphocyte, NLR, fasting blood glucose (FBG), uric acid (UA), homocysteine (Hcy), fibrinogen (Fib), and a lipid profile which consists of total cholesterol (TC), triglyceride (TG), high-density lipoprotein (HDL), and low-density lipoprotein (LDL). The diagnostic criteria and parameters have been described in detail in our prior work (17, 18). Admission NLR was calculated based on neutrophil and lymphocyte counts in the peripheral blood.



Radiological Assessment

Standard magnetic resonance imaging (MRI) of the brain was performed in all participants on 1.5 or 3.0 T scanners, including sequences of T1-weighted, T2-weighted, fluid-attenuated inversion recovery (FLAIR), and diffusion-weighted imaging (DWI). The lesions of stenosis or occlusion were measured using three-dimensional time-of-flight (3D TOF) magnetic resonance angiography (MRA), computerized tomography angiography (CTA), or digital subtraction angiography (DSA). The presence of ICAS was defined as stenosis or occlusion of intracranial atherosclerotic arteries rated by two experienced radiologists, and the percentage of luminal stenosis was calculated according to the Warfarin-Aspirin Symptomatic Intracranial Disease (WASID) criteria, classifying the severity of stenosis into mild (<50%), moderate (50–69%), severe (70–99%), and occlusion (100%) (19). Moreover, hemorrhagic transformations (HT) and cerebral edema (CED) were defined using the computed tomography (CT) or MRI and classified according to the European Cooperative Acute Stroke Study-2 (ECASS-II) criteria by at least two experienced radiologists (20, 21). In this study, we stratified HT into hemorrhagic infarction (HI) 1, HI2, parenchymal hemorrhage (PH) 1, and PH2; and we dichotomized CED into none or mild (grades 0–1) and moderate-to-severe (grades 2–3) (20, 22).



Statistical Analysis

Continuous variables were presented as mean with standard deviation (SD) or median with interquartile range (IQR) for data with normal and non-normal distributions, respectively, whereas categorical variables were described as number and percentage. For continuous variables, Student t-test and Mann-Whitney U-test were used for intergroup comparisons, while for categorical variables, Pearson χ2-test was used to assess the intergroup difference. Multivariate binary logistic regression analysis was conducted to evaluate associations between NLR with early severity and short-term prognosis after adjustment for age, sex, and other possible confounders, involving all variates with a P < 0.05 in initial univariate analysis, with results exhibited as odds ratios (OR) and 95% confidence interval (CI). Model 1 (the laboratory parameters as continuous variables) and Model 2 (the laboratory parameters as dichotomous or trichotomous variables) were used in multivariate binary logistic regression analysis, and NLR levels were categorized into tertiles: the first tertile, <2.231; the second tertile, 2.231–3.533; and the third tertile, ≥3.533 in Model 2. To evaluate the predictive capacity of NLR to discriminate early severity and short-term prognosis, we illustrated receiver operating characteristic (ROC) curves, measured the area under the curve (AUC), and determined the CIs. The nomograms were plotted using the independent significant variables based on the results of multivariate logistic regression analysis. All statistical analyses were conducted with Empower Stats (http://www.empowerstats.com) and R software (http://www.R-project.org/). P < 0.05 was considered statistically significant.




RESULTS


Patient Baseline Characteristics

From May 2016 to September 2020, totally 899 consecutive AIS patients with ICAS were enrolled in the study analysis. The median age of all participants was 61 years (IQR, 53–68 years) and 64.3% (n = 578) were male (as shown in Table 1). Cardiovascular risk factors included histories of hypertension (n = 699, 77.8%), diabetes mellitus (n = 310, 34.5%), dyslipidemia (n = 412, 45.8%), CAD (n = 130, 14.5%), smoking (n = 390, 43.4%), and drinking (n = 302, 33.6%) (as shown in Table 1). During hospitalization, almost all patients were on antiplatelet therapy, in which 48.9% (n = 440) were using mono-antiplatelet drugs, and 48.2% (n = 433) were using dual antiplatelet drugs (as shown in Table 1). The rates of participants treated with IVT and EVT were 2.3% (n = 21) and 2.8% (n = 25), respectively (Table 1). Additionally, patients were stratified as having mild stenosis (n = 148, 16.5%), moderate stenosis (n = 212, 23.6%), severe stenosis (n = 188, 20.9%), and occlusion (n = 351, 39.0%) (Table 1). The median admission NLR of all included patients was 2.80 (IQR, 2.00–4.00) (Table 1). Patients with intracranial atherosclerotic artery occlusion had statistically higher admission NLR levels compared to patients with mild stenosis (P = 0.024) and moderate stenosis (P = 0.013) (as shown in Figure 1A). Regarding the number of stenosis, higher admission NLR levels were documented in patients with multiple intracranial artery stenosis (the number of stenosis ≥3) (n = 467, 51.9%) compared to patients with single stenosis (n = 242, 26.9%; P = 0.007) (as shown in Table 1 and Figure 1B). Besides, patients with HT (n = 52, 5.8%) had statistically higher admission NLR levels compared to patients without HT (P = 0.014), and patients with moderate-severe CED (n = 87, 9.7%) had statistically elevated admission NLR levels compared to patients with none-mild CED (P = 0.001) (as shown in Table 1 and Figure 2). The median admission NIHSS score of the participants was 5 (IQR, 2–8), and the initial stroke severity was stratified according to admission NIHSS scores as follows: mild stroke, NIHSS score ≤8 (n = 698, 77.6%); severe stroke, NIHSS score >8 (n = 201, 22.4%) (as shown in Table 1). The median mRS score on the 14th day after stroke onset of the participants was 2 (IQR, 1–3), and the short-term prognosis was stratified by 14-day mRS scores as follows: a favorable outcome, mRS scores ≤2 (n = 521, 58.0%); an unfavorable outcome, mRS scores >2 (n = 378, 42.0%) (as shown in Table 1). Baseline clinical characteristics, as well as the admission laboratory data of the participants, were summarized in Table 1.


Table 1. Baseline characteristics of the study population.
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FIGURE 1. Comparisons of admission NLR levels according to the severity and number of intracranial atherosclerotic stenosis in sICAS patients. (A) Comparison of admission NLR levels according to the severity of intracranial atherosclerotic stenosis. (B) Comparison of admission NLR levels according to the number of intracranial atherosclerotic stenosis. P < 0.05 was considered statistically significant. NLR, neutrophil-to-lymphocyte ratio; sICAS, symptomatic intracranial atherosclerotic stenosis.
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FIGURE 2. Comparisons of admission NLR levels according to HT and CED in sICAS patients. (A) Comparison of admission NLR levels according to HT (without HT vs. with HT). (B) Comparison of admission NLR levels according to CED (none-mild CED vs. moderate-severe CED). P < 0.05 was considered statistically significant. NLR, neutrophil-to-lymphocyte ratio; sICAS, symptomatic intracranial atherosclerotic stenosis; HT, hemorrhagic transformation; CED, cerebral edema.




Association Between NLR and Initial Stroke Severity in sICAS Patients

Of all participants, 698 (77.6%) were classified as having a mild stroke, and 201 (22.4%) had a severe stroke as mentioned before. In univariate analysis, sex, dual antiplatelet therapy, stenosis severity, moderate-severe CED, WBC, neutrophils, lymphocytes, NLR, FBG, UA, and Fib were significantly related to stroke severity at admission with a P < 0.05 (as shown in Table 2). Patients with severe stroke had statistically elevated admission NLR levels (median, 3.53; IQR, 2.43–5.25) compared to patients with mild stroke (median, 2.63; IQR, 1.93–3.64; P < 0.001) (as shown in Table 2 and Figure 3A). Moreover, the proportions of female gender, occlusion, and moderate-severe CED, and levels of WBC, neutrophil, FBG, and Fib in the severe stroke group were higher than those in the mild stroke group, whereas the proportion of dual antiplatelet therapy and the levels of lymphocyte and UA were lower in the severe stroke group (as shown in Table 2). Multivariate logistic regression analysis indicated that admission NLR levels were significantly correlated with severe stroke (OR, 1.132; 95% CI, 1.038–1.234; P = 0.005) in Model 1 and both the middle and the highest NLR tertiles were significantly correlated with severe stroke (tertile 2: OR, 1.851; 95% CI, 1.089–3.145; P = 0.023; and tertile 3: OR, 2.736; 95% CI, 1.590–4.708; P < 0.001) compared with the lowest NLR tertile in Model 2 after adjustment for age, sex, dual antiplatelet therapy, stenosis severity, moderate-severe CED, WBC, FBG, UA, and Fib (as shown in Table 3).


Table 2. Clinical characteristics of sICAS patients according to the initial stroke severity and short-term prognosis.
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FIGURE 3. Comparisons of admission NLR levels according to the initial stroke severity and short-term prognosis of sICAS. (A) Comparison of admission NLR levels according to the initial stroke severity (severe stroke vs. mild controls). (B) Comparison of admission NLR levels according to the short-term prognosis (unfavorable outcome vs. favorable outcome). NLR, neutrophil-to-lymphocyte ratio; sICAS, symptomatic intracranial atherosclerotic stenosis.



Table 3. Multivariate logistic regression analysis of the relationship between NLR and the initial stroke severity of sICAS.
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Association Between NLR and Short-Term Prognosis in sICAS Patients

Among all participants, 521 (58.0%) had a favorable short-term functional outcome, and 378 (42.0%) had an unfavorable short-term functional outcome as mentioned before. In univariate analysis, age, sex, histories of CAD, smoking, and drinking, dual antiplatelet therapy, stenosis severity, moderate-severe CED, and levels of WBC, Plt, neutrophils, lymphocytes, NLR, HDL, FBG, UA, and Fib were significantly correlated with short-term prognosis in sICAS patients (as shown in Table 2). NLR levels were statistically elevated in patients with unfavorable outcomes (median, 3.18; IQR, 2.25–4.53) compared with those with favorable outcomes (median, 2.60; IQR, 1.88–3.54; P < 0.001) (as shown in Table 2 and Figure 3B). Moreover, age, the proportions of female gender, occlusion, and moderate-severe CED, the prevalence of CAD, and levels of WBC, Plt, neutrophil, HDL, FBG, and Fib in the unfavorable outcome group were higher than those in the favorable outcome group, whereas the proportion of dual antiplatelet therapy, the frequencies of smoking and drinking, and the levels of lymphocyte and UA were lower in the unfavorable outcome group (as shown in Table 2). Multivariate logistic regression analysis showed that admission NLR levels were significantly correlated with unfavorable short-term prognosis (OR, 1.102; 95% CI, 1.017–1.195; P = 0.018) in Model 1 and the highest NLR tertile was positively associated with unfavorable short-term prognosis (OR, 2.165; 95% CI, 1.416–3.311; P < 0.001) compared with the lowest NLR tertile in Model 2 after adjusting for age, sex, CAD, smoking, drinking, dual antiplatelet therapy, severity of stenosis, moderate-severe CED, WBC, Plt, HDL, FBG, UA, and Fib (as shown in Table 4).


Table 4. Multivariate logistic regression analysis of the relationship between NLR and the short-term prognosis of sICAS.
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Predictive Values of NLR for the Severity and Short-Term Prognosis of sICAS

Receiver operating characteristic curve analysis was conducted to determine the predictability of NLR with the results illustrated in Figure 4. Area under the curve values for discriminating stroke severity and short-term prognosis were 0.659 (95% CI, 0.615–0.703; P < 0.001) and 0.613 (95% CI, 0.575–0.650; P < 0.001), respectively, and the optimal cut-off values of NLR were 3.33 (specificity, 69.49%; sensitivity, 54.87%) for stroke severity and 3.31 (specificity, 70.45%; sensitivity, 47.43%) for short-term prognosis (as shown in Figure 4).


[image: Figure 4]
FIGURE 4. ROC curves for the initial stroke severity and short-term prognosis of sICAS with NLR. (A) ROC curve for the initial stroke severity of sICAS with NLR (severe stroke vs. mild controls). (B) ROC curve for the short-term prognosis of sICAS with NLR (unfavorable outcome vs. favorable outcome). ROC, receiver operating characteristic; sICAS, symptomatic intracranial atherosclerotic stenosis; AUC, area under the curve; NLR, neutrophil-to-lymphocyte ratio; CI, confidence interval.




Predictive Models of the Severity and Short-Term Outcome of sICAS

To establish a more direct correlation of NLR with sICAS, we constructed nomograms using the variables identified by multivariate logistic regression analysis. We chose the independent risk factors identified in Model 1. The selected factors were shown by lines in the nomograms. Higher nomogram total scores indicated a higher risk of severe neurological deficit or unfavorable short-term outcome of sICAS patients. Figures 5A, 6A showed the nomograms for predicting the severity and short-term prognosis of sICAS patients. Figures 5B, 6B showed the performance of the nomograms. Supplementary Figures 1A–D showed the nomograms using the variables identified by multivariate logistic regression in Model 2 as well as their performances.


[image: Figure 5]
FIGURE 5. The nomogram for predicting the severity of sICAS patients. (A) The nomogram for predicting the risk of severe neurological deficit of sICAS patients. (B) The ROC curve of the nomogram. The predictors were chosen based on the results of multivariate logistic regression in Model 1. Each selected factor was shown by a line in the nomograms. sICAS, symptomatic intracranial atherosclerotic stenosis; CED, cerebral edema; WBC, white blood cell; NLR, neutrophil-to-lymphocyte ratio; ROC, receiver operating characteristic; AUC, area under the curve.
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FIGURE 6. The nomogram for predicting the short-term prognosis of sICAS patients. (A) The nomogram for predicting the risk of unfavorable short-term outcome of sICAS patients. (B) The ROC curve of the nomogram. The predictors were chosen based on the results of multivariate logistic regression in Model 1. Each selected factor was shown by a line in the nomograms. sICAS, symptomatic intracranial atherosclerotic stenosis; NLR, neutrophil-to-lymphocyte ratio; UA, uric acid; CAD, coronary artery disease; ROC, receiver operating characteristic; AUC, area under the curve.





DISCUSSION

In the present study, we demonstrated that elevated admission NLR was significantly correlated with initial stroke severity and poor short-term prognosis in sICAS patients. The statistical significance remained after adjustment for clinical and laboratory variables when NLR was 3.533 or more. Moreover, we demonstrated that NLR had good predictive power for the early severity and short-term prognosis of sICAS.

Our results are in accordance with prior studies relating to NLR and ischemic stroke. Researchers have reported that NLR was independently associated with stroke severity, hemorrhagic complications, poor short-term and long-term functional outcomes, high mortality rates, and stroke-associated pneumonia in acute cerebral ischemia (23–26). In patients with AIS attributable to LAA, high NLR was associated with increased risks for HT after LAA (27). In our study, we also observed that NLR values were higher in sICAS patients with HT, but HT was not a risk factor for the severity and prognosis of sICAS. More recently, a study in Portugal found that increased NLR was linked to the greater severity of CED, early neurological deterioration (END), and worse long-term prognosis in AIS patients undergoing reperfusion therapy (21). However, the predictive role of NLR in the prognosis of ischemic stroke due to ICAS has not been defined before. Our study revealed a similar role of NLR; that is, NLR was an early predictor of the early stroke severity and poor short-term outcome in patients with AIS attributed to ICAS, independent of other risk factors including CED, whereas the underlying mechanisms remain unclear.

Intracranial atherosclerotic stenosis is one of the most predominant causes of ischemic stroke, with a higher prevalence in Asians (3). Prior studies have demonstrated that traditional cardiovascular risk factors, metabolic syndrome, and unhealthy lifestyles are crucial risk factors associated with ICAS, accounting for endothelial dysfunction and increased permeability, thereby initiating a series of inflammatory reactions, which have been considered to be implicated in the pathogenesis of atherosclerosis and might play a critical role in the development of ICAS and plaque destabilization (8, 28). Although there are various risk factors and predictive models for ICAS, more convenient and easily accessible biomarkers are required to identify high-risk patients. Neutrophil-to-lymphocyte ratio, a biomarker indicating systemic inflammatory status, has been shown to be related to intracranial atherosclerosis. A study by Chung et al. (29) revealed that high NLR was correlated with intracranial atherosclerosis (OR= 1.87; 95% CI, 1.15–3.06; P = 0.01) in healthy individuals, consistent with another study by Nam et al. (15) indicating that NLR could be a predictor for the prevalence and burdens of ICAS. However, few studies revealed the independent predictive values of NLR in the prognosis of sICAS. Our prior study has determined the association between leukocyte levels and the prognosis of sICAS, whereas NLR might be a more accurate biomarker reflecting the balance of neutrophils and lymphocytes. Therefore, we examined whether NLR levels correlate with the early stroke severity and prognosis of sICAS and indicated that NLR could be employed as a good predictor with respect to the severity and short-term prognosis of sICAS.

Since NLR represents the ratio of neutrophils to lymphocytes, both neutrophilia and lymphopenia could be associated with increased NLR levels, providing clues to the possible underlying mechanisms. A growing body of evidence suggests that elevated circulating neutrophils were related to stroke severity, infarction volume, hemorrhagic complications, and poor outcomes in ischemic stroke (24, 30, 31). When stroke events occur, blood neutrophils could be rapidly recruited to areas of ischemic brain, release matrix metalloproteinases-9 (MMP-9), which could degrade tight junction proteins and basal lamina type IV collagen, increasing the blood-brain barrier (BBB) permeability, thereby resulting in BBB disruption and tissue damage, which is accompanied by edema and hemorrhage (32–35). Besides, an experimental study demonstrated that accumulated neutrophils could impair vascular remodeling during stroke recovery via producing neutrophil extracellular traps (NETs) (36). The expanded neutrophils after ischemic stroke might result from hematopoietic stem cell activation and a hematopoiesis bias mediated by increased sympathetic tone (37). Additionally, neutrophils are implicated in the development and progression of atherosclerosis. Neutrophils could be recruited and activated on the vascular wall, secreting granule proteins and limiting the use of nitric oxide, thus leading to endothelial dysfunction and subsequent atherosclerosis (38). Also, neutrophils could induce macrophages to release cytokines and activate T helper 17 (TH17) cells via releasing NETs, further amplifying pro-inflammatory responses and causing atherosclerotic plaque destabilization and rupture (39, 40).

However, the exact role of lymphocytes in atherosclerosis and ischemic stroke has not been fully elucidated. A study by Kim et al. (41) demonstrated the associations between reduced lymphocyte counts with END and unfavorable long-term prognosis in cerebral ischemia, implying that lymphocytes might be a protector for brain injury. It could be supported by another study, which reported that a lower admission lymphocyte-to-monocyte ratio (LMR) was an independent predictor for greater stroke severity and worse 3-month functional outcomes of acute cerebral infarction (42). Since the initial severity of stroke paralleled a more robust stress response, lymphopenia has been suspected to be mechanistically mediated by stress-induced cortisol production and sympathetic tone after stroke, which could further induce redistribution of lymphocytes and lymphocyte apoptosis (43, 44). Another possible mechanism lies in the protective role of regulatory lymphocytes in stroke via secreting interleukin-10 (IL-10), a critical anti-inflammatory and neuroprotective cytokine modulating post-stroke neuroinflammation (45, 46). Collectively, both inflammation and immune responses have considerable influence on the pathogenesis of ischemic stroke.

Early risk assessment is essential in determining the appropriate treatment and improving long-term life quality in patients with sICAS. Hence, it is critical to seek early predictors of sICAS to identify patients at high risk of severe stroke and unfavorable outcomes for early clinical intervention. Admission NLR, as an easy and straightforward biomarker, has the potential to help clinicians make decisions early and accurately. Our findings suggested that high NLR levels were correlated with severe stroke and poor prognosis in AIS patients due to ICAS, highlighting a promising potential therapeutic strategy for sICAS by reducing the ratio, which requires further investigations.



LIMITATIONS

There are several limitations in this study that should be noted. First, a selection bias might exist since it was a retrospective study with participants recruited from a single stroke center. Second, our data are descriptive, so associations do not necessarily imply causality. Further studies remain to be conducted to elucidate the causality between NLR with early severity and outcomes in AIS patients with ICAS. Third, NLR was only examined on admission, and longitudinal data were lacking. Otherwise, more precise and consistent information could be provided. Moreover, the functional outcomes were only assessed on the 14th day after stroke onset, limiting the predictive values of NLR for long-term prognosis in ICAS-related stroke. Forthcoming studies should be undertaken to examine whether NLR levels could estimate stroke recurrence or dementia after sICAS.



CONCLUSIONS

This study has demonstrated that elevated admission NLR was independently correlated with severe stroke and poor functional outcome of sICAS and served as a useful parameter for early prediction of severity and short-term prognosis of sICAS. Therefore, NLR might be an essential and practical prognostic marker in patients with sICAS, helping us identify a target group for preventive therapies.
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Background: Intracranial cerebral atherosclerosis (ICAS) is a leading etiology of ischemic stroke. The diagnosis and assessment of intracranial stenosis are shifting from anatomic to hemodynamic for better risk stratification. However, the relationships between lesion geometry and translesional pressure gradient have not been clearly elucidated.

Methods: Patients with symptomatic unifocal M1 middle cerebral artery (M1-MCA) stenosis were consecutively recruited. The translesional pressure gradient was measured with a pressure wire and was recorded as both mean distal/proximal pressure ratios (Pd/Pa) and translesional pressure difference (Pa–Pd). Lesion geometry measured on angiography was recorded as diameter stenosis, minimal lumen diameter, and lesion length. The correlations between pressure-derived and angiography-derived indices were then analyzed.

Results: Forty-three patients were analyzed. A negative correlation was found between Pd/Pa and diameter stenosis (r = −0.371; p = 0.014) and between Pa – Pd and minimal lumen diameter (r = −0.507; p = 0.001). A positive correlation was found between Pd/Pa and minimal lumen diameter (r = 0.411; p = 0.006) and between Pa – Pd and diameter stenosis (r = 0.466; p = 0.002).

Conclusions: In a highly selected ICAS subgroup, geometric indices derived from angiography correlate significantly with translesional pressure gradient indices. However, the correlation strength is weak-to-moderate, which implies that anatomic assessment could only partly reflect hemodynamic status. Translesional pressure gradient measured by pressure wire may serve as a more predictive marker of ICAS severity. More factors need to be identified in further studies.

Keywords: intracranial cerebral atherosclerosis, stenosis, hemodynamics, translesional pressure gradient, Pd/Pa, Pa-Pd


INTRODUCTION

Intracranial cerebral atherosclerosis (ICAS) is the most common cause of ischemic events worldwide, particularly in Asian, Hispanics, and Africans, and may be underestimated in Caucasians (1–4). In the Warfarin-Aspirin Symptomatic Intracranial Disease (WASID) trial, higher degrees of anatomic stenosis were identified as independent predictors of recurrent ischemic stroke (5, 6). This inspired investigators to adopt more aggressive treatments, including balloon angioplasty or stenting, toward improved outcomes in patients with >70% stenosis. However, failures of previous randomized controlled trials have raised the concern that there may be bias in identifying patients at high risk solely on anatomic assessment (7–9). Additional approaches are thus urgently needed.

In ICAS patients with ischemic stroke, identification of the underlying mechanism is critical for management. The current proposed mechanisms include artery-to-artery embolism, perforator occlusion, hemodynamic dysfunction, and mixed etiologies (10). Patients with symptomatic ICAS and hemodynamic insufficiency may benefit from angioplasty beyond optimal medical therapy alone, as the former could further improve distal perfusion (11–13). Thus, hemodynamic assessment may improve stratification of patients for such treatment strategies. Hemodynamic insufficiency may be inferred from infarct pattern (i.e., watershed infarction) or various models of cerebral perfusion imaging (e.g., asymmetry between bilateral hemispheres). However, these are ultimately evaluations of brain parenchyma, and focal or arterial lesion-related assessments of hemodynamics could have more important therapeutic implications.

Fractional flow reserve (FFR), defined as the ratio of maximum flow in the presence of a stenosis to normal maximum flow, has become the gold standard in assessing the hemodynamic insufficiency of epicardial coronary stenosis (14–16). Besides, translesional pressure gradient and its derivative indices, for instance, rest Pd/Pa and instantaneous wave-free ratio (iFR), have been widely used on guiding coronary revascularization therapy (17–20). Basically, they utilize a pressure wire to measure mean distal coronary (Pd) and arterial pressure (Pa) with or without pharmacological vasodilation and present as their radio (Pd/Pa). It has demonstrated that FFR and these lesion-related indices are superior on defining myocardial ischemia risk than the degree of coronary stenosis.

Despite that hemodynamic assessment by pressure wire has been well-established in coronary revascularization, the application of this invasive method in ICAS has rarely been explored. A few studies validated its feasibility (21–24); however, the difference and relationships between pressure-derived and angiography-derived indices have not been fully elucidated. In the current study, we preliminarily investigated the correlations in a selected group of ICAS patients.



MATERIALS AND METHODS


Patient Selection

From June 2019 to December 2020, patients that were scheduled for digital subtraction angiography (DSA) for symptomatic intracranial atherosclerosis stenosis were consecutively recruited to an observational study in our quaternary center. The study protocol was approved by the local Institutional Review Board, and all patients provided written informed consent.

Adult patients meeting the following criteria were enrolled for the current study: (1) presented with recurrent stroke or transient ischemic attack (TIA) within the past 6 months attributed to 50–99% unifocal M1 middle cerebral artery (M1-MCA) stenosis; (2) patients understood that the pressure measurements were part of a novel functional assessment of MCA stenosis for study purposes and give permission to the off-label use of a pressure wire; and (3) expected ability to traverse the lesion with a pressure wire. We excluded patients based on the following criteria: (1) non-atherosclerotic MCA stenosis (e.g., dissection, moyamoya disease, or vasculitis); (2) concurrent >50% stenosis or occlusion of intra- or extracranial arteries; (3) history of surgical and/or interventional procedures of intra- and extracranial arteries; (4) massive cerebral infarction (>1/2 MCA territory); or (5) known intracranial tumor, infection, hydrocephalus, aneurysm, or arteriovenous malformation.



Cerebrovascular Angiography and Intracranial Pressure Measurements

General anesthesia was employed in all cases. A 6F sheath was used to access the femoral artery, after which a 6F guiding catheter was positioned in the ipsilateral petrous or foraminal internal carotid artery (ICA) segment with a 0.035-inch guidewire. Three-dimensional DSA was obtained for selecting the optimal view to access lesion geometry, including minimal lumen diameter, lesion length, and diameter stenosis. The diameter stenosis grade was calculated by measuring the minimal lumen diameter at the most stenotic site compared with the normal proximal segment diameter (first choice) or the normal feeding artery diameter (second choice), as the modified WASID method recommended in 2009 (25).

A 0.014-inch pressure wire (C12008, Abbot St. Jude Medical, Minneapolis, MN, USA), designed for coronary systems, was used off-label for intracranial pressure measurements. For safety, a microcatheter (Rebar18, eV3 Covidien, Irvine, CA, USA) was used by exchange technique in all procedures to aid the pressure wire crossing the stenosis under roadmap guidance. Mean distal pressure (defined as Pd in current study) and proximal pressure (defined as Pa) were measured successively under resting conditions. The translesional pressure gradient radio (Pd/Pa) and translesional pressure gradient difference (Pa–Pd) were calculated. A representative case is displayed in Figure 1.


[image: Figure 1]
FIGURE 1. Representative case of intracranial lesion geometry and translesional pressure measurements. In this patient, (A) the minimal lumen diameter was 0.69 mm, and the normal segment diameter was 4.12 mm, so the stenosis was calculated as 83.3%, and the lesion length was 7.53 mm; (B) the mean distal pressure (Pd) was 66 mmHg; (C) the mean proximal pressure (Pa) was 95 mmHg. The translesional pressure gradient radio (Pd/Pa) and translesional pressure gradient difference (Pa–Pd) were thus found to be 0.69 and 29 mmHg.


In addition to direct correlation analysis, subgroup analysis based on stenosis severity classification and collateral circulation was also performed. Patients were divided into moderate (50–69%) and severe (70–99%) stenosis, as the SAMMPRIS did (12). And collateral circulation was evaluated using the American Society of Interventional and Therapeutic Neuroradiology/Society of Interventional Radiology (ASITN/SIR) collateral flow grading system (26). Patients with grades 0–2 were grouped as poor collateral circulation, and grades 3–4 were deemed good ones.



Intra-Observer and Inter-Observer Variability

Two experienced neurointerventionalists (first observer [LL] and second observer [BY]), who were blinded to clinical data and pressure values, measured angiographic geometry of all lesions independently. To assess intra-observer variability, the first grader repeated the step 4 weeks after an initial measurement again.



Statistical Analyses

Intra- and inter-observer measurements of minimal lumen diameter, diameter stenosis, and lesion length were evaluated by absolute agreement model of intraclass correlation coefficient (ICC) analyses. Quantitative data were examined to determine presence of normal distribution. Continuous variables of normally distributed were expressed as mean ± standard deviation, or median [interquartile range (IQR)] in the presence of abnormal distribution, and qualitative data were described as percentages. The correlations between Pd/Pa or Pa–Pd and stenosis and lesion length were assessed by Pearson's test for normally distributed continuous variables while Spearman's test for non-normally distributed variables. All statistical analyses were carried out in SPSS version 23.0 and R studio. All reported p-values were two-sided, and p < 0.05 was considered to indicate statistical significance.




RESULTS


Demographics

Proximal and distal pressure datasets were obtained in 43 consecutive patients after angiography. There were no complications related to translesional pressure measurement. Mean age was 54 ± 10 years, and 31 (72.1%) were male. The qualifying event was recurrent stroke in 30 patients (69.8%) and recurrent TIA in the other 13 patients (30.2%). The mean angiographic percentage of stenosis and minimal lumen diameter were 75.9 ± 7.8% and 0.59 ± 0.22 mm, respectively. The mean lesion length was 6.81 (median, 5.90; IQR, 4.78–8.62) mm. Patient characteristics and vascular risk factors are summarized in Table 1.


Table 1. Clinical characteristics and lesion profile.
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Correlation Between Pressure-Derived and Angiography-Derived Indices

Regarding correlation between resting Pd/Pa and lesion geometry, the median resting Pd/Pa was 0.69 (IQR 0.49–0.74). A weak but statistically significant correlation was found between resting Pd/Pa and diameter stenosis (r = −0.371; p = 0.014; Figure 2A). The correlation was stronger between resting Pd/Pa and minimal lumen diameter (r = 0.411; p = 0.006; Figure 2B). No significant correlation was found between resting Pd/Pa and lesion length (Figure 2C).


[image: Figure 2]
FIGURE 2. Scatter plots showing correlation between translesional pressure gradient and lesion geometry. (A) Pd/Pa vs. diameter stenosis; (B) Pd/Pa vs. minimal lumen diameter; (C) Pd/Pa vs. lesion length; (D) Pa-Pd vs. diameter stenosis; (E) Pa-Pd vs. minimal lumen diameter; (F) Pa-Pd vs. lesion length. Pd indicates distal pressure of stenosis; and Pa indicates proximal pressure of stenosis. ※ indicates Spearman test for non-normally distributed variables; and † indicates Pearson test for normally distributed continuous variables.


Regarding correlation between translesional pressure gradient and lesion geometry, the translesional pressure gradient (Pa–Pd) ranges from 7 to 64 (mean 28 ± 13) mmHg. Compared with resting Pd/Pa, it presented further enhanced correlations with both diameter stenosis (r = 0.466; p = 0.002; Figure 2D) and minimal lumen diameter (r = −0.507; p = 0.001; Figure 2E). This was also uncorrelated with lesion length (Figure 2F).

Statistically, the strongest correlation was between Pa–Pd and minimal lumen diameter (correlation coefficients: 0.507).



Correlation Between Pressure-Derived and Angiography-Derived Indices Based on Stenosis Severity Classification and Collateral Circulation


Subgroup Analysis Based on Stenosis Severity Classification

Six patients (14%) were found to have moderate stenosis. There was no significant difference in patients with moderate and severe stenoses on neither Pd/Pa (0.69 ± 0.26 vs. 0.62 ± 0.17, p = 0.107) nor Pa – Pd (22.5 ± 20.1 vs. 29.2 ± 11.5 mmHg, p = 0.248).

In the moderate stenosis group, no significant correlation was found between pressure-derived and angiography-derived indices. In the severe stenosis group, statistically significant correlations were found between resting Pd/Pa and diameter stenosis (r = −0.341; p = 0.039), and between Pa–Pd and diameter stenosis (r = 0.352; p = 0.033) and minimal lumen diameter (r = −0.343; p = 0.038). The detailed results are presented in Table 2.


Table 2. Correlation between pressure-derived and angiography-derived indices based on stenosis severity classification.
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Subgroup Analysis Based on Collateral Circulation

Seventeen patients (39.5%) were grouped as poor collateral circulation status, and the other 26 (60.5%) were grouped as good. The correlation between pressure-derived and angiography-derived indices was still significant in patients with good collateral circulation. However, no significant correlation was found in patients with poor collateral circulation. The detailed results are presented in Table 3.


Table 3. Correlation between pressure-derived and angiography-derived indices based on collateral circulation.
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Intra-Observer and Inter-Observer Variability

Intra-observer measurements of lesion geometry revealed ICC values of 0.966, 0.976, and 0.955 for minimal lumen diameter, diameter stenosis, and lesion length, respectively, which indicate near-perfect agreement (Table 4). Meanwhile, inter-observer measurements revealed ICC values of 0.870, 0.842, and 0.902 for minimal lumen diameter, diameter stenosis, and lesion length respectively, which indicate good agreement (Table 4).


Table 4. Intra-and inter-observer variability analyses of lesion geometry.
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DISCUSSION

The present study demonstrated that in patients with symptomatic M1 stenosis, hemodynamic indices as assessed by pressure wire are significantly associated with anatomic indices on DSA. This was reflected by weak-to-moderate correlations between translesional pressure gradient measured by pressure wire (Pd/Pa and Pa–Pd) and lesion geometry measured by angiography (diameter stenosis and minimal lumen diameter). Our interpretation is that either luminal diameter or percentage stenosis only partly reflects hemodynamic status, and stenoses require greater assessment to evaluate the hemodynamic functional significance of intracranial atherosclerotic stenosis. Translesional pressure gradient may serve as a more predictive marker of ICAS severity.

A few studies have investigated the relationship between luminal narrowing and hemodynamic indices, measured by pressure wire in ICAS, without consensus reached as yet on its utility. Mario et al. reported that that neither luminal diameter nor percentage stenosis (visual or quantified) was correlated with distal/proximal pressure ratios or proximal-to-distal pressure gradients (23), which is contrary to our findings. The difference may be due to the small sample size and various lesion sites (n = 9: 2 cavernous, three supraclinoid, and 4 M1) in their study.

Liu et al. demonstrated a weak-to-moderate correlation between anatomic stenosis and hemodynamic measurements across an atherosclerotic lesion (22), which is consistent with our study. However, the authors emphasized that this only reached statistical significance in patients with poor collateralization, which implies that collateral state may be another factor that affects translesional pressure gradient in ICAS, which was not shown in our study. There may be several reasons for the difference. First, the sample size of both Liu's (n = 25) and our study (n = 43) was limited. Therefore, the results of subgroup analysis were unreliable. Second, the current grading system, for instance, the ASITN/SIR grade (26), the Capillary Index Score (CIS) (27), or the MMD Collateral Grading System (28), may have inadequate accuracy to grade the hemodynamic status for this application. A novel composite grading system, such as the angiographic DILEMMA score for cardiovascular disease (29), which combines lesion geometry indices and dynamic changes in angiography, could be more powerful. In addition, this score requires the inclusion of less-selected patients.

It should be noted that an accurate and precise measurement of the lesion geometry is critical for meaningful assessment of ICAS or other hemodynamic analyses. For stenosis grading of the intracranial major cerebral arteries, the WASID Group established a reliable method in 1999 (30), which is now widely used in clinical practice (22). For the denominator, the normal proximal segment, distal segment, and feeding artery diameter are chosen as the first, second, and third options, respectively. However, to avoid the error caused by slight physiologic distal narrowing of some intracranial arteries, we always choose proximal diameter as the denominator (i.e., the normal proximal segment diameter and feeding artery diameter as the first and second choices, respectively) (25). Furthermore, for circumventing the limitation on choosing a denominator, we also compared the minimal luminal diameter as an independent index with accompanying pressure-derived indices. Our findings suggest that this method may be more accurate than grade of stenosis alone.

The relationship between pressure gradient and lesion geometry was also studied in interventional cardiology literature. The results appear to vary according to the population included. A curvilinear relation was found by Jozef et al. between myocardial FFR and both stenosis diameter (r = 0.79) and the smallest lumen diameter (r = 0.82) (31). Osman et al. found a significant linear correlation between FFR and lesion length (r = −0.314) and minimal lumen diameter (r = 0.415) (29). Antonio et al. demonstrated that FFR values were correlated to the smallest lumen diameter (r = 0.34) and stenosis diameter (r = −0.28) (32). Compared with the coronary arteries, intracranial arteries have more intricate collateral circulation (i.e., the circle of Willis and secondary collateral pathways) and cerebral blood flow autoregulation. In addition, blood pressure, lesion morphology, and characteristics, as well as the territory perfused, may also affect the hemodynamic state of cerebral arteries. In ICAS, the application of hemodynamic assessment is still in its naissance and requires further exploratory study and evidence.

Impediments to replicating the success of focal hemodynamic assessment in cardiovascular disease in the context of ICAS partly lie in the lack of well-recognized and reliable evaluation methods. For instance, there is no similar gold standard to exercise testing to indicate inducible ischemia in cerebrovascular field (33). Xenon computed tomography (Xe-CT), the gold standard method to quantitatively measure cerebral blood flow, is difficult to obtain and intolerant for a considerable proportion of patients (34). Nevertheless, an increasing number of stroke clinicians are beginning to shift their focus from intracranial stenosis grading to hemodynamic assessment.

Some researchers have attempted to establish the relations between hemodynamic indices and stroke risk by non-invasive approaches, with promising results. The modalities include signal intensity ratio (SIR) on time-of-flight magnetic resonance angiography, computational fluid dynamics (CFD) modeling, and quantitative magnetic resonance angiography (QMRA) (35–41). But all have their own limitations. We assume that direct translesional pressure gradient measurement could play a leading role. And large and prospective cohort studies have been started, which may provide stronger evidence.


Study Limitations

Limitations of the current study include the following: (1) the findings are based on a highly selected group. In patients with symptomatic unifocal M1 stenosis, the factors affecting hemodynamic status may be limited to blood pressure, secondary collateral circulation (i.e., anastomoses from ipsilateral anterior cerebral artery and posterior cerebral artery to MCA supply) and distal territory resistance. Thus, the correlation may alter as the lesion site changes. For instance, when lesions are in the terminal segment of ICA (distal to posterior communicating artery) or middle segment of ICA (proximal to posterior communicating artery), blood flow may vary through the circle of Willis. (2) Unlike the measurement of FFR in coronary stenosis, we measured the pressure without the use of vasodilatory agents, as previous studies have demonstrated that intracranial arteries are often already maximally dilated in symptomatic patients (42, 43). Based on this, we further simplified the process of pressure measurement as we equalized the pressure sensor to zero only once before introducing the pressure wire into the target vessel. Thereafter, we measured Pd and Pa successively by pullback of the pressure wire. We assumed the pressure dataset was recorded under the same condition and that its accuracy was not affected even if there was a so-called “drift” of the pressure values. Further tests are needed to verify this approach.




CONCLUSIONS

This observational study preliminary indicates that in patients with unifocal M1 stenosis, geometry indices derived from angiography correlate significantly with translesional pressure gradient indices. However, the correlation strength is weak-to-moderate, which implies that anatomic assessment could only partly reflect the hemodynamic status. Translesional pressure gradients measured by pressure wire may serve as a more predictive marker of ICAS severity. More factors need to be identified in further studies.
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Effects of Anterior Borderzone Angle Grading on Predicting the 90-Day Prognosis After Recanalization of Acute Middle Cerebral Artery Occlusion
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Objective: This work explores collateral circulation metrics, such as the anterior borderzone angle grading (ABZA-grading), as a predictor of the prognosis in patients with acute middle cerebral artery occlusion (MCAO) following endovascular treatment (EVT).

Methods: Clinical data from 108 patients with acute MCAO, treated by EVT, were retrospectively analyzed. In patients with MCAO, ABZA is the angle between the median line of the sagittal sinus and the borderzone of the pial arterioles of ACA and MCA, and the ABZA/23.0° was rounded to obtain the corresponding collateral circulation score (ABZA-grading). In parallel, the primary outcome was defined as the 90-day clinical outcome by modified ranking scale score (mRS). Univariate analysis and logistic regression were used to analyze the independent predictors of the 90-day clinical outcome (mRS). Receiver operating characteristic curve (ROC) analysis was used to judge the predictive value of ABZA.

Results: Univariate analysis and logistic regression analysis showed that ABZA-grading > 2 and age were independent predictors of the 90-day clinical outcome after EVT in patients with acute MCAO. The ROC analysis showed that ABZA alone could predict a favorable 90-day clinical outcome with an area under the curve (AUC) of 0.868. Using an ABZA of >57.8° (the corresponding ABZA-grading of >2) as the cut-off value, the predictive sensitivity and specificity were 75.7 and 88.7%, respectively. Contingency table analysis showed a statistical difference in mRS score between ABZA-grading subgroups, and ABZA-grading between stroke caused by large artery atherosclerosis (LAA) and cardiogenic embolism (CE).

Conclusion: The ABZA-grading is an easy and objective assessment of collateral circulation that is independently associated with short-time clinical outcome after EVT in patients with acute MCAO. Therefore, it may guide selection of patients with acute ischemic stroke (AIS) suitable for EVT. The ABZA-grading of collateral circulation can be a supplemental metric to help differentiate stroke by LAA and CE.

Keywords: anterior borderzone angle grading, collateral circulation, endovascular treatment, acute ischemic stroke, prognosis


INTRODUCTION

Numerous studies have shown that good collateral circulation is essential to maintain ischemic penumbra, and is associated with smaller infarct cores and improved clinical outcomes after intravenous and intrarterial thrombolysis. Contrastingly, poor collateralization increases mortality in patients with large vessel occlusion acute ischemic stroke (LVO-AIS) (1–4). Preserving ischemic penumbra, where collateral circulation plays an important role, is key to successful treatment. Therefore, it becomes important to evaluate collateral circulation before endovascular therapy (EVT).

Angiography is considered the gold standard for the assessment of collateral blood flow, providing complete and reliable information on the circle of willis and the leptomeningeal collateral circulation. At present, the scoring methods based on digital subtraction angiography (DSA) for assessing collateral state include: the American Society of Interventional and Therapeutic Neuroradiology/Society of Interventional Radiology (ASITN/SIR) and the Capillary Index Score (CIS). Of these two, ASITN/SIR-grading is most widely used because of its simplicity and operability. However, most of the collateral circulation scoring methods are subjective, and some studies show that the reproducibility between observers and repeatability by the same observer are weak (5). The middle cerebral artery (MCA) is the most frequently involved site of LVO-AIS, while the anterior cerebral artery (ACA) is the main compensatory source of pial collateral in MCA stenosis and occlusion. Our previous study introduced a new quantitative parameter of anterior borderzone angle (ABZA), to study changes of ACA-MCA boundary area; and exposed its relationship to hemodynamic changes during MCA stenosis and occlusion. Together these could be used as a quantitative index to evaluate the compensation of ACA pial collateral (6). Therefore, we tested the predictive value of this measurement ABZA (ABZA-grading), on the prognosis of patients with acute middle cerebral artery occlusion (MCAO) treated by EVT.



MATERIALS AND METHODS

Data were collected from 69 patients attending the Department of Neurology at Fujian Provincial Hospital from June 2016 to November 2020 and 39 patients attending the First Hospital of Quanzhou City from April 2019 to November 2020, a total of 108 AIS patients from both hospitals receiving EVT who met the inclusion criteria. The Block diagram of enrollment was showed in Figure 1. Inclusion criteria were as follows: (1) All patients met the diagnostic criteria for AIS established by the American Heart Association/American Stroke Association (AHA/ASA) in 2018; (2) Age ≥ 18 years; (3) Treatment started within 6 h after symptoms onset; (4) M1 segment occlusion of the MCA was confirmed by computed tomography angiography (CTA) or DSA, and there was no forward blood flow; (5) Pre-onset mRS ≤ 2 points; NIHSS score ≥ 6 points on admission; (6) Early CT ischemic changes of Albert Stroke Program early CT score (ASPECTS) ≥ 6 or infarct volume <1/3 MCA blood supply area; (7) No contraindications to EVT and signed informed consent for EVT; (8) Patients whose symptoms did not resolve after intravenous thrombolysis and who met the above criteria could also be enrolled.


[image: Figure 1]
FIGURE 1. Block diagram of enrollment into this study. MCAO, middle cerebral artery occlusion; ABZA, anterior borderzone angle grading; mRS, modified Rankin score; PCA, posterior cerebral artery; ACA, anterior cerebral artery; CCA, common carotid artery; ECA, external carotid artery.


Exclusion criteria included: (1) Patients with severe stenosis or occlusion of other intracranial and extracranial vessels, including in the contralateral internal carotid or MCA or external carotid, anterior cerebral or posterior cerebral artery; (2) Tandem lesions exist in the common carotid artery and internal carotid artery on the symptomatic side; (3) Stenosis after bifurcation of M1 segment without involvement of trunk; (4) The image quality does not meet the analysis requirements; (5) All patients with the contraindications of EVT.

This study was approved by the Ethics Committee of Fujian Provincial Hospital and Quanzhou first Hospital and was conducted with the informed consent of patients or their legal representatives. Patients' information was analyzed retrospectively, including demographic characteristics (age, sex), stroke risk factors (hypertension, diabetes, hyperlipidemia, smoking, stroke, coronary heart disease), baseline clinical features (NIHSS score, systolic blood pressure, blood glucose, TOAST etiological classification), and imaging characteristics (baseline ASPECTS, collateral circulation score). The definition of TOAST etiological classification is based on the previous published study (7). Patients with large artery atherosclerosis (LAA) will meet the flowing criteria: (1) clinical and brain imaging findings of either significant (>50%) stenosis or occlusion of a major brain artery or branch cortical artery, presumably due to atherosclerosis. (2) Clinical findings include those of cerebral cortical impairment or brain stem or cerebellar dysfunction. (3) Cortical or cerebellar lesions and brain stem or subcortical hemispheric infarcts > 1.5 cm in diameter on CT or MRI. (4) Supportive evidence by duplex imaging or arteriography of a stenosis of >50% of an appropriate intracranial or extracranial artery is needed. (5) Excluding potential sources of cardiogenic embolism. And the patients with cardioembolism (CE) will meet the following criteria: (1) patients with at least one cardiac source of emboli. (2) Evidence of a previous TIA or stroke in more than one vascular territory or systemic embolism. (3) Eliminating the potential LAA sources of thrombosis or embolism. (4) A stroke in a patient with a medium-risk cardiac source of embolism and no other cause of stroke is classified as a possible cardioembolic stroke.


Treatment Method

EVT was routinely performed according to the guidelines for EVT of acute ischemic cerebrovascular disease (8), and alteplase was given within the therapeutic time window when patients meet the criteria for intravenous thrombolysis. If there was a suspicion of excess embolus load, possible inefficacy of intravenous thrombolytic therapy or contraindication of intravenous thrombolytic therapy, the Neurointerventional Specialist could directly administer EVT with the informed consent of the patient.



Surgical Method

Patient was placed in supine position, and punctured 1.5 cm under the pulsation of the right inguinal femoral artery. Anesthesia was adjusted to patients cooperation; local anesthesia for cooperative patients, and general anesthesia for those who could not cooperate. Cerebral angiography was performed first, the MCAO confirmed and then thrombectomy was performed according to general medical procedures. Thrombectomy can be was performed by simple aspiration, simple stent, or stent combined with aspiration treatment. Stent (4 × 20 mm or 6 × 30 mm Solitair FR stent, EV3, CA, USA), was selected according to vessel diameter and thrombus length. When necessary, Tirofiban was slowly injected when embolus could not be removed during embolectomy, or residual embolus or thrombus formation was observed during stent removal. If embolectomy was followed by re-occlusion, remedial treatment was taken, such as balloon dilation, intra-arterial thrombolysis or stent implantation.



The Measurement of ABZA

The ABZA was measured as previously reported (6). Briefly, the projection of intracranial bifurcation of internal carotid artery on the median line of sagittal suture is defined as the vertex, and the median line of sagittal suture as the starting edge on the DSA image of Tang's position. The angle between the center and the vertices of the ACA-MCA cortical junction (the central point of the junction area was determined according to the points at which the pia mater arterioles of ACA and MCA first met) (Figure 2A). In patients with complete occlusion of MCA, the line between the farthest point of the retrograde collateral circulation and the vertex was selected as the terminal edge (Figures 2B,C). In patients with dysplasia or ACA-A1 deletion (diameter < 0.5 mm) but AcoA was not closed, ABZA was measured from contralateral carotid angiography images. ABZA was 0° when both AcoA and ipsilateral ACA-A1 were not visible (6). The assessment of angiographic images was performed by two experienced neurointerventionalists (Y. CH. and MJ. C) using the image processing software of the GE PACS system to measure ABZA, and any disputes were resolved after consultation. The inter-rater reliability (IRR) was evaluated.


[image: Figure 2]
FIGURE 2. Definition of ABZA on DSA image (with permission) (6). (A) determine point T at the intracranial bifurcation of ICA, find the midline 2, that is, the projection of sagittal sinus, the vertex O is obtained from the vertical projection of point T on midline 2, and determine the central point C of the boundary zone of ACA-MCA, with line 2 as the starting edge and OC as the ending edge, and the angle α formed is ABZA. (B,C) The central point C was determined by the several farthest points of ACA cortical meningeal arterioles retrograde flows, which was the terminal edge of ABZA in patients with MCAO. (B) Demonstrated excellent collaterals with ABZA near to 90°; (C) showed a moderate collaterals with ABZA of 45.4°.




Classification Method of ABZA-Grading

The classification method of ABZA-grading is shown in Figure 3 (6). The ABZA/23.0° (the upper limit of 95% normal reference range of ABZA) was rounded to obtain the corresponding collateral circulation score. ABZA/23.0° is defined as ABZAtrans: ABZA-grading is 0 if ABZAtrans ≤ 1.0; if 1 ≤ ABZAtrans < 1.5, ABZA-grading is 1; 1.5 ≤ ABZAtrans < 2.5, ABZA-grading is 2; 2.5 ≤ ABZAtrans < 3.5, ABZA -grading is 3; 3.5 ≤ ABZAtrans < 4.0, corresponding ABZA-grading is 4 (Figure 3).


[image: Figure 3]
FIGURE 3. The classification method of ABZA-grading (with permission) (6). On the coordinate graph, point T is the end bifurcation point of internal carotid artery, the vertical line is the middle line of the sagittal sinus, and OT is the vertical line of the middle line. * indicates the central point at which the pia mater arterioles of ACA and MCA first met. The vertical area is divided into four parts from three solid lines, corresponding to ABZA: 23.0°, 46.0°, and 69.0°. In addition, the three dashes correspond to ABZA: 34.5°, 57.5°, and 80.5°. The red number in each bracket indicates the corresponding ABZA-trans (ABZA/23.0°), and when rounded it up, the integer number is the corresponding collateral score (ABZA-grading).




Statistical Analysis

IBM SPSS Statistics 22 statistical software was used for statistical analysis. Quantitative data meeting normal distribution were described by mean ± standard deviation ([image: image] s), and quantitative data with non-normal distribution were described by median (M) and inter quartile range (IQR). Univariate analysis was used to compare the baseline data between two groups. Logistic regression analysis was used to analyze the independent predictors of the 90-day clinical outcome. The 90-day functional outcome (mRS) of ABZA-grading group and the ABZA-grading of different TOAST (Trial of Org 10172 in acute stroke treatment) types were analyzed by contingency table analysis. Receiver operating characteristic curve (ROC) analysis was used to judge the predictive value of ABZA and the prediction accuracy of each logistic regression analysis model. Previous studies confirmed a linear relationship between ABZA-grading and ASITN/SIR-grading (6). Considering such close interaction, either ASITN/SIR-grading or ABZA-grading was manually eliminated, while the other was retained as collateral circulation score when performing multivariate analysis. In addition, all variables with P < 0.05 in univariate analysis were included in logistic regression analysis. P < 0.05 was considered statistically significant.




RESULTS


Analysis of Baseline Clinical Data

Patients with mRS ≤ 2 or mRS > 2 were stratified into good and poor prognosis groups, respectively (Table 1). A total of 108 patients with acute MCAO treated with EVT were included, including 69 cases (63.9%) in Fujian Provincial Hospital, 39 cases (36.1%) in Quanzhou First Hospital. Among which 63 cases (58.3%) were male. According to TOAST etiological classification and 59 cases (54.6%) were cardiogenic embolism (CE) and 44 cases (40.7%) with LAA. Finally, 37 cases (34.3%) had a good prognosis (mRS ≤ 2) and 71 cases (65.7%) had poor prognosis (mRS > 2). Compared with the poor prognosis group, the good prognosis group were younger [media 61 versus (vs.) 72 years, P < 0.001], Furthermore, the proportion of patients with LAA (59.5 vs. 31.0%, P = 0.012) was higher in the good prognosis group compared with the poor one. There were no significant differences in baseline ASPECTS, baseline NIHSS, other stroke risk factors (including hypertension, diabetes, hyperlipidemia, coronary atherosclerotic heart disease, stroke history, smoking, and drinking history), hospital, and gender between the two groups.


Table 1. The baseline clinical data of patients with and without a favorable outcome.
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Analysis of Related Variables of Endovascular Therapy

The Inter-rater reliability of ABZA was very good (IRR = 0.78). There was no significant difference in anesthesia mode, requirement for remedial measures (balloon angioplasty or stent implantation), passes of retriever or recanalization, bridging therapy and onset to recanalization time between the good and poor prognosis groups. Compared with poor prognosis group, patients in good prognosis group had higher proportion of good collateral circulation (ABZA-grading > 2) (75.7 vs. 11.3%, P < 0.001) and mTICI 2b/3 grade (94.6 vs. 76.1%, P = 0.016) (Table 2).


Table 2. The EVT related variables of patients with and without a favorable outcome.
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Logistic Regression Analysis of the Independent Predictors of the 90-Day Clinical Outcome

Univariate analysis of the factors with P < 0.05, including age, TOAST types, ASITN/SIR-grading (poor vs. good) and ABZA-grading (poor vs. good), mTICI (poor vs. good) were included in logistic regression analysis by enter method, and two models were established. ROC curve was used to analyze the prediction accuracy of each models. The results are shown in Table 3. Model 1 and model 2 were manually screened out either ASITN/SIR-grading or ABZA-grading, respectively. The AUC of Model 1 was 0.903 (95% CI: 0.844–0.961; P < 0.001) and Model 2 was 0.862 (95% CI: 0.794–0.929; P < 0.001). The above results suggest that ABZA-grading (OR 18.948; 95% CI: 5.728–62.680; P < 0.001), ASITN/SIR-grading (OR 8.529; 95% CI: 2.455–29.634; P < 0.001) and age (OR 0.939; 95% CI: 0.892–0.988; P = 0.016) are independent predictors of the 90-day clinical outcome, and the model with ABZA-grading had a higher predictive value than ASITN/SIR-grading. In contrast, there were no significant differences in TOAST types, final mTICI 2b/3 between the good and poor prognosis groups.


Table 3. Logistic regression analysis of the 90-day-outcome predictors in MCAO patients after EVT.
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The Predictive Value of ABZA

Sensitivity and specificity of ABZA on disease prognosis was measured by ROC analysis (Figure 4). The area under ROC curve (AUC) of ABZA was 0.868 (95% CI: 0.798–0.938; P < 0.001), indicative of ABZA good predictive value for the 90-day prognosis of patients with acute MCAO after EVT. In addition, Youden index of ROC analysis was 0.644, with a best cut-off value of ABZA of 57.8° corresponding to an ABZA-grading of 2. The sensitivity and specificity for predicting favorable prognosis at 90 days were 75.7 and 88.7%, respectively, supporting the hypothesis of ABZA-grading > 2 as an excellent collateral circulation.


[image: Figure 4]
FIGURE 4. Receiver operating characteristic curve (ROC) of ABZA predicting a favorable 90-day clinical outcome. The area under ROC curve (AUC) of ABZA was 0.868 (95% CI: 0.79–0.938; P < 0.001). For an ABZA of >57.8° (corresponding ABZA-grading of >2), the predictive sensitivity and specificity were 75.7 and 88.7%, respectively (the red point). ABZA, anterior borderzone angle.




The Analysis of mRS Score According to the ABZA-Grading Subgroups

The change of mRS score at 90 days in ABZA-grading subgroups are shown in Figure 5. Among ABZA-grading ≤ 2 and ABZA-grading > 2, the cases of mRS ≤ 2 were 9 (13%) and 28 (78%), respectively, the ABZA-grading ≤ 2 group tended to have a higher mRS score. Contingency table analysis was used to analyze the mRS score between the ABZA-grading subgroups (ABZA-grading > 2 vs. ≤ 2). The results showed statistically significant differences in mRS scores between ABZA-grading subgroups (P < 0.001).


[image: Figure 5]
FIGURE 5. Comparison of the 90-day functional outcomes stratified to ABZA-grading. ABZA-grading ≤ 2 was defined as poor colleral circulation, and ABZA-grading > 2 was defined as excellent collateral circulation. Among them, the cases of mRS ≤ 2 were 9 (13%) and 28 (78%), respectively. Contingency table analysis showed that there were significant differences in mRS score between ABZA-grading subgroups (P < 0.001). mRS scores ranged from 0 to 6, with 0 indicating asymptomatic, 1 non-clinically significant disability, 2 mild disability (patients can take care of their own affairs, but cannot carry out all previous activities), 3 moderate disability (patients need some help but can walk independently), 4 severe disability (patients cannot walk independently, cannot take care of their own physical needs), 5 Severe disability (patients need continuous care), 6 death.




ABZA-Grading for Patients With Different TOAST Subtypes

The ABZA-grading distribution between CE and LAA is shown in Figure 6. Contingency table was used to analyze the difference of ABZA-grading between CE and LAA following TOAST classification. The results showed that the difference of ABZA-grading between the two subtypes was statistically significant (P = 0.003).


[image: Figure 6]
FIGURE 6. Distribution comparison of ABZA-grading between CE and LAA subgroups. The ABZA-grading scores ranged from 0 to 4. The figure showed that there were 59 cases with CE and 44 cases with LAA. Among them, the cases of ABZA-grading > 2 were 10 (17%) and 23 (52%), respectively. The results of contingency table analysis indicated that the difference of ABZA-grading between the two subtypes of cerebral infarction etiology was statistically significant (P = 0.003).





DISCUSSION

Collateral circulation is an alternate vascularization path that circumvents severely stenosed or occluded vessels and provides natural blood perfusion compensation for ischemic tissues. Collateral circulation is an important determinant of clinical prognosis in patients with AIS (9). Previous studies have shown the importance of collateral circulation. Good collateral circulation plays an important role in prolonging the maintenance time of ischemic penumbra, reducing core infarct volume, improving the recanalization rate, reducing the risk of bleeding transformation after recanalization, increasing the prognosis of good neurological function, and ultimately reducing the risk of death (10). In recent years, many related clinical studies, including MR CLEAN, EACAPE, EXTEND-IA, and SWIFT-PRIME, demonstrated the benefits of EVT in patients with LVO-AIS (11–15). However, many factors limit the effectiveness of EVT and affect the prognosis, such as onset time to treatment, collateral circulation and the equipment and technology of interventional embolectomy.

Nevertheless, animal studies have shown that collateral circulation is transient and gradually attenuates over time (16). Further studies found that elevated intracranial pressure, blood pressure fluctuations, venous steal and collateral thrombosis may attenuate collateral circulation (17, 18). Most collateral circulation can only be maintained for 6 h. For patients with LVO of anterior circulation, regardless of whether there is evaluation of magnetic resonance perfusion imaging, the infarct core volume increases over time (6–24 h). Therefore, the role of collateral circulation has a limited impact on EVT therapeutic window extension. However, patients who can maintain collateral circulation for more than 6 h may benefit from EVT through advanced imaging screening (19). Therefore, the assessment of collateral circulation during angiography can guide the treatment decision of LVO-AIS, screen potential patients and improve the prognosis. Therefore, we aimed to study whether ABZA-grading could act as an independent prognostic factor of a good 90-day clinical outcome in MCAO patients after EVT. Furthermore, we analyzed the predictive value of ABZA-grading for the prognosis of acute MCAO patients after intravascular recanalization.

This study demonstrated that ABZA-grading was an independent predictor of good functional prognosis in LVO-AIS patients after EVT, and that ABZA-grading > 2 has a significant predictive value for a good 90-day clinical outcome.

ASITN/SIR-grading is a classical DSA collateral evaluation method that subjectively reflects the compensation of actual ischemic area (20). In fact, there are few reports on internal consistency of observers. Some researchers also proposed the use of a 4-point system capillary index score (CIS) to evaluate collateral circulation and predict the prognosis of EVT (21). In this grading system, the MCA blood supply area is divided into three equal parts. During the capillary phase of DSA, if there is capillary staining in each part, one point will be recorded. The higher the score, the better the collateral circulation. This method can evaluate the collateral compensation of ACA and posterior cerebral artery (PCA) in patients with MCAO, but is again highly subjective.

From our study, we also found that ABZA-grading may be a slightly stronger predictor than ASITN/SIR-grading. As we know, ABZA is a quantitative index based on the clear boundary anatomical area of ACA and MCA, and in imaging, the terminal edge can be determined according to the initial meeting points of the pial arterioles of ACA and MCA, and the angle between them and the median line of the sagittal sinus is ABZA. In patients with MCAO, the farthest point of retrograde collateral circulation was selected to determine the terminal edge (6). Furthermore, we found that after data transformed (ABZA/95% normal upper limit), the quadrant was divided into four equal parts. According to the degree of retrograde blood flow, the collateral circulation score was very similar to ASITN/SIR-grading. For example, ASITN/SIR-grading 1 was defined as a small amount of collateral blood flow reaching the edge of ischemic area, which corresponded to ABZA slightly > 23° and an ABZA-grading of 1. In complete contrast, ASITN/SIR-grading 4 was defined as complete compensation with retrograde blood flow to M1 bifurcation, corresponded to an ABZA close to 90° and ABZA-grading of 4. Although ABZA-grading and ASITN/SIR-grading resemble each other, ABZA-grading is based on a relatively objective measurement, while the latter one is mainly based on subjective judgment. David Liebeskind et al. had reported an excellent inter-rater reliability (IRR = 0.87) in the International Stroke Conference 2017 (22), and in this study, it was also very good (IRR = 0.78). Therefore, ABZA-grading is more intuitive and objective for clinical application. Nonetheless, repeatability and feasibility across observers needs further clinical research.

However, we did not find the predictive value of time, including time from onset to recanalization, time from onset to puncture, time from puncture to recanalization, as an independent factor for the 90-day clinical outcome. The study of HERMES showed that (23), the favorable 90-day clinical outcome of EVT patients decreased with the extension of the time from onset to puncture. With the progress of stroke, any time delay from onset to treatment will bring significant brain cell damage and death. In addition, the correlation between EVT times, functional prognosis, and clinical outcome of LVO-AIS has been neglected in recent years. Several studies have shown that more than three occurrences of thrombectomy and remedial treatment are associated with delayed reperfusion and increasing the risk of complications (24–27). Meanwhile, repeated thrombectomy can cause vascular damage and damage to the blood-brain barrier, which increases the risk of postoperative intracranial hemorrhage transformation leading to poor prognosis. Recent studies have also found that patients with good collateral circulation have fewer embolectomies to achieve recanalization (28), possibly due to the beneficial impact of cross thrombus pressure gradient, generated by collateral circulation, on thrombus removal. Secondly, collateral circulation can remove micro emboli, thus reducing the distal embolism caused by thrombus escape during thrombectomy. It may be the indirect reason for patients with good collateral circulation to obtain a favorable prognosis. However, this study did not show the relationship between passes of retrieve and a good 90-day clinical outcome. Here, multivariate analysis showed no significant differences in clinical prognostic factors, such as baseline NIHSS, ASPECTS, mTICI between the good and poor prognosis groups. However, this might be a result of the small sample size of this retrospective study. We cannot exclude possible systematic and random errors in the study process, which can cause bias and affect the prognosis analysis results.

In addition, the results of this study show that ABZA-grading is different in different TOAST etiological types (CE and LAA). Compared with CE patients, the proportion of ABZA-grading > 2 in LAA patients is higher, indicating that CE patients may have worse collateral circulation than LAA patients. These results suggest that ABZA-grading may have a significant value to differentiate the etiology of cerebral infarction.

Some animal experimental studies have found that chronic cerebral hypoperfusion can promote the formation and recruitment of new collaterals. Meanwhile the vascular blockage of CE occurs suddenly without chronic cerebral hypoperfusion, by which time the formation of cortical pial collateral circulation is usually too late. In fact this might be the reason for the difference of collateral circulation between the two (29, 30).

In clinical practice, only a few CE patients had good collateral circulation, again suggesting that most LAA patients may have good collateral circulation. Future studies should test this hypothesis by combining clinical data, imaging characteristics, and first pass effect of the microcatheter (31). Similarly, further studies are needed to verify the efficacy of ABZA-grading in predicting the prognosis of EVT and the etiological classification of cerebral infarction in patients with acute MCAO.

Our study has several limitations. First, the ABZA is a planar conception that cannot accurately reflect the real three-dimensional status of the blood supply of the brain. Moreover, it may not reflect the actual status of brain perfusion when some MCA leptomeningeal arteries have disappeared or a large cortical infarction is present (6). Second, all data here presented were extracted from two hospitals, but the neurointerventional physicians in two hospitals received common interventional treatment training. Therefore, EVT adopted a similar scheme, and there was no significant difference in patient characteristics between the two institutions, the reason why these comprehensive data could be used for further statistical analysis. Third, as far as we knew, ABZA is a quantitative index based on the clear boundary anatomical area of ACA and MCA. Therefore, it was not fit to be reliably used in the clinical setting of ICA or MCA-M2/3 occlusions. Finally, this study is a retrospective study with a small sample size, which is prone to bias and affects the results. Therefore, we need to test our hypothesis through a multicenter prospective study with a large sample size.



CONCLUSION

The ABZA-grading can be an objective and easy assessment of collateral circulation, and is independently associated with short-time clinical outcome in patients with acute MCAO following EVT treatment. Therefore, ABZA-grading and other measurements of collateralisation may guide AIS patient selection for EVT. The ABZA-grading of collateral circulation can be a supplemental metric that helps differentiate stroke by LAA and CE.
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Cortical Venous Changes on Susceptibility-Weighted Imaging Predict the Cerebral Collateral Circulation as Confirmed by Digital Subtraction Angiography

Yun-Hao Zhan1, Yang-Kun Chen1*, Run-Xiong Li1, Gen-Pei Luo1, Zhi-Qiang Wu1, Yong-Lin Liu1, Wei-Min Xiao1, Wei-Dong Hu1 and Cai-Qin Xie2


1Department of Neurology, Affiliated Dongguan Hospital, Southern Medical University (Dongguan People's Hospital), Dongguan, China

2Department of Radiology, Affiliated Dongguan Hospital, Southern Medical University (Dongguan People's Hospital), Dongguan, China

Edited by:
QinJian Sun, Shandong University, China

Reviewed by:
Ian Winship, University of Alberta, Canada
 Jiachun Feng, First Affiliated Hospital of Jilin University, China
 Takashi Shimoyama, Nippon Medical School, Japan

*Correspondence: Yang-Kun Chen, cykun78@163.com

Specialty section: This article was submitted to Endovascular and Interventional Neurology, a section of the journal Frontiers in Neurology

Received: 06 April 2021
 Accepted: 16 July 2021
 Published: 27 August 2021

Citation: Zhan Y-H, Chen Y-K, Li R-X, Luo G-P, Wu Z-Q, Liu Y-L, Xiao W-M, Hu W-D and Xie C-Q (2021) Cortical Venous Changes on Susceptibility-Weighted Imaging Predict the Cerebral Collateral Circulation as Confirmed by Digital Subtraction Angiography. Front. Neurol. 12:691430. doi: 10.3389/fneur.2021.691430



Objective: Asymmetrical cortical vein sign (ACVS) shown on susceptibility-weighted imaging (SWI) can reflect regional hypoperfusion. We investigated if ACVS could predict the cerebral collateral circulation (CC) as assessed by digital subtraction angiography (DSA) in acute ischemic stroke patients with ipsilateral severe stenosis/occlusion of the anterior circulation.

Methods: Clinical data and imaging data of 62 acute ischemic stroke patients with ipsilateral severe stenosis or occlusion of the anterior circulation confirmed by DSA were collected retrospectively. Participants underwent magnetic resonance imaging, including an SWI sequence. ACVS was defined as more and/or larger venous signals in the cerebral cortex of one side of SWI than that in the contralateral side. ACVS was measured using the Alberta Stroke Program Early Computed Tomography score based on SWI. The grading of the cerebral CC was judged using DSA.

Results: Of the 62 patients, 30 patients (48.4%) had moderate-to-severe ACVS. According to DSA assessment, 19 patients (30.6%) had a good CC (grade 3–4), and 43 (69.4%) patients had a poor-to-moderate CC (grade 0–2). Among the 30 patients with moderate-to-severe ACVS, only three (10%) patients had a good CC, and 27 (90%) patients had a poor-to-moderate CC; among the 32 patients with none or mild ACVS, 16 (50%) of them had a good CC, and the other 50% had a moderate-to-severe CC. We constructed two logistic regression models with ACVS grading and none or mild ACVS entered into the models, respectively, together with age and large-artery occlusion. In model 1, no ACVS (compared with severe ACVS; OR = 40.329, 95%CI = 2.817–577.422, P = 0.006), mild ACVS (compared with severe ACVS; OR = 17.186, 1.735–170.224, 0.015) and large-artery occlusion (OR = 45.645, 4.603–452.592, 0.001) correlated with a good CC. In model 2, none or mild ACVS (OR = 36.848, 95%CI = 5.516–246.171, P < 0.001) was significantly associated with a good CC as judged by DSA, adjusted by age and large-artery occlusion.

Conclusions: Cortical venous changes in SWI may be a useful indicator for the cerebral CC as confirmed by DSA.

Keywords: acute ischemic stroke, susceptibility weighted imaging, asymmetrical cortical vessel sign, digital subtraction angiography, collateral circulation


INTRODUCTION

For patients who have suffered acute ischemic stroke (AIS) in the anterior circulation, the key to saving ischemic penumbra is to open the occluded vessels responsible as soon as possible (1). The cerebral collateral circulation (CC) is an essential factor for the early existence of ischemic penumbra (2).

The CC can be divided into three levels. The first level is the circle of Willis. The second level is ophthalmic collateral arteries, pia-mater anastomosis, and other relatively small collateral anastomoses. The third level is neovascularization, which is time-consuming and cannot be evaluated appropriately by digital subtraction angiography (DSA) (3, 4). Commonly used methods for detecting cerebral CC include DSA, multimodal computed tomography angiography (CTA), magnetic resonance perfusion (MRP), and arterial spin labeling (ASL). DSA is the “gold standard” for evaluating a grade-I and -II CC (5). However, it is a traumatic and expensive procedure that necessitates the support of a professional neurointerventional team. Multimodal CTA (6, 7) may be less sensitive for assessment of the leptomeningeal CC compared with that using DSA. DSA and CTA require injection of a contrast agent and carry the risk of contrast-related injuries. MRP (8) or ASL (9) can be used for perfusion assessment rather than direct evaluation for CC. Presence of good CC may enhance the success rate of reperfusion and recanalization in endovascular treatment for AIS (10). CC is a predictor of maintaining brain tissue and good clinical prognosis after AIS, and poorer CC may result in poorer perfusion.

Susceptibility-weighted imaging (SWI) is a magnetic resonance imaging (MRI) sequence. It has high spatial resolution and sensitivity to identify differences in magnetic susceptibility between tissues. Besides its capacity to detect cerebral microbleeds, SWI is considered to reflect oxygen saturation in brain tissues and cerebral vessels. Asymmetrical cortical vein sign (ACVS) denotes more and/or larger venous signals in the cerebral cortex of one side of SWI than that in the contralateral side (11, 12). Several studies show that ACVS is more common in patients with large-vessel occlusion or severe stenosis and reflects cerebral hypoperfusion. Park et al. (13) found that total mismatch of diffusion-weighted imaging (DWI)–SWI may be a predictor of good response to treatment in patients with AIS and is associated with cerebral perfusion. In patients with moyamoya disease, ACVS on SWI might be considered as a neuroimaging marker for the evaluation of hemodynamics (14). Moreover, ACVS was observed to be significantly lessened after revascularization (15). ACVS has also been studied in the outcome of AIS. Our recent study (16) found that ACVS might be a useful predictor of early neurological deficits in AIS patients with symptomatic large artery stenosis or occlusion after r-tPA treatment. As perfusion status was significantly affected by CC, it will be interesting to know the relationship between ACVS and CC. To date, very few studies have investigated the relationship between ACVS and CC. Xu et al. (17) found that ACVS was associated with good leptomeningeal collateral flow assessed by hyperintense vessel sign (HVS) on T2-FLAIR images rather than DSA. We wished to assess if ACVS could predict the cerebral CC assessed by DSA in AIS patients with ipsilateral severe stenosis/occlusion of the anterior circulation (ISSACS).



MATERIALS AND METHODS


Ethical Approval of the Study Protocol

The requirement for written informed consent was waived by the Ethics Committee of the Affiliated Dongguan Hospital, Southern Medical University (Dongguan, China) because this was a retrospective study.



Inclusion Criteria

The inclusion criteria were (i) age ≥18 years; (ii) AIS patients with acute infarction of the anterior circulation within 7 days; (iii) complete clinical and imaging data, including, as a minimum, a DWI sequence, SWI sequence, and DSA image: (iv) prestroke modified Rankin scale score ≤ 2.



Exclusion Criteria

The exclusion criteria were (i) a parenchymatous hemorrhage (PH) evident on CT, (ii) MRI-confirmed AIS of the posterior circulation, (iii) absence of complete clinical and imaging data, (iv) emergency or elective endovascular therapy before MRI completion.



Participants

We retrospectively recruited 62 patients with AIS in the Affiliated Dongguan Hospital between January 1, 2019, and December 31, 2020. During the study period, 534 patients received DSA, and 188 were diagnosed with AIS by DWI. Of these 188 patients, 126 were excluded because of lack of complete clinical and imaging data (n = 65); AIS of the posterior circulation (n = 55); diagnosed with Moyamoya disease (n = 4); or PH detection by CT (n = 2). Eventually, 62 patients formed the study cohort.



Collection of Clinical Data

We acquired demographic (age, sex) and clinical (National Institutes of Health Stroke Scale score, history of hypertension, previous stroke, diabetes mellitus, tobacco smoking, atrial fibrillation, homocysteine level, hyperlipidemia) data from each patient.



MRI Assessment

MRI (T1-weighted imaging, T2-weighted imaging, fluid-attenuated inversion recovery, DWI, and SWI) of the brain was undertaken for each participant using a 3.0-T system (Skyra; Siemens Medical, Hamburg, Germany) within 7 days of hospital admission.

The MRI parameters for T1-weighted imaging were time of repetition [TR]/time of echo [TE]/excitation = 1,500/11/1, field of view [FOV] = 220 mm, slice thickness/gap = 4 mm/1.2 mm, matrix = 320 × 320, and time of acquisition = 1 min 26 s. The MRI parameters for T1-weighted imaging were TR/TE/excitation = 4,720/96/2, turbo factor = 15, FOV = 220 mm, slice thickness/gap = 4 mm/1.2 mm, matrix of 512 × 512, and time of acquisition = 1 min 50 s. The MRI parameters for DWI (echo planar imaging (EPI) were TR/TE/excitation = 4,640/67/1, matrix = 192 × 192, FOV = 230 mm, slice thickness/gap = 4 mm/1.2 mm, EPI factor = 91, and acquisition time = 1 min 44 s; three orthogonally applied gradients were applied with b values of 0 and 1000. The MRI parameters for SWI were TR/TE/excitation = 27/20/1, FOV = 220 mm, slice thickness/ gap = 3 mm/0.6 mm, matrix 256 × 256, and time of acquisition = 2 min 28s.

One experienced neuroradiologist (C.Q.X.) and one trained neurologist (Y.L.L.), blinded to patients' clinical data, assessed the ACVS grade on SWI independently based on the Alberta Stroke Program Early Computed Tomography (ASPECT) score (“Ins,” “Deep,” and “M1-6”) (18). The SWI-ASPECT score ranged from 0 (“no ACVS”) to 8 [“ACVS abutting all middle cerebral artery (MCA) cortical areas”]. The ACVS grade was classified as (1) “none” (no ACVS in any MCA cortical area), (2) “mild” (ACVS in 1–3 defined MCA cortical areas), (3) “moderate” (ACVS in 4–6 defined MCA cortical areas), or (4) “severe” (ACVS in 7–8 defined MCA cortical areas) (19) (Figure 1). Testing of inter-rater and intra-rater reliability of ACVS grade was done in 10 randomized cases. The intra-rater agreement of SWI measurements was good-to-excellent; kappa was 0.83; the kappa for inter-rater agreement was 0.76.


[image: Figure 1]
FIGURE 1. Three typical cases of ACVS, graded as “mild,” “moderate,” and “severe” (A,B) In the left hemisphere, ACVS in M2 was evident on SWI and defined as “mild ACVS.” (C,D) In the right hemisphere, ACVS in M1 and M2 and M4, M5, and Deep were evident on SWI, and defined as “moderate ACVS.” (E,F) In the left hemisphere, ACVS in M1, M2, M3, and Ins and M4, M5, M6, and Deep were evident on SWI and defined as “severe ACVS”. AIS, acute ischemic stroke; ACVS, asymmetric cortical vein sign; M1, anterior MCA cortex; M2, MCA cortex lateral to the insular cortex; M3, posterior MCA cortex; M4, M5, M6, the anterior, lateral and posterior MCA territories immediately superior to M1, M2 and M3, respectively; Deep, deep white matter; Ins, insula; MCA, middle cerebral artery; SWI, susceptibility-weighted imaging.




Evaluation of the Cerebral CC

The decision to undertake DSA was made according to the attending physician. DSA was done using an angiography unit (Allura; Philips Medical Systems, Amsterdam, the Netherlands) after MRI. Carotid and vertebrobasilar angiography were obtained by orthographic projection and lateral projection, and these two projections had a similar angiographic volume and injection rate. Arterial, capillary, and venous phases were imaged to evaluate slow-moving collateral vessels. All patients underwent DSA and MRI during hospitalization.

The parameters of DSA images were measured using the measurement tool of Neuosoft Picture Archive and Communication System (PACS)/Radiography Information System (RIS). The criteria for collateral flow map–based collateral grade were chosen based on the American Society of Interventional and Therapeutic Neuroradiology (ASITN) scale (20). ASITN score is the most commonly used to evaluate collateral circulation, which is widely used in the evaluation of collateral circulation on DSA. The latter can be divided into five grades: 0 (no visible CC in the ischemic site), 1 (slow CC around the ischemic site and persistent partial defect), 2 (rapid CC around the ischemic site), 3 (slow CC but complete blood flow to the ischemic bed in late vein), 4 (collateral blood flow can reach the ischemic bed completely and rapidly through retrograde perfusion). Grade 3–4 was designated a “good” CC. Grade 0–2 was designated as a “poor-to-moderate” CC. We chose three cases to describe this grading system (Figure 2). Y.H.Z. and G.P.L. assessed the DSA results independently and were blinded to the SWI results. Twenty cases were selected to test the intra-rater agreement and inter-rater agreement. The intra-rater agreement of DSA measurements was good (kappa = 0.82). The inter-rater agreement of the DSA measurements was good (kappa = 0.74). If the raters disagreed, then a discussion was initiated until consensus was reached.


[image: Figure 2]
FIGURE 2. Examples for case selection. (A,B) SWI images, ACVS in M1, M2, M3, and Ins and M4, M5, M6, and Deep were evident, ACVS grade was “severe.” (C,D) DSA images showed the right MCA was occluded in horizontal segment (red arrow), no visible CC in the ischemic site (red circle), ASITN grade = 0. (E,F) SWI images, ACVS in M5 was evident, ACVS grade is “mild.” (G,H) DSA images showed the slow CC but complete blood flow to the ischemic bed, ASITN grade = 3. (I,J) SWI images, no ACVS in any MCA cortical area, ACVS grade is “none.” (K,L) DSA images showed the left ICA was occluded in start section (red arrow), the CC is rapidly and completely perfused to the whole ischemic vascular bed (red circle), ASITN grade = 4. SWI, susceptibility-weighted imaging; ACVS, asymmetric cortical vein sign; Ins, insula; Deep, deep white matter; MCA, middle cerebral artery; DSA, digital subtraction angiography; CC, collateral circulation; ASITN, American Society of Interventional and Therapeutic Neuroradiology; ICA, internal carotid artery; red arrow: responsible vessel; red circle: collateral circulation.




Statistical Analyses

Statistical analyses were conducted using SPSS 23.0 (IBM, Armonk, NY, USA). Participants were classified into two groups in terms of a good CC or a not good CC. Continuous variables with a normal distribution are reported as the mean ± SD. Variables with a non-normal distribution are reported as the median and interquartile range. Clinical variables and MRI variables were compared between the two groups using the χ2 test, independent-samples t-test, Fisher's exact test, or Mann–Whitney U-test, as appropriate. Logistic regression analysis was conducted for a good CC confirmed by DSA. The power of ACVS prediction for a good CC was calculated using the area under the curve (AUC) of the receiver operating characteristic (ROC) curve. P < 0.05 (two-sided) was considered significant.




RESULTS

Sixty-two patients (mean age, 59.2 ± 10.6 years; 69.4% male) were evaluated. Thirty-one patients (50%) had occlusion of the internal carotid artery or M1 segment of the MCA. According to the ASITN scale score, 19 patients (30.65%) had a good CC (grade 3–4), and 43 (69.35%) patients had a poor-to-moderate CC (grade 0–2). Among the 30 patients with moderate-to-severe ACVS, only three (10%) patients had a good CC, and 27 (90%) patients had a poor-to-moderate CC; among the 32 patients with none or mild ACVS, 16 (50%) of them had a good CC and the other 50% had a moderate-to-severe CC. Patients with a good CC did not differ significantly from those with a poor-to-moderate CC in terms of age, sex, vascular risk factors, or previous stroke (P > 0.05 for all). Patients with a good CC were more likely to have large-artery occlusion (73.7 vs. 39.5%, P = 0.013) (Table 1).


Table 1. Comparisons of clinical variables and neuroimaging variables between patients with a DSA-confirmed good collateral circulation or not.

[image: Table 1]

We constructed two logistic regression models with ACVS grading and none or mild ACVS entered into the models, respectively, together with age and large-artery occlusion. In model 1, no ACVS (compared with severe ACVS, odds ratio (OR) = 40.329, 95% confidence interval (CI) = 2.817–577.422, P = 0.006), mild ACVS (compared with severe ACVS, OR = 17.186, 95%CI = 1.735–170.224, P = 0.015), and large-artery occlusion (OR = 45.645, 95%CI = 4.603–452.592, P = 0.001) correlated with a good CC. In model 2, none or mild ACVS (OR = 36.848, 95%CI = 5.516–246.171, P < 0.001) was significantly associated with a good CC judged by DSA, adjusted by age and large-artery occlusion (Table 2). We also conducted a logistic regression model with poor CC serving as a dependent variable. Moderate-to-severe ACVS did not significantly correlate with poor CC (Supplementary Table 1).


Table 2. Logistic regression analysis of a good collateral circulation confirmed by DSA.

[image: Table 2]

The ROC curve showed the predictive ability of ACVS grading and none or mild ACVS for CC. The AUC for predicting a good CC for none or mild ACVS and ACVS grading was 0.735 and 0.706, respectively (Figure 3).


[image: Figure 3]
FIGURE 3. ROC curve of ACVS to predict a good collateral circulation as confirmed by DSA. ROC curve showing the predictive ability of ACVS grading (dotted line) and none or mild ACVS (solid line) for a collateral circulation. ROC, receiver operating characteristic; ACVS, asymmetric cortical vein sign.


A box plot shows the relationship between ACVS grading (abscissa) and NIHSS stroke score (ordinate) (Figure 4). ACVS grading correlated with the severity of stroke (Spearman r = 0.275, P = 0.031).


[image: Figure 4]
FIGURE 4. Box plot of the relationship between ACVS and NIHSS stroke score. Box plot showing the relationship between ACVS grading (abscissa) and NIHSS stroke score (ordinate). ACVS, asymmetric cortical vein sign.




DISCUSSION

The main finding of our study was that, in AIS patients with ISSACS, ACVS grading (especially none or mild ACVS on SWI) strongly predicted a good CC on DSA. This finding is practical for physicians to acquire, in a prompt and non-traumatic way, CC status using only MRI without the need for contrast-agent injection.

The principle of SWI is dependent mainly on deoxyhemoglobin content in venous blood (21). In patients with AIS, the vasodilation caused by ischemia in the cerebral cortex on the affected side (as well as an imbalance in the supply and demand of oxygen in hypoperfused tissue after cerebral-artery occlusion) leads to a relative increase in the deoxyhemoglobin level in the corresponding draining veins and a relative decrease in the oxyhemoglobin level. This action leads to ACVS, which, as a new imaging marker of CC status, is discussed in a few studies (8, 13). A study on the mismatch between DWI and SWI indicates that the increased oxygen demand of hypoperfused brain tissue leads to an increase in the deoxyhemoglobin:oxyhemoglobin ratio. If the insufficiency of cerebral perfusion can be improved and blood vessels can be recanalized, the risk of irreversible ischemic injury can be reduced (13, 22).

The CC is the basis of ischemic penumbra. A good CC can provide sufficient perfusion for the affected hemisphere (23) and reduce the need of ischemic tissue for a metabolic reserve. Early and rapid identification of ischemic penumbra can help to decide whether intravenous thrombolysis or mechanical thrombectomy is indicated. We found that, in comparison with people with severe ACVS, those without or with only mild ACVS were more likely to have a good CC even if they had symptomatic ISSACS. In addition, none or mild ACVS seems to be a strong indicator for a good CC. These results are in accordance with data from a study by Verma et al. (8), which also found that the better the state of the CC, the smaller was the range of ACVS. However, that study had only 33 cases and conducted univariate comparisons only. Determination of ACVS is difficult if bilateral large arteries have severe stenosis/occlusion. Thus, we recruited only AIS patients with ISSACS. Furthermore, we also adjusted these results by age and large-artery occlusion and confirmed this strong association. However, we did not find that severity of ACVS could predict a poor CC. Moderate-to-severe ACVS commonly implicates hypoperfusion, which does not always mean the presence of poor CC. ACVS on MRI-SWI is a non-invasive technique without radiation and contrast allergy risk. Not every AIS patient with large arterial stenosis or occlusion needs a DSA evaluation. It can partially replace DSA assessment of CC in patients with contraindications or unwilling to have DSA for collateral circulation evaluation. However, ACVS is not suitable for patients with bilateral severe large arterial stenosis or occlusion.

In a study of dynamic changes of SWI signals in AIS, Baik et al. (15) found that ACVS was significantly lessened after revascularization. Also, the prognosis of these patients was, in general, not poor but, for patients with hypoperfusion who did not have brain improvement in a timely and complete manner, ACVS on SWI indicated that these patients would be more prone to early neurological deterioration. Previously, we also found that ACVS can predict early neurological deterioration effectively in AIS patients with symptomatic large-artery stenosis/occlusion after treatment with recombinant tissue plasminogen activator (24).

ACVS was difficult to quantify accurately. We used the ASPECT scoring to evaluate the range of ACVS. ASPECT scoring was initially used for the measures of the early CT ischemic changes range in predicting benefit with intravenous thrombolysis. A lower ASPECT score implicates a larger range of involvement. ACVS reflects the change of vein shape and number and is difficult to quantify. SWI-ASPECT scoring can be used to evaluate the range of ACVS as recommended by some studies. Only one study (25) attempted to define ACVS quantitatively using susceptibility percentage change. However, to the best of our knowledge, no studies have successfully quantified the extent of ACVS using objective methods.

The strengths of our study were that the CC was confirmed using DSA (the gold standard) and that we adjusted for confounders in our analyses. However, our study had four main limitations. First, the sample size of our study was small, and the regression model might have been not very stable. Second, we recruited only AIS patients with ipsilateral arterial lesions. Thus, this finding may be valuable only for unilateral severe stenosis/occlusion in the anterior circulation and not applicable for bilateral lesions. Third, as mentioned before, ACVS is difficult to quantify, and we assessed it via a semi-quantitative method. Last, we did not have dynamic evaluation of ACVS as no patients in our stroke center would have SWI examination before thrombolysis or thrombectomy according to the guideline of our stroke center.



CONCLUSIONS

Our study provides evidence for the reliability of ACVS in judging the CC in treatment of AIS in the anterior circulation. Further longitudinal studies using larger patient cohorts and more objective ACVS quantification, e.g., using machine-learning methods, are warranted to justify this finding.
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Background and Aims: Aspiration thrombectomy is an effective method of recanalizing large vessel occlusion (LVO). However, the efficacy of a direct aspiration first-pass technique (ADAPT) for recanalization of LVO of different etiologies is not properly understood.

Methods: The prospectively collected database on ADAPT was reviewed retrospectively. We defined two groups of enrolled patients: the embolism-related occlusions (EMB-O) group and the intracranial atherosclerotic stenosis (ICAS)-related occlusion (ICAS-O) group. Baseline characteristics, procedural variables, and post-procedural variables were collected. Multivariate logistic regression analysis was used to identify first-pass recanalization predictors.

Results: Of 114 registered patients, 94 were eligible for this study (51 patients in the EMB-O group and 43 patients in the ICAS-O group). Achieving successful reperfusion immediately after direct aspiration was more frequent in the EMB-O group than in the ICAS-O group (64.71 vs. 27.91%, respectively, p = 0.006), with fewer additional rescue treatments needed (35.29 vs. 70.09%, respectively, p = 0.001). The EMB-O group also showed a higher final successful reperfusion rate (96.8 vs. 74.41%, p = 0.006). However, the 90-day good functional outcomes were not affected by the groups. Independent predictors of first-pass success of aspiration included the isolated middle cerebral artery site of occlusion, embolic etiology, and use of larger bore catheters.

Conclusions: The efficacy of ADAPT recanalization approach was better in EMB-O than in ICAS-O. In case of embolic etiology and the isolated MCA site of occlusion, using a larger aspiration catheter for direct aspiration thrombectomy may be reasonable.

Keywords: etiology, endovascular treatment, mechanical thrombectomy, embolism, intracranial atherosclerotic stenosis, stroke


INTRODUCTION

A direct aspiration first-pass technique (ADAPT) as first-line therapy for stroke thrombectomy has shown non-inferior functional outcome at 90 days compared with stent retriever first-line thrombectomy (1). However, the efficacy of aspiration thrombectomy as a first-line approach for the recanalization of large vessel occlusions (LVOs) of different etiologies is not properly understood. There have been only a few studies about the endovascular treatment (EVT) of intracranial atherosclerotic stenosis (ICAS)-related LVO (ICAS-O) (2). They revealed that mechanical thrombectomy (MT) with a stent retriever or contact aspiration was less effective and more time-consuming in ICAS-O than in embolic LVO (EMB-O). In this study, we aimed to evaluate the efficacy of using ADAPT in LVO of different etiologies.



MATERIALS AND METHODS


Study Populations

We performed a retrospective analysis of our prospectively gathered EVT database of patients with acute ischemic stroke (AIS). The intention was to identify patient cohorts in whom aspiration had been used as a first-line EVT approach in the anterior and posterior circulation (internal carotid artery, middle cerebral artery M1 and M2 segments, basilar artery, and vertebral artery in the V4 segment) and in whom the etiology of occlusion was identified. The database included all patients who presented with AIS due to LVO and who were treated with EVT between January 1, 2018, and June 30, 2020. The inclusion criteria were as follows:

• patients with intracranial large artery occlusions;

• underlying etiology classified as ICAS or embolism; and

• the onset time was defined as time from symptom onset to puncture ≤ 24 h. The onset time was defined as the last time when patient was still well.

Exclusion criteria encompassed the following:

• the etiology of LVO was classified as dissection, chronic total occlusion, moyamoya disease, vasculitis, or undetermined; and

• patients referred for pre-onset modified Rankin Scale (mRS) score > 2.

Patient demographics, comorbidities, premorbid functional status, conventional vascular risk factors, and laboratory findings assessed during admission, National Institutes of Health Stroke Scale (NIHSS), arterial occlusion site and lateralization, time from onset to puncture, Alberta Stroke Program Early CT Score (ASPECTS), intravenous thrombolysis before MT, angiographic, the number of passes with the aspiration device, time from puncture to reperfusion, and clinical data were collected. The location of initial occlusion site was determined using baseline computed tomography angiography or digital-subtraction angiography (DSA). Reperfusion performance was evaluated using the modified Thrombolysis in Cerebral Infarction grade (mTICI) grade (3). Successful reperfusion was defined as mTICI grade 2b or higher. First attempt recanalization (FAR) was defined as successful recanalization at the first attempt (4). All patients had a computed tomography (CT) at the end of the procedure and a CT or magnetic resonance image (MRI) scan 24 h after treatment onset to assess hemorrhagic complications. Intracerebral hemorrhages were classified in accordance with the European Cooperative Acute Stroke Study criteria (5). Subarachnoid hemorrhage (SAH) was classified using the modified Fisher scale (6). Symptomatic intracranial hemorrhage was defined as parenchymal hematoma type 2 using the ECASS III grading (European Cooperative Acute Stroke Study) according to imaging at 24 h, associated with an increase of at least four NIHSS points within 24 h, or resulting in death (7). New embolism in other vessels was defined as an occlusion of a previously unaffected non-downstream vascular territory observed on the angiogram after clot removal.



Endovascular Procedure

In the current study, we divided patients into two groups based on the etiology of occlusion: the EMB-O group and ICAS-O group. ADAPT was used as the first-line approach for MT in both groups. In brief, a large-bore guide catheter such as a MPA1 0.088 inches (Cordis, USA) or 8-9F balloon guide catheter (Stryker, CA, USA) was advanced as far safely as possible into the internal carotid artery for anterior circulation thrombi and to the largest caliber vertebral artery in the posterior circulation thrombi. Then, the aspiration catheter was advanced and inserted into the internal thrombosis, usually over a microcatheter and micro guidewire. Dual aspiration was applied, and the clot was either ingested within the catheter or it was affixed at the catheter tip and then withdrawn under continuous vacuum exerted by a 50 or 60-ml syringe. If aspiration alone failed three times, access was maintained through the aspiration catheter, and then the second-line option was considered with the use of a stent retriever. Rescue treatments were allowed, including angioplasty, intra-arterial infusion of antithrombotics, and intracranial stenting. A control angiogram was performed to confirm reperfusion. Devices were selected at the discretion of neurointerventionalists based on the consensus of the stroke team.



Etiologic Classification of Target Occlusive Lesions

The etiology of target LVO was determined by an independent core laboratory imaging analysis group based on medical history, angiography, and magnetic resonance imaging. Two experienced neurointerventionalists who were blinded to patient identification independently reviewed the clinical and image data of all the patients to determine the etiology of target LVO, and an experienced neurologist solved disparities. Interrater agreement for etiology of LVOs was assessed using Cohen's kappa coefficient (Cohen κ). Vasospasm caused by catheter and uncommon cerebral arterial diseases such as chronic total occlusion, dissection, and moyamoya disease were excluded. Etiological identification referred to TOAST criteria (Trial of Org 10172 in Acute Stroke Treatment) (8): if the occluded vessel was completely recanalized after primary thrombectomy, the etiology was classified as embolic occlusion, and a remnant stenosis >50% was classified as ICAS-O. In addition, the etiology of LVO in some patients was further evaluated by high-resolution magnetic resonance vascular wall analysis following MT during admission. Consequently, the EMB-O and ICAS-O groups were included in the analyses.



Outcome Measures

The primary outcome was the rate of immediate and final successful reperfusion (mTICI score of 2b or 3) after the use of aspiration thrombectomy as the first-line approach; secondary outcomes included safety issues (procedural complications), procedural times (onset and femoral puncture to reperfusion), and 90-day all-cause mortality. Favorable outcome was defined by an modified Rankin Scale score (mRS) of 0 to 2 as evaluated by an independent senior vascular neurologist during face-to-face interviews or via telephone conversations at the 90th day of follow-up. Otherwise, since the clinical outcome may differ between the anterior and posterior circulation occlusions, the occlusion site as a subgroup was also included in the analysis of clinical outcomes.



Statistical Analysis

Baseline characteristics and outcome measures were compared using univariate comparison and descriptive statistics. Variables were expressed as means ± standard deviations, medians (interquartile ranges), or numbers (percentages). Variables were compared using a non-parametric alternative for t-test (Mann-Whitney U-test) for non-continuous or non-normally distributed variables, Student's t-test for continuous variables, and χ2 test for categorical variables. Multivariate logistic regression was used to identify first-pass effect predictors in overall patients. p-values were two-tailed, and variables were considered significant at the < 0.05 level. Analysis was performed using PASWstat 18.0 (IBM Corporation, New York, USA).




RESULTS

From January 2018 to June 2020, a total of 429 patients were screened for EVT of LVO ischemic stroke. Of these, 114 patients were treated with aspiration thrombectomy as first-line approach, and they constituted the study sample. Among them, 94 patients were included in the final analysis. The patient inclusion flowchart is shown in Figure 1. There was a good agreement on identification of the etiology of target LVO (Cohen κ: 0.871) between two independent neurointerventionalists. Overall, FAR and successful recanalization rates after simple contact aspiration were achieved in 44.68% (42/94) and 47.87% (45/94) of patients, respectively. The final successful recanalization rate was 86.17% (81/94).


[image: Figure 1]
FIGURE 1. Patient inclusion flowchart. AIS, acute ischemic stroke; LVO, large vessel occlusion; ACA, anterior cerebral artery.



Baseline Characteristics

The characteristics of study sample are described in Table 1.


Table 1. Comparison of baseline characteristics in 94 patients with aspiration thrombectomy as first-line approach.
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Demographics and comorbidities showed that the risk factors for atherosclerosis, such as hypertension (74.4 vs. 37.3%; p = 0.001) and diabetes (32.6 vs. 9.8%; p = 0.013), were higher in the ICAS-O group than in the EMB-O group. The risk factors for atrial fibrillation in the EMB-O group were much more common than in the ICAS-O group (72.5 vs. 4.7%, respectively; p < 0.001). Time from onset to main hospital arrival and puncture time were shorter in the EMB-O group. Other demographic variables and comorbidities revealed no significant differences between the two groups.



Effects of ADAPT for MT

Table 2 summarizes comparative results regarding the treatment.


Table 2. Procedure details.
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Successful reperfusion after first pass of aspiration was more common in the EMB-O group than in the ICAS-O group (56.86 vs. 30.23%, p = 0.017). Immediate successful reperfusion after aspiration was achieved more frequently in the EMB-O group (64.71%) than in the ICAS-O group (27.91%; p = 0.006), as well as the complete reperfusion (mTICI 2C-3) rate (51.94 vs. 23.26%, p = 0.003). The rate of total switching to another thrombectomy device was more frequent in the ICAS-O group than in the EMB-O group (70.09 vs. 35.29%, p = 0.001). As rescue treatments, balloon angioplasty and permanent stenting were performed more frequently in the ICAS-O group. Tirofiban/eptifibatide infusion was performed in both groups with no significant difference.

The final successful reperfusion rate was higher in the EMB-O group than in the ICAS-O group (EMB-O, 96.8% vs. ICAS-O, 74.41%; p = 0.006). The time from puncture to final revascularization was longer in the ICAS-O group.

Intracerebral hemorrhagic transformation of any type and parenchymal hematoma type 2 occurred at similar rates in the two groups. The occurrence of new embolism in other vessels and iatrogenic dissection or rupture were similar between the two groups.



Clinical Outcomes After EVT

There was no significant difference in favorable clinical outcome at 3 months (Table 3). To investigate the clinical outcome, we divided patients into two subgroups based on the location of the occlusion (anterior circulation vs. posterior circulation). The subgroup analysis showed that the location of the occlusion did not affect good clinical outcome at 3 months (Table 3, Figure 2A). However, 90-day mortality in patients with occlusion in the posterior circulation was higher in the ICAS-O than in the EMB-O group (16.28 vs. 1.96%, p = 0.012; Table 3, Figure 2B).


Table 3. Clinical outcomes at 90 days after endovascular treatment.
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FIGURE 2. Comparison of clinical outcome at 90 days after a direct aspiration first-pass technique (ADAPT) for the endovascular treatment of stroke in embolism-related occlusions and intracranial atherosclerotic stenosis-related occlusions in the anterior circulation (A) and in the posterior circulation (B).




Predictors of FAR Using ADAPT

To investigate predictors of FAR, multivariate logistic regression analysis was applied in all cases of the two groups. Embolic etiology, isolated MCA occlusion, and the use of larger aspiration catheters were predictors of FAR (Table 4). Multivariate logistic regression analysis was applied in all cases of the two groups.


Table 4. Multivariate regression analysis for predictors of first attempt recanalization of ADAPT.
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DISCUSSION

Our study demonstrates that ADAPT is more successful to achieve full recanalization in embolic LVO compared to intracranial atherosclerotic stenosis LVO. Additionally, we also found that independent predictors of FAR of aspiration included the isolated middle cerebral artery site of occlusion, embolic etiology, and use of larger bore catheters. Subgroup analysis showed that trends for the mortality of ICAS-O patients were higher than those of EMB-O in the posterior circulation.

ICAS is one of the main causes of acute stroke in Asian, Hispanic, and African populations (9). Furthermore, some studies have documented that ICAS-O is responsible for ~12–34% of all causes of LVO in east Asia (2, 10) and 1.9%−5.5% in Western countries (11, 12). It has been shown that the pathomechanism of ICAS-O is likely due to in situ thromboocclusion (13). Some studies have shown that stent retriever thrombectomy for obtaining initial recanalization is equally effective in ICAS-O and EMB-O, although reocclusion is frequent after an initial recanalization in ICAS-O (2). Unlike stent retriever thrombectomy, aspiration first seemed less effective for the recanalization of ICAS-O (14).

In this cohort, baseline characteristics of the two groups were different in many risk factors for stroke, such as hypertension, diabetes mellitus, and atrial fibrillation, which stems from the fact that the grouping was based on etiology. It is noteworthy that the onset-to-door time in the ICAS-O group was much higher than in the EMB-O group. Indeed, neurologic deficit at onset was mild in some ICAS-O cases, which, along with insufficient health education, resulted in delayed visit to hospital. Underlying ICAS was identified in approximately a third of patients, which is consistent with the previous reports in Asia (2, 10). The primary outcomes of this study, immediate (56.86%) and final reperfusion (96.8%) performance, were better in the EMB-O group. In addition, time from groin puncture to final revascularization in the EMB-O group (42 min) was significantly lower than in the ICAS-O group (83 min). Interestingly, the higher rescue treatment (70.09%) involving the use of other devices in the ICAS-O group matches those from the other reports (40–59.7%) (2, 14, 15). It is suggested that ICAS-O may require a different first-line treatment strategy compared with a direct aspiration thrombectomy.

MT may cause vessel damage, which has been confirmed by clinical and animal studies (16, 17). In the current study, there were no inter-group differences in all and severe complications. However, new embolism to previously uninvolved territory (8.5%) was more frequent in this study than in previous reports (1, 14, 15). This may be attributed to the lesser application of the balloon guide catheter (11.7%), and associated with histological clot composition.

Despite many disadvantages in the ICAS-O compared with the EMB-O group, 3-month favorable outcomes and mortality did not differ between the groups. The enhanced lateral circulation of atherosclerotic stenosis occlusion and ischemic preconditioning compared to embolic occlusion may play crucial roles, as the ASPECTS in the ICAS-O group was higher than that of EMB-O (8.9 vs. 8.0), indicating the better collaterals in the ICAS group, though it may not be statistically significant. Of note, this study included the patients with posterior circulation LVO. It is not clear whether revascularization of posterior circulation occlusion can benefit from EVT (18, 19). Therefore, the clinical outcome was further analyzed in two subgroups separately (anterior and posterior circulation groups). To our surprise, although there was no difference in good outcomes between the two subgroups, we revealed that mortality was significantly higher in the posterior circulation subgroup of ICAS-O than EMB-O. Although the exact mechanism has not been illuminated, it is likely that shorter recanalization time plays a role here.

Successful recanalization using ADAPT depends on multiple factors such as location of the occlusion, vascular anatomy, clot characteristics, device characteristic, and underlying etiology (4, 20). Previous studies have shown that clots from cardioembolism had a significantly higher proportion of erythrocyte and a lower proportion of fibrin compared with those from large-artery atherosclerosis, and erythrocyte components were positively related to successful reperfusion (21–23). In our study, the presence of embolic etiology, isolated MCA occlusion, and the use of larger aspiration catheters were independent predictors of FAR with aspiration first-line approach. In contrast, underlying atherosclerosis has been shown to be a predictor of unsuccessful recanalization. Given that ACE catheters have not yet been allowed for application in our stroke center, we mainly use the Sofia catheter as a primary aspiration catheter. Sofia catheter is a distal aspiration catheter with a specific hybrid design. Its braid and coil construction combines different softness segments with a distal inner lumen of 0.055–0.070 inches in 5F and 6F Plus versions, respectively (24). The safety and efficacy of the Sofia aspiration catheter in a large population with first-line use has been reported (25). Our experience shows that a large inner lumen aspiration catheter such as Sofia 6F PLUS (0.070 inches) works better than a small one. Besides we found that the embolic etiology of LVO was a positive FAR predictor with direct aspiration thrombectomy, which may be a useful point for clinical reference.

The limitations of this study were as follows. First, since this was a single-center study, the sample size and representativeness are insufficient. Second, it is difficult to determine whether ICAS was really the cause of LVO. Although we had collected the clots in this study, we are not yet providing histopathological analysis due to technical limitations, which requires further research. Thus, the diagnosis of underlying ICAS after thrombectomy mainly depended on the imaging characteristics of the local lesion during the procedure. Third, we used an unblinded approach for the evaluation of NIHSS and mRS. At present, due to time constraints, it is difficult to design a randomized controlled study based on the etiology of LVO stroke before intervention. Future prospective and multicentric studies with blinded endpoint registration are warranted.



CONCLUSIONS

The evaluation of the efficacy of ADAPT showed higher immediate and final reperfusion in EMB-O than in ICAS-O. However, there were no significant differences in the 90-day outcomes between the two etiological groups of LVO. In case of embolic etiology and isolated MCA site of occlusion, using a larger aspiration catheter pretreatment for direct aspiration thrombectomy may be reasonable.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by The Institutional Ethics Committee of Maoming People's Hospital. They granted approval for our work (2019027). The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

GL designed the report, completed the statistical analysis, wrote the protocol, wrote the first draft of the manuscript, and took overall responsibility. GL, ZZ, WD, CL, and GZ contributed to the acquisition of data. GL, ZZ, and HL managed the literature searches and analyses. All authors have provided a substantial contribution to the study.



FUNDING

This work was supported by grants from the High-level Hospital Construction Research Project of Maoming People's Hospital (Reference No. Yueweihan 2018413) and the Special Fund of Science and Technology of Guangdong Province, China (Reference No. 2020S00050).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2021.695085/full#supplementary-material



REFERENCES

 1. Turk AS, Siddiqui A, Fifi JT, De Leacy RA, Fiorella DJ, Gu E, et al. Aspiration thrombectomy versus stent retriever thrombectomy as first-line approach for large vessel occlusion (COMPASS): a multicentre, randomised, open label, blinded outcome, non-inferiority trial. Lancet. (2019) 393:998–1008. doi: 10.1016/S0140-6736(19)30297-1

 2. Park H, Baek JH, Kim BM. Endovascular treatment of acute stroke due to intracranial atherosclerotic stenosis–related large vessel occlusion. Front Neurol. (2019) 10:308. doi: 10.3389/fneur.2019.00308

 3. Tomsick T, Broderick J, Carrozella J, Khatri P, Hill M, Palesch Y, et al. Revascularization results in the interventional Management of Stroke II trial. AJNR Am J Neuroradiol. (2008) 29:582–7. doi: 10.3174/ajnr.A0843

 4. Anadani M, Alawieh A, Vargas J, Chatterjee AR, Turk A, Spiotta A. First attempt recanalization with ADAPT: rate, predictors, and outcome. J Neurointerv Surg. (2018) 2018:1–6. doi: 10.1136/neurintsurg-2018-014294

 5. Fiorelli M, Bastianello S, von Kummer R, del Zoppo GJ, Larrue V, Lesaffre E, et al. Hemorrhagic transformation within 36 hours of a cerebral infarct: relationships with early clinical deterioration and 3-month outcome in the European cooperative acute stroke study I (ECASS I) cohort. Stroke. (1999) 30:2280–4.

 6. Frontera JA, Claassen J, Schmidt JM, Wartenberg KE, Temes R, Connolly ES, et al. Prediction of symptomatic vasospasm after subarachnoid hemorrhage: the modified fisher scale. Neurosurgery. (2006) 59:21–7. doi: 10.1227/01.Neu.0000218821.34014.1b

 7. Wahlgren N, Ahmed N, Dávalos A, Ford GA, Grond M, Hacke W, et al. SITS-MOST Investigators. Thrombolysis with alteplase for acute ischaemic stroke in the Safe Implementation of Thrombolysis in Stroke-Monitoring Study (SITS-MOST): an observational study. Lancet. (2007) 369:275–82. doi: 10.1016/S0140-6736(07)60149-4

 8. Adams HP Jr, Bendixen BH, Kappelle LJ, Biller J, Love BB, Gordon DL, et al. Classification of subtype of acute ischemic stroke. Definitions for use in a multicenter clinical trial. TOAST. Trial of Org 10172 in acute stroke treatment. Stroke. (1993) 24:34–41. doi: 10.1161/01.str.24.1.35

 9. Wong LK. Global burden of intracranial atherosclerosis. Int J Stroke. (2006) 1:158–9. doi: 10.1111/j.1747-4949.2006.00045.x

 10. Jia B, Feng L, Liebeskind DS, Huo X, Gao F, Ma N, et al. Mechanical thrombectomy and rescue therapy for intracranial large artery occlusion with underlying atherosclerosis. J NeuroIntervent Surg. (2017) 2017:1–6. doi: 10.1136/neurintsurg−2017-013489

 11. Gascou G, Lobotesis K, Machi P, Maldonado I, Vendrell JF, Riquelme C, et al. Stent retrievers in acute ischemic stroke: complications and failures during the perioperative period. AJNR Am J Neuroradiol. (2014) 35:734–40. doi: 10.3174/ajnr.A3746

 12. Dobrocky T, Kaesmacher J, Bellwald S, Piechowiak E, Mosimann PJ, Zibold F, et al. Stent-retriever thrombectomy and rescue treatment of M1 occlusions due to underlying intracranial atherosclerotic stenosis: cohort analysis and review of the literature. Cardiovasc Intervent Radiol. (2019) 42:863–72. doi: 10.1007/s00270-019-02187-9

 13. Baek JH, Kim BM, Kim DJ, Heo JH, Nam HS, Song D, et al. Importance of truncal-type occlusion in stentriever-based thrombectomy for acute stroke. Neurology. (2016) 87:1542–50. doi: 10.1212/WNL.0000000000003202

 14. Yoo J, Lee SJ, Hong JH, Kim YW, Hong JM, Kim CH, et al. Immediate effects of first-line thrombectomy devices for intracranial atherosclerosis-related occlusion: stent retriever versus contact aspiration. BMC Neurol. (2020) 20:283–92.

 15. Lapergue B, Blanc R, Guedin P, Decroix JP, Labreuche J, Preda C, et al. A direct aspiration, first pass technique (ADAPT) versus stent retrievers for acute stroke therapy: an observational comparative study. AJNR Am J Neuroradiol. (2016) 37:1860–5. doi: 10.3174/ajnr.A4840

 16. Liao G, Zhang Z, Che X, Liang H. Mechanical thrombectomy using a stent retriever with an intermediate catheter for partially occluded middle cerebral artery fenestration. World Neurosurg. (2020) 138:355–9. doi: 10.1016/j.wneu.2020.03.096

 17. Koge J, Kato S, Hashimoto T, Nakamura Y, Kawajiri M, Yamada T. Vessel wall injury after stent retriever thrombectomy for internal carotid artery occlusion with duplicated middle cerebral artery. World Neurosurg. (2019) 123:54–8. doi: 10.1016/j.wneu.2018.11.223

 18. Liu X, Dai Q, Ye R, Zi W, Liu Y, Wang H, et al. Endovascular treatment versus standard medical treatment for vertebrobasilar artery occlusion (BEST): an open-label, randomised controlled trial. Lancet Neurol. (2020) 19:115–22. doi: 10.1016/S1474-4422(19)30395-3

 19. Siebert E, Bohner G, Zweynert S, Maus V, Mpotsaris A, Liebig T, et al. Revascularization techniques for acute basilar artery occlusion: technical considerations and outcome in the setting of severe posterior circulation steno-occlusive disease. Clin Neuroradiol. (2019) 29:435–43. doi: 10.1007/s00062-018-0683-3

 20. Blanc R, Redjem H, Ciccio G, Smajda S, Desilles JP, Orng E, et al. Predictors of the aspiration component success of a direct aspiration first pass technique (ADAPT) for the endovascular treatment of stroke reperfusion strategy in anterior circulation acute stroke. Stroke. (2017) 48:16149. doi: 10.1161/STROKEAHA.116.016149

 21. Kamalian S, Morais LT, Pomerantz SR, Aceves M, Sit SP, Bose A, et al. Clot length distribution and predictors in anterior circulation stroke: implications for intra-arterial therapy. Stroke. (2013) 44:3553–6. doi: 10.1161/STROKEAHA.113.003079

 22. Kim SK, Yoon W, Kim TS, Kim HS, Heo TW, Park MS. Histologic analysis of retrieved clots in acute ischemic stroke: correlation with stroke etiology and gradient-echo MRI. AJNR Am J Neuroradiol. (2015) 36:1756–62. doi: 10.3174/ajnr.A4402

 23. Hashimoto T, Hayakawa M, Funatsu N, Yamagami H, Satow T, Takahashi JC, et al. Histopathologic analysis of retrieved thrombi associated with successful reperfusion after acute stroke thrombectomy. Stroke. (2016) 47:3035–7. doi: 10.1161/STROKEAHA.116.015228

 24. Wong JHY, Do HM, Telischak NA, Moraff AM, Dodd RL, Marks MP, et al. Initial experience with SOFIA as an intermediate catheter in mechanical thrombectomy for acute ischemic stroke. J Neurointerv Surg. (2017) 9:1103–6. doi: 10.1136/neurintsurg-2016-012750

 25. Marnat G, Barreau X, Detraz L, Bourcier R, Gory B, Sgreccia A, et al. First-line sofia aspiration thrombectomy approach within the endovascular treatment of ischemic stroke multicentric registry: efficacy, safety, and predictive factors of success. Am J Neuroradiol. (2019) 40:1006–12. doi: 10.3174/ajnr.A6074

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.

Copyright © 2021 Liao, Zhang, Zhang, Du, Li and Liang. 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.












	
	ORIGINAL RESEARCH
published: 13 September 2021
doi: 10.3389/fneur.2021.688019






[image: image2]

Can Tirofiban Improve the Outcome of Patients With Acute Ischemic Stroke: A Propensity Score Matching Analysis

Lingxin Cai1, Xiaobo Yu1, Jun Yu1, Jing Xu1, Liang Xu1, Chenhan Ling1, Min Lou2, Cheng Yu3* and Cong Qian1*


1Department of Neurological Surgery, The Second Affiliated Hospital of Zhejiang University School of Medicine, Hangzhou, China

2Department of Neurology, The Second Affiliated Hospital of Zhejiang University School of Medicine, Hangzhou, China

3Department of Neurosurgery, The Second People's Hospital, Quzhou, China

Edited by:
QinJian Sun, Shandong University, China

Reviewed by:
Shashvat M. Desai, University of Pittsburgh, United States
 Kristen Sanfilippo, Washington University School of Medicine in St. Louis, United States


Correspondence: Cheng Yu, Yc661070@163.com
 Cong Qian, congqian@zju.edu.cn

Specialty section: This article was submitted to Endovascular and Interventional Neurology, a section of the journal Frontiers in Neurology

Received: 30 March 2021
 Accepted: 28 July 2021
 Published: 13 September 2021

Citation: Cai L, Yu X, Yu J, Xu J, Xu L, Ling C, Lou M, Yu C and Qian C (2021) Can Tirofiban Improve the Outcome of Patients With Acute Ischemic Stroke: A Propensity Score Matching Analysis. Front. Neurol. 12:688019. doi: 10.3389/fneur.2021.688019



Objective: To evaluate the efficacy and safety of tirofiban for patients with acute ischemic stroke (AIS), especially posterior circulation stroke (PCS).

Methods: We enrolled consecutive patients with AIS who suffered large artery occlusion (LAO) and underwent mechanical thrombectomy (MT) between January 2016 and May 2020. Patients were divided into two groups according to whether tirofiban was used during MT. The primary efficacy outcome was a favorable functional outcome, defined as a modified Rankin Scale (mRS) score of 0–2 at 3 months. The safety outcomes were the rate of mortality at 3 months and the presence of intracranial hemorrhage (ICH) and symptomatic intracranial hemorrhage (sICH). Cohorts were balanced using 1:1 propensity score matching (PSM). Subgroup analysis was further performed to compare the efficacy and safety of tirofiban between the anterior circulation stroke (ACS) and PCS groups.

Results: A total of 292 patients were eligible for this study and divided into the tirofiban group (n = 51) and the no-tirofiban group (n = 241). In the propensity-score-matched cohort, the tirofiban group had a higher rate of favorable outcomes than the no-tirofiban group (49.0 vs. 25.5%, p = 0.014), and the mortality at 3 months showed a greater downward trend in the tirofiban group than the no-tirofiban group (15.6 vs. 33.3% p = 0.064). The risk of sICH and ICH was the same between the tirofiban and control groups (17.6 vs. 27.4% p = 0.236, 31.3 vs. 45.1% p = 0.154, respectively). Tirofiban use was predictive of favorable outcomes [adjusted odds ratio (aOR) = 2.87, 95% confidence interval (CI) 1.52–6.44, p = 0.043] after multiple logistic regression analysis. Subgroup analysis revealed that tirofiban use was significantly associated with favorable outcomes in ACS (aOR = 3.66, 95% CI 1.24–5.22, p = 0.019) but not in PCS (aOR = 1.12, 95% CI 0.47–7.52, p = 0.570).

Conclusion: We demonstrated that tirofiban may be associated with improving favorable outcome for the AIS patients who underwent MT, without increasing ICH or sICH. Furthermore, our results indicated that for PCS patients tirofiban may not be associated with favorable outcome, and more comprehensive randomized controlled trials are needed to confirm this finding.

Keywords: tirofiban, acute ischemic stroke, propensity score matching, mechanical thrombectomy, posterior circulation stroke


INTRODUCTION

A number of randomized clinical trials have shown the benefit of mechanical thrombectomy (MT) in the treatment of acute ischemic stroke (AIS) that is due to large-vessel occlusion (LVO) (1, 2). However, this endovascular recanalization approach may lead to endothelial injury, plaque rupture, and subsequent platelet activation, leading to early re-occlusion and poor prognosis. Tirofiban is a non-peptide selective glycoprotein (GP) IIb/IIIa receptor inhibitor that reversibly inhibits fibrinogen-dependent platelet aggregation and subsequent formation of thrombi, which contribute to the major atherosclerotic complications in the progression of AIS (3).

Clinical trials in patients with AIS initially demonstrated the safety and efficacy of tirofiban as an adjunct to MT for AIS patients. However, the results of these trials have been controversial; some studies have shown that tirofiban does not improve prognosis and may even increase intracranial hemorrhage (ICH) and mortality. Therefore, more data are needed to confirm further the benefits and risks of tirofiban. A series of follow-up studies have reported a number of clinically valuable findings about the tirofiban regimen following MT, including the specific dose (4), injection method (5), and patient selection according to etiology (6). However, the specific indications and patient selection are still under debate. Considering the different clinical characteristics of posterior circulation stroke (PCS) and anterior circulation stroke (ACS) (7), as well as the different postoperative prognoses of patients with MT between the two groups (8), there is a hypothesis that tirofiban may have inconsistent risks and benefits in PCS and ACS. At present, there are some studies about the benefit of MT in PCS patients and the administration of tirofiban following MT (9, 10), but there are few studies exploring tirofiban in patients with PCS.

The main aim of this study was to test the safety and efficacy of tirofiban following MT in AIS patients. Propensity score matching (PSM) was used to match tirofiban- and no-tirofiban-treated patients for potential confounders. Regression analysis after PSM was performed to identify independent associations with the outcomes. The secondary aims were to compare the risks and benefits of tirofiban following MT between PCS and ACS.



METHODS


Patient Selection

In this retrospective study, a total of 292 patients who underwent MT secondary to large artery occlusion (LAO) between January 2015 and May 2019 were enrolled. The inclusion criteria were as follows: (1) patients with AIS secondary to LAO confirmed by computed tomographic angiography (CTA), (2) patients with neurological deficits with a National Institutes of Health Stroke Scale (NIHSS) score of 6 or higher at presentation, (3) patients who were 18 years of age or older, and (4) patients who underwent MT.

The exclusion criteria were as follows: (1) cerebral hemorrhage confirmed by computed tomography; (2) platelet count <100 × 109/L, blood glucose concentration <2.8 or >22.0 mmol/L, and severe hepatic or renal dysfunction; and (3) incomplete data or loss to follow-up. This study was approved by the Ethics Committee of Zhejiang University School of Medicine Second Affiliated Hospital.



Procedures

All enrolled patients were treated according to current guidelines for AIS and underwent MT employed second-generation stent-retriever devices (Solitaire AB/FR, Covidien/ev3, Irvine, CA; Trevo Proview, Stryker, CA). Alternative rescue therapies, including balloon angioplasty and rescuing stent, were determined by the operators during the procedure based on the characteristics of the lesion and access. Following thrombectomy, all patients underwent postprocedural computed tomography (CT) within 12–24 h, and the presence of hemorrhage on CT was determined and scored by a blinded neuroradiologist.

Tirofiban was considered for application in the following situations: (1) rescue treatment with emergency stenting and balloon angioplasty for residual artery stenosis or failed thrombectomy, (2) successful mechanical recanalization with ≥3 passes with stent retriever, (3) severe in situ atherosclerosis with high risk of early re-occlusion, and (4) other recanalization refractory conditions and presumed endothelial damage. Tirofiban was continuously given at a rate of 8 μg/kg·h after an intravenous bolus of 10 μg/kg if there was no evidence of ICH on immediate head CT after MT. Twenty-four hours later, dual antiplatelet therapy was given after ICH was ruled out by another head CT.



Baseline Assessment and Outcome Measures

Data were extracted through a retrospective review of patient charts, procedure notes, image data, and follow-up notes. Baseline characteristics were collected, including age, sex, presenting NIHSS score, Alberta Stroke Program Early Computed Tomography Score (ASPECTS) or posterior circulation ASPECTS (pc-ASPECTS), comorbidities (diabetes, hypertension, atrial fibrillation, hyperlipidemia, and a history of prior stroke), antiplatelet drug and anticoagulation drug use, and coagulation function indicators. Procedural variables included time from symptom onset to groin puncture, time from symptom onset to reperfusion, tissue plasminogen activator (t-PA) use, retrieval times ≥3, rescue therapy including balloon angioplasty and rescuing stent, and Thrombolysis in Cerebral Infarction (TICI) grading. A TICI grade better than 2b was defined as successful recanalization. The arterial occlusion site was recorded as ACS and PCS. The stroke etiology was classified according to the Trial of ORG 10172 in Acute Stroke Treatment (TOAST) criteria: large artery atherosclerosis (LAA), cardioembolism (CE), and stroke of other determined or undetermined causes.

The primary outcome measure was functional outcome, which was measured by the modified Rankin Scale (mRS) at 3 months. A favorable outcome was defined as an mRS score of 0–2. The scores were collected by a stroke neurologist during routine follow-up visits at 90 days (±14) after stroke for the majority of patients. Telephone discussions with patients or their families were used to obtain information. ICH was considered present when head CT revealed a region consistent with newly developed blood extravasation. Correspondingly, symptomatic intracranial hemorrhage (sICH) was defined as any hemorrhage with neurological deterioration, indicated by an NIHSS score of ≥4 points above the baseline value, or as any hemorrhage leading to mortality. Two investigators, who were blinded to all clinical information, independently reviewed the CT and magnetic resonance imaging (MRI) images to determine the presence of ICH or sICH.



Statistical Analysis

Statistical analyses were performed using SPSS V.25 for the majority of the data. Patient variables were analyzed using descriptive statistics and univariate comparisons. Comparisons were performed using the t-test for continuous measures, for non-continuous variables, and χ2 test for categorical measures. All tests were two sided, and an α < 0.05 was considered significant.

PSM was performed with R 4.0.3 (R Foundation for Statistical Computing, Vienna, Austria) to ensure an even distribution of possible confounders between the two groups. A 1:1 matched analysis using nearest-neighbor matching with a caliper distance of 0.1 without replacement was performed based on the estimated propensity score of each patient. After matching patient characteristics, these were analyzed again to confirm successful matching. Multivariate logistic regression analysis was used to assess the odds ratio (OR) and corresponding 95% confidence interval (CI) to explore whether tirofiban can independently affect favorable clinical outcomes (mRS scores 0–2) and safety outcomes, including ICH, sICH, and mortality at 3 months.




RESULTS


Patient Characteristics

A total of 292 patients were eligible for this study. The baseline characteristics and outcomes of the patients are presented in Table 1 and were compared between the tirofiban group (n = 51) and the no-tirofiban group (n = 241). There was no significant between-group difference with respect to age, sex, or NIHSS score at presentation (p > 0.05). Coagulation function was assessed by preoperative and postoperative coagulation indicators, including prothrombin time (PT), activated partial thromboplastin time (APTT), and platelet count, which were similar between the two groups. PCS was more common in the tirofiban group (25.5 vs. 12.9%, p = 0.038). LAA was the cause of stroke in 74.5% of tirofiban patients, compared with 50.6% in the no-tirofiban group (p < 0.001). In contrast, CE was lower in the tirofiban group (29.4 vs. 58.9%, p < 0.01). Other medical histories and comorbidities showed no between-group differences.


Table 1. Patient characteristics and outcomes before and after PSM.
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The analysis of procedural variables showed that ~88.1% of patients received t-PA, without a significant difference between the two groups. The mean times from symptom onset to recanalization were comparable (414.2 ± 394.3 vs. 314.6 ± 172.2, p > 0.05), but the time from symptom onset to reperfusion in the tirofiban group was longer (515.78 ± 394.34 vs. 393.97 ± 182.95, p = 0.035). Furthermore, the patients with tirofiban were more often to accept the rescue therapies including balloon angioplasty (13.7 vs. 7.5%, p = 0.062) and permanent stenting (11.8 vs. 4.5%, p = 0.046) and undergo MT with retrieval times ≥3 (9.8 vs. 3.7%, p = 0.018). The overall rate of recanalization was 90.8%, and it was not significantly different between the two groups.



Safety and Efficacy Outcomes

The efficacy and safety outcome measures were not significantly different. The rates of favorable outcomes (mRS 0–2) were 49.0 and 36.1%, respectively, in the tirofiban and no-tirofiban groups, but p > 0.05. The overall mortality at 3 months was 18.50% across both groups and was slightly, but not significantly, lower in the tirofiban group than in the no-tirofiban group (15.6 vs. 19.1%, p > 0.05). Procedure-related complications in the tirofiban group, including ICH (31.4 vs. 41.1%, p = 0.197) and sICH (17.65 vs. 21.58%, p = 0.531), did not occur more frequently than in the no-tirofiban group.

Variables in the PSM were selected based on previous univariate analysis, including age, NIHSS score, time from symptom onset to reperfusion, involved vessel site TOAST classification, and ASPECTS. Finally, 51 cases were successfully matched, and the standard deviation indicated that the matching effect was satisfactory. After PSM, the characteristics of the two groups were relatively the same after matching (Table 1). After PSM, tirofiban significantly improved the rates of favorable outcomes in the tirofiban and no-tirofiban groups (49.0 vs. 25.5%, p = 0.014) (Figure 1). No difference was found in mortality and the rates of ICH and sICH (p > 0.05).


[image: Figure 1]
FIGURE 1. Distribution of mRS at 3 months categories before PSM (A) and after PSM (B). The lines indicate differences in favorable outcome (mRS 0–2) between groups. *p < 0.05. mRS, modified Rankin Scale; PSM, propensity score matching.


Stepwise regression was performed to identify the factors associated with the safety and efficacy outcomes (Supplementary Table 1). In the overall patients, tirofiban tended to improve the rates of favorable outcomes independently [adjusted odds ratio (aOR) = 1.45, 95% CI 1.67–3.43, p = 0.024]. Furthermore, tirofiban did not show any association with the incidences of ICH, sICH, or mortality (p = 0.605, 0.353, and 0.362, respectively).

The results remained stable after PSM for potential confounders. The use of tirofiban showed an independent association with better outcomes (aOR = 2.87, 95% CI 1.52–6.44, p = 0.043). Tirofiban was not associated with a risk of ICH (aOR = 0.67, 95% CI 0.37–2.13, p = 0.451), sICH (aOR = 0.55, 95% CI 0.67–1.23, p = 0.263), or mortality at 3 months (aOR = 0.45, 95% CI 0.57–1.43, p = 0.728). And the multivariate regression models were adjusted, respectively, for the favorable outcome and safety outcome (Table 2).


Table 2. Multivariate regression analysis of effects of tirofiban on safety and efficacy outcomes.
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Effects on ACS and PCS

Based on the above regression analysis results, we performed a subgroup analysis according to location to explore further the association between tirofiban and favorable outcomes. First, the main characteristics and clinical outcomes of patients with ACS and PCS were compared with univariate analysis, and there were many differences between the two groups (Table 3). Patients with PCS had higher NIHSS scores on admission than those with ACS (21.9 ± 13.1 vs. 14.4 ± 5.9, p = 0.001), a longer time from symptom onset to groin puncture (494.0 ± 448.6 vs. 303.2 ± 146.5, p = 0.008), and a longer time from symptom onset to reperfusion (587.0 ± 450.7 vs. 384.7 ± 158.0, p = 0.005). A total of 63.6% of patients with PCS had LAA stroke, compared with 52.4% of patients with ACS (p = 0.005). Relatedly, tirofiban administration was more common in PCS patients (29.5 vs. 15.3%, p = 0.001). In terms of comparison with the outcomes of the two groups, patients in the PCS group had significantly worse favorable clinical outcomes (20.4 vs. 41.5%, p = 0.008). There were no significant differences in ICH, sICH, or risk of death between the two groups.


Table 3. Patient characteristics and outcomes on patients with ACS and PCS.
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A multivariate analysis was performed to adjust the confounders and to identify the use of tirofiban as the independent predictor of favorable outcomes in the overall group (aOR = 1.45, 95% CI 1.67–3.43, p = 0.024). In the ACS patients, tirofiban was associated with favorable outcomes (aOR = 3.66, 95% CI 1.24–5.22, p = 0.019); however, such an association was not observed in PCS patients (aOR = 1.12, 95% CI 0.47–7.52, p = 0.570). Detailed information on the regression coefficients and p-values is presented in Supplementary Table 2. The comparison between subgroups is more intuitively reflected in Figure 2.
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FIGURE 2. Forest plot of adjusted OR for the association between tirofiban administration and favorable outcomes (mRS 0–2) in patients with posterior circulation stroke (PCS) and anterior circulation stroke (ACS). Adjusted for age, ASPECTS/pc-ASPECTS, tirofiban, baseline NIHSS, glucose, TOAST classification, and location (posterior or anterior circulation). aOR, adjusted odds ratio; mRS, modified Rankin Scale; ASPECTS, Alberta Stroke Program Early Computed Tomography Score; pc-ASPECTS, posterior circulation ASPECTS; NIHSS, National Institutes of Health Stroke Scale; TOAST, Trial of ORG 10172 in Acute Stroke Treatment. *p < 0.05.





DISCUSSION

In this study, we evaluated the safety and efficacy of tirofiban as an adjuvant therapy for MT in AIS patients. The main findings of our study are as follows: (1) more patients in the tirofiban group had favorable clinical outcomes after PSM matching, and ICH and mortality did not differ between the two groups; (2) multivariate regression analysis demonstrated that tirofiban was positively associated with favorable clinical outcomes but not with ICH, mortality, or other safety indicators; and (3) tirofiban was associated with increasing favorable clinical outcomes in patients with ACS but not in patients with PCS.

The purpose of therapy for AIS patients is to achieve rapid cerebral vascular recanalization to restore cerebral blood flow (10), and MT has become the first-line treatment for LVO (11). However, many patients who achieve rapid vascular recanalization by MT are still at high risk of acute reocclusion, especially LAA patients (12, 13). The potential cause may be in situ atherosclerotic occlusion, local platelet aggregation, and broken plaques (14). LAA strokes are the most common stroke type in China, so it is urgent to find ways to prevent reocclusion (15).

Tirofiban is a relatively short-acting and reversible GP IIb/IIIa receptor inhibitor that inhibits fibrinogen binding to platelets, effectively preventing platelet aggregation and secondary thrombosis (16). There have been a number of clinical trials demonstrating the safety and efficacy of tirofiban administration in AIS patients undergoing MT, but with controversial results. Most studies have demonstrated that tirofiban has great clinical application prospects in MT, and tirofiban has proved to be an independent predictor of favorable outcomes (17–19). A multicenter retrospective cohort confirmed that the safety of tirofiban was not associated with ICH or mortality (20). In contrast, other studies have shown that tirofiban does not improve clinical outcomes (21) and may be associated with an increased risk of fatal ICH (22, 23). The reasons for the controversial results are complex, including the heterogeneity of experiments, relatively small sample sizes, patient selection bias, and different tirofiban application regimens (5, 24). In our study, tirofiban was continuously given at a rate of 8 μg/kg·h after an intravenous bolus of 10 μg/kg if there was no evidence of ICH. The dose of tirofiban was not consistent in previous studies, but it did not vary extensively. And the total amount of tirofiban infusion was low and only varied from 0.5 to 2.0 mg in most centers (3). Nevertheless, the specific dose may affect the results especially for the risk of ICH, and further research about the dose is needed.

In this study, the use of tirofiban did not lead to significantly more benefits before PSM. We found the patients in the tirofiban group were more often with rescuer therapies, repeated attempts of thrombectomy, and longer time from symptom onset to reperfusion, which were associated with difficulty of vascular recanalization. Additionally, in our study tirofiban was more selectively adopted for patients with LAA stroke rather than CE stroke (74.5 vs. 13.7%, p = 0.01). This patient selection bias may explain the lower rate of recanalization in the tirofiban group (86.3 vs. 91.7%, p = 0.342). After the correction of these confounding factors by PSM, the rate of recanalization has become similar in the matched cohort, and the use of tirofiban significantly improved the rate of favorable outcomes in AIS patients.

A number of studies have noted the differences between ACS and PCS in clinical characteristics, treatment, and prognosis (25). PCS accounts for 5–19% of AIS patients (26, 27). A large clinical trial including 90,484 patients treated with t-PA demonstrated that PCS was associated with worse outcomes (28). Some studies have suggested that MT for PCS is a safe and feasible treatment option (29). MT is widely used in PCS clinically, and our study results showed that more PCS patients than ACS patients were treated with tirofiban (29.5 vs. 15.3%). However, few studies have focused on whether tirofiban administration in MT has consistent safety and efficacy between ACS and PCS. Subgroup analysis was performed, and we found that PCS patients had an obviously worse prognosis than ACS patients (20.4 vs. 41.5%, respectively), and they also had a higher NIHSS score at admission and a longer time from symptom onset to reperfusion. Further analysis by logistic regression illustrated that tirofiban was associated with increasing favorable clinical outcomes in patients with ACS but not in patients with PCS. However, Alawieh et al. thought that patients with PCS benefit equally from tirofiban administration compared with ACS (30). Given the limited sample size, our results only indicated that the effect of tirofiban may be modified by the occlusion sites and the PCS patients seemed to benefit less. Whether tirofiban treatment can affect efficacy outcomes of PCS patients treated with MT requires future research.

There are also the limitations in this study. First, this experiment included only patients in the past 5 years from a single center, which reduced the changes and differences in perioperative patient care procedures but also resulted in a small sample size. Additionally, this is a retrospective study with inevitable patient selection bias. Even though we used advanced statistical methods, including PSM and multivariate adjustment, we cannot correct residual or unmeasured confounding. Furthermore, the balloon angioplasty and stenting are more commonly used in tirofiban groups, which may exaggerate the effect of tirofiban. Considering these limitations, these results should be analyzed with more caution, and larger multicenter data will be required to study this effect further.



CONCLUSION

We demonstrated that tirofiban may be associated with improving favorable outcome for the AIS patients who underwent MT, without increasing ICH or sICH. Furthermore, our results indicated that for PCS patients tirofiban may not be associated with favorable outcome, and more comprehensive randomized controlled trials are needed to confirm this finding.
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Objectives: Our primary objective was to determine the successful rate of recanalization of M1 large vessel occlusion using either the Trevo 4 × 30 mm or 6 × 25 mm stent during mechanical thrombectomy. Our secondary objectives were to determine differences between the use of these two stent retrievers regarding first-pass effect, periprocedural complications, and mortality in the first 90 days.

Methods: This is a retrospective cohort study. Data regarding the stent used, recanalization, number of passes, periprocedural complications, and mortality were determined via our mechanical thrombectomy database along with chart review.

Conclusion: When comparing Trevo 4 × 30 mm to 6 × 25 mm stent retrievers used in mechanical thrombectomy for middle cerebral artery large-vessel occlusion causing stroke, there is no statistically significant difference in successful recanalization rates, first-pass effect, perioperative complications, or mortality at 90 days. Studies like this will hopefully lead to further prospective, randomized controlled trials that will help show experts in the field an additional way to perform this procedure effectively and safely.

Keywords: stent retreiver, large vessel occlusion, neurointervention, mechanical thrombectomy, stroke


INTRODUCTION

Acute ischemic stroke secondary to large-vessel occlusion accounts for a significant amount of morbidity and mortality in the world (1). In the USA, stroke is the fifth leading cause of death (2). Of the people that die from stroke, an overwhelming proportion of them are due to large-vessel occlusion (LVO) (3, 4).

Recent clinical trials have shown improved functional outcomes of mechanical thrombectomy in patients with LVO (5–9). The success of these recent trials as compared to earlier studies is related to the evolution of mechanical thrombectomy technology along with improved patient selection. Specifically, trials like SWIFT and TREVO II show the importance of stent retrievers like Solitaire and Trevo compared to Merci catheters (10).

These stent retrievers differ in various ways, including but not limited to size, shape, and material. There is paucity of data on which Trevo stent retriever is better for achieving recanalization efficiently. Our study looked to answer the question of which Trevo stent retriever is superior, Trevo 4 × 30 mm or 6 × 25 mm, in recanalization of M1 LVO.



METHODS


Design

This was a retrospective cohort study based out of a single comprehensive stroke center setting. Retrospective chart and mechanical thrombectomy database review was performed over a 2-year period between 2018 and 2019. IRB approval was obtained, and due to the retrospective nature of the study, informed consent was not necessary.



Patient Selection

There were 86 patients included in this retrospective study from 2018 to 2019. Inclusion criteria were the following: patients >18 years of age, have had a mechanical thrombectomy between the time from 2018 to 2019, have LVO in the M1 segment confirmed on CTA and CTP causing acute ischemic stroke, ≤ 24 h from the last known well, only mechanical thrombectomy done with Trevo 4 × 30 mm or 6 × 25 mm stent retrievers, and all or a portion of subjects care at a primary stroke center.



Data Collection

Patients were divided into two main groups based on which stent retriever was used, and their revascularization was recorded based on their TICI score (11). The TICI score was recorded by the interventionalist that performed the procedure. Additional information that was collected included the following: number of passes, initial NIHSS, discharge NIHSS, change in NIHSS, patient's age, tobacco use, atrial fibrillation, diabetes, hypertension, hyperlipidemia, re-occlusion, groin hematoma, vasospasm, dissection, intracerebral hemorrhage, subarachnoid hemorrhage, use of balloon guided catheterization (BGC), tPA administration, specific vessel occlusion, and 90-day mortality (see Table 1).


Table 1. Demographic and clinical characteristics.
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Primary Outcome Variable

The primary outcome variable was successful recanalization, as defined by thrombolysis in cerebral infarction (TICI) score of IIb–III.



Secondary Outcome Variables

Secondary outcome variables are first-pass effect, perioperative complications, and mortality at 90 days.



Statistical Methods

Summary statistics were calculated. Age is expressed as the mean ± SD, while all other quantitative data are expressed as the median, with the interquartile range in parentheses (25th percentile, 75th percentile). Nominal data are expressed as a percentage. Comparison between groups for age was performed using the t-test, while comparisons for all other quantitative variables were performed using the Mann–Whitney U test. Nominal variables were evaluated using the chi-square test or the Fisher's exact test, as appropriate. Significance was assessed at p <0.05. Analyses were performed using Stata v. 15.1 (StataCorp, College Station, TX, USA).




RESULTS

• Eighty-six patients were included in this retrospective study from 2018 to 2019.

• Trevo 4 × 30 mm and 6 × 25 mm had successful recanalization 96.0 and 91.7%, respectively, p = 0.645.

• Ninety-day mortality was 16.0% for 4 × 30 mm and 27.8% for 6 × 25 mm, p = 0.185.

• tPA was used in 42% of the 4 × 30 mm group and 30.6% of the 6 × 25 mm group.

• Vessels occluded were 50.0% LMCA for 4 × 30 mm, 52.8% 6 × 25mm, and RMCA 50.0% 4 × 30 mm group, 47.2% 6 × 25 mm group.

• BGC was used 68% of the 4 × 30 mm and 5.6% of the 6 × 25 mm groups, p < 0.001.

• SAH was a complication in 4% in the 4 × 30 mm group and 2.80% in the 6 × 25 mm, p > 0.999.

• ICH was a complication in 2% in the 4 × 30 mm group and 0% in the 6 × 25 mm group, p > 0.999.

• Groin hematoma was a complication 0% of the 4 × 30 mm group and 2.8% of the 6 × 25 mm group, p = 0.419.

• Vessel perforation took place in 2% of the 4 × 30 mm group and 0% of the 6 × 25 mm group, p > 0.999.

• Arterial dissection, vasospasm, and re-occlusion were not complications in either group (see Table 2).


Table 2. Outcomes.
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DISCUSSION

There are many combinations of techniques that are used in mechanical thrombectomy. In this study, we included two operators that used continuous aspiration prior to intracranial vascular embolectomy (CAPTIVE) and stent retriever-assisted vacuum-locked extraction (SAVE) techniques. One preferred the Trevo 6 × 20 mm stent without the use of BGC and the other Trevo 4 × 30 mm stent with the use of BGC. All other equipment was identical.

Limited data is available for guidance as to which stent retriever to use for M1 LVO mechanical thrombectomy. Interventionalists make stent size decisions based on how they were trained, which vessel is affected, their own personal experiences, and/or the measurement of the vessel itself on imaging. We had two operators that used both.

This study initially proposed that the larger stent diameter would achieve greater revascularization compared to the smaller stent diameter. This hypothesis was based on the larger stent diameter having greater radial force in the artery of interest.

One study by Machi et al. evaluates properties of various stent retrievers as well as their effectiveness. One specific parameter measured was radial force, both outward and inward. Outward radial force was greater in the larger-diameter stent retriever compared to the smaller-diameter stent retriever. Inward radial force varied considerably based on the diameter of the tube it was tested in (12). Additional Trevo data along with one retrospective study by Yi et al. state that larger stent diameter has larger radial force regardless of the vessel size, which in turn leads to better angiographic and clinical outcomes (13, 14).

Another point to consider is the length of the stent. Expert opinion in the field states that the longer the length of the stent, the greater the odds of proper clot integration, thus yielding a greater revascularization rate. This concept leaves radial force behind. The STRATIS registry publication by Zaidat et al. showed that increased length of Solitaire stent retrievers demonstrates a higher rate of first-pass effect and modified first-pass effect compared to larger-diameter or shorter-stent retrievers. However, final revascularization or significant differences in functional dependence/mortality at 90 days post procedure were not seen (15). Our results show us that neither the diameter nor the length of the Trevo stent retriever has a statistically significant effect on successful revascularization, first-pass effect, perioperative complications, or mortality at 90 days. Mortality of 27.8% in the Trevo 6 × 20 mm group compared to 16.0% was not statistically significant; however, we do believe it is important to be noted.

The use of balloon-guided catheterization (BGC) was statistically significant in the 4 × 30 group compared to the 6 × 25 group. Despite the statistical significance of the use of BGC in 4 × 30 group, there was no statistical significance achieved in terms of primary endpoint compared to 6 × 25 without the use of BGC. Several studies have shown that regardless of thrombectomy techniques used by the interventionalist (ADAPT, SAVE, CAPTIVE, etc.), the use of BGC is an independent predictor of higher rate of successful revascularization, first-pass effect, and mRS 0–2 at 90 days. The advantages of BCG are flow arrest proximal to the clot and the decreasing arterial pressure that impacts the clot. This leads to a reduction in distal embolization along with enhancement of the actual thrombectomy technique (16).

Our study does have its limitations. It was retrospective, had a limited sample size due to our strict exclusion criteria, and was not a randomized control trial. Additionally, the use of BGC and a lack of control in length or width of stent size were limitations as well. Perhaps our primary endpoint results would have been different if the 4 × 30 group had not used BCG or the 6 × 25 group had used BGC.

Despite these limitations, this study challenges us to think about which technique/tools for this procedure are best. Additional randomized trials are needed to further best clarify the optimal approach for angiographic outcomes, first pass, perioperative outcomes, and 90-day mortality.
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Objectives: To investigate the predictive factors for successful recanalization based on digital subtraction angiography and three-dimensional T1W sampling perfection with application-optimized contrasts using different flip angle evolutions (3D T1-SPACE) high-resolution magnetic resonance imaging (MRI) signal features.

Methods: Consecutive internal carotid artery occlusion cases with ipsilateral ischemic stroke refractory to therapy who visited our institution between February 2017 and August 2020 were retrospectively analyzed. Epidemiology, symptomatology, imaging morphology on angiography and MRI, peri-procedural complications, technical success rate, and follow-up results were summarized. Factors related to technical success were analyzed using univariate and multivariate analyses.

Results: In total, 75 cases (53 men, mean age 57.51 ± 9.71 years) were included. The total successful recanalization rate was 72.00% (54/75), with a complication rate of 13.33% (9/75). Through multivariate analysis, first ischemic stroke in <3 months (OR: 2.57; 95% CI: 1.13–4.58), tapered stump (OR: 4.31; 95% CI: 1.37–13.55), reversed flow of the ophthalmic artery (OR: 2.99; 95% CI: 1.06–8.49), high intraluminal signal on unenhanced T1-SPACE sequence (OR: 16.15; 95% CI: 3.40–76.72), no vessel wall collapse (OR: 17.00; 95% CI: 3.57–81.02), short occlusion length (OR: 9.87; 95% CI: 2.09–46.64), and primary occlusion site at the cervical internal carotid artery (OR: 8.42; 95% CI: 1.04–68.19) were associated with successful recanalization.

Conclusion: Besides traditional features such as short ischemic event time, tapered stump, and distal ICA reconstitution by the ophthalmic artery, our study demonstrates that luminal and mural changes determined by 3D SPACE high-resolution MRI could also predict successful endovascular recanalization. Endovascular recanalization for non-acute internal carotid artery occlusion is feasible, but prudent case selection is mandatory considering the high periprocedural complication rate.

Keywords: non-acute occlusion, internal carotid artery, endovascular recanalization, magnetic resonance imaging, 3D T1-SPACE


INTRODUCTION

A non-acute occluded internal carotid artery (NAOICA) accounts for a 6–20% risk of developing ipsilateral ischemic stroke, despite patients receiving optimal medical treatment (1). Propagation of clots into the circle of Willis and compromised cerebral perfusion are regarded as the major causes of recurrent neurological events (2).

Treatment of the chronically occluded internal carotid artery is challenging. Surgical revascularization with extracranial–intracranial bypass was found to be ineffective compared to medical therapy in patients with hemodynamic impairment and showed no benefit during two follow-ups (3, 4). Carotid endarterectomy could revascularize the short cervical occlusive internal carotid artery, but was ineffective for long segmental or tandem lesions (5). Hybrid surgery seems to compensate for such drawbacks (6), but concerns of increased stroke and death rates due to complicated post-procedural management between open surgery and intensive antiplatelet/anticoagulant protocols should be considered (7).

Recently, endovascular revascularization was reported to have a 70% success rate, with a 13% complication rate and 5% morbidity (8–10). However, technical skills are required for complex occluded vessels, such as complicated routes, collapsed vessel walls, propagated thrombi, and vulnerable plaques. Precise preprocedural appraisal of the occluded vasculature to rule out dangerous conditions can help achieve safe and successful recanalization.

At present, no studies have focused on the relationship between dynamic changes in the lumen and vessel wall of NAOICA and recanalization results. Here, we hypothesized that vessel wall and lumen changes are also important for successful recanalization. Therefore, we conducted a retrospective analysis of all patients with NAOICA who visited our center and underwent vessel three-dimensional T1W sampling perfection with application-optimized contrasts using different flip angle evolutions (3D T1-SPACE) magnetic resonance imaging (MRI) before endovascular recanalization to identify the predictive factors of vessel wall imaging (VWI) for successful recanalization in order to select appropriate candidates for such procedures. To the best of our knowledge, this is the first study to assess this.



METHODS


Patients

Basic and radiological data of patients with NAOICA who underwent attempted endovascular recanalization from January 2017 to August 2020 at our institution were analyzed. The inclusion criteria were as follows: (1) had ipsilateral recurrent ischemic stroke and were refractory to medical treatment, (2) had hypoperfusion confirmed by computed tomography (CT) perfusion or MR perfusion weighted imaging, and (3) underwent all endovascular procedures 2 weeks after the latest ischemic event. The exclusion criteria were as follows: (1) acute occlusion of the carotid artery, (2) asymptomatic lesions, (3) severe disabling strokes (modified Rankin Scale (mRS) score >2), (4) Alberta stroke program early CT (ASPECT) score <6, (5) history of a bleeding disorder, (6) any coexisting condition that limited life expectancy to <1 year, (7) allergy or contraindication contrast media, anesthesia, or heparin, and (8) intolerable to high-resolution MRI.



3D T1-Space MRI

All VWIs were performed on a three T MRI system (Magnetom Prisma, Siemens, Erlangen, Germany) with a 64-channel coil. The parameters for VWI were: TR 900 ms, TE 15.0 ms, field of view 230 × 230 mm, matrix 256 × 265, and spatial resolution 0.6 mm (isotropic). The MRI protocol also included standard sequences such as T1WI, T2WI, FLAIR, DWI, and a 3D TOF MRA sequence of the arteries above the aortic arch.

Magnevist was used as the contract media (Bayer Schering Pharma AG, Germany).



Interventional Procedure

All patients received dual antiplatelet drugs (clopidogrel 75 mg/d and aspirin 100 mg/d) for at least 5 days. Patients with an AA > 70% and ADP > 30% on the thromboelastogram were considered suitable for undergoing the operation.

The procedure was performed on digital subtraction angiography (DSA) panel (FD2020; Philip, Netherlands) under monitored anesthesia. A thorough 6-vessel diagnostic angiogram was obtained to confirm the occlusion characteristics and state of the collaterals. After two interventional neurologists checked all basic and radiological data, endovascular reconstruction of the ICA was initiated. After intravenous administration of a bolus of heparin (100 mg/kg), a 7 F 90-cm long sheath (Terumo, Japan) was deployed at the distal common carotid artery via the femoral artery to provide sufficient backup and facilitate the delivery of multiple devices. Given that passing through the occluded site to the true lumen without injury to the intima was challenging, several protocols were adopted at our institution. First, a microcatheter (Echelon, SL, Excelsior XT-27, etc.) and a microwire (Synchro, Transcend, Traxcess, etc.) used employed to probe the tapered stump or vulnerable spot. If the attempts were unsuccessful, a Progreat microcatheter (Terumo, Japan) designed for the peripheral artery or 5-F vertebral angiographic catheter combined with a 0.035-inch guidewire was used to perform the same process. Once the wire crossed the occlusion site and angiographic projections confirmed its position in the true lumen, an embolus protection device was considered if the occlusion was short without tandem lesions. However, if long segmental occlusion with a propagated thrombus or tortuous vasculature was encountered, a 300-mm microwire (Synchro or Transcend) was carefully navigated to the ipsilateral middle cerebral artery as a rail to deliver different devices. Angiographic projections with large-bore microcatheters (Excelsior XT-27, rebar-27) were performed through the wire from C7 to C1 downstream to detect the primary occlusion site and occlusion length. If the thrombus load was high, direct aspiration or stent thrombectomy with aspiration catheters (Penumbra, Sofia, Catalyst, etc.) and stents (Solitaire FR, Trevo, EmboTrap, etc.) would be adopted first. If not, a small-diameter angioplasty balloon was used to dilate the occluded segments from the distal part to the proximal part. Any proper stents were acceptable, as determined by the operating surgeons to scaffold the elastically recoiled vessel. Post-stenting balloon angioplasty was necessary if the residual stenosis was >30%. Thrombolysis in cerebral infarction classification (TICI) 2b-3 on DSA findings was considered successful recanalization.

Systolic blood pressure was rigorously maintained at 100–120 mmHg after the procedure to prevent hyperperfusion syndrome. Regular dual antiplatelet agent (aspirin 100 mg/day and clopidogrel 75 mg), proper control of risk factors, and effective rehabilitation training were also prescribed after the procedure.

The post-procedural neurological state was assessed by the mRS score, which was obtained by a telephone call or face-to-face follow-up. Computed tomography angiography (CTA) or DSA was routinely prescribed 6 months after the procedure.



Image Analysis

Two interventional neurologists (CZ and MQ) reviewed all DSA images. The morphological characteristics included stump type (tapered or blunt), distal internal carotid artery reconstituted by the ophthalmic artery, and occlusion length (≥3 segments or less according to Bouthillier segmentation). Two magnetic resonance physicians (XS and FQ) analyzed the MRI images, including the collapsed wall, the occlusion segments, and the intraluminal signal. In case of disagreement, two senior researchers (GS and XH) were chosen as the third reviewer to resolve the discrepancy.



Statistical Analysis

SPSS software for Windows 26.0 version (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. Continuous data are presented as mean ± SD, and categorical data are presented as counts and percentages. The chi-square test or Fisher's test (if the group's number was five or less) was used to compare the categorical data. An ANOVA test or Mann–Whitney test was used to compare groups of continuous data with equal variances. The Wilcoxon–Mann–Whitney U-test was used to compare groups of continuous data with heterogeneous variances. Binary logistic regression models were used to assess the correlation between radiological features and recanalization success rates. Statistical significance was set at a 2-sided probability value of <0.05.




RESULTS

In total, 75 patients (53 men, mean age 57.51 ± 9.71 years) with symptomatic NAOICA who underwent attempted endovascular recanalization were included. The flow chart selection chart is demonstrated in Figure 1. Demographic and clinical data are listed in Table 1. The angiographic findings and 3D T1-SPACE MRI features are listed in Table 2.


[image: Figure 1]
FIGURE 1. Flow chart of case selection.



Table 1. Basic characteristics of the patients.

[image: Table 1]


Table 2. Radiologic characteristics of the patients.
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Among the 75 patients, 54 (72.00%) achieved successful recanalization. The perioperative complication rate was 13.3% (10/75), including two cases of intracranial hemorrhage followed by microwire perforation, three cases of asymptomatic carotid-cavernous fistula (CCF), and three cases of asymptomatic dissection. No complications resulted in severe disability or death.

All cases were followed up by telephone, and the median follow-up duration ranged from 6 to 26 months. In the successful recanalization group, 43 (81.13%) patients underwent CTA or DSA examination at 6 months after the procedure; 1 (1.88%) patient experienced recurrent ischemic stroke for severe in-stent restenosis; and 8 (18.60%) patients developed moderate to severe silent restenosis. In the failed recanalization group, 6 (28.57%) patients experienced ipsilateral ischemic stroke under regular medical treatment. No hemorrhage or death occurred in either group.

Multivariate analysis with logistic regression suggested several independent positive predictive factors for successful recanalization (Table 3). The technical success rate was higher in the following conditions: first ischemic stroke in <3 months (OR: 2.57; 95% CI: 1.13–4.58), tapered stump (OR: 4.31; 95% CI: 1.37–13.55), reversed flow of the ophthalmic artery (OR: 2.99; 95% CI: 1.06–8.49), short intraluminal signal on non-enhanced T1-SPACE sequence (OR: 16.15; 95% CI: 3.40–76.72), no vessel wall collapse (OR: 17.00; 95% CI: 3.57–81.02), short occlusion length (OR: 9.87; 95% CI: 2.09–46.64), and primary occlusion site at the cervical internal carotid artery (OR: 8.42; 95% CI: 1.04–68.19).


Table 3. Logistic regression for predictors of technique success.
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DISCUSSION

The incidence of internal carotid artery occlusion is ~6 per 100,000 individuals. Neurovascular event rates range from 0 to 26% (11). In cases of insufficient collateral compensation, the risk of ischemic stroke may be as high as 30% per year (12). A recent report by Janko et al. (13) suggested that the occluded carotid artery is more frequently associated with neurovascular events than moderately severe carotid stenosis, despite similar overall cost and readmission rates. At present, a consensus has been reached that chronic occlusion is not as benign as previously thought (1, 14). Thus, an optimal recanalization protocol is necessary.

Chen et al. (15) developed a scoring system with a sensitivity of 80.3% and a specificity of 67.9% based on angiographic features and symptoms (15), such as non-tapered stump, distal ICA reconstituted by the ophthalmic artery or communicating artery, and absence of neurologic events. In addition, based on DSA angiography, Hasan et al. divided the occluded ICA into four groups (A: tapered stump with patent distal ICA filling by collaterals; B: non-tapered stump with patent distal ICA; C: no ICA stump with patent distal lumen filling by collaterals; D: no ICA stump with occluded distal lumen). Type A and type B were more amenable to safe revascularization than type C and type D. Meimo et al. modified the radiological features of the four groups according to their institutional data and achieved the same results as the study by Hasan et al. In summary, a short occlusion time, tapered ICA stump, and long patent lumen of the distal ICA filled by collaterals are positive predictors of successful recanalization.

In our study, tapered stump and patent distal lumen with reversed ophthalmic artery flow were associated with successful recanalization, which was consistent with previous studies. While these studies did not consider the pathological changes to the vessel wall and lumen, their drawbacks were obvious. In the coronary artery, wall imaging techniques, such as intravascular ultrasound and optical coherence tomography, improved periprocedural and long-term outcomes compared with angiography-guided percutaneous coronary intervention (16). We also illustrate a case of type A lesion, which was expected to have a 100% success rate, but ultimately had failed recanalization (Figure 2). The lumen collapsed with no short signal on the unenhanced T1-SPACE sequence, suggesting a longtime occlusion or even congenital atresia of the vessel.


[image: Figure 2]
FIGURE 2. First illustrative case of right internal carotid artery chronic occlusion with border zone infarction. (A) Lateral image of occluded internal carotid artery on DSA exhibited multiple collaterals from extracranial carotid artery (white arrow: recurrent meningeal artery, short black arrow: artery of the foramen rotundum, long black arrow: ophthalmic artery). (B) Long atresia lumen was detected on coronal scan of unenhanced 3D SPACE MRI (white arrow). (C) On enhanced coronal scan, intraluminal slight enhancement was detected (white arrow). (D) On unenhanced cross-section, occluded internal carotid lumen was exhibited (white arrow). (E) Intraluminal enhancement after contrast injection (white arrow). (F) After all attempts with multiple guidewires, passing through the occluded site was still failed. (G) Biopsy from carotid endarterectomy revealed old thrombosis at the occlusion site.


With the advent of the vessel wall and lumen imaging by high-resolution MRI, the collapsed vessel wall, propagated thrombus, and occlusion length could be clearly visualized, especially in the 3D T1-SPACE sequence. Chai et al. (17) found that high-resolution MRI could correctly detect tandem lesions and the extent of occlusion length of chronic occluded ICA compared with DSA (17). Vessel wall MRI was also performed to detect pseudo-occlusion or false dissection, but was only diagnosed by super-selective microcatheter angiography (18).

In our study, 64.00% (34/54) of cases exhibited high intraluminal signals on the unenhanced T1-SPACE sequence, while this was only 9.50% (2/21) in the failed recanalization group. A high signal portion was then confirmed as unstable thrombosis by stent thrombectomy or aspiration (Figure 3). In total, 90.50% (19/21) of cases manifested a collapsed vessel wall in the failed recanalization group, while this was only 37.0% (20/54) in the successful recanalization group. These results indicated their relationship with safe and effective revascularization.


[image: Figure 3]
FIGURE 3. Second illustrative case of right internal carotid occlusion with recurrent ischemic events: (A) Long segmental occlusion of right internal carotid artery was detected by TOF MRA. (B–D) Intraluminal high signals were detected from cervical segment to clinic segment (white arrow) on 3D SPACE sequence. (E) After contrast injection intravenously, enhanced patent wall was delineated (white arrow). (F) Lateral images on DSA exhibited the tapered stump (short white arrow) and reversed ophthalmic artery (long white arrow). (G) Microcatheter angiograph exhibited long segmental filling defect sign (white arrow). (H) After aspiration with Sofia catheter (Microvention, Terumo, Japan), we retrieved a long old thrombus and restored the normal blood flow.


We also detected six long segmental mural hematoma cases that were characteristic of dissection (19, 20), and direct stent implantation was performed to reconstruct the vessel wall and finally restore normal blood flow.

The technical success rate was 72.00% in our study. Although bypass surgery presented a relatively lower incidence of complications, less benefits were exhibited on neurological function improvement and recurrent ischemic stroke. While endovascular recanalization was characterized by a relatively lower technical success and higher complications, long-term functional improvement and lower recurrence of ischemic events were achieved. Hybrid surgery plays the same role as endovascular treatment. Therefore, future prospective randomized trials should focus on endovascular treatment and hybrid surgery in selected cases.

Migration of thrombus was rarely reported in previous literatures. Usually, chronic vessel occlusion was deemed with stable mural thrombus. But in our institution, we encountered three cases that did not perform high resolution MRI encountered thrombus migration. Therefore, thrombectomy with a stent retriever and aspiration catheter was performed in 24 cases (32.00%) with intraluminal high signals to prevent thrombus migration. Although no benefit on recanalization rate was observed (p = 0.343), the feasibility and safety were confirmed.

Complication rate in our study was 13.33%, mostly iatrogenic lesions related to technical skills, such as perforation, CCF, and dissection, but no permanent neurological symptoms were leftover. Federrico Caggnazzo et al. performed a meta-analysis including 13 studies and 568 patients. The complications were 18%, and the morbidity was ~5%. Therefore, prudent case selection and individualized recanalization protocol are crucial.



LIMITATIONS

(1) The main limitations of our study were related to its retrospective design and relatively small sample size, and these limitations may interfere with the statistical analysis and may have contained correlative variables; however, our sample size was relatively larger than that of previous studies. (2) Histopathological data were unavailable, and the correlation between MRI signals and tissue characteristics remains unknown. We obtained several thrombus samples; however, these require further analysis. (3) Few studies have focused on the mural and intraluminal signals on high-resolution MRI; therefore, a precise criterion to confirm the occlusion type would be controversial.



CONCLUSIONS

First ischemic events in <3 months, tapered stump, reversed flow of the ophthalmic artery, short intraluminal signal on non-enhanced T1-SPACE MRI, no vessel wall collapse, short occlusion length, and primary occlusion site at the cervical internal carotid artery were independent predictors for successful endovascular recanalization of NAOICA. These results may help predict effective recanalization of the NAOICA, but further randomized trials with a large cohort are necessary to verify our results.
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Background and Purpose: An endovascular recanalization is an alternative option for symptomatic intracranial atherosclerotic steno-occlusive disease (ICAD). Accurate non-invasive alternatives to digital subtraction angiography (DSA) for follow-up imaging after endovascular treatment are desirable. We aimed to evaluate the image quality and diagnostic performance of high-resolution magnetic imaging in follow-up using DSA as a reference.

Materials and Methods: From January 2017 to June 2021, data from 35 patients with 40 intracranial steno-occlusive lesions who underwent endovascular recanalization and received high-resolution magnetic resonance (HR-MR) follow-up were retrospectively collected in our prospective database. Studies were evaluated for the quality of visualization of the vessel lumen, restenosis rate, and accuracy of high-resolution magnetic resonance (HR-MR) with DSA used as the reference standard. Intraclass correlation coefficient (ICC) analyses were performed to assess the agreement between the two different readers.

Results: In total, 40 intracranial steno-occlusive lesions in 35 patients, with 34 lesions undergoing balloon angioplasty [including 16 drug-coated balloons (DCBs)] and 8 lesions undergoing stenting were enrolled. The median age was 63.6 years (IQR 58.5–70.0 years), and the mean imaging follow-up time was 9.5 months (IQR 4.8–12.5 months). The median degrees of preprocedural and residual stenosis were 85.0% (IQR 75.0–99.0%) and 32.8% (IQR 15.0–50.0%), respectively. Intracranial periprocedural complications occurred in 1 (3.6%) patient. In the case of a stainless-steel stent (n = 1), there was a signal drop at the level of the vessel, which did not allow evaluation of the vessel lumen. However, this was visible in the case of nitinol stents (n = 7) and angioplasty (n = 34). The overall restenosis rate was 25.8% (n = 9). The DCB subgroup showed a lower rate of restenosis than the percutaneous transluminal angioplasty (PTA) subgroup [5.3% (2/13) vs. 35.7% (5/14)].

Conclusion: High-resolution magnetic resonance may be a reliable non-invasive method for demonstrating the vessel lumen and diagnostic follow-up after endovascular recanalization for ICAD. Compared with MR angiography (MRA), HR-MR showed a higher inter-reader agreement and could provide more information after endovascular recanalization, such as enhancement of the vessel wall.

Keywords: HR-MRI (high-resolution MRI), ICAD (intracranial artery disease), DSA (digital subtraction angiography), follow-up, endovascular recanalization


INTRODUCTION

Intracranial artery disease (ICAD) is one of the major causes of ischemic stroke and neurologic symptoms, especially in Asians (1–4). Endovascular treatment (EVT) has been an alternative option for patients refractory to medication, as it can restore blood flow and shows promise to prevent the recurrence of stroke. However, EVT for ICAD is associated with a high-restenosis rate (up to 30%), which accounts for most subsequent recurrence of ischemic events (5).

Lumenography, such as digital subtraction angiography (DSA), CT angiography (CTA), and MR angiography (MRA), has been essential and widely used in the diagnosis of ICAD and follow-up imaging (6). Among these methods, DSA is thought to be the standard criterion tool because of its superior spatial and temporal resolution (7, 8). However, it is also an invasive procedure with the risk of neurologic complications and radiation exposure (9, 10). Conventional MRA and CTA can be used as minimally invasive methods to assess intracranial stenosis, but artifacts can be a problem in the luminal evaluation compared with DSA. Accurate non-invasive alternatives to DSA for follow-up imaging after EVT are desirable.

High-resolution magnetic resonance (HR-MR) imaging has been recently introduced as a minimally invasive-advanced imaging technique for directly identifying the intracranial arterial wall (11, 12), which may correlate with luminal angiography (13–15). In the recent years, some studies have shown the feasibility of HR-MR in the evaluation and characterization of intracranial atherosclerosis and steno-occlusive lesions (12, 16, 17). However, data on follow-up after EVT based on HR-MR are limited. Therefore, we report our initial experience using HR-MR for evaluating angiographic follow-up outcomes of ICAD after EVT.

This retrospective study was approved by our institutional review board and information of the patient was anonymized and reidentified before the assessment.



METHODS


Patient Selection

The studies involving human participants were reviewed and approved by the institutional ethics committee at Beijing Hospital. The patients provided written informed consent to participate in this study. Prior to the intervention, patients gave their informed consent to the operation. Patients (≥18 years) with symptomatic, intracranial high-grade stenosis (WASID ≥ 70%) or occlusion and elective [ipsilateral hypoperfusion (≥40% decrease in cerebral blood flow in the territory distal to the target lesion in CT perfusion)] endovascular recanalization between January 2017 and June 2020 who underwent HR-MR follow-up were included in this retrospective data analysis. Patients with hyperacute (0–24 h) stroke or with asymptomatic steno-occlusive lesions and without follow-up were excluded.



Data Collection and Follow-Up Outcomes

Demographical, clinical, angiographical, and periprocedural data were collected. The primary follow-up outcomes were angiographic restenosis, ISR, and recurrent ischemic events. Restenosis or ISR was defined as >50% stenosis within or immediately adjacent (within 5 mm) to the treated segment and >20% absolute luminal loss. Symptomatic restenosis was defined as restenosis associated with ischemic symptoms of the offending vessel territory.



Strategy of Endovascular Treatment

Digital subtraction angiography was performed for all the patients and the strategy of endovascular treatment was decided according to the site and characteristics of the target lesions and based on the experience and preference of the operators. In general, drug-coated balloons (DCBs) (SeQuent Please, Braun Medical, Melsungen, Germany) with balloon predilatation were selected in lesions with tortuous arterial access or with a significant mismatch in the diameter between the proximal and distal segments or lesions in vessels with small reference diameters. Balloon dilation (BD) alone (Tazuna, Terumo, Japan; Ryujin, Terumo, Japan; Gateway, Stryker Neurovascular, USA; Sprinter, Medtronic, USA) was performed in patients with more tortuous arterial access for which DCB or stenting was considered improper by operators. Stenting (Wingspan, Stryker Neurovascular, USA; Solitaire, Medtronic, USA; Apollo, MicroPort Medical, China) was preferred in lesions with straightforward arterial access or was deployed for the treatment of dissection after balloon dilation.



Procedure and Periprocedural Management

Endovascular procedures were performed by experienced neurointerventionists with the patients under general anesthesia. Prior to the intervention, all the patients were under dual antiplatelet therapy (DATP) with aspirin and clopidogrel. An intravenous heparin regimen was administered to maintain an activated clotting time between 250 and 300 s during the procedure. A 6F-guiding catheter was introduced through the common femoral artery and guided into the ICA or VA proximal to the target lesion. The precise length and diameter of the lesion were assessed by three-dimensional (3D) DSA prior to the recanalization procedure. Under the fluoroscopic guidance, a microwire was first passed through the intracranial steno-occlusive lesion. Then, one of the three kinds of interventional procedures (DCB, BD, and stenting) was performed based on the experience of the operators. The choice of strategy is as described earlier.

Dual antiplatelet therapy was maintained for at least 6 months and aspirin or clopidogrel alone was continued daily afterward. Long-term management of individual medical risk factors, such as blood pressure, cholesterol, and diabetes mellitus, was implemented.



Imaging Protocol

High-resolution magnetic resonance was performed with a 3.0-T MR scanner (Achieva; Philips Health care, Best, The Netherlands) with a 16-channel NV coil. The HR-MRI sequences included 3D time of flight MRA and pre and postcontrast T1W imaging (VISTA). The parameters were as follows for time-of-flight MRA: repetition time = 25 ms; echo time = 3.45 ms; field-of-view = 180 mm × 180 mm; and acquired resolution = 0.55 mm × 0.55 mm × 1.1 mm. For T1W imaging, the parameters were: repetition time = 800 ms; echo time = 18 ms; field of view = 200 mm × 180 mm × 40 mm; and acquired resolution = 0.6 mm × 0.6 mm × 0.6 mm. Gadoteric acid meglumine (Dotarem; Guerbet, Aulnay-sous-Bois, France) was intravenously injected (0.1 mmol/kg of bodyweight). T1W imaging was repeated 5 min after injection.

Digital subtraction angiography was performed in 4 vessels using a biplane system, including high-resolution 3D rotational angiography (FD20; Philips Health care, Best, The Netherlands). Transfemoral access was used, and selective injection of a contrast medium, either iohexol (350 mg of iodine/ml; Beijing Beilu Pharmaceutical Corporation, China) or iodixanol (320 mg of iodine/ml, Visipaque; GE Healthcare, USA), was performed at a rate of 4 ml (for internal carotid artery) or 3 ml (for vertebral artery) per second using an injector (Liebel-Flarsheim Angiomat Illumina, USA). The parameters were as follows: matrix, 1,024; FOV, 310 mm.



Imaging Analysis

Two neuroradiologists independently assessed images on the basis of the PACS workstation (Neusoft, Shenyang, China; version 5.5.0) for MR images and the interventional workspot (Philips Medical Systems, Best, The Netherlands; Version 1.4.1) for 3D rotational DSA data.

The image quality of HR-MR was first assessed by an experienced reviewer using a 3-point scale, where 1 = poor [low signal-to-noise (SNR) and obscured vessel wall or lumen boundaries], 2 = fair (passable SNR with a few motions or blood artifacts, distinguishable vessel wall, but partially obscured vessel lumen and wall boundaries), and 3 = good (high SNR without artifacts, clearly displaying vessel lumen boundary and wall). Images with an image quality of 1 were excluded from further analyses.

The following parameters were measured: (1) the arterial luminal diameter (i.e., stenosis diameter and reference diameter). MR data were measured manually in 0.6-mm-thick cross-sections reformatted from HR-MR and 0.6-mm-thick cross-sections from 3D tetralogy of fallot (TOF). Data of DSA were collected from 3D reconstruction of images (when 3D images were not available, data were measured manually in 2-dimensional DSA images); (2) stenosis degree (%) calculated according to the Warfarin–Aspirin Symptomatic Intracranial Disease trial criteria; (3) presence and change of wall enhancement at the site of steno-occlusive lesions in HR-MR. According to the enhancement in the follow-up images compared with the preprocedural images, the images were evaluated as: increase, little change, or less (Figure 1).


[image: Figure 1]
FIGURE 1. Measurements of the degree of stenosis and minimal luminal diameter in preprocedural high-resolution magnetic resonance (HR-MR) and digital subtraction angiography (DSA) (A) and follow-up HR-MR and DSA (B).




Statistical Analysis

Continuous variables are presented as the mean ± SD and categorical variables are reported as the frequencies (percentages), as appropriate. For continuous variables, the agreement between HR-MR and DSA was assessed by using the intraclass correlation coefficient (ICC) and the Bland–Altman analyses. The level of agreement was categorized as follows: poor (ICC = 0–0.20), fair (ICC = 0.21–0.40), moderate (ICC = 0.41–0.60), good (ICC = 0.61–0.80), and excellent (ICC = 0.81–1.00). Differences between proportions were assessed by chi-squared analysis. All the statistical analyses were performed using R Statistical Software version 3.6.2 (Foundation for Statistical Computing, Vienna, Austria). p <0.05 was considered to indicate statistically significant.




RESULTS


Patient Characteristics

Overall, 40 intracranial steno-occlusive lesions in 35 patients (22 males, 13 females; median age, 63.6 years, IQR 58.5–70.0 years), with 32 lesions undergoing balloon angioplasty (including 16 DCB) and 8 lesions undergoing stenting, were identified. Most treated lesions were located in the anterior circulation. The median preprocedural and residual degrees of stenosis were 85.0% (IQR 75.0–99.0%) and 32.8% (IQR 15.0–50.0%), respectively. In one patient, dissection of the M2 segment of the MCA with consecutive subarachnoid hemorrhage occurred during the interventional maneuver. However, the patient recovered completely from this incident. The median radiological follow-up was 9.5 months (IQR 4.8–12.5 months, range 1.8–29.0 months).

On follow-up, the overall restenosis rate was 25.8% (n = 9). Of these 9 patients with restenosis, 2 patients were in the stent group (25.0%, 2/8). The other 7 cases were in the angioplasty group (21.9%, 7/32). One patient in the stent group suffered from symptomatic restenosis and he received further revascularization with the insertion of another stent in the intracranial vertebral artery. The other 8 patients were asymptomatic and received medical treatment. The DCB subgroup showed a lower rate of restenosis than the percutaneous transluminal angioplasty (PTA) subgroup [12.5 (2/16) vs. 31.2% (5/16)] (Table 1).


Table 1. Characteristics of patients who underwent endovascular recanalization and received high-resolution magnetic resonance (HR-MR) follow-up.

[image: Table 1]



Image Quality

The overall image quality for HR-MR was 2.8 ± 0.4 (1 point in 1 case, 2 points in 5 cases, and 3 points in 34 cases). In one case with a stainless-steel stent (Apollo; MicroPort Medical, Shanghai, China), there was a signal drop at the level of the vessel, which did not allow evaluation of the vessel lumen (Figure 2).


[image: Figure 2]
FIGURE 2. Preprocedural HR-MR (A), Preprocedural DSA (B), DSA immediately after the procedure (C,D), follow-up HR-MR (E) and CTA (F). There was a signal drop at the level of the vessel in the follow-up HR-MR images. White arrows showed the Apollo stent.




Inter-Reader Agreement of HR-MR and TOF-MR

In 39 lesions with sufficient image quality, two observers measured the diameter of the stenosis and reference vessel. The ICCs of the HR-MR group were 0.956 and 0.973, and the ICCs of the TOF–MRI group were 0.890 and 0.962, respectively. The Bland–Altman plots of the diameter of the stenosis and reference vessel between reader 1 and reader 2 are shown in Figure 3. The mean differences were −0.015 and −0.027 mm in the HR-MRI group and −0.034 and −0.061 mm in the TOF–MR group (Table 2).


[image: Figure 3]
FIGURE 3. The Bland–Altman plots of lumen diameter measurements between reader 1 and reader 2 of reference artery and stenosis artery on HR-MR images (A,B) and tetralogy of fallot (TOF)-MR images (C,D). The solid lines represent the mean difference and the dashed lines indicate the 95% limits of agreement.



Table 2. Inter-reader agreement of arteries without total occlusion on time-of-flight magnetic resonance (TOF-MR) and HR-MR images.
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Agreement Between HR-MR TOF-MR and DSA

Of the 40 arteries, 16 arteries were followed-up by DSA. The agreements in the quantitative measurements between HR-MR and DSA and between TOF-MR and DSA are given in Table 3. The Spearman correlation coefficient indicated excellent agreement for all metrics (all the coefficients ≥0.90) between HR-MR and DSA. The Bland–Altman plots of the vessel diameter between HR-MR and between DSA and TOF-MR are presented in Figure 4. In the HR-MR group, the absolute (relative) difference of stenosis diameter and absolute (relative) difference of reference diameter were −0.051 (3.3%) mm and −0.040 (1.4%) mm, respectively. In addition, the values were −0.083 mm (5.3%) and −0.108 mm (3.8%) in the TOF-MR group, respectively (Table 4).


Table 3. Correlation coefficient between digital subtraction angiography (DSA) and HR-MR in the different measurement metrics.

[image: Table 3]


[image: Figure 4]
FIGURE 4. The Bland–Altman plots of lumen diameter measurements of reference artery and stenosis artery between HR-MR images (A,B) or TOF-MR images (C,D) and DSA. The solid lines represent the mean difference and the dashed lines indicate the 95% limits of agreement.



Table 4. Summary of agreement between TOF-MR or HR-MR images and DSA.

[image: Table 4]



Diagnostic Accuracy of HR-MR Imaging

Using DSA as the reference, the sensitivity; specificity; positive predictive value; negative predictive value; and accuracy of HR-MR for detecting stenosis at >50, >70%, and restenosis are presented in Table 5. HR-MR had a high level of sensitivity and specificity for detecting stenosis >50%, stenosis >70%, and total occlusion.


Table 5. Prediction performance of HR-MR in different stenosis degrees.

[image: Table 5]



Wall Enhancement During Follow-Up

Of the 28 stenotic lesions with both the preprocedural and follow-up HR-MR images, wall enhancement was seen in 22 (78.6%) at baseline. During follow-up, the enhancement weakened in 15 lesions and remained constant in 12, but was clear in 1 case. Compared with the PTA subgroup, more lesions weakened in the DCB subgroup [75.0 (9/12) vs. 36.4% (4/11), p = 0.06].




DISCUSSION

This study found that HR-MR had good accuracy for the assessment of intracranial reference vessels and lesion vessels in the follow-up of patients with ICAD after EVT. The measurement results of HR-MR were highly consistent with DSA. Accurate lumen information can be provided even after most stents are placed. In addition, HR-MR can also provide tube wall images, which is helpful to further evaluate the postoperative situation. Therefore, HR-MR may be a useful imaging option comparable to DSA for the evaluation of stenosis and the detection of restenosis after EVT.

In this study, we evaluated the consistency of HR-MR between the two readers. Our results showed excellent interobserver reproducibility for the measurement of the lumen diameter of stenosis and reference vessels (ICC > 0.9). At the same time, HR-MR showed good agreement (ICC > 0.9) and significant correlations (Spearman R >0.8) with DSA regarding the degree of stenosis and the minimal luminal diameter. Using DSA as a reference, HR-MR performed a high level of sensitivity and specificity at diagnostic of stenosis. Compared with TOF-MR, HR-MR seems to have higher interobserver reproducibility and agreement with DSA. This may be because HR-MR can provide better resolution and visualize the boundaries of the vessel wall that can help readers distinguish the vascular boundaries.

High-resolution magnetic resonance may be a useful imaging method regarding the diagnosis and might also help to compensate for the limitations of luminal angiography due to the additional information beyond the luminal characterization. Atherosclerotic plaque enhancement may be associated with neovessel formation, active inflammatory cells, and fibrous cap thinning (18, 19). Several studies have reported that enhancing atherosclerotic plaque is more common in patients with ischemic symptoms or positive DWI findings, suggesting its instability and vulnerability (20–22). Antiproliferative drugs in DCBs can inhibit smooth muscle cell proliferation due to the natural immune inflammatory response (23). Recent data have shown some convincing results in reducing the restenosis rate after EVT in patients with ICAD (24–28). This study demonstrated a higher proportion of plaque enhancement weakening during follow-up in the DCB group. This may be related to the low rate of restenosis.

High-resolution magnetic resonance may have some impact on clinical practice. It may characterize the nature of the occlusion lesion and distinguish different etiologies. Furthermore, it can trace the vessel course and calibrate the distal lumen even in areas of stasis flow. This may be helpful in the therapeutic planning, guiding the selection of balloon or stent size at the occlusive segment that is invisible on DSA. HR-MR can also be used as an alternative follow-up method after EVT of ICAD due to its high accuracy for restenosis and non-radioactivity. For restenosis cases, the characteristics of the vessel wall may guide us to choose a comprehensive treatment (including lipid-lowering, anti-inflammatory, and DCB) rather than just angioplasty.

There are several limitations in this study. First, a retrospective study with a small number of cases may have resulted in limitations in selection bias and statistical power. The accuracy of HR-MR has yet to be confirmed by data from larger series. Second, not all follow-up images were 3D. In 2D images, the eccentricity of the stenotic lesion may have biased the lumen diameter measurement. Third, almost all the cases in this study were atherosclerotic lesions. The conclusions drawn from this series of cases are not necessarily applicable to cases of other causes, such as dissection. The imbalance of analyzed arterial segments may have led to selection bias. However, stratified analysis was not available due to the small sample size. Despite these limitations, we believe that our study reflects exploration in actual clinical practice. We hope that further research can be extended to larger samples and other diverse etiologies and apply HR-MR to the clinical prognosis field.



CONCLUSION

High-resolution magnetic resonance can provide high-resolution images of both the vessel wall and lumen. It could be a reliable non-invasive method for demonstrating the vessel lumen and diagnostic follow-up after endovascular recanalization for ICAD.
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Colateral grading (ASITN/SIR), 1 (%)

Grade 0 12.9)
Grade 1 15(34.9)
Grade 2 123
Grade 3 2(4.7)
Grade 4 24(55.8)

BMI, body mass index; TIA, transient ischemic attack; IQR, interquartie range; ASITN/SIR,
the American Society of Interventional and Therapeutic Neuroradiology/Society of
Interventional Radliology collateral flow grading system.
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90 day mortality
Successful recanalization®
SAH

ICH

Dissection

Vasospasm

Groin hematoma
Re-occiusion

Vessel perforation
Discharge NIHSS'

Delta NIHSS"+

4 x 30mm stent
retriever

8/50 (16.0%)
48/50 (96.0%)
2/50 (4.00%)
1/50 (2.00%)
0/50 (0.00%)
0/50 (0.00%)
0/50 (0.00%)
0/50 (0.00%)
1/50 (2.00%)
6(1,11.5)
83, 14)

6 x25mm
stent retriever

10/36 (27.8%)
33/36 (91.7%)
1/36 (2.80%)
0/36 (0.00%)
0/36 (0.00%)
0/36 (0.00%)
1/36 (2.80%)
0/36 (0.00%)
0/36 (0.00%)

52 14)

13 (2, 18)

p-value

0.185
0.645
>0.999
>0.999
>0.999
>0.999
0.419
>0.999
>0.999
0.550
0.135

SAH, Subarachnoid hemorrhage; ICH, Intracerebral hemorrhage; TIC, Thrombolysis in
cerebral inferction; NIHSS, Nationel Institutes of Health Stroke Scal.

*TiClof 2b or 3.

" median (25 percentile, 75 percentie).
¥ Initial NIHSS - Discharge NIHSS.
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4x30mmstent 6x25mmstent p-value

retriever retriever
Age* 69.1+18.3 7044187 0745
Sex (% female) 30/50 (60.0%) 12/36(333%)  0.015
Hypertension 37/50 (74.0%) 28/36 (77.8%) 0687
HLD 25/50 (50.0%) 23/36(639%) 0201
Diabetes 7/50 (14.0%) 836(222%) 0322
Aflb 19/50 (38.0%) 13/36(36.1%)  0.858
Tobacco use 0.881
Former 9/50 (18.0%) 8/36 (22.2%)

Current 14/50 (28.0%) 10/36 (27.8%)

Never 27/50 (54.0%) 18/36 (50.0%)

Tpa 21/50 (42.0%) 11/36(306%)  0.367
Vessel 0.799
LMCA 25/50 (50.0%) 19/36 (52.8%)

RMCA 25/50 (50.0%) 17/36 (47.2%)

B8GC 34/50 (68.0%) 2/36(5.60%) < 0.001
Puncture to perfusion time! 20 (12, 28) 20 (11, 41) 0.99
Initial NIHSST 15(10, 22) 19(115,245) 0146
Passes’ 101,2) 101,2) 0.838

HLD, Hyperfipidemia; Afib, Atrial fibrillation; tPA, Tissue plasminogen activator; LMCA,
Left main coronary artery; RMCA, Right main coronary artery; BGC, Balloon guided
catheterization; NIHSS, National Institutes of Health Stroke Scale.

“mean + SD,

*median (251 percentile, 75™ percentile).
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ACSn =248 PCSn=44 P

Characteristics

Age (year) 69+98 65+113 0.122
NIHSS, n (%) 14.4£59 219+ 184 0.001*
ASPECTS/pc-ASPECTS, 8(7-9) 8(7-9) 0.436
median (QR)

TOAST, n (%) 0.005*
7Yy 130 (52.4) 28(63.6)

CE 104 (42.7) 9(20.4)

Other 12 (4.8) 7(15.9)

Tirofiban, n (%) 38(153) 13 (29.5) 0.022°
Time 1 (min) 303.2 + 146.5 4940 &+ 448.6 0.008"
Time 2 (min) 3847+£1580  567.0£4507  0.005°
TICI 2b-3 220(92.9) 36(81.8) 0.026"
Clinical outcome

Favorable outcome, n (%) 108 (41.5) 9(20.4) 0.008"
ICH, n (%) 100 (40.2) 15 (34.0) 0.436
SICH, n (%) 51(205) 10(22.7) 0745
Mortality, n (%) 42(16.9) 12(27.2) 0.104

Velues are n (%), mean  SD.

“Statistically significant.

ACS, anterior circulation stroke; PCS, posterior circulation stroke; NIHSS, National
Institutes of Health Stroke Scale; ASPECTS, Alberta Stroke Program Early Computed
Tomography Score; pc-ASPECTS, posterior circulation ASPECTS; IQR, interquartie
range; TOAST, Trial of ORG 10172 in Acute Stroke Treatment; LAA, large artery
atherosclerosis; CE, cardioembolism; Time 1, time from symptom to groin puncture;
Time 2, time from symptom to reperfusion; TICI, Thrombolysis in Cerebral Ischemia; ICH,
intracranial hemorrhage; sICH, symptomatic intracranial hemorrhage.
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Before PSM (n = 294)

aOR (95% CI)

Favorable outcome?®  1.45 (1.67-3.43)
ICH? 0.24 (0.29-1.19)
SICH® 0.67 (0.27-1.49)
Mortality at 3 months®  0.66 (0.25-1.55)

P

0.024*
0.805
0.353
0.362

After PSM (n = 102)

aOR (95% Cl)

2.87 (1.62-6.44)
0.67 (037-2.18)
0.55 (0.67-1.28)
0.45 (0.57-1.43)

P

0.043*
0451
0.263
0.728

Model 1 adjusted for age, ASPECTS/pc-ASPECTS, tirofiban, baseline NIHSS, glucose,
TOAST classification, and location (posterior or anterior circulation).
Model 2 adjusted for age, ASPECTS/pc-ASPECTS, tirofiban, baseline NIHSS, TOAST
classification, involved vessel site (posterior or anterior circulation), and previous stroke.

*Statistically significant.

PSM, propensity score matching; aOR, adjusted odds ratio; Cl, confidence interval; ICH,
intrecranial hemorrhage; sICH, symptomatic intracranial hemorrhage; ASPECTS, Alberta
Stroke Progrem Early Computed Tomography Score; pe-ASPECTS, posterior circuletion
ASPECTS; NIHSS, National Institutes of Health Stroke Scale; TOAST, Trial of ORG 10172

in Acute Stroke Treatment.
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Age (year)

Female, n (%)

Involved vessel, n (%)

ACS

PCS

TOAST, n (%)

LAA

CE

Other

NIHSS, median (IQR)

ASPECTS/po-ASPECTS, median (IQR)

Systolic BP (mm Hg)

Glucose (mmol/L)
Medical history

Atrial fibrilation, n (%)
Hyperipidemia, (%)
Hypertension, n (%)
Diabetes mellitus, (%)
Previous stroke, (%)
Pre-antiplatelet, 1 (%)
Pre-anticoagulation, n (%)
Smoker, n (%)
Coagulation function
Pre-platelet (10°/L)
Post-platelet (10%/L)
Procedural variables
t-PA treated, n (%)

Time 1 (min)

Time 2 (min)

Retrieval times >3, n (%)
Balloon angioplasty, n (%)
Permanent stenting, n (%)
TICI 2b-3, n (%)

Clinical outcome
Favorable outcome, n (%)
SICH, n (%)

ICH, n (%)

Mortality at 3 months, n (%)

Before PSM

Tirofiban No tirofiban
n="51 n=241
662+ 11.4 68.5+143
18 (35.3) 97 40.2)
38(74.5) 210(87.1)
13 (25.5) 31(12.9)
38 (74.5) 122 (50.6)
7(18.7) 106 (44.0)
6(11.8) 18 (5.4)
14 (11-18) 12 (9-16)
8(7-9) 8(7-9)
144.6+226 144.1 £ 18.1
717 +2.08 8.69 £22.91
15 (29.4) 142 (58.9)
120) 417)

37 (72.5) 157 (65.1)
7(187) 38(15.8)
11(21.6) 40(16.6)
6(11.8) 35 (14.5)
2(39) 2187)
9(17.6) 30 (12.4)
1788+ 497 1782+ 605
186.7 £61.8 185.7 £ 66.3
42 (82.4) 215 (89.2)
414243943 3145+ 1722
515.7 + 3043 393.9 + 1829
5(9.8) 9@.7)
7(18.7) 18(7.5)
6(11.8) 11(4.5)
44 (86.3) 221 (91.7)
25 (49.0) 87 36.1)
9(17.6) 52(21.5)
16 (31.3) 99(41.0)
8(15.6) 46 (19.0)

0.262
0617
0.038"

0.001*

0.078
0.788
0.869
0638

0.001*
1.000
0.393
0.878
0518
0.769
0.385
0.444

0.945
0916

0.267
0.083
0.035*
0.018*
0.062
0.046"
0.342

0.085
0.531
0.197
0.570

Tirofiban
n=51

66.2+11.4
18 (35.3)

38(74.5)
13 (25.5)

38(74.5)
7(18.7)
6(11.8)

14 (11-18)
8(7-9
144.6 226
747 £208

15 (29.4)
1(20)
37 (725)
7(18.7)
11(21.6)
6(11.8
2(39)
9(17.6)

178.8 +49.7
186.7 £ 61.8

42 (82.4)
414.2 3043
515.7 +3043
5(9.8)
7(18.7)
6(11.8
44 (86.3)

25 (49.0)
9(17.6)
16(31.3)
8(15.6)

After PSM

No tirofiban
n="51

66.7 £ 87
21(41.2)

39(80.4)
12(19.6)

31(608)
14(27.5)
6(11.7)
18(9-18)

8(7-9)

1472+ 183

7.32+1.84

36 (70.6)
120
35(68.6)
9(17.6)
8(15.7)
8(15.7)
239
4(7.8)

171.4 £ 535
183.1 £ 62.8

46(90.2)
390.8 + 2832
493.8+2415
10
29
29
43(84.3)

13(25.49)
14(27.45)
23(45.1)
17 (33.9)

0954
0.541
0.818

0.089

0.638
0.832
0.553
0.709

0.043"
1.000
0.828
0.785
0.445
0.774
1.000
0.138

0.476
0.771

0.388
0716
0.738
0.092
0.081
0.141
0.780

0.014*
0.236
0.154
0.084

Data are mean = SD, n (%), or median (IQR). Factors matched by PSM included age, NIHSS score, time from symptom onset to reperfusion, involved vessel site, TOAST classification,
retrieval times =3, permanent stenting, and ASPECTS.

*Statistically significant.

PSM, propensity score matching; ACS, anterior circulation stroke; PCS, posterior circulation stroke; TOAST, Trial of ORG 10172 in Acute Stroke Treatment; LAA, large artery
atheroscierosis; CE, cardioembolism; NIHSS, National Institutes of Health Stroke Scale; IQR, interquartie range; ASPECTS, Alberta Stroke Program Early Computed Tomography
Score; pe-ASPECTS, posterior circulation ASPECTS; BF, blood pressure; t-PA, tissue plasminogen activator; Time 1, time from symptom to groin puncture; Time 2, time from symptom
to reperfusion; TICI, Thrombolysis in Cerebral Infarction grading; sICH, symptomatic intracranial hemorrhage; ICH, intracranial hemorrhage.
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Adjusted OR for Favorable Outcome at 3 Months
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Variable The embolism The ISAT group  P-value
group (n = 54) (h=41)

White blood cell, “10°9/L,  86(7.1, 128  102[7.9,120] 0286
median IQR]
Neutrophil-ymphocyte ratio, 6.17 [3.96, 1138 5.98[3.66,886] 0578
median IQR]

Platelet count, “10°9/L, 203.1 (69.3) 212.0 (66.4) 0533
mean (SD)

Glucose level, mmolrL, 68(58,8.0] 7.7(68,104) 0018
median IOR]

Glycosytated hemoglobin, 6.1(5.6,6.6) 60(66,7.1 0850
%, median [IQR]

C-reactive protein, mg/L, 40[1.9,105] 45[1.4,76) 0693
median IQR]

ALT, UL, median IQR] 285[21.0,358)  25.0(19.0,39.0] 0545
AST, U/L, median [IGR] 260[21.2,31.0)  220[19.0,290] 0417
Blood urea nitrogen, 48(4.1,5.9) 56[4.8,64 0047

mmolL, median (IQR]
Creatinine, wmol/L, median 635 [55.0, 7.0  70.0[58.0,780]  0.166
[IQR]

Total cholesterol, mmol/L, 439 (1.02) 4.92 (1.40) 0036
mean (SD)

Triglyceride, mmol/L, 1.16[0.90,1.48]  1.30(1.00,1.82)  0.130
median IOR]

Blood urine acid, pmol/L, 333.1 (120.4) 312.9(97.8) 0382
mean (SD)

Thrombin time, s, median  17.6[16.4,19.4]  17.7[16.1,19.4]  0.952
(IGR]

Prothrombin Time, s, 11.9(112,126]  11.7(11.8,124) 0676
median IGR]

APTT, s, median [IGR) 24.4[228,27.3)  243[220,286] 0795
Fibrinogen, g/L, median 206[2.64,3.46) 322[2.74,408 0129
[IQR]

D-dimer, mg/L, median 105[060,298] 0.84[0.36,208 0293
IoR]

International normalized 1.03[0.97,110]  102[0.98,1.08] 0599

ratio, median IQR]

ISAT, in situ atherosclerotic thrombosis; IQR, interquartile range; SD, standard deviation;
ALT, alanine aminotransferase; AST, aspartate aminotransferase; APTT, activated partial
thromboplastin time.
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Variable B-coefficient Standard Wald ~ OR (95% Cl)  P-value

error
History of 1.649 0611 7.283 5.203 0007
hypertension (1.571-17.233)
Serumglucose 1,564 0566 7.646 4778 0.006
level 27.55 (1.577-14.480)

mmolL.

Atrial fibrilation =3930 1.119  12.326 0.020 <0.001
thythm (0.002-0.176)

OR, odds ratio; Cl, confidence interval.





OPS/images/fneur-12-648081/fneur-12-648081-t004.jpg
Variable Overall The The ISAT  P-value
(1=51)  embolism  group

group (n=16)
(n=35)
Age, year, mean (SD) 636(133) 650(142) 60.6(109) 0281
Male, n (%) 36(706)  21(600) 15938 0014
Baseline SBP, mmHg, 156.0 1540 1645 0.056
median IQR] [185.5, 170.0] [185.0, 164.5) [150.8, 179.0)
Baseline DBP, mmHg, 84.0 83.0 93.0 0.066
median [IGR] [765,975] [76.0,900] [81.5,100.0)
Medical history
Hypertension,n (%) 36(70.6)  22(629)  14(87.5)  0.102
Diabetes 12(285) 8229 4@50 1000
mellitus, n (%)
Atrial fibrilation, n (%) 12 (23.5) 12(34.3) 0(0.0) 0010
CHD, n (%) 7(13.7) 5(14.3) 2(12.5) 1.000
Hyperlipidemia, n (%) 1.0 129 0(0.0) 1.000
Smoking, n (%) 16 (31.4) 7(20.0) 9(66.2) 0.010
Baseline NHSS score, 250 (170, 250125, 28.0[200, 0.304
median IQR] 32.0) 32.0] 328
Atral fibrilation 15(204) 15429 000 0002
thythm 1 (%)
Serum glucose level, 743[5.58, 7.11(536, 828653, 0.025
mmolL, median IQR] 8.90] 7.80] 11.06)
Serum glucose level 21(412)  12(848)  9(62) 0139
>7.55 mmol/L, n (%)
Intravenous 239 2(57) 000 1000
thrombolysis, 1 (%)
OTP, min, mean (SD) 345.6 (211.1) 274.7 (127.1) 500.6 (273.1) 0.005

ISAT, in situ atherosclerotic thrombolysis; SD, standard deviation; SBR. systolic blood
pressure; IQR, interquartie range; DBP, diastolic blood pressure; CHD, coronary heart
disease; NIHSS, National Institute of Health Stroke Scale; OTR onset to puncture.
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Variable The embolism  The ISAT P-value

group group

(n=54) (n=41)
Age, year, mean (SD) 64.3 (11.4) 59.5 (10.9) 0.039
Male, n (%) 37 (685) 35(85.4) 0058
SBP, mmHg, median (IOR] 145.0 149.0 0245
[129.2,158.0]  [183.0, 170.0)
DBP, mmHg, median QR] 80.0 86.0 0021
[73:2,89.8) [78.0,97.0)
Medical history

Coronary heart disease, n (%)~ 7(13.0) 3(73) 0507

AF, n (%) 15 (27.8) 1@4) 0.001

Hypertension, n (%) 31(57.4) 35 (85.4) 0003

Hyperlipidemia, n (%) 119 498) 0.162

Diabetes melitus, n (%) 9(16.7) 10 (24.4) 0351

Acute ischermic stroke, n (%) 8(14.8) 10 (24.4) 0238

Intracranial hemorthage, n 2(7) 1@4) 1.000

%)

Smoking, n (%) 19.35.2) 15 (36.6) 0883
Prodrome, n (%) 19(35.2) 18 (43.9) 0388
Severe stroke at the onset, n (%) 22 (40.7) 5(12.2) 0002
AF thythm, n (%) 23 (42.6) 1@.4) <0.001
Admission NIHSS score, median ~ 27.0[18.2, 250[120, 0044
(GR] 30.0] 27.0]

Admission GCS score, median 6.0[4.5,88| 6.0[6.0, 13.0] 0.113
[QR]
Admission mRS score, median  50[4.0,50]  50[4.0,50]  0.094
[IGR)
pe-ASPECTS, median [QR] 80(80,90]  80[7.0,95 0639

ISAT, in situ atherosclerotic thrombosis; SD, stenderd deviation; SBR, systolic blood
pressure; IQR, interquartie range; DBR, diastolic blood pressure; AF, atrial fibilation;
NIHSS, National Institute of Health Stroke Scale; GCS, Glasgow Coma Scale; RS,
modified Rankin Scale; pe-ASPECTS, posterior circulation Acute Stroke Prognosis Early
Computed Tomography Score.
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Variables

Type of anesthesia, n (%)
Local anesthesia
General anesthesia
Collateral circulation score, n (%)
ASITN/SIR-grading
ASITN/SIR-grading < 2
ASITN/SIR-grading > 2
ABZA-grading
ABZA-grading < 2
ABZA-grading = 0
ABZA-grading = 1
ABZA-grading = 2
ABZA-grading > 2
ABZA-grading = 3
ABZA-grading = 4
Bridging therapy, n (%)
Remedies, 1 (%)
Balloon angioplasty
Stenting
Onset to puncture, min (SD)

Puncture to recanalization, min (M,
IQR)

Onset to recanalization, min (SD)
mTICI 26/3, n (%)
Passes of retriever, n (%)
1
2
>3
Passes of recanalization, n (%)
1
>2

mRS > 2
(h=T1)

61(85.9)
10(14.1)

65(01.5)
6(85)

63(88.7)
456)
28 (39.4)
31(43.7)
8(11.3)
6(85)
228
29(40.8)

4(6.6)
0(0)

219.9 + 1035
100 (60-175)

54(76.1)

32(45.1)
20(28.2)
19(26.8)

34(47.9)
37 (62.1)

mRS <2
(n=237)

32(86.5)
5(135)

17 (45.9)
20 (54.1)

9(243)
0(0)
2(5.4)
7(189)
28(75.7)
25(67.6)
3(8.1)
14(37.8)

4(10.8)
127

221 % 100.0
95 (60-120)

3383+ 104.2 3239+ 113.2

35(04.6)

20(54.1)
13(35.1)
4(10.8)

19 (51.4)
18 (48.6)

P-value

0.935

<0.001*
<0.001**

<0.001

0.762
0.227

0.623
0.264

0.497
0.016"
0.157

0.733

SD, standard deviation; M, median; IQR, inter quartile range; mRS, modiiied Rankin Scale
score; ABZA-grading, anterior borderzone angle grading; mTICH, modified thrombolytic
grade of cerebral infarction. *P < 0.05; **P < 0.001.
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Variables Model 1

Model description  ASITN/SIR-grading was
manually eliminated: enter

method

Age OR0.939; 95% ClI:
0.892-0.988; P = 0.016"

TOAST types P=0314

(LAA, CE, other)

ASITN/SIR- xt

grading (poor vs.

good)

ABZA-grading (OR 18.948; 95% Cl

(poor vs. good) 5.728-62.680; P <
0.0017)

mTIC (poor vs. OR 5.869; 95% Cl:

good) 0.837-41.128; P = 0.075

AUC 0.903 (0.844-0.961)

Model 2

ABZA-grading was
manually eliminated: enter
method

OR 0.938; 95% Cl:
0893-0.985; P = 0.011*
P=0215

OR 8.529; 95% ClI:
2.456-29.634; P <
0.001**

OR5.712; 95% Cl:
1.037-31.463; P = 0.045"

0.862 (0.794-0.929)

mRS, modfied Rankin Scale score; mTICI, modiied thrombolytic grade of cerebral
infarction; ABZA-gradiing, anterior borderzone angle grading; NIHSS, National Institutes of
Health Stroke Scale; ASITN/SIR, the American Society of Interventional and Therapeutic
Neuroradiology/Society of Interventional Radiology; AUC, The area under ROC curve; *P

< 0.05; **P < 0.001.
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Variables

Patients characteristics, n (%)
Age,y (M, IGR)
Male
Hospital, n (%)
Fujian Provincial Hospital
Quanzhou First Hospital
Risk factors of stroke, n (%)
Hypertension
Diabetes melltus
Hyperlipidemia
CHD
History of stroke
Smoking
Drinking
Clinical characteristics
SBP > 140 mmHg, n (%)
DBP > 90 mmHg, n (%)
Basline glucose > 7 mmolL, n (%)
Baseline NIHSS (SD)
Baseline ASPECTS (M, IQR)
TOAST types, n (%)
LA
CE
Other and unknown reasons

mRS > 2

=71

72 (64-78)

38(535)

49 (69.0)
22(31.0)

50 (70.4)
22(31.0)
15 (21.1)
9(12.7)
15 (21.1)
12(16.9)
709

41 (67.7)
20(282)
43 (60.6)

180+5.4

9(8,10)

22(31.0)
46(64.8)
3(42)

mRS <2

(n=37)

61(55-67)

25 (67.6)

20(54.1)
17 (45.9)

24(64.9)
7(189)
11(29.7)
4(10.8)
5(13.5)
9(24.9)
6(16.2)

15 (40.5)
6(16.2)
17 (45.9)

141+£56

10(9, 10)

22(59.5)
13(36.1)
2(5.4)

P-value

<0.001*
0.160
0.125

0555
0.179
0.321
1.000
0.334
0.356
0.335

0.089
0.168
0.147
0.761

0.053
0.012

M, median; IQR, inter quartie range; mRS, modlified Renkin Scale score; NIMSS, National
Institutes of Health Stroke Scale; aspects, Alberta stroke program earty CT Score; toast,
acute stroke treatment Org 10172 tial standard; AF, atrel fibilation; COH, coronary
atherosclerotic heart disease; LAA, large atherosclerosis; CE, cardiogenic embolism. *P

< 0.05; **P < 0.001.
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Variables

Age (years)
Male
Hypertension
Diabetes melltus
Hyperiipidemia
Atrial fibrillation
Smoking
Baseline NIHSS score
ASPECTS score
Medications prior to admission
Antiplatelets
Anticoagulants
Favorable collaterals.
Occluded artery
ICA
MCA
ICA-L type
Basilar artery
Vertebral terminus
Intravenous thrombolysis

Solumbra
(n=48)

ADAPT  t/x?
(n=56)

64.27 +£12.17 63.60 £ 11.73 2.613

37 (77.08%)
36 (75.00%)
11 (22.92%)
28 (68.33%)
2(447%)
12 (25.00%)
15.88 £ 4.63
8(7-10)

27 (56.25)
7413
1.3)

12 (26.0%)
12 (25.0%)
11(22.92%)
9 (18.75%)
4(8.33%)
10 (20.83%)

40(71.43%) 0333
43(76.79%) 0.154
12(21.43%) 0,040
34(60.71%) 1926
2(357%) 0.000
12(21.43%) 0.154
16.49 £ 4.60 3.332
7(6-10) 1691

31(6535) 0.976
10@1.3) 0573
(44.8) 0663

14 (25.0%) 1579
15 (26.79%)
16 (28.57%)
10 (17.86%)

5 (8.93%)
9(1607%) 1.777

0213
0.576
0.776
1.000
0.200
1.000
0.776
0.122
0.362

0.4561
0.642

0.570

0.452

0.761

ICA-L type does not mean a tandem occlusion but occlusion involving carotid terminus
and MCA. Vertebral terminus does not mean a tandem occlusion but occlusion involving
two anatomical locations of the vertebral terminus and basilar arteries.
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Variables

LKW to puncture time, min
Recanalization by first-pass
thrombectomy

Recanalization by first-ine
thrombectomy

Time of puncture to
recanalization by first-ine
thrombectomy, min

Rescue treatments after
first-ine thrombectomy
Switching to the alterative
Tirofiban infusion

Balloon angioplasty only
Balloon and stenting
angioplasty

Final successful recanalization

Puncture to final
recanalization time, min

LKW, last known well.

Solumbra ADAPT
(n =48) (n=56)
367 (69-721) 302 (74-675)
12(25.00%) 9 (16.07%)
21(4375%) 26 (46.42%)
2641555  17+1021
16(33.33%) 26 (46.42%)
39(81.25%) 49 (87.50%)
10(20.83%) 15 (26.78%)
27 (62.50%) 32 (68.18%)

40 (83.33%) 42 (75%)

78.05+30.56 73.61 % 24.66

X2t
1.568
0643
0643

5.843

2295

0.442
0.651
0.484

0.709
11421

0.691
0553

0553

0.02

0.01

0.863
0.270
0.1

0.529
0.01
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Variable Successful Partially successful Failure

Lesion position

ICA 8(88.9) 0(0.0) 1(11.1)
va 15 (78.9) 2(105) 2(10.5)
BA 4(80) 1(0) 0(0.0)
Tortuosity index*  0.716 £ 0.125 0.846  0.067 0.889 + 0,057

Tortuosity index is presented as mean = SD, while categorical variables are presented as
frequency (%). S, successful; PS, partially successful: F faiure.

“One-way ANOVA, p = 0.03.

#Tukey's test for multple comparisons: S-PS p = 0.185, F=S p = 0.056, and F-PS p
0.893.
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Variables Solumbra
(n=48)
Hemorrhagic complication
HT 12 (25.00%)
PH2 6 (12.50%)
SAH 3(6.25%)
SICH 9(18.75)
Good functions (MRS 0-2) 24 (50.00%)
Independent functions (MRS 0-1) 16 (33.33%)
Mortality 10 (20.89)

HT, hemorrhagic transformation; PH2, parenchymal hemomhage,

Rankin scale score.

ADAPT
(n=56)

16 (28.57%)
5 (8.93%)
4(7.1%)
11(19.64)

30 (53.57%)

21 (37.50%)
12 (21.42)

X2t

0.111
0571
0177
0812
o111
0.561
0.623

0.806
0.108
0.761
0.358
0.806
0.426
0.437

tye 2; SAH,
subarachnoid hemorhage; SICH, symptomatic intracranial hemorrhage; mRS, moified
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Study
group

Gruber
etal. (42)
Han
etal. (43)
Gruber
etal. (44)
Zhang
etal. (45)
Wang
etal. (46)
Remonda
etal. (47)

“without pre-ciletion using another PTA balloon system (Gateway balloon); **No, number; ' comparative study with a totel number of 19 patients;

No. of
patients*

421t

35

33

number of 115 patients.

DCB type

Neuro Elutax
sv

Sequent
Please
Sequent
Please NEO
Sequent
Please
Sequent
Please
Neuro Elutax
SV/Sequent
Please NEO

Follow-up
period in
months

9.5

9.8

209

Degree of
pretreatment
stenosis (%)

82%

78%

90%

76.6%

80%

DCB-
PTA

only*

No

Yes

No

No

Yes

Degree of

post-

treatment
stenosis (%)

37.5%

20%

50%

10%

32.4%

50%

Complications
No. (%)**

2(32)

4(11.4%)

3(9%)

Restenosis
No. (%)™

1(13%)

13.2)

2.(4.8%)

3(8.3%)

5(15%)

#,

Symptomatic
restenosis
No. (%)**

0

0

0

1 (2.4%)

0

4(12%)

‘comparative study with a total
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Variable

Cases
Age (years)

Male gender

Pullbacks

Pullbacks per examination
Tortuous index*

Stroke

Hypertension

oM

Hyperipidemia

CHD

Smoking

Drinking

mRS <2

Mori type

A

B

c

Stenosis (%)

Preoperation Cr (mol/l)
Postoperation Cr (umol/L)

Total

33
576+ 7.1
27(81.8)
52
158 +0.75
074 £0.13
28(84.8)
20(60.6)
18 (54.5)
8(24.2)
3(.1)
17 (51.5)
16 (48.5)
32(96.9)

12 (36.4)
15 (45.5)
6(182)

78.1£57

656+ 18.9

702178

Anterior
circulation

9
60286
9(100)
13
1.44 +0.53
065+0.12
7078
7078
6(66.7)
3(33.9)
1(11.1)

4 (44.4)
5(55.6)
9(100)

5(55.6)
2(22.2)
2(22.2)

775+5.4

68.1£9.0

80+ 146"

Posterior
circulation

24
56765
18 (75)
39
163+ 082
078+ 0.12
2187.5)
13 (64.2)
12/(50)
5(208)
283)
13 (64.2)
11 (45.8)
23(95.8)

7(292)
13 (54.2)
4(16.7)

783£60

63.9+ 165

665 17.7

Continuous veriables are presented as mean = SD, whie categorical variables are
presented as frequency (%). DM, diabetes melitus; CHD, coronary heart disease; mRS,
modified Rankin Scale; Cr, creatinine.

“Student’s t-test, p
#Student’s t-test, p
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ICA v4 BA

Examination 9 19 5
Total complications. 0 2(105) 0

Death 0(0.0) 0(0.0) 0(0.0)
latrogenic dissection 0(0.0) 2(10.5) 0(0.0)
AKI 0(0.0) 0(0.0) 0(0.0)
Myocardial infarction 0(0.0) 0(0.0) 0(0.0)
Major stroke hemorhages 0(0.0) 0(0.0) 0(0.0)
Major non-stroke hemorrhages 0(0.0) 0(0.0) 0(0.0)

Variables are presented as frequency (%). ICA, intemal carotid artery; V4, intracranial
vertebral artery; BA, basilar artery; AKI, acute kidney injury.
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Image  Total IcA

quality
ca~c3  c4

26(50)  5(625) 2(66.7)
18(84.6) 3(375) 1(337)
6(115) 000 000
289 000 000

o = N W

cé

0(0.0)
2(100)
0000
0(0.0)

V4 (%)

15(51.7)

8(27.6)
4(13.8)
2(69

BA (%)

4 (40)
4(40)
2(20)
0(0.0)

Variables are presented as frequency (%). ICA, intemal carotid artery; C2, petrous
segment; C3, lacerum segment; C4, cavernous segment; C, ophthalmic segment; V4,

vertebral artery V4 segment; BA, basilar artery.
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Stenosis degree SEN SPN PPV PNV Acc

Stenosis >50% 1 0.86 0.75 1 0917
Stenosis >70% 1 1 i 1 1
Restenosis 1 0.86 0.75 1 0917

SEN, SPN, PPV, PNV, and ACC are short of sensitivity, specificity, positive predictive value,
negative predictive value, and accuracy.
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Measurement methods

TOF MR
Reference diameter
Stenosis diameter
HR MR

Reference diameter
Stenosis diameter

Icc

0.890
0962

0.956
0.973

P-value

P <0.001
P <0001

P <0.001
P <0.001

Reader 1

2574 + 0.627
1.290 + 0.650

2.663 + 0.608
1.320 + 0.650

Data are presented as mean eaSD. Numbers in parentheses are 95% Cl.

ICC, intraclass correlation coefficient.

Reader 2

2.635 4+ 0.653
1.324 + 0.626

2.590 + 0.621
1.336 + 0.657

Mean difference + SE

—0.061 £ 0.047
—0.034 % 0.027

—0.027 + 0.028
—0.015 £ 0.024

Limits of agreement

-0.646,0.525
-0.375,0.367

-0.386,0.332
—0.314,0.283
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Measurement metrics

Pre-procedural
Luminal diameter of reference vessel
Luminal diameter of stenotic lesion
Degree of stenosis

Follow-up

Luminal diameter of reference vessel
Luminal diameter of stenotic lesion
Degree of stenosis

‘Spearman’s correlation coefficient

0.924
0.964
0.936

0.988
0.960
0.809
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Measurement methods

TOF MR
Reference diameter
Stenosis diameter
HR MR

Reference diameter
Stenosis diameter

icc

0.890
0.962

0.956
0.973

P-value

P <0.001
P <0.001

P <0.001
P <0.001

Reader 1

2,574 + 0.627
1.290 + 0.650

2.663 + 0.608
1.320 + 0.650

Data are presented as mean eaSD. Numbers in parentheses are 95% CI.

ICC, intraclass correlation coefficient.

Reader 2

2.835 £ 0.653
1.324 + 0.626

2.500 £ 0.621
1.336 + 0.657

Mean difference + SE

—0.061 £ 0.047
—0.034 + 0.027

—0.027 £ 0.028
—0.015 £ 0.024

Limits of agreement

—0.646, 0.525
-0.375, 0.367

—-0.386, 0.332
-0.314,0.283
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Characteristics

Age (years)

Gender (male)

Radiological follow-up time (months)
Pre-procedural degrees of stenosis
Residual degree of stenosis
Periprocedural complication
Restenosis

Symptomatic restenosis
Asymptomatic restenosis

Wall enhancement change
weakened

constant

obvious

Overall

63.6(58.5-70.0)
62.9% (22/35)
9.5(4.8-12.5)
85% (75.0-99.0%)
32.8% (15.0-50.0%)
2.9% (1/35)
25.8% (9/35)
2.9% (1/35)
20.0% (7/35)

53.6% (15/28)
42.9% (12/28)
3.6% (1/28)

DcB

62.7(58.8-69.5)
56.3% (9/16)
9.5(6.0-12.0)

80.0% (70.0-86.3%)

29.0% (15.0-40.0%)
0.0% (0/16)
12.5% (2/16)
0.0% (0/16)
12.5% (2/16)

75.0% (9/12)
25.0% (3/12)
0.0% (0/12)

PTA

61.8(57.0-67.0)
61.5% (8/19)
7.6(2.8-11.0)
91.3% (85.0-99.3%)
44.0% (28.8-60.0%)
6.3% (1/16)
31.2% (5/16)
0.0% (0/16)
31.2% (5/16)

36.4% (4/11)
63.7% (7/11)
0.0% (0/11)

Stenting

69.8(68.0-75.5)

83.3% (5/6)
13.5(5.8-17.8)

81.8% (73.8-92.3%)

18.0% (10-18.8%)
0.0% (0/8)
25.0% (2/8)
25.0% (2/8)
0.0% (0/8)

40.0% (2/5)
400% (2/5)
20.0% (1/5)
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Variables Mild (n = 698) Severe (1=201)  P-value  Favorable (1=521)  Unfavorable (1=378) P-value

(NIHSS = 8) (NIHSS >8) (mRS 0-2) (mRS 3-6)
Age (years) 61 (52-68) 63 (54-69) 0.080 60 (52-68) 63 (53-69) 0015
Sex, male, N (%) 464 (66.5%) 114 (56.7%) 0011 360 (69.1%) 218 (67.7%) <0.001
Hypertension, N (%) 542 (717.7%) 157 (78.1%) 0890 399 (76.6%) 300 (79.4%) 0322
Diabetes, N (%) 237 (34.0%) 73 (36.3%) 0534 166 (31.9%) 144 (38.1%) 0.052
Dyslipidemia, N (%) 313 (44.8%) 99 (49.3%) 0269 231 (44.3%) 181(47.9%) 0292
CAD, N (%) 96 (13.8%) 34 (16.9%) 0261 60 (11.5%) 70 (18.5%) 0.003
Smoking, N (%) 304 (43.6%) 86 (42.8%) 0847 241 (46.3%) 149 (39.4%) 0.041

Drinking, N (%) 228 (32.7%) 74 (36.8%) 0.272 189 (36.3%) 113 (29.9%) 0.046
IVT, N (%) 15 (2.1%) 6(3.0%) 0.439 10 (1.9%) 11 (2.9%) 0375
EVT, N (%) 22 (3.2%) 3(1.5%) 0328 17 (3.3%) 8(2.1%) 0.412
Dual antiplatelets, N (%) 349 (50.0%) 84(41.8%) 0.045 281 (53.9%) 152 (40.2%) <0.001
Severity of stenosis, N (%) <0.001 <0.001
Mild 128 (18.3%) 20(10.0%) 98 (18.8%) 50 (13.2%)

Moderate 170 (24.4%) 42 (209%) 118 (22.6%) 94 (24.9%)

Severe 154 (22.1%) 34 (16.9%) 127 (24.4%) 61(16.1%)

Occlusion 246 (35.2%) 105 (52.29%) 178 (34.29%) 173 (45.8%)

Number of stenosis, N (%) 0821 0610
1 191 (27.4%) 51(25.4%) 137 (26.3%) 105 (27.8%)

2 148 (21.29%) 42 (209%) 116 (22.3%) 74 (19.6%)

>3 350 (51.4%) 108 (53.7%) 268 (51.4%) 199 (52.6%)

HT, N (%) 37 (5.3%) 15 (7.5%) 0235 26 (5.0%) 26 (6.9%) 0249
ECASS |l classification, N (%) 0.320 0.161

HI1, N (%) 9(1.3%) 3(1.5%) 6(1.2%) 6(1.6%)

HI2, N (%) 16 (2.1%) 4(2.0%) 13 (2.6%) 6(1.6%)

PH1, N (%) 5(0.7%) 5(2.5%) 3(0.6%) 7(1.9%)

PH2, N (%) 8(1.1%) 3(1.5%) 4(0.8%) 7 (1.9%)

Moderate-severe CED, N (%) 43(6.2%) 44.21.9%) <0.001 39 (7.5%) 48 (12.7%) 0012
SBP (mmHg) 144 (132-158) 147 (134-160) 0.208 143 (132-156) 146 (134-160) 0.102
DBP (mmHg) 84 (76-99) 85(76-92) 0861 84 (76-93) 85 (76-92) 0986
WBC (x 1091) 6.70 (5.50-8.10) 7.70 (6.30-9.75) <0.001 6.70 (5.47-8.10) 7.20 (5.90-8.70) <0.001
PIt (x 10°1L) 205,00 (160.00-246.00) 218,00 (171.75-259.50)  0.06  204.00(164.50-244.00) 211.50 (176.00-256.25)  0.021

Neutrophil (x 10°/L) 4.30(3.30-5.40) 5.30 (4.00-7.00) <0.001 420 (3.20-5.30) 4.80 (3.80-6.40) <0.001
Lymphocyte (x109/L) 1.60 (1.20-2.00) 1.40 (1.10-1.90) 0.003 1.60 (1.20-2.00) 1.50 (1.20-1.90) 0010
NLR 2.63 (1.93-3.64) 3,53 (2.43-5.25) <0.001 2.60 (1.88-3.54) 3.18 (2.25-4.53) <0.001
TC (mmolL) 437 (3.54-5.16) 4.42 (3.74-5.25) 0.157 434 (3.54-5.14) 4.45 (3.63-5.20) 0.168
TG (mmol/L) 1.57 (1.18-2.11) 1.54 (1.19-2.20) 0.991 1.68(1.18-2.11) 1.54 (1.20-2.17) 0.924
HOL (mmol/L) 1.00 (0.85-1.18) 1.02 (0.89-1.23) 0.131 099 (0.84-1.17) 1.02 (0.88-1.24) 0,045
LOL (mmol) 266 (2.10-3.29) 2.75 (2.16-3.35) 0.143 2.63(2.10-3.27) 2.76 (2.13-3.38) 0.133
FBG (mmol/L) 5.56(4.91-7.17) 6.15 (5.19-7.96) <0.001 554 (4.91-6.99) 5.95 (5.07-7.82) 0.002
UA (umol/L) 315,70 (261.45-381.72) 290,60 (280.95-36500)  0.002  318.50 (271.10-383.19) 300.39 (234.57-370.55)  0.003
Hey (wmol/L) 18.45 (11.04-16.41) 12,59 (11.11-16.51) 0578 18.43 (11.12-16.48) 18.27 (11.01-16.36) 0.445
Fib (/1) 3.20(2.74-3.89) 3.69(2.96-4.39) <0.001 3.15(2.71-3.86) 3.45 (2.90-4.25) <0.001

Bold values denote statistical significance at the P < 0.05 level. NIMSS, the National Institutes of Health Stroke Scale; mRS, modiied Rankin Scale; sICAS, symptomatic intracranial
atherosclerotic stenosis; GAD, coronary artery disease; VT, intravenous thrombolysis; EVT, endovascular therapy; HT, hemorhagic transformation; ECASS Il, European Cooperative
Acute Stroke Study Il; Hi, hemorrhagic infarction; PH, parenchymal hematoma; CED, cerebral edema; SBF, systolic blood pressure; DBR, diastolic blood pressure; WBC, white blood
cell: Pt platelet; NLR, neutrophi-to-lymphocyte ratio; TC, total cholesterol: TG, triglyceride; HDL, high-density lpoprotein; LDL, low-density lpoprotein; FBG, fasting blood glucose; UA,
uric acid: Hey, homocysteine; Fib, fibrinogen.
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Age (years)

Sex (male vs. fernale)
NLR

WBC (x 109/)

UA (umolrL)

FBG (mmol/L)

Fib (g/L)

Dual antiplatelets
Severity of stenosis
Mild

Moderate

Severe

Occlusion
Moderate-severe CED

P-value

0.227
0.028
0.005
0.020
0.209
0.269
0.101
0.676

Reference
0.636
0.561
0.013

<0.001

Model 1

OR

1.011
0.634
1.132
1.108
0.999
1.040
1.082
1.085

1.180
1.232
2.183
3.105

95% Cl

0.993-1.030
0.423-0.961
1.038-1.234
1.016-1.208
0.997-1.001
0.970-1.115
0.985-1.190
0.739-1.594

0.694-2.345
0.610-2.487
1.183-4.029
1.785-6.403

Age (261 years)

Sex (male vs. female)
NLR tertiles

Tertilet (<2.231)
Tertile2 (2.231-3.533)
Tertile3 (23.533)
WBC (26.9x10°/L)
UA (2311.2 pmol/L)
FBG (25.69 mmol/L)
Fib (2328 g/L)

Dual antiplatelets
Severity of stenosis
Mild

Moderate

Severe

Occlusion
Moderate-severe CED

P-value

0.063
0.073

Reference
0.023
<0.001
0.237
0.290
0.008
0.001
0.604

Reference
0.723
0594
0.017

<0.001

Model 2

OR

1.461
0.689

1.851
2736
1.290
0.806
1.700
2.048
1.109

1.136
1213
2.140
3.095

95% ClI

0.980-2.177
0.459-1.036

1.089-3.145
1.590-4.708
0.846-1.966
0.541-1.201
1.147-2.521
1.367-3.091
0.761-1.638

0.561-2.301
0.596-2.470
1.143-4.006
1.766-5.426

Bold velues denote statistical significance at the P < 0.05 level. NLR, neutrophil-to-lymphocyte ratio; sICAS, symptomatic intracranial atherosclerotic stenosis; WBC, white blood cell
FBG, fasting blood glucose; UA, uric acid: Fib, fibrinogen; CED, cerebral edema; OB, odds ratio; Cl, confidence interval.





OPS/images/fneur-12-705949/fneur-12-705949-t004.jpg
Age (years)
Sex (male vs. female)
CAD

Smoking

Drinking

NLR

WBC (x 10%/L)

Plt (x 109/1)

HOL (mmol/L)

UA (mol/L)

FBG (mmol/L)

Fib (/L)

Dual antiplatelets
Severity of stenosis
Mid

Moderate

Severe

Occlusion
Moderate-severe CED

P-value

0.286
0.107
0.007
0.376
0.229
0.018
0.257
0.842
0.835
0.030
0.054
0.520
0.037

Reference
0.342
0.482
0.020
0.856

Model 1

OR

1.008
0.704
1.816
1214
0.772
1.102
1.050
1.000
0.954
0.998
1.062
1.030
0717

1.273
0.829
1.727
1.051

95% CI

0.993-1.024
0.459-1.079
1.180-2.798
0.790-1.864
0.507-1.177
1.017-1.195
0.965-1.143
0.998-1.003
0.614-1.483
0.997-1.000
0.999-1.128
0.942-1.127
0.625-0.980

0.774-2.004
0.490-1.400
1.090-2.736
0.615-1.797

Age (>61 years)
Sex (male vs. female)
cAD

Smoking

Drinking

NLR tertiles

Tertie1 (<2.231)
Tertile2 (2.231-3.533)
Tertile3 (>3.533)
WBC (26.9x10°/L)
Plt (=207x 10°/)
HOL (21 mmol/L)

UA (2311.2 umol/L)
FBG (5.685 mmol/L)
Fib (>3.28 g/L)

Dual antiplatelets
Severity of stenosis
Mild

Moderate

Severe

Occlusion
Moderate-severe CED

P-value

0.146
0092
0.007
0212
0.167

Reference
0.111
<0.001
0.476
0.948
0.985
0.004
0.044
0.019
0.069

Reference
0.472
0.362
0.032
0.968

Model 2

OR

1277
0.686
1.828
1.324
0.736

1.374
2.165
1.139
1.011
1.003
0.756
1.390
1.482
0.735

1.208
0.776
1.674
1.011

95% Cl

0.919-1.775
0.443-1.064
1.178-2.839
0.862-2.057
0.477-1.136

0.929-2.033
1.416-3.311
0.796-1.632
0.722-1.416
0.720-1.398
0.546-1.048
1.008-1.9156
1.087-2.059
0.633-1.012

0.722-2.020
0.454-1.325
1.045-2.683
0.585-1.746

Bold values denote statistical significance at the P < 0.05 level. NLR, neutrophi-to-lymphocyte ratio; SICAS, symptomatic intracranial atherosclerotic stenosis; CAD, coronary artery
disease; WBC, white blood cell: PH, platelet; HDL, high-density lipoprotein; FBG, fasting blood glucose; UA, uric acid; Fib, fibrinogen; CED, cerebral edema; OR, odds ratio; Cl,

confidence interval.
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Variables Patients (n = 899)

Age (years) 61(63-68)
Sex, male, N (%) 578 (64.3%)
Hypertension, N (%) 699 (77.8%)
Diabetes, N (%) 310 (34.5%)
Dyslipidemia, N (%) 412 (45.8%)
GAD, N (%) 130 (14.5%)
Smoking, N (%) 390 (43.4%)
Drinking, N (%) 302 (33.6%)
IVT, N (%) 21 (2.3%)
EVT, N (%) 25 (2.8%)
Antiplatelet drugs, N (%)

Mono-antiplatelet 440 (48.9%)
Dual antiplatelets 433 (48.2%)
None 26 (2.9%)
Severity of stenosis, N (%)

Mid 148 (16.5%)
Moderate 212 (23.6%)
Severe 188 (20.9%)
Occlusion 351 (39.0%)
Number of stenosis, N (%)

1 242 (26.9%)

2 190 (21.1%)
>3 467 (51.9%)
HT, N (%) 52 (5.8%)
ECASS Il classification, N (%)

HIt 12(1.3%)
HI2 192.1%)
PH1 10(1.1%)
PH2 11(1.2%)
Moderate-severe CED, N (%) 87 (9.7%)
NIHSS score 5(2-8)
NIHSS =< 8, N (%) 698 (77.6%)
NIHSS > 8, N (%) 201 (22.4%)
mRS score 2(1-3)
mRS 0-2, N (%) 521 (58.0%)
mRS 3-6, N (%) 378 (42.0%)
SBP (mmHg) 144,00 (132.00-158.00)
DBP (mmHg) 84.00 (76.00-93.00)
WBC (x10%/L) 6.90 (5.60-8.50)
Pit (x10%L) 207.00 (169.00-251.00)
Neutrophil (x 109/L) 4.40 (3.40-5.90)
Lymphocyte (x10%/L) 1.60 (1.20-2.00)
NLR 2.80 (2.00-4.00)
TC (mmol/L) 4.37 (3.68-6.18)
TG (mmol/L) 1.56 (1.18-2.12)
HDL (mmol/L) 1.00 (0.86-1.20)
LDL (mmolrt) 270 (2.12-3.32)
FBG (mmol/L) 5.69 (4.96-7.29)
UA (umolrL) 311.20 (253.10-378.20)
Hoy (wmolL) 13.36 (11.06-16.42)
Fib (g/L) 3.28 (2.76-4.03)

CAD, coronary artery disease; VT, intravenous thrombolysis; EVT, endovascular therapy;
HT, hemorrhagic transformation; ECASS Il, European Cooperative Acute Stroke Study Il;
Hi, hemorrhagic infarction; PH, parenchymal hematoma; CED, cerebral edema; NIHSS,
the National Institutes of Health Stroke Scale; mRS, modified Rankin Scale; SBR systolic
blood pressure; DBR, diastolic blood pressure; WBC, white blood cell: P, platelet; NLR,
neutrophil-to-lymphocyte ratio; TC, total cholesterol; TG, triglyceride; HDL, high-density
lipoprotein; LDL, low-density lipoprotein; FBG, fasting blood glucose; UA, uric acid; Hey,
homocysteine; Fib, fibrinogen.
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Gateway-Wingspan system

Apolo stent

Self-expanding
stent

Balloon-mounted
stent

Characteristics

Bare-metal

Bare-metal

Better flexibilty in traversing
cunvature

Rigid, does not require
replacement, less surgical
time

Applicable patients

Tortuous arterial access, Mori C type of
lesion, a lesion with a significant mismatch
in the diameter between the proximal and
distal segments.

Smoother arterial access, Mori A type of
lesion.
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Characteristics PTAS group SMT group p-value

(=174 (=62
Male, no. (%) 138 (79.9) 42(67.7) 0.066
Age, y, mean (SD) 50.4%87 61092 0.207
Risk factors
Hypertension, no. (%) 150 (86.2) 55 (88.7) 05616
Diabetes melltus, 62 (35.6) 27 (435) 0.269
no. (%)
Coronary heart 27(155) 14.(22.6) 0.208
disease, no. (%)
Smoking history 0.432
Current 56(32.2) 15 (24.2)
Former 28 (16.1) 13 (21)
Never 90 (51.7) 34 (54.8)
Cholesterol, mmolrL,
mean (SD)
High-density ipoprotein 10066 0.216  1.0632 % 0.243 0088
Low-density lipoprotein ~ 2.4474 £ 0.733  2.6195 + 0.967 0.205
Qualifying ischermic
events, no. (%)
TIA 73(42) 28(45.2) 0.661
Cerebral infarction 99 (66.9) 32(51.6) 0.472
Qualiying artery, no. 0998
(%)
BA 73(42) 26 (41.9)
Intracranal vertebral 101 (58) 36(58.1)
mRS, no. (%) 0.23
<3 165 (94.8) 56(90.3)
=3 9(52) 60.7)

PTAS, percutaneous transluminal angioplasty and stenting; SMT, standardized medical
treatment; BA, basilar artery; TIA, transient ischemic attack; mRS, modified Rankin Scale.
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7 days 1 month 6 months 1year

Complications ~ PTAS SMTgroup p-Value ~ PTAS SMTgroup p-Valuie PTAS SMTgroup p-Value  PTAS SMTgroup p-Value

group (=62 group (=162 group  (n1=62) group  (n=162)

(n=174) (n=174) (=174 (n=174)
Stroke, no. (%) 846 348 14E 10177 23(132)  18(29) 27(155)  20(32.3)
lschemicstioke  5(29)  2(3.2) 1163 10(16.1) 20(116) 17 (27.4) 24(138) 19(30.6)
TIA 0 232 106 5@.1) 7 7(113) 1068 7(113)
Cerebral infarction 5 (2.9) 0 1067 5@.1) 13075  10(16.1) 146 12(19.3)
Cerebral 3(1.7) 1(1.6) 3(1.7) 1(1.6) 3(1.7) 1(1.6) 3(1.7) 1(1.6)
hemorrhage
Death, no. (%) 106  1(1.6) 2(11) 348 3¢ 469 423 465
Stroke-related 0 1(1.6) 1(0.6) 3(4.8 1(0.6) 4(6.5) 1(0.6) 4(65)
death
Heart-related 1(06) o 1(0.6) 0 2(1.1) o 3(1.7) o
death
Primary endpoints,  9(52)  3(4.8) 1000  15(86) 11(17.7) 0049  25(144) 18(29) 001  30(i72) 2023 0013
no. (%)
Restenosis 3/145 12/145 20/145

@.4%) (8:3%) (13.8%)

Symptomatic 2/145 7/145 12/145
restenosis (1.4%) (4.8%) ©:3%)
Asymptomatic 1/145 5/145 8/145
restenosis 0.7%) (8.5%) (65.5%)

i SMT, standardized medical treatment; TIA, transient ischemic attack.

PTAS, percutaneous transluminal angioplasty and stentir
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1-month 1-12- 1-12-

event rate month month

stroke rate severe
stroke*

PTAS group 14 (8%) 13 (7.5%) 0

(n=174)

SMT group 1(17.7%) 9(14.5%) 6(9.7%)

(=62

p-Value 0,049 0.10 0

“classified a stroke as a severe stroke if the baseline NIHSS score deteriorated by more
than 3 points.

PTAS, percutaneous transluminal angioplasty and stenting; SMT, standardized medical
treatment: NIHSS, National Institutes of Health Stroke Scale.
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n
Primary endpoints

Any stroke or death within 30 days (n, %)
Ipsilateral ischemic stroke within 12 months (1, %)
Secondary endpoints

Revascularization success rate (1, %)

Restenosis rate within 12 months (n, %)

Other events

Residual stenosis %, mean (SD)

Any ischemic stroke within 12 months (1, %)
Myocardial infarction within 12 months (n, %)

Balloon
dilatation

19

3(15.8)
4(@1.9)

15 (78.9)
4(21.1)

27.4(16.7)
4@1.4)
00

Balloon-mounted
stent

36

0(0.0)
2(56)

34.(94.4)
7(19.4)

15.7 (10.8)
2(56)
000

Self-expanding
stent

4

498
7(17.1)

41(100)
9(22)

135 (7.8)
8(19.5)
00

Total

96

703
13 (135)

90 (93.8)
20(20.8)

17.1(12.2)
14.(14.6)
0(0)

p-value

0.047
0.165

0.008
1.000

0.000
0.142
1.000
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Factor p-value

Stroke/death Ipsilateral ischemic Revascularization Restenosis rate
within 30 days stroke within 12 months success rate within 12 months
Endovascular options (BD, BMS, SES) 0.047 0.165 0006 1.000
Mori classification (Mori A, B, C) 0020 0308 0309 0138
Smoking 1 0.065 1 0495
Stenosis rate 0.094 0720 0229 0796
Stenosis length 0844 0635 0.406 0365

BD, balloon dilatation; BMS, balloon-mounted stent; SES, self-expanding stent.
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Case no. Agelyrs)/Sex Clinical presentation

1 64/M
2 72M
3 52/F
4 66/M
5 59/F
6 64/M
T 70/M
8 73M
9 78M
10 B9M

Vertigo, tinnitus, dysarthria,

weakness

Vertigo, dysphasia, facial
paralysis

Vertigo, ataxia, dysphasia,
facial paralysis

Vertigo, tinnitus, ataxia,
weakness

Vertigo, weakness, ataxia

Vertigo, ataxia, facial
paralysis

Vertigo, ataxia, weakness,
dysphasia

Vertigo, ataxia, facial
paralysis

Dizziness, blurred vision,
weakness

Vertigo, weakness.

Lesion
location

LtVA

Rt VA

Rt VA

RtVA

LtVA

Rt VA

RtVA

LtVA

Rt VA

LtVA

NIHSS 1 Risk factors

10

1

Hypertension, diabetes,
myocardial infarction,
hyperipernia, smoking
Diabetes

Hypertension, diabetes
Hypertension, hyperlipemia
Hypertension, diabetes,
obesity

Hypertension, smoking

Hypertension, smoking,
drinking,
hyperhomocysteinemia

Hypertension, diabetes

Smoking, drinking

Obesity, drinking,
hyperiipernia

Time 1,days NIHSS 2 Findings of MRI after

21

16

17

10

10

16

onset

Infarction in pons and
bilateral cerebellum

Fresh infarction in right
cerebellum and medulla

Infarction in right cerebellum

Infarction in right cerebellum
and pons

Infarction in bilateral
cerebellum and pons

Fresh infarction in right
cerebellum

Fresh infarction in pons and
bilateral cerebellum

Fresh infarction in left
cerebellum and pons
Fresh infarction in right
occipital lobe and
cerebellum

Fresh infarction in bilateral
cerebellum and pons

NIHSS 1, NIHSS score of onset; NIHSS 2, Worst NIHSS score in aggravation; Time 1, Time between symptom onset and recanlzation; ; female; Lt, left; M, male; MR, magnetic
resonance imaging; R, right; VA, vertebral artery.
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Case No. mRS 1 First stage of neuro-endovascular recanalization Time3, Second stage of treatment mRS 2 NIHSS 3 mRS 3 ISR mRS 4

days
Angiographic ~ Collateral blood flow ~ Technical TICI Intraoperative Preoperative Stent  Technical Complications
findings success grade  complication residual used  success
stenosis (mm)
1 4 V3andV4ofLt RtPCOMsuppledPCA  Yes 2 NA 15 80% Apolo  Yes NA 3 4 10 o
VAocclusion  with retrograd flow to the 35'18
top of the BA
2 4 VAOfRtVA  LtPCOM supplied PCA with Yes 2 NA 14 60% Apolo s NA 3 3 [
occlusion retrograde flow to the top of 35'18
the BA
3 4 VAOfRtVA  Occluded Lt VA with Yes 2 VAdissection 25 75% Winspan Yes NA 2 2 0 5% 0
occlusion leptomeningeal collaterals to (dissection) 3020
BA
4 5 V3andV4of Rt LtPCOM supplied PCA with No 0 Microguidewire- 5 14 6
VAocclusion  retrograde flow to the top of perforated
the BA out of the VA
5 4 V3andV4ofLt Rtthin VA with severe Yes 2 NA 19 70% Winspan Yes NA 3 4 (|
VAocclusion  stenosis in V4 segment 3020
6 4 VAOfRtVA  Anastomosis betweenleft  Yes 2 NA 16 80% Apolo s SAH 4 8 3 20% 2
occlusion ACA and distal VA 2513
7 5 DistalV2toV4  PCOMs supplied PCAs with Yes 2 NA 15 60% Apollo Yes NA 4 7 2 0 1
segment of Rt retrograde flow to the top of 2513
VAocclusion  the BA
8 4 VaofLtvA Rt hypoplasia VA with Yes 2 NA o 70% Winspan Yes NA 3 4 2 20% 1
occlusion severe stenosis in V4 35720
segment
9 4 V3andV4ofRt Lt PCOM supplied PCA with Yes 2 NA 13 60% Apolo  Yes NA 3 5 2 0 1
VAocclusion  retrograde flow to the top of 3513
the BA
10 5 V3andV4ofLt Rthypoplasia VA with Yes 2 NA 12 70% Appollo  Yes NA 4 5 3 10% 2
VAocclusion  severe stenosis in V4 35'18
segment

mRS 1, MRS score before the first stage of neuro-endovascular treatment; mRS 2, mRS score at discharge; mRS 3, MRS score at 3 months follow-up; MRS 4, MRS score at the latest follow-up; NIHSS 3, NIHSS score at discharge;
Time3, The time between the first and the second stage of neuro-endovascular treatment; ACA, ascending cervical artery; BA, basiar artery; FU, follow-up; ISR, in-stent restenosis; Lt, left; mRS, modified Rankin Scale, NA, No
complication; PCOM, posterior communication artery; PCA, posterior cerebral artery; Rt, right; SAH, subarachnoid hemorrhage; VA, vertebral artery.
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HR(95%Cl)  p-Value

Unadjusted® 2.04(1.16,359 0014
Adjusted by factors'  Male 194(109,349 0024
Age 1.85(1.04,3.29)  0.036
Hypertension 1.85(1.04,329)  0.036
Diabetes melitus 1.87(1.05,334)  0.034
Coronary heart disease ~ 1.85(1.03,3.30) 0,039
Smoke history 1.93(1.07,350  0.029

Qualifying ischemic events 187 (1.04,3.39) 0,038
High-density lipoprotein 1.5 (1.07,353)  0.028
Low-density lipoprotein 2,04 (1.12,3.72)  0.019
mRS 224(1.23,4.09) 0008
Qualitying artery 222(1.22,4.05) 0009

“regardess of other fectors, patients in PTAS group were used as a reference group in the
Cox proportional hazerds model to determine hazard ratios (HR) as effect size measures,
with their 95% confidence intervals (Cls).

*factors were sequentially added for adjusting. The comparison was adjusted by adding
fectors one by one; the last line was the adjusted result when allfactors were added.
HR, hazard ratio; Cl, confidence interval: mRS, Modiified Rankin Score.
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Embolism- ICAS-related OR (95% Cl) p-values
related  occlusions
occlusions  (n = 43)

(n=51)

MRS 0-2at90days  24(47.08  15(34.88) 1,659 0233
(0.721-3.821)

Anterior circulation  18(35.29) 11 (25.58) 1.587 0310
(0.649-3.879)

Posterior circulation 6 (11.76) 4 (2.30) 1.084 0928
(0:281-4.022)

Mortality at 90 days 10(19.61)  13(30.29) 0563 0233
(0:218-1.455)

Anterior circulation  9(17.65) 6 (13.95) 1.321 0626
(0.43-4.064)

Posterior circulation 1 (1.96) 7(16.28) 0.101 0012
(0.012-0.856)

Data presented as n (%) or median (IQR). OR, odds ratio; mRS, modified Rankin Scele;
Cl, confidence interval: ICAS, intracranial atherosclerotic stenosis.
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Variable Embolism-related ICAS-related p-values
occlusions occlusions
(n=51) (n=43)

Immediate effects following first-line thrombectomy of direct aspiration

mTICI 2b or greater on first 29 (56.86) 13 (30.23) 0.017
pass of aspiration

mTICI 2¢-3 on first pass of 27 (51.94) 10(2325)  0.003
aspiration

mTICI 2b or greater after 33(64.71) 12(27.91) 0006
aspiration

Time from groin puncture to 27 (20-30) 42(30-60) 0000
first revascularization, min,

median (IGR)

Rescue treatments after 18 (35.29) 31(70.09) 0001

first-line thrombectomy of
direct aspiration

Switching to stent retriever 18 (35.29) 11(2558) 0429
device

Balloon angioplasty 1(1.96) 18(41.86)  0.000
Permanent stenting 2(3.92) 10(2326) 0013
Tirofibar/Eptifibatide 18(35.29) 25(68.14) 0344
infusion

Final endovascular treatment results
Final mTICI flow [n (%))

26-3 49(96.8) 32(74.41)  0.006
0-2a 2(3.92) 11(2558)  0.000
Time from groin puncture to 42 (29-50) 83(60-103)  0.000
final revascularization, min,
median (QR)
Complications
Hemorrhage, all types 6(11.76) 3(6.98) 0876
Hemorhage, PH2 3(5.88) 2(4.65) 0791
SAH, gradie 3 or 4 1(1.96) 1(2:33) 0903
New embolism in other 6(11.76) 2(4.65) 0546
vessels
latrogenic dissection or o 1(2:33) 0932
rupture
Spasm 3(5.88) 2(4.65) 0791

Data presented as n (%, 95% confidence interval), median (95% confidence interval), n
(%), or mean (SD). mTIC, modilfied thrombolysis in cerebral infarction; NIHSS, National
Institutes of Health stroke scale; IQR, interquartie range; PHZ, parenchymal hemetoma
type 2; SAH, subarachnoid hemorrhage. *One patient was treated successfully by
aspiration, but due to re-occlusion after 10min, another round of rescue therapy
was required.
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Variable Overall Embolism-related occlusions  ICAS-related occlusions  p-values*

No. of patients 9 51 43
Age, years; mean  SD 6871+ 1333 6882+ 13.36 67.28 + 11.20 0307
Men 56 (59.6) 27 (52.9) 29(67.4) 0224
Hypertension 51(54.9) 19.(37.3) 32 (74.4) 0.001
Diabetes melitus 19(202) 5(9.8 14.(326) 0013
Dysiipidermia 12 (128) 369 9(20.9) 0.062
Atrial fibrillation 39(41.5) 37 (72.5) 2(4.7) 0.000
Cardiovascular disease 18(19.1) 10 (19.6) 8(18.6) 1.000
Current smoking 8(8.50) 4(7.80) 4(30) 1.000
Site of occlusion
ICA siphon 28(20.79) 18 (35.29) 10 (28.26) NA
ICA siphon and MCA tandem 16(17.02) 10 (19.61) 6(13.95) NA
Middle cerebral artery, M1 20(21.28) 9(17.65) 11(25.58) NA
Middle cerebral artery, M2 4(4.26) 3(5.88) 1(2.39) NA
Basilar artery 18(19.15) 10 (19.61) 8(18.60) NA
Vertebral artery 8(851) o 8(18.60) NA
Initial NIHSS score, median (IGR) 14.95 (10-25) 16.78 (10-21) 14.30 (10-19) 0345
ASPECTS, median (IQR) 8.44 (7-10) 80(6-10) 891(8-10) 0078
Previous use of IV thrombolysis 15(16.0) 10 (19.6) 5(11.6) 0.441
Onset-to-door time, min, median (QR) 256 (120-360) 224 (120-300) 293 (180-390) 0.040
Onset-to-puncture time, min, median (QR) 353 (201-481) 320 (217-444) 394 (259-513) 0.029
The number of passes with the aspiration device (mean £ SD) 1110373 1.10 4 0.300 142 £0.448 0815
Use of BGC 11 9 2 NA
Use of larger bore catheters (>060) 29 23 6 NA
SOFIA PLUS 070 19 16 3 NA
Catalyst 060 8 2 NA
NAVIEN 072 2 1 1 NA
HR-MR following MT 19 2 17 NA

Values expressed as n (%) unless otherwise indicated. NA, not applicable; ICAS, intracranial atherosclerotic stenosis; ASPECTS, Alberta Stroke Program Early CT Score; ICA, internal
carotid artery; IQR, interquartile range; IV, intravenous; MCA, middle cerebral artery; NIHSS, National Institutes of Health Stroke Scale; HR-MR, high-resolution magnetic resonance
vascular wall analysis; BGC, balloon guide catheter; MT, mechanical thrombectomy. *p-values calculated using Student's t-test or Mann-Whitney U-test or 2 test, as appropriate.
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Variables

Model 1
Age
DWl-infarct volume:
MRI timing
DSA timing
Occlusion
ACVS grade
Severe
None
Mid
Moderate

Model 2

Age

Occlusion

None or mild ACVS

ACVS, Asymmetric cortical vein sign.

OR

1.035
1.000
1.706
0.954
7.407

ref
5318
9.100
0.464

1.035
7.407
9.000

Univariate logistic regression

95%Cl

0.978-1.095
0.978-1.023
1.043-2.788
0.758-1.201
1.876-29.265

0.943-29.993
1.318-59.619
0.037-5.749

0.978-1.095
1.875-29.265
2.266-35.765

0.236
0.987
0.033
0.689
0.004
0.019

0.058
0.021
0.550

0.236
0.004
0.002

OR

1.048
0.962
1.536
0.825
45.645

ref
40.329
17.186
0.393

1.056
32.260
36.848

Multivariate logistic regression

95%Cl

0.966-1.136
0.912-1.016
0.767-3.073
0.534-1.275
4.603-452.502

2.817-677.422
1.736-170.224
0.030-5.231

0.976-1.144
4.791-217.233
6.616-246.171

0257
0.162
0.225
0.825
0.001
0.006

0.006
0.015
0479

0.178
<0.001
<0.001
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Whole sample Good collateral circulation Poor-to-moderate collateral circulation P
N=62 N=19 N=43

Age® (years) 59.2:£ 106 61.58+7.42 58.12 £ 11.60 0059
sex’ 43(69.4%) 16(84.2%) 37(86.0%) 0850
Hypertension” 53(85.5%) 18(04.7%) 35(81.4%) 0.169
Diabetes melitus” 20(32.3%) 5(26.3%) 15(34.9%) 0508
Smoker 31(50.0%) 11(57.9%) 20(46.5%) 0.409
Attial firilation” 3(4.8%) 1(6.3%) 2(4.7%) 0918
Previous stroke history” 12(19.4%) 4(21.1%) 8(18.6%) 0822
Hyperlpidemia 31(50.0%) 11(57.9%) 20(46.5%) 0.409
NIHSS score on admission 2(0-15) 3(0-13) 2(1-15) 0.423
SWI-MRI measures
DWi-infarct volume (mm®) § 6.5(0.3-115.6) 6.7(1-95.4) 5.8(0.3-115.6) 0.987
MRI timing(days) $ 205-6) 205-6) 1(0.5-5) 0024
ACVS grade’ 0006
None 20(32.3%) 9(47.4%) 11(25.6%)
Mild 12(19.4%) 7(36.8%) 5(11.6%)
Moderate 15(24.2%) 1(6.3%) 14(32.6%)
Severe 15(24.2%) 2(10.5%) 13(30.2%)
None or mid ACVS' 32(51.6%) 16(84.2%) 16(37.2%) 0001
DSA timing(days) $ 5(05-7) 505-7) 505-7) 0691
DSA measures
Occlusion” 31(50.0%) 14(73.7%) 17(39.5%) 0013
ASITN grade® 3(0-6.25) 4(3-4) 00-2) <0001

ASITN, American Society of Interventional and Therapeutic Neuroradiology; NIHSS, National Institutes of Health Stroke Scale; SWI, susceptibilty weighted imaging; ACVS, asymmetric
. . R B t R}
cortical vein sign; DSA, digital subtraction angiography. “mean (SD), t-test; ' n(%), x2 test; In(%), Fisher’s exact test; Smedian (25Q—75Q), Mann-Whitney U-test.
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Characteristics DICE()(N=41) DICE(+)(N=5) p-value

Age (years) 54(47.5,61) 69 (57.5, 77)" 0.026
Male 28(68.3) 240) 0.449
Hypertension 19 46.3) 2 (40) 1
Diabstes 9(225) 3(60) 0.197
Dysiipidernia 18 (43.9) 3(60) 0836
Cigarette smoking 11(268) 1(20) 1
Usage of drugs within 3 months

Dual antiplatelet agents 27 (65.9) 4(80) 0895
Intensive lipid-lowering 13(31.7) 2 (40) 1
Clinical manifestation and score

Transient ischemic attack 15 (36.6) 3(60) 0598
minor ischemic stroke 26(63.5) 2 (40)

NIHSS (baseline) 00, 1) 00.1) 0587
NIHSS (3 month) 00, 1) 645,85 <0.001
mRs (baseline) 1(0,1) 00, 1) 0.233
mRs (3 month) 10.1) 35,4 <0.001
Image data

Stenosis degree (%) 70 (30, 80) 80 (60, 85) 0391
SCCT () 683(6.50,7.76)  7.67(6.50,1067) 0258
hCCT (5) 633(592,7.00  625(4.96,7.25) 0480
rccT 1.08(1.06,1.14)  130(1.22, 154y  <0.001

*p < 0.05 vs. DICE () group. **'p < 0.001 vs. DICE (-) group.

All continuous variables are expressed as median (interqurtie range) and categorical
variables are expressed as numbers (%). The statistically significant differences between
the DICE (-) and DICE (+) groups were assessed by x?-test or Mann-Whitney U-
tests. DICE, disabling ischemic cerebrovascular events; NIHSS, National Institutes of
National Institutes of Health Stroke Scale; mPs, The Modlified Rankin Scale; CCT, cerebral
circulation time; SCCT, CCT of stenotic side; hCCT, CCT of healthy side; rCCT, relative
CCT = sCCT/hCCT.
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WMD/OR 95% Cl 2 (%) P-value

Age 1.43 039 248 28.2% 0.007
Gender, female 1.20 1.08 1.87 00% 0.006
Hypertension 1.06 092 1.22 37.1% 0.423
Diabetes melitus 1.44 097 1.34 00% 0.106
CAD 081 061 1.07 00% 0.131
Smoke 096 080 114 00% 0605
Attial fibrilation 097 081 1.47 61.8% 0.747
Previous anticoagulation therapy 1.16 093 1.45 20.6% 0.197
Dyslipidemia 1.08 094 1.24 00% 0286
Initial NIHSS score —054 ~126 047 00% 0.135
Systolic blood pressure —1.91 —425 043 11.2% 0.109
Diastolic blood pressure -1.53 -3.26 0.19 0.0% 0.081
Suspected stroke etiology
Large artery atherosclerosis 1.09 077 1.56 00% 0617
Cardioembolic 1.01 0.60 1.70 72.3% 0.973
Other 1.12 092 1.38 67.6% 0261
IV thrombolysis 099 087 1.13 00% 0940
Stroke demographics
Laterality
Right 081 014 473 90.2% 0812
Left 1.24 021 7.27 90.29% 0812
Location of occlusion
ICA 066 045 097 71.7% 0.035
Mi 1.44 097 215 80.4% 0072
M2 1.12 079 1.58 00% 0534
Tandem occlusion 086 034 213 00% 0737
Ipsiiateral AComA and PComA 073 042 1.24 34.7% 0243
Intervention characteristics
Time of onset to puncture 11.36 -23.38 46.09 9.0 0.622
Duration of intervention —27.85 —42.11 ~13.58 94.4 <0.001
General anesthesia 065 054 080 00% <0.001
Aspiration only 1.48 069 316 85.2% 0312
Stent retriever only 090 055 1.48 71.7% 0.689
Aspiration and stent retriever both 067 022 204 93.1% 0479
Use of BGC 1.81 1.27 259 73.4% 0.001
Migration to new territory 055 025 1.22 00% 0.142

FPE, first-pass effect; WD, weighted mean difference; OR, odds ratio; Cl, confidence interval; P, the variation attributable to heterogeneity; CAD, coronary artery disease; NIHSS,
National Institutes of Health Stroke Scale; IV, intravenous; ICA, intemal carotid artery; M1, M1 segment of middle cerebral artery; M2, M2 segment of midale cerebral artery; AComA,
anterior communicating artery; PComA, posterior communicating artery; BGC, balloon-guided catheter. Bold values mean P-value with significant difference.





OPS/images/fneur-12-653752/crossmark.jpg
©

2

i

|





OPS/images/fneur-12-653752/fneur-12-653752-g001.gif





OPS/images/fneur-12-653752/fneur-12-653752-g002.gif
e






OPS/images/fneur-12-628523/fneur-12-628523-g004.gif





OPS/images/fneur-12-628523/fneur-12-628523-g005.gif





OPS/images/fneur-12-628523/fneur-12-628523-t001.jpg
Reference

Velasco Gonzalez et al. (20)
Srivatsa et al. (19)

Mokin M et al. (18)
Mohammaden et al. (11)
Kang DH et al. (9)
Ducroux et al. (26)

Di Maria et al. (17)
Garcia-Tornel et al. (10)
Yietal. (16)

Tomasello et al. (15)
Nikoubashman et al. (29)
Anadani et al. (§)

Zaidat et al. (7)

Imahori et al. (30)
Flottmann et al. (31)
Baek et al. (13)

Publication time

2020
2020
2020
2020
2020
2020
2020
2020
2019
2019
2019
2019
2018
2018
2018
2017

Included patients ()

200
76
609
436
344
336
1832
459
61
193
164
524
345
50
330
136

FPE (n, %)

102,510
35, 46.1
140,230
254,583
66, 19.2
97,289
417,228
213,464
25,41.0
97,50.3
62,37.8
178,340
89,26.8
21,420
151, 46
68, 50.0

Recruit period

2016.1-2018.12
2016-2018
2013.3-2016.8
2012.1-2019.5
2011.1-2015.12
2015.10-2016.10
2013.10-2018.4
2012-2019
2015.1-2016.10
2017.2-2017.6
2010.5-2018.1
2013.11-2018.1
2012.3-2013.2
2016.7-2017.6
2019-2017
2010.9-2015,8

Recanalization

Complete
Complete
Complete
Complete
Complete
Complete
Complete
Successful
Successful
Successful
Complete
Complete
Complete
Successful
Successful
Successful

Location

Europe
North America
North America
North America
Asia

Europe
Europe
Europe

Asia

Europe
Europe

North America
North America
Asia

Europe

Asia

Center

Single
Single
Muttpie
Single
Muttpie
Multiple
Multipie
Single
Single
Multiple
Single
Multiple
Multipie
Single
Single
Single

FPE, first-pass effect.
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WMD/OR 95%Cl 2 (%) P-value

Age 1.21 026 216 20.1 0012
Gender, female 1.12 1.00 1.26 222 0.046
Hypertension 1.10 0.97 1.26 431 0.134
Diabetes melitus 147 1.01 1.35 00 0,032
CcAD 0.8 069 1.13 00 0320
Smoke 093 080 1.09 7.4 0.364
Atrial fibrillation 0.96 0.67 1.38 772 0.836
Previous anticoagulation therapy 1.16 093 1.45 206 0.197
Dyslipidemia 1.08 095 1.23 00 0227
Initial NIHSS score ~0.65 —1.34 005 00 0.067
Systolic blood pressure ~131 —3.41 0.80 17.0 0223
Diastolic blood pressure ~0.66 —2.12 079 420 0374
Suspected stroke etiology
Large artery atherosclerosis 1.07 076 151 00 0710
Cardioembolic 1.01 0.60 1.70 723 0.973
Other 143 092 1.38 518 0240
IV thrombolysis 1.015 0.904 1.141 0.0 0.798
Stroke demographics
Laterality
Right 056 0.14 215 9.4 0398
Left 1.24 021 7.27 90.2 0812
Location of occlusion
ICA 071 052 097 706 0,033
Mi 1.25 088 177 815 0206
M2 1.36 1.05 177 375 0019
Tandem occlusion 0.86 034 213 00 0.737
Ipsilateral AComA and PComA 0.73 0.42 124 34.7 0.243
Intervention characteristics
Time of onset to puncture 20.42 0.00 40.83 0.0 0.050
Duration of intervention —27.85 —42.11 —13.58 94.4 <0.001
Time of onset to recanalization ~84.63 -58.45 —10.81 00 0.004
General anesthesia 0.63 052 077 47 <0.001
Aspiration only 1.81 062 276 81.9 0.481
Stent retriever only 1.07 058 1.96 783 0839
Aspiration and stent retriever both 059 020 1.72 903 0334
Use of BGC 1.60 1.47 218 716 0,003
Migration to new terrtory 055 025 122 00 0.142

FPE, first-pass effect; WMD, weighted mean difference; OR, odds ratio; Cl, confidence interval; P, the variation attributable to heterogeneity, CAD, coronary artery disease; NIHSS,
National Institutes of Health Stroke Scale; IV, intravenous; ICA, internal carotid artery; M1, M1 segment of middle cerebral artery; M2, M2 segment of middle cerebral artery; AComA,
anterior communicating artery; PComA, posterior communicating artery; BGC, balloon-guided catheter. Bold values mean P-value with significant difference.
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Variable*

Age

Male gender

Diabetes

Hypertension

Hyperlipidemia

Pre-stroke mRS score

Baseline NIHSS score

IV tPA

Onset-to-puncture time

Site of occlusion
Isolated MCA
Isolated VBA
Isolated ICA
Tandem occlusions

Etiology: embolism

Use of larger bore catheters (>060)

OR

0.997
0.585
1.870
1.201
0970
0.753
0.939
1.764
1.001

4.506
35
0.560
0313
3.505
9.167

95% CI

0.966-1.039
0.196-1.743
0.487-7.181
0.330-4.263
0.207-4.556
0.038-14.802
0.865-1.019

1.066-19.045

0.887-13.807
0.194-0.615
0.057-1.721

1.031-11.917
2.6-32.322

p-values

0.871
0.336
0.362
0.777
0.969
0.753
0.133
0.456
0.364

0.041
0.074
0.284
0.182
0.045
0.001

“Variables showing statistical significance (o < 0.05) are shown in bold font. ADAPT, a
direct aspiration first-pess technique; IV tPA, intravenous tissue plasminogen activator;
mRS, modiied Rankin Scale; NIHSS, National Institutes of Health Stroke Scale; MCA,
middle cerebral artery; VBA, vertebral basilar artery; ICA, internal carotid artery.
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N (%)
Sex: male (%)
Age in years [mean (SD)]
BMI [mean (SD), kg/m?]
MRS [median (QR)
NIHSS [median (QR)]
Hypertension (%)
Hyperlipidemia (%)
Diabetes melitus (%)
Smoking (%)
Coronary disease (%)
Atrial fibrillation (%)
Stroke history (%)
Stenosis [%, mean (SD)]
Stenosis length [mean (SD), mm]
Mori type (%)
A
B
c

BMI, body mass index; mRS, modified Rankin Scale; NIHSS, National Institutes of Health Stroke Scale.

Balloon
dilatation

19 (19.8)
12 (63.2)
63.9(8.4)

26.8(7.31)

000,2)
00,9
14 (73.7)
7(36.8)
11(67.9)
11 (57.9)
2(10.5)
0(0.0)
0(0.0)
85.7(8.8)
6.4(2.8)

4@1.9)
10 (52.6)
5(26.3)

Balloon-mounted

stent

36(37.5)
31(86.1)
60.3(8.0)

24.4(1.76)

00.1)
000.2)
27 (75.0)
11(306)
12(333)
22 (61.1)
5(13.9)
1(2.8)
1(28)

825 (7.7)

59(18)

10(27.8)
23(63.9)
383

Self-expanding
stent

41427
21(61.2)
60.3(7.8)
255 (2.9)
0.1
00.1)
31(75.6)
16(39.0
26(63.4)
10 (24.4)
2(49)
1@.4)
2(4.9)
86.0(6.2)
799

408
29(70.7)
8(19.5)

Total

%
64(66.7)
61.0(8.0)
25.3(3.8)
0,1
0(0.2)
72(75.0)
34 (35.4)
49(53.3)
43(44.8)
9(9.4)
2@.1)
3@.1)
84.6(7.4)
68(26)

18(188)
62(64.6)
16 (16.7)

p-value

0.005
0211
0.112
0.934
0.376
0.979
0.733
0.046
0018
0.389
1.000
1.000
0.096
0.004
0.126
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Characteristics Overall (n = 1,988) NS (0 =1,813) alCAS (n = 132) aECAS (n = 43) OverallP

Age (years), mean (SD) 57.6(103) 57.2(10.3) 603 (10.8° 66.6 8.1 <0001
Male, n (%) 956 (48.0) 830 (48.5) 51(38.6) 25(58.1) 0,037

Hypertension, n (%) 1148 (57.7) 1004 (55.3) 110 83,3 34 (79.0 <0001
Diabetes melltus, n (%) 304 (15.2) 250 (13.7) 30 35.7)° 15 (3487 <0001
Total cholesterol (mmol/l), mean (SD) 5.4(1.0) 5.4(1.0) 6.4 (1.0) 56(1.0) 0.265
Triglycerides (mmolf), mean (SD) 1.4(09) 1.3(09) 1.7 (129 15(1.1) <0.001
HDL-C (mmol/), mean (SD) 1.6(0.4) 1.6(0.4) 15 03P 1.7 0.4) <0001
LDL-C (mmolf), mean (SD) 30(0.7) 30(0.7) 32078 3.1(07) 0013
Smoking habits, n (%) 448 (22.5) 420 (23.1) 15(11.3)% 13(30.2) 0.004
Drinking habits, n (%) 658 (33.0) 608 (33.5) 35(26.5) 15(34.8) 0246
BMI (kg/m?), mean (SD) 25.1(3.9) 25.1(3.4) 26.2 3.0 24.6(3.9) 0.001

Waist circumference (crm), mean (SD) 91(9) 91(9 95 (8 91(10) <0001
MetS, n (%) 909 (45.7) 788 (43.4) 95 (71.91 26 (60.4) <0.001
MetS components

Central obesity, 1 (%) 1647 (77.8) 1389 (76.6) 126 (95.4° 32(74.4) <0001
Raised triglycerides, n (%) 448 (22.5) 392(21.6) 45 (34.0 11(25.5) 0.004
Reduced HDL-C, n (%) 217(109) 188 (10.9) 25 (189 499 0.009
Raised BP, 1 (%) 1578 (79.9) 1419 (78.2) 118 (8.3 419538 <0001
Elevated fasting glucose, n (%) 1062 (53.4) 944 (52.0) 86(65.1)° 327440 <0.001
Number of MetS component 2(1) 2(1) 3(1) 3(1) <0001

NS, non-stenosis; alCAS, asymptomatic intracranialarterial stenosis; aEGAS, asymptomatic extracranial arterial stenosis; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density
lipoprotein cholesterol; BMI, body mass index; B, blood pressure; MetS, metabolic syndrome; SD: standard deviation.

“Significantly different from NS group, P < 0.05/3 = 0.017 (the Bonferroni correction was applied).

Overall p-value is for the test of difference among the NS group, alCAS group and aECAS group.
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Characteristics Control1(n=132)  alCAS (n = 132) P Control2(1=43)  aECAS (n = 43) b

Age (years), mean (SD) 58.4(10.6) 60.3(10.8) 0.157 64.7(8.0) 66.68.1) 0276
Male, n (%) 51(386) 51(38.6) 1.000 25(58.1) 25(58.1) 1.000
Hypertension, n (%) 84 (63.6) 110(83.9) <0001 30(69.8) 34 (79.0) 0323
Diabetes melltus, n (%) 32(24.2) 39(20.5) 0331 15(34.9) 15 (34.9) 1.000
Total cholesterol (mmol/l), mean (SD) 69(1.0) 5.4(1.0) <0.001 7109 5.6(1.0) <0.001
Triglycerides (mmol), mean (SD) 18(1.2) 17(1.2) 0419 18(1.3) 15(1.1) 0312
HDL-C (mmol/), mean (SD) 1.7 (0.4) 15(0.8) <0001 1.9 (04) 1.7 0.4) 0003
LDL-C (mmolf), mean (SD) 39(0.7) 32(0.7) <0001 39(08 31(0.7) <0.001
Smoking habits, n (%) 22(16.7) 15(11.3) 0215 17(39.5) 13 (30.2) 0365
Drinking habits, 1 (%) 34(25.8) 35(26.5) 0889 18(41.9) 15 (34.8) 0506
BMI (kg/m?), mean (SD) 24.9(35) 262(3.0) 0,002 232(3.7) 24.6(3.9) 0059
Waist circumference (crm), mean (SD) 92 (10) 9%5(8) 0.021 87(10) 91(10) 0088
MetS, n (%) 78(53.8) 95(71.9) 0,002 19 (44.2) 26 (60.4) 0.131

Central obesity, 1 (%) 108(81.8) 126 (95.4) <0001 24(55.8) 32 (74.4) 0070
Raised triglycerides, n (%) 55(11.7) 45 (34.0) 0205 17(39.5) 11(25.5) 0.167
Reduced HDL-C, n (%) 11(83) 25(18.9) 0012 37.0) 493 0693
Raised BP, n (%) 109 (82.6) 118 (89.3) 0111 35(81.4) 41(95.3) 0.044
Elevated fasting glucose, n (%) 89(67.4) 86(65.1) 0.696 32 (74.4) 32 (74.4) 1.000
Number of MetS component 3(1) 3(1) 0.105 3(1) 3(1) 0389

alCAS, asymptomatic intracranial arteral stenosis; aECAS, asymptomatic extracranial arterial stenosis; LDL-C, low-densiy lipoprotein cholesterol; HDL-C, high-density lipoprotein
cholesterol; BMI, body mass index; BR, blood pressure; MetS, metabolic syndrome.

P2 value is for the test of difference between the control 1 group and alCAS group.

PP value is for the test of difference between the control 2 group and aECAS group.
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Variables alCAs aECAS

Odds ratio (95% CI) p Odds ratio (95% CI) P
Smoking habits 1.56 (0.77-3.16) 0217 151 (0.62-3.69) 0367
Drinking habits 1.04 (0.60-1.80) 0.889 1.34 (0.56-3.21) 0.506
BMI 1.18 (1.04-1.22) 0.003 1.18 (0.99-1.29) 0064
Total cholesterol 3.89(2.82-5.58) <0.001 6.90 (3.02-15.87) <0.001
LoL-c 4.13(2.75-6.26) <0001 5.85 (2.63-13.51) <0001
MetS (+) 2.22(1.32-3.68) 0.002 1.93 (081-4.56) 0.132
Number of MetS components

<1 Reference Reference

2 1.11(0.44-2.80) 0830 1.44 (0.34-6.05) 0618
3 1.21(0.49-3.00) 0677 3.15 (0.86-11.60) 0084
24 262 (1.01-6.80) 0.049 1.35 (0.34-5.44) 0673
As continuous variables 1.21 (0.96-1.52) 0.105 1.19 (0.81-1.74) 0385
MetS components

Central obesity 467 (1.84-11.84) 0.001 2.30 (0.93-6.79) 0073
Raised triglycerides 0.72 (0.44-1.19) 0205 1.90 (0.76-4.76) 0170
Reduced HDL-C 257 (121-5.47) 0014 1.87 (029-6.51) 0694
Raised BP 1.78 (0.87-3.63) 0.114 4.69 (0.93-23.58) 0061
Elevated fasting glucose 0.90 (0.54-151) 0696 1.00 (0.38-2.64) 1,000

2CAS, asymptomatic intracranal arterial stenosis; aECAS, asymptomatic extracranial arterial stenosis; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-densiy lipoprotein
cholesterol: BMI, body mass index; BE, blood pressure; MetS, metabolic syndrome.





OPS/images/fneur-12-668868/crossmark.jpg
©

2

i

|





OPS/images/fneur-12-653752/fneur-12-653752-t003.jpg
Variable Traditional risk factors cct

Age Stenosis degree  SCCT rceT
AUC 0.807* 0617 0,656 0985
Cutoff value 0.556 0.439 0.4 0.976
p-value 0026 0397 0.259 <0001
95% Gl 0636-0979  0.417-0.817  0338-0974 0953-1.000
Sensitivity 80% 100% 40% 100%
Specificity 756 439% 100% 97.6%

‘P < 0.0, ***p < 0.001.
ROC, receiver operating characteristic; CCT, cerebral circulation time; rCCT, relative CCT
SCCT/hCCT: AUC, area under the curve; Cl, confidence interval.
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Variables Univariate Multivariate model

OR 95% Cl  p-value OR 95% Cl  p-value

rccT 1205 1.053-1592 0014 1273' 1041-1556 0019
Age (years) 1093 1.004-1.190 0040 1063 0865-1.306 0.564
(mean  SD)

Dual antiplatelet 0.482 0.049-4.785 0531 1.646 0.006-455233 0862
therapy

Stenosis degree 1.025 0.978-1.075 0207 1.052 0.857-1.292 0626
Diabetes 5333 0.769-36.965 0090 0.127 0002-8300 0.333

‘p < 0.05.
DICE, disabling ischemic cerebrovascular events; CCT, cerebral circulation time; 1CCT,
relative CCT = sCCT/hCCT: OR, odds ratio; Cl, confidence interval.






