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Background and purpose: Stent residual stenosis is an independent risk factor for restenosis after stenting. This study aimed to analyze the factors influencing residual stenosis after carotid artery stenting (CAS).

Methods: A total of 570 patients who underwent CAS with 159 closed-loop stents (CLS) and 411 open-loop stents (OLS) from January 2013 to January 2016 were retrospectively enrolled in this study. Carotid stenosis location in the common carotid artery or in internal carotid artery, plaque size, and features (regular or irregular morphology; with or without calcification), degree of carotid artery stenosis, and stent expansion rate were detected by carotid duplex ultrasonography. Residual stenosis was defined as a stenosis rate ≥30% after CAS, as detected by digital subtraction angiography. A logistic regression analysis was used to analyze residual stenosis risk factors.

Results: The overall incidence of residual stenosis was 22.8% (130/570 stents). The incidence of residual stenosis in the CLS group was higher than that in the OLS group (29.5 vs. 20.2%, χ2 = 5.71, P = 0.017). The logistic regression analysis showed that CLS [odds ratio (OR), 1.933; 95% confidence interval (CI), 1.009–3.702], irregular plaques (OR, 4.237; 95% CI, 2.391–7.742), and plaques with calcification (OR, 2.370; 95% CI, 1.337–4.199) were independent risk factors for residual stenosis after CAS. In addition, a high radial expansion rate of stent was a protective factor for residual stenosis (OR, 0.171; 95% CI, 0.123–0.238). The stenosis location and stent length did not impact the occurrence of residual stenosis. After 1-year follow-up, the incidence of restenosis in the residual stenosis group was higher than that in the group without residual stenosis (13.1 vs. 2.0%, χ2 = 28.05, P < 0.001).

Conclusions: The findings of this study suggest that plaque morphology, echo characteristics (with calcification), and stents type influence residual stenosis.
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INTRODUCTION

Carotid stenosis or occlusion is one of the main causes of ischemic stroke. Carotid artery stenting (CAS) has become an alternative treatment for symptomatic carotid stenosis and has emerged as a possible alternative to carotid endarterectomy (CEA) (1). Recent studies have shown that the rates of early restenosis after CAS are lower than those of CEA; nevertheless, due to the short follow-up period of many published studies, the long-term durability of CAS needs further investigation (2). Multiple trials have compared the two treatment modalities in the past. With the recently completed CEA vs. CAS trial (3, 4), there is a resurgence of interest in CAS.

Restenosis after CAS is an important factor that affects long-term efficacy. Prior studies have reported that the rate of restenosis after CAS varies from 5 to 11% over different follow-up periods (5). A recent systemic review of 27 studies found that the >50% restenosis rate after CAS was 18.21% at >1 year (21 months on average) of follow-up. Residual stenosis after stenting was an independent risk factor for restenosis (6–8). Few studies have focused on the risk factors for residual stenosis after CAS. In this study, plaque characteristics and carotid stenosis hemodynamic parameters before and after stenting were analyzed. The stent expansion rate (SER) was detected by carotid duplex ultrasonography (CDU). Finally, the factors that influence residual stenosis after CAS were determined using a logistic regression.



MATERIALS AND METHODS


Subjects

This single-center retrospective study was approved by the Institutional Review Board of Xuanwu Hospital, Capital Medical University. Xuanwu Hospital is a senior stroke center in China that is renowned for cerebrovascular disease diagnosis and treatment. From January 2013 to January 2016, a total of 630 hospitalized patients were diagnosed with carotid stenosis or occlusion in the Department of Neurosurgery, Xuanwu Hospital. According to the following inclusion and exclusion criteria, 570 patients were enrolled for our analysis, and the study flow diagram is shown in Figure 1.
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FIGURE 1. The flow diagram of patient enrollment. Study flow chart depicting all patients enrolled in the study as well as events precluding patients from this analysis.


Inclusion criteria: patients (age range 41–89 years) with severe (70–99%) carotid stenosis caused by atherosclerosis diseases detected by CDU and confirmed by digital subtraction angiography (DSA).

Exclusion criteria: (1) patients with severe carotid artery stenosis caused by non-atherosclerosis diseases, such as dissection or arteritis (n = 35); (2) patients who received bilateral CAS (n = 8); (3) patients without complete clinical or imaging information (n = 10); (4) patients not evaluated by CDU before CAS or within 1 week after CAS (n = 7).

Finally, a total of 570 patients were enrolled in this study, 159 of whom were treated with closed-loop stents (CLS) and 411 with open-loop stents (OLS).



Carotid Duplex Ultrasonography

CDU was performed within 1 week before and after CAS, and patients were followed-up for different periods (3, 6, 12, 18, 24, and 36 months) after CAS. The evaluation and detection of CDU was based on the vascular ultrasonography guidelines published by the Chinese Medical Doctor Association of Ultrasonography (9). Philips IU-Elite (Philips Medical Systems, Amsterdam, The Netherlands) and Hitachi Ascendus (Hitachi, Inc., Tokyo, Japan) ultrasound instruments were adopted, and an ultra-wideband probe of 3.0–9.0 MHz and a microconvex probe of 4.0–8.0 MHz were selected. All ultrasound examinations were performed by senior vascular ultrasound physicians with ≥5 years of experience.

The CDU pre-CAS plaque imaging and parameters were stored in PACS and analyzed later. The information included: (1) the position of stenosis distal to the CCA and/or proximal internal carotid artery (ICA). (2) Plaque characteristics, such as morphology (regular or irregular) and echogenic features. According to the distinction of calcified plaques, plaques can be divided into four categories: surface, bottom, interior, and non-calcification (10). (3) The residual and original carotid artery diameters at the stenosis segment (11).

The post-CAS imaging and parameters included: (1) the length (L) of the stent, divided into types L1 (< 4.0 cm), L2 (4.0 cm), and L3 (>4.0 cm). (2) The inner stent diameter, PSV, and EDV of the proximal, middle, and distal stent segments, depending on the stent length. The SER was calculated as the radial expansion rate (RER) (%) = (preoperative stenosis rate – residual stenosis rate poststenting) × 100%; the preoperative stenosis rate (%) = (1 – residual diameter / original diameter) × 100%. The residual stenosis rate was calculated in the same way as the preoperative diameter stenosis rate. Axial expansion rate (AER) of stent (%) = (the stent length detected by CDU / the initial stent length) × 100%. (3) Stent restenosis was defined as stenosis ≥50% at more than 3 months after CAS.



CAS Implantation

New infarctions were not detected within 3 weeks by computed tomography (CT) or magnetic resonance imaging (MRI). The procedure was performed according to the protocol published previously (12). Aspirin (100 mg) and clopidogrel (75 mg) or ticlopidine (250 mg) were administered routinely for 3 days before stenting. The procedures were performed for patients with general or local anesthesia. The EPDs (e.g., Angioguard Cordis, RX-ACCUNET Abbott, SpiderRX Ev3, or Filter WireEZ Boston) were used based on the stenting procedure. A suitable balloon was selected based on the ICA diameter, as shown on the DSA image. The use of a balloon (e.g., Aviator, PowerFlex P3, Cordis Endovascular, RX-Viatrac, Abbott, or Invatec) for predilatation or postdilatation depended on the degree of stenosis. Wallstent (159 cases), Precise Cordis (203 cases), Acculink Abbott (136 cases), or Protege Ev3 (72 cases) stents were selected by the neuro-interventionist. The type of stent was selected according to several factors, such as the length and configuration of the lesion, vascular morphology, vessel diameter, plaque characteristics, stent characteristics, and surgeon experience. Postballoon dilatation was only used in patients with unsatisfied stent expansion in the CLS group. All patients were administered aspirin 100 mg/day and clopidogrel 75 mg/day for at least 3 months after the procedure.

Residual stenosis was determined according to CDU detection and DSA imaging within 1 week of and after CAS. Residual stenosis was defined as a stenosis rate ≥30% (13).



Statistical Analysis

Quantitative data with normal distributions were expressed as the means ± standard deviation (SD), such as age, the length/diameter ratio of stents, the diameter and length of balloon for postdilatation, and the length and thickness of plaques. Two-sided t-test was used to compare these continuous variables between the residual stenosis group and non-residual stenosis group, and the t-value was the statistical value.

The interquartile range [M (P25, P75)] was used to represent the variables that did not conform to a normal distribution, such as the radial and axial expansion rate of stents. The Wilcoxon rank sum test was used to compare these variables between the residual stenosis group and non-residual stenosis group. In addition, the Wilcoxon rank sum test was also used to compare the stent radial expansion rate between CLS and OLS in the residual and in non-residual stenosis groups, separately. In addition, the Z-value was the statistical value.

The qualitative data were expressed as percentages or proportions, and comparisons between groups (residual stenosis and non-residual stenosis) were conducted using the Chi-squared test. These variables including male, hypertension, coronary artery disease, diabetes, hyperlipidemia, smoking, family history of stroke, the location of stenosis, degrees of stent length, stent type, plaque morphology (regular shape or irregular shape), calcified, and the incidence of restenosis. In addition, Chi-square test was also used to compare the incidence of residual stenosis, calcified plaques, and irregular plaques between the CLS and OLS groups, and the χ2-value was the statistical value.

The SPSS software Version 23.0 (IBM, Armonk, NY, USA) was used for statistical analyses. The indicators with P < 0.2 in the univariate analysis were entered into a logistic regression analysis to investigate the independent risk factors for residual stenosis. All tests were performed two sided, and a P < 0.05 was considered statistically significant. The forest plot was performed using GraphPad Prism 8.0 software (GraphPad Software Inc, San Diego, CA, USA).




RESULTS

A total of 570 patients (469 men and 101 women) with a mean age of 68 ± 8 years (range, 41–89 years) underwent unilateral CAS. There were 388 (68.1%) patients with hypertension, 194 (34.0%) with diabetes mellitus, 249 (43.7%) with dyslipidemia, 129 (22.6%) with coronary artery disease, 331 (58.1%) smokers, and 18(3.2%) with a family history of stroke.

Among the 570 patients, 130 (22.8%) had residual stenosis, including 122 with residual stenosis < 50% and eight with residual stenosis 50–69%.

A univariate analysis was performed between groups with and without residual stenosis (Table 1). The results revealed that (1) there were no difference in sex, history of coronary heart disease, hyperlipidemia, diabetes mellitus, and location of stenosis between the two groups. (2) There was a higher proportion of irregular and calcified plaques in patients with residual stenosis. Furthermore, patients with surficial calcification plaques had higher residual stenosis rates. The plaque length and thickness were higher in residual stenosis group than non-residual stenosis group (all P < 0.05). (3) Of the 570 patients, 159 were treated with CLS and 411 with OLS. Patients with CLS had a higher incidence of residual stenosis than those with OLS (29.5 vs. 20.2%, χ2 = 5.71, P = 0.01). There was no difference in calcified plaques between the CLS and OLS groups (47.2 vs. 45.9%, χ2 = 0.07, P = 0.78). There was also no difference in irregular plaques between the CLS and OLS groups (51.6 vs. 45.3%, χ2 = 1.83, P = 0.17).


Table 1. Comparison of factors in groups with and without residual stenosis.
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The radial stent expansion rate was lower in the residual stenosis group than in the group without residual stenosis (0.40 vs. 0.61, P < 0.001). In addition, we compared the stent radial expansion rate between CLS and OLS in the residual and in non-residual stenosis groups, separately. In the residual stenosis group, the axial expansion rate of CLS was significantly lower than that of the OLS stent (0.380 vs. 0.417, Z = 2.03, P = 0.04). In the non-residual stenosis group, the axial expansion rate of CLS was lower than that of OLS; however, the difference lacked statistical significance (0.611 vs. 0.618, Z = 0.09, P = 0.93).

The length-to-diameter ratio inside the stent was higher in the residual stenosis group. There was no difference in stent lengths, postballoon dilatation frequency of performance, balloon size, or axial stent expansion rate between the two groups (all P > 0.05).

The multivariate logistic regression analysis showed that irregular plaques, calcified plaques, stent type (closed-loop stent), and lower radial expansion rate were independent risk factors for residual stenosis after CAS (P < 0.05). Although the P-values of age, hypertension, smoking, family history of stroke, the length-to-diameter ratio, and the length and thickness of plaques were < 0.2 in the univariate analysis, the logistic regression analysis showed that they were not independent risk factors for residual stenosis (P > 0.05) (Table 2; Figure 2).


Table 2. Logistic regression analysis of factors for residual stenosis after CAS.
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FIGURE 2. Multivariate logistic regression analysis of risk factors for residual stenosis after CAS.


Finally, among the 570 patients, 476 were followed up for a mean duration of 2.1 ± 1.7 years (range, 1–6 years), and the lost to follow-up rate was 16.5%. Restenosis occurred in 25 patients (5.25%), and the incidence of restenosis in the residual stenosis group was higher than that in the group without residual stenosis (13.1 vs. 2.0%, χ2 = 28.05, P < 0.001). A second operation was performed in two patients [one with CEA and one with percutaneous transluminal angioplasty (PTA)].



DISCUSSION

Recent clinical studies have gradually confirmed that there is no significant difference in the perioperative stroke, myocardial infarction, and fatality rates between CAS and CEA cohorts. Furthermore, the outcomes in the postprocedural period after CAS and CEA were similar over long-term follow-ups (14). Recent studies have shown that CAS has become an effective method for treating patients with severe carotid atherosclerotic stenosis (15). A major issue with CAS is the occurrence of in-stent neointimal proliferation, which may result in restenosis of the stented vessel. However, a previous study showed that restenosis is likely to occur after more than 12 months, due to the thickness of the in-stent neointima (16). Focused evaluations of residual stenosis with regular follow-ups will reduce restenosis rates.

Our previous studies confirmed that the stent type was related to restenosis after CAS and that implantation of closed-cell stents was an independent risk factor for restenosis after CAS (17). Its strong radial strength, poor flexibility, and poor adherence to the vascular wall may cause residual stenosis after stent implantation. The present study showed that the radial expansion rate of closed-cell stents was significantly lower than that of open-cell stents.

Furthermore, open-cell and closed-cell stents have different mechanical properties, which might influence the risk of residual or recurrent stenosis after treatment. One potential advantage of open-cell stents is that they are more flexible and better suited for tortuous vessels. On the contrary, closed-cell stents have tighter meshes, which may provide better coverage of the atheromatous lesion but are consequently more rigid. A recent study found that, compared with open-cell stents, the more rigid and more densely packed material in closed-cell stents might lead to greater irritation of the vessel wall, which in turn might stimulate neointima hyperplasia and result in a higher occurrence of restenosis (18). In this study, we found that the incidence of residual stenosis was higher for closed-cell stents than for open-cell stents, and different stent lengths did not influence residual stenosis. A few previous studies found that the closed-cell stents used for unstable plaques may not solve tissue prolapse, and postdilatation during CAS for unstable or calcified plaques decreases in-stent large tissue prolapse and reduces the restenosis rates (19, 20). However, this study did not analyze the impact of stent materials and intraoperative predilatation procedures on residual stenosis, which will be further investigated in subsequent studies.

In addition, previous studies have reported that the nature of plaques is an important factor that influences stent insufficiency. As early as 1999, studies have shown that severe plaque calcification is a risk factor for coronary artery stent insufficiency (21). The present study found that morphological irregular plaques and calcified plaques were independent risk factors for residual stenosis after CAS. In this study, calcified plaques were further categorized as superficial, basal, and internal calcifications. The residual stenosis rate was highest in the basal calcification group. Irregular plaques can lead to poor stent and lumen adhesion, incomplete stent expansion, and residual stenosis (22). Previous studies also found that it is still difficult to restore fibrous cap integrity after stent implantation; therefore, both the occurrence of long-term restenosis and recent cerebral infarction after stent implantation are related to these properties. Using a closed-cell stent-in-stent technique may result in smaller free-cell area than open-cell stents, which restricts plaque protrusion and, for unstable plaques, may prevent plaque protrusion and ischemic complications (23–25).

Residual stenosis after CAS is closely related to the occurrence of long-term restenosis and has a significant influence on long-term patient prognosis (26, 27). Evaluating the structural characteristics of severe carotid artery stenosis before CAS by CDU helps clinicians select the appropriate stent type. In addition, regular follow-up of the changes in hemodynamics and blood vessel structures after CAS revascularization and stent implantation can identify residual stenosis early, and early treatment will reduce the incidence of restenosis, which is particularly important for improving long-term efficacy. In this study, the correlation between the angulation of the stent and the lumen, intraoperative balloon dilation pressure, and residual stenosis after CAS were not evaluated, and these factors need further study.



CONCLUSIONS

In conclusion, irregular and calcified plaques are risk factors for residual stenosis after CAS. In addition, a closed cell stent and poor radial expansion increase the risk of residual stenosis.
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