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Introduction: Intracranial atherosclerotic stenosis (ICAS) is a common cause of stroke worldwide. Evolocumab, a proprotein convertase subtilisin/kexin type-9 inhibitor (PCSK9i), effectively lowers low-density lipoprotein (LDL) and produces favorable changes in coronary atherosclerosis. This study aimed to determine the effects of PCSK9i on intracranial plaques in moderate-intensity statin-treated individuals with ICAS.

Methods: This prospective, observational study monitored the imaging and clinical outcomes of individuals with ICAS who were consecutively treated with moderate-intensity statins with or without PCSK9i. Individuals underwent monthly visits and repeat high-resolution MRI (HR-MRI) at week 12. The primary outcome was a change in HR-MRI after 12 weeks of treatment and the secondary outcome was major vascular events during follow-up.

Results: Forty-nine individuals were studied (PCSK9i group: 26 individuals with 28 abnormal vascular regions; statin group: 23 with 27 regions). The PCSK9i group showed a significant reduction in the normalized wall index (0.83 vs. 0.86, p = 0.028) and stenosis degree (65.5 vs. 74.2%, p = 0.01). Similarly, a greater percentage of individuals with a good response to the efficacy of treatment were treated in the PCSK9i group than that in the statin group (75 vs. 44.4%, p = 0.021). The incidence of major vascular events was overall similar between the groups. The treatment options (OR = 8.441, p = 0.01) and prior diabetes (OR = 0.061, p = 0.001) were significantly associated with the efficacy of treatment.

Discussion: Statin and PCSK9i combination treatment stabilized intracranial atherosclerotic plaques more often compared to statins alone, as documented by HR-MRI. Further study is warranted to determine if combination treatment improves clinical outcomes in ICAS.
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Introduction

Intracranial atherosclerotic stenosis (ICAS) is one of the most common causes of cerebrovascular ischemic events worldwide and is associated with stroke recurrence and higher mortality (Wang et al., 2014; Hurford et al., 2020; Gutierrez et al., 2022). The underlying mechanisms by which ICAS causes stroke include artery-to-artery embolism or arterial occlusion due to plaque rupture with in situ thrombosis, hemodynamic impairment due to highly stenotic plaques, and local small arterial branch origin occlusion (Qureshi and Caplan, 2014; Krasteva et al., 2020; Gutierrez et al., 2022). In the treatment of ICAS, data suggest that percutaneous transluminal angioplasty and stenting (PTAS) are inferior to medical therapy (Wang et al., 2020; Hurford and Rothwell, 2021). In the SAMMPRIS trial, a higher 12-month risk of stroke was reported in patients with ICAS who underwent PTAS plus aggressive medical management versus medical management alone. The SAMMPRIS trial was terminated early owing to a high rate of 30-day stroke or death in the PTAS group (Chimowitz et al., 2011). In the recent CASSISS trials, compared with medical therapy alone, the addition of PTAS to medical therapy in individuals with symptomatic ICAS resulted in no significant difference in the risk of stroke or death within 30 days or stroke in the qualifying artery beyond 30 days through 1 year (Gao et al., 2022).

Lipid-lowering treatment is an important part of the medical therapy of ICAS. Statins that work through inhibiting 3-hydroxy3-methylglutaryl coenzyme A reductase, stabilize arterial plaque in ICAS at high doses by lowering the serum low-density lipoprotein (LDL; Chung et al., 2020). Of importance, a 10% reduction in LDL was estimated to reduce the carotid intima-media thickness by 0.73% per year. Carotid intima-media thickness is a strong predictor of the development of carotid plaque and stenosis (Amarenco et al., 2004). However, high-dose statins are associated with side effects, such as muscle pain, abnormal liver dysfunction, and renal insufficiency. Further, there appears to be a dose response relationship between Atorvastatin and decreased liver function (Cai et al., 2021).

Proprotein convertase subtilisin/kexin type-9 inhibitor (PCSK9i) lower LDL levels by approximately 60% (Sabatine et al., 2017; Schwartz et al., 2018). PCSK9i decreased the lipid component and produced favorable anatomic changes in coronary atherosclerosis consistent with plaque stabilization and regression (Nicholls et al., 2022; Ota et al., 2022; Raber et al., 2022). However, the effects of PCSK9i on ICAS remain to be determined.

The STAMINA-MRI trial employed serial high-resolution MRI (HR-MRI) to assess the effect of statin treatment on ICAS. The study results indicated that high-dose statin treatment stabilized symptomatic intracranial atherosclerotic plaques (Chung et al., 2020). However, owing to more adverse effects, high-dose statins are impractical in practice, as confirmed in a recent study that moderate dose statin monotherapy predominated as a mode of lipid-lowering therapy (Ray et al., 2021). We conducted a prospective observational study to determine the effects of PCSK9i on ICAS in moderate-intensity statin-treated individuals.



Materials and methods


Study design

This prospective observational study evaluated individuals with ICAS who were consecutively treated with statins with or without PCSK9i from January 2021 to July 2022. The inclusion criteria were: (a) at least 18 years of age; (b) individuals who had symptomatic or asymptomatic ICAS (>50%), confirmed by computed tomographic angiography (CTA), magnetic resonance angiography (MRA), or digital subtraction angiography (DSA), at the proximal portion of the middle cerebral artery (MCA), basilar artery, or the intracranial portion of the internal carotid artery and vertebral artery; and (c) individuals who agreed to be enrolled in the trial and gave signed written informed consent. The exclusion criteria were: (a) individuals with extracranial artery stenosis >50%; (b) a history of moyamoya disease, vasculitis, arterial dissection, or etiologies other than atherosclerosis; (c) individuals allergic to alirocumab, atorvastatin, or gadolinium; (d) prior or current use of alirocumab; (e) individuals treated with other lipid-lowering drugs or combinations of such drugs; (f) individuals with severe hepatic or renal dysfunction; (g) inability to tolerate MRI or with poor HR-MRI imaging quality; and (h) individuals who lacked baseline HR-MRI or had incomplete follow-up data.

Study participants were divided into two groups according to their lipid-lowering drugs: the PCSK9i group and the statin group. Individuals who received Atorvastatin 10–40 mg/day were assigned to the statin group, while those who received both Atorvastatin at 10–40 mg/day and evolocumab at 140 mg every 2 weeks were assigned to the PCSK9i group. During treatment, the evolocumab dosage was without adjustment, while a reduced dose of statins was allowed if adverse effects were observed, including myalgia, elevated liver enzymes, or other side effects linked to statin therapy. During the treatment period, individuals underwent clinical (on-site) visits at weeks 4, 8, and 12, and repeated HR-MRI imaging at week 12. Laboratory studies were obtained before and during the 12-week treatment interval.

This study was approved by the ethics board of Tongji Hospital (Wuhan, China; No. TJ-IRB20210107). All study participants provided written informed consent.



Clinical data

Clinical data including demographic information, vascular risk factors, and laboratory metrics were collected. Vascular risk factors included hypertension, diabetes, previous ischemic stroke, coronary artery disease, and smoking. The following laboratory data at admission and follow-up were collected: total cholesterol, triglyceride, high-density lipoprotein (HDL), and LDL.



HR-MRI protocol

All the subjects underwent a 3.0 T MRI scanner (United Imaging Healthcare, Shanghai) with a 32-channel head coil. The imaging sequences and parameters were as follows: three-dimensional (3D) time-of-flight (TOF) MR angiography: repetition time (TR)/echo time (TE) of 18.6/3.4 ms, field of view (FOV) of 27.2 cm × 22 cm, flip angle of 16, slice thickness of 0.35, and 336 slices; diffuse-weighted imaging (DWI): repetition time (TR)/echo time (TE) of 4,930/99.20 ms, field of view (FOV) of 27.2 cm × 22 cm, flip angle of 90, slice thickness of 5, and 20 slices; precontrast and postcontrast T1-weighted (T1W): repetition time (TR) /echo time (TE) of 750/22.4 ms, field of view (FOV) of 27.2 cm × 22 cm, flip angle of 65, slice thickness 0.66, and 220 slices. Postcontrast images were acquired after intravenous injection of a contrast agent (Gadobenate Dimeglumine Injection; BRACCO, China; 0.2 mg/kg body weight).



MRI imaging analysis

The Medical Image Processing, Analysis, and Visualization (MIPAV) application was used to manually segment and extracted the characteristic of regions. First, based on the luminal image with TOF MR angiography, we selected the location of the most narrowed lumen (MNL) on the cross section. Second, we selected the reference site, which is the normal vessels located contralateral or proximal to the stenotic portion. Then, the vessel area (VA) and lumen area (LA) of the MNL and reference site were automatically calculated by the application after being traced and sketched manually. The wall area (WA) = VA−LA. The degree of stenosis was calculated as the stenosis degree = (1-LAMNL/LAreference) × 100% (Chung et al., 2020). The wall area index = WAMNL/WAreference. The normalized wall index = WAMNL/(LAMNL + WAMNL) (Harteveld et al., 2018), which was used to evaluate the plaque burden (Sahota et al., 2021; Xiao et al., 2021). The remodeling index (RI) = VAMNL/VAreference. An RI ≥ 1.05 was defined as positive remodeling, 0.95–1.05 was intermediate remodeling, and an RI ≤ 0.95 was negative remodeling (Ma et al., 2010). The presence or absence and the pattern of enhancement were determined by the pre- and postcontrast T1 fluid-attenuated inversion recovery images. The presence of enhancement was defined as a > 20% increase in the normalized signal intensity of the plaque after contrast agent injection, which was calculated as signal intensity of the plaque/signal intensity of the mid pons. If the enhancement was uniform or circumferential, it was considered concentric; otherwise, it was regarded as eccentric. The enhanced area (EA) was manually drawn. The enhancement degree = EAMNL/WAMNL × 100% (Ryoo et al., 2015). Figure 1 shows an illustration of HR-MRI measurements. The efficacy of treatment was defined as the change of stenosis degree. According to the percentage change of stenosis degree, individuals were categorized into two groups: good responders (<0) and poor responders (>0).

[image: Figure 1]

FIGURE 1
 Illustration of HR-MRI arterial measurements.


Evaluation of HR-MRI was conducted by two experienced observers (Lingshan Wu and Qianqian, Kong) who were blinded to treatment status and sequencing of imaging studies (baseline/follow-up). Disagreements were resolved by discussion, and when necessary, a third reader (Xiang Luo) with expertise in the field were consulted. The intraclass correlation coefficients for the measured HR-MRI parameters were above 0.80, which indicated good reliability.



Outcomes

The primary endpoint was changes in HR-MRI variables before and after the 12-week treatment. Secondary endpoints were the major vascular events from baseline to 12 weeks, including vascular deaths, myocardial infarction (MI), and cerebrovascular events (ischemic stroke, transient ischemic attack, and hemorrhagic stroke).



Adverse events

Any adverse events that occurred during the follow-up, such as muscle pain, liver dysfunction as determined by a change in laboratory data, allergy, and renal insufficiency, were reported.



Statistical analysis

The statistical analysis was performed using SPSS version 26.0 (IBM, SPSS, Chicago, IL, United States). Continuous variables were compared using a t-test or the Mann–Whitney U-test. Categorical variables were compared with χ2 tests. Univariate logistic regression analysis was used to determine the factors associated with the efficacy of treatment. Variables with p < 0.1 in univariate analyses were included in the subsequent multivariable analysis using the forward stepwise method. Results were given by the odds ratio (OR) and 95% confidence interval (CI). A value of p < 0.05 was considered significant.




Results


Patient characteristic

Of the 63 individuals evaluated, 49 with ICAS completed the 12-week treatment and were examined with follow-up HR-MRI (including 26 in the PCSK9i group and 23 in the statin only group). The disposition of individuals enrolled in the study is illustrated in Figure 2. Compared with the PCSK9i group, the statin group had a higher proportion of men (82.6 vs. 50%, p = 0.017). During the course of the study, the ratio of individuals who received 20 mg Atorvastatin between two groups was not different (82.6 vs. 92.3%, p = 0.400), nor was the ratio of those who received dual antiplatelet treatment (73.9 vs. 80.8%, p = 0.566). There was no significant difference in stroke risk factors, the remodeling pattern, or enhancement characteristics between the two groups. The clinical characteristics are summarized in Table 1.

[image: Figure 2]

FIGURE 2
 Cohort selection decision tree. PCSK9i, a proprotein convertase subtilisin/kexin type 9 inhibitor; HR-MRI, high-resolution MRI.




TABLE 1 Baseline characteristics.
[image: Table1]



Laboratory data

There was no significant difference in laboratory results between the two groups at baseline (Table 2). Compared with the baseline, the total cholesterol (2.04 vs. 3.93, p < 0.001), triglycerides (0.94 vs. 1.37, p = 0.035), and LDL (0.64 vs. 2.38, p < 0.001) in the PCSK9i group were significantly decreased, while only the total cholesterol (2.81 vs. 3.36, p = 0.018) and LDL (1.44 vs. 2.03, p = 0.017) were significantly decreased in the statin group. Compared with the statin group, the total cholesterol (2.04 vs. 2.81, p < 0.001) and LDL (0.64 vs. 1.44, p < 0.001) on treatment in the PCSK9i group were significantly lower. The percentage change in the total cholesterol (−47.4 vs. −21.6%, p < 0.001) and LDL (−68.3 vs. −32.1%, p < 0.001) were significantly greater in the PCSK9i group than in the statin group.



TABLE 2 Laboratory data.
[image: Table2]



Primary and secondary endpoints

There was no significant difference in HR-MRI findings between the two groups at baseline. The stenosis degree decreased from 74.2 to 65.5% in the PCSK9i group (p = 0.010 for comparison from baseline). A significant reduction in the normalized wall index (0.83 vs. 0.86, p = 0.028) was observed in the PCSK9i group but not the statin group. Similarly, a greater percentage of individuals with a good response to the efficacy of treatment were treated in the PCSK9i group than that in the statin group (75 vs. 44.4%, p = 0.021). However, the wall area index, remodeling index, enhancement area, and enhancement degree were not significantly different, regardless of PCSK9i administration. Details of the HR-MRI findings before and after treatment are summarized in Table 3.



TABLE 3 HR-MRI changes.
[image: Table3]

During the follow-up, one individual in each group experienced a major vascular event (Table 4).



TABLE 4 Major vascular events during follow-up.
[image: Table4]



Safety

As shown in Table 5, the ratio of individuals with abnormal liver dysfunction was similar between two groups (4.3 vs. 7.7%, p = 1). During the follow-up, no other adverse events occurred.



TABLE 5 Adverse events.
[image: Table5]



Exploratory analyses

Based on these results, univariate and multiple logistic regression analyses were performed to identify the independent factors associated with the efficacy of treatment Among the clinical and HR-MRI variables, the treatment options (OR = 8.441, p = 0.01) and prior diabetes (OR = 0.061, p = 0.001) were significantly associated with the efficacy of treatment (Table 6).



TABLE 6 Univariate and multiple logistic regression analyses for the efficacy of treatment.
[image: Table6]




Discussion

This study assessed the effects of PCSK9i on intracranial plaques in moderate-intensity statin-treated individuals with ICAS. Our findings show that the addition of PCSK9i to statins, compared with statins alone, resulted in a greater reduction in both the LDL and stenosis degree after 12 weeks. Treatment with PCSK9i lowered the LDL from 2.38 to 0.64 mmol/L and the mean stenosis degree from 74.2 to 65.5%. The plaque burden also decreased than baseline, with NWI from 74.2 to 65.5%. Based on the exploratory analyses, our findings indicate that the addition of PCSK9i to statins is a favorable factor for the improvement of the stenosis degree, while diabetes is a risk factor.

Individuals with diabetes might have a higher risk of ICAS (Qureshi and Caplan, 2014; Ma et al., 2019b). We found that diabetes is a risk factor for the improvement of the stenosis degree. Diabetes is associated with increased plaque burden, healed plaque ruptures, and positive remodeling, along with greater calcification in type 2 diabetes (Yahagi et al., 2017). Inflammatory (macrophages and T lymphocytes) infiltrate and necrotic core is greater in diabetes vs. non-diabetics. Moreover, diabetes is associated with increased plaque burden, positive remodeling, and calcification (Yahagi et al., 2017).

Plaque rupture with in situ thrombosis is one of the most important causes of ICAS-associated stroke, which can produce artery-to-artery embolism or occlusion of the artery (Bentzon et al., 2014; Gutierrez et al., 2022). Data indicate that lower LDL levels are associated with regress of atherosclerosis (Nissen et al., 2006). Similarly lower LDL levels are associated with reduce the risk of atherosclerotic cardiovascular disease in individuals with coronary artery disease (Ference et al., 2017). The STAMINA-MRI trial showed that high-dose statin treatment stabilized symptomatic intracranial atherosclerotic plaques (Chung et al., 2020). The lowering of blood lipid levels is especially helpful for stroke risk reduction in individuals with large artery atherosclerosis plaque (Hindy et al., 2018). Compared with less-intensive lipid-lowering statin-based therapies, more intensive therapies may be associated with a reduced risk of recurrent stroke in individuals with atherosclerosis (Lee et al., 2022).

Latest guidelines suggest an LDL reduction of ≥50% from baseline and an LDL goal of <1.4 mmol/L for secondary prevention are desirable in very-high-risk individuals (Mach et al., 2020). Log-linear dose–response after statin treatment were observed, consistent with the so-called “rule of 6%,” which describes the additional percentage reduction in the LDL from pretreatment for each statin dose doubling (Oni-Orisan et al., 2018). While there was also a dose–response relationship between statin and liver dysfunction, this relationship was only determined in Atorvastatin (Cai et al., 2021). Given the side effects and dose–response effect of statin, the target LDL level is hard to achieve with a statin alone. LDL receptors on the hepatocyte cell membrane can decrease the levels of circulating LDL particles by binding to the LDL particles/LDL receptor complex (Gallego-Colon et al., 2020). At the lysosome, LDL particles are recycled into esterified cholesterol and triglycerides to carry various roles within the cell. Similarly, the LDL receptor can be recycled back to the cell surface (Gallego-Colon et al., 2020).

Proprotein convertase subtilisin/kexin type-9 inhibitor can diminish the clearance of LDL from circulation by increasing LDL receptors to catabolism in the hepatocyte and blocking the normal recycling of the LDL receptor to the surface of the hepatocyte (Cohen et al., 2006; Taylor and Thompson, 2016). PCSK9i is a monoclonal antibody that effectively lowers LDL levels by approximately 60% (Sabatine et al., 2017; Schwartz et al., 2018). Similarly, statins inhibit the rate-limiting step of cholesterol biosynthesis up-regulating hepatic LDL receptors expression (Nurmohamed et al., 2021). In the GLAGOV trial, individuals with coronary artery disease treated with statins and PCSK9i had a greater decrease in percentage atheroma compared with those given statins alone (Nicholls et al., 2016). The Fourier trial found that PCSK9i in a background of statin therapy lowered LDL levels to a median of 30 mg/dL and reduced the risk of cardiovascular events (Sabatine et al., 2017). We found that compared with moderate-intensity statins alone, the addition of PCSK9i significantly reduced the stenosis degree in individuals with ICAS, which suggests that PCSK9i can stabilize and regress intracranial atherosclerosis. Increased fibrous cap thickness and decreased macrophage accumulation grade were greater with PCSK9i and statin combination treatment than with the statin treatment alone. Matrix metalloproteinases released from the accumulated macrophages can degrade collagen tissue of the fibrous cap, which is a major determinant of plaque vulnerability (Yano et al., 2020). Similarly, the percentage change in lipid arc was greater in the statin plus PCSK9i group vs. the statin alone (Yano et al., 2020). Note that compared with baseline, the stenosis degree after treatment made no difference among individuals in statin group. This differs from the STAMINA-MRI trial. In the STAMINA-MRI trial, all the subjects included under the 6-month high-dose (40–80 mg Atorvastatin or 20 mg Rosuvastatin) statin treatment, with LDL decreased from 3.25 to 1.58 mmol/L. While in this study, 82.6% of patients received Atorvastatin 20 mg/day for 12 weeks in the statin group and the degree of LDL decrease is lower than in the STAMINA-MRI trial (from 2.03 to 1.44 mmol/L). As mentioned above, the greater the LDL reduction, the greater the carotid intima-media thickness reduction (Amarenco et al., 2004). Therefore, the difference between the two studies perhaps secondary to the lower statin dose and shorter follow-up time of our study. The incidence of major vascular events was similar overall between the groups during the short duration of our study. What is more, there were no hemorrhagic strokes observed in the PCSK9i group, despite LDL levels ranging from 2.38 to 0.64 mmol/L. This is relevant, as others noted that lower LDL levels were associated with a higher risk of hemorrhagic stroke (Wang et al., 2013; Ma et al., 2019a).


Strengths and limitations

This study had several strengths. To the best of our knowledge, it was the first to evaluate the effects of PCSK9i on intracranial plaques in moderate-intensity statin-treated individuals with ICAS through HR-MRI. The study design permitted an assessment of the effect of PCSK9i on the background of moderate statin therapy. Another plus was the overall rigor of the cohort determination, such that only individuals with ICAS and atherosclerosis were eligible for inclusion.

Several limitations should be noted. First, this was a prospective but observational study. Inherent selection bias may have occurred among the groups. Second, the relatively small number of study subjects and the short interval between baseline and follow-up HR-MRI were other limitations of this study. Data indicate that 12-week-treatment of statin and PCSK9i combination treatment produced incremental growth in fibrous-cap thickness and regression of the lipid-rich plaque in coronary artery disease (Yano et al., 2020), while the short interval predicted to under emphasize vascular changes occurring beyond 12 weeks. Based on the present results, larger and longer-term studies should investigate PCSK9i in individuals with ICAS. Third, all analysis in this study was performed at a single level, the location of the most severe stenosis. Others applied 3D volumetric analysis to assess carotid plaque (Sadat et al., 2010). However, volumetric analysis could not be performed in the present study secondary to the small diameter of the intracranial arteries (Ryoo et al., 2015). Last, treatment with antiplatelet, antihypertensive, and hypoglycemic drugs may alter with the progression of atherosclerotic plaques and the major vascular events in individuals with ICAS.

In conclusion, this study evaluated the efficacy of PCSK9i on intracranial plaques in moderate-intensity statin-treated patients with ICAS. Addition of PCSK9i to moderate statin therapy, compared with statins alone, significantly reduced the stenosis degree. Further research is needed to understand whether this combination improves clinical outcomes in ICAS.
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