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Abstract

:

Background: In atherothrombotic acute ischemic stroke (AIS), when the atheroma breaks down, the clot can incorporate foam cells (FCs). The identification of the correct etiology is paramount for secondary stroke prevention. This study aims to evaluate the presence of the FC in the arterial clot, and to determine whether patients with FCs and patients without FCs (NFCs) had different cerebrovascular risk factors, haemato-chemical parameters, and atherosclerotic disease incidence, in order to predict the etiological diagnosis. Methods: We collected 100 clots retrieved by mechanical thrombectomy from 495 consecutive AIS patients with large vessel occlusion. An expert pathologist evaluated the FC presence by histological examination stained with hematoxylin and eosin. Results: We observed FCs in 29/100 (29%) of retrieved clots and divided the patients into two groups, with/without FCs. The two groups had similar clinical and laboratory features, with a discrepancy between the FC presence in the clot and the clinical etiological diagnosis, even if not statistically significant. Conclusions: Our study showed the presence of FCs in approximately one-third of the retrieved clots, but the identification of the clot that presumably comes from the atheromatous plaque rupture tended to disagree with the clinical diagnosis. Future studies may reveal their potential to disclose clot origin or specific patient characteristics, guiding treatment options.
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1. Introduction


Ischemic stroke (IS) may be due to several etiological causes. Identifying and treating these causes are a fundamental step for a proper medical therapy. The most used criteria for etiologic classification of IS are those developed for the Trial of Org 10,172 in Acute Stroke Treatment (TOAST) that classify the stroke etiology in five subtypes: large-artery atherosclerosis, cardio-embolism, small-vessel occlusion, stroke of other determined etiology, and stroke of undetermined etiology [1]. The TOAST classification is based on clinical parameters and imaging data and the degree of reliability are divided into “probable” and “possible”.



The estimation of the incidence of stroke etiology is 15–48% for large-artery atherosclerosis, 21–37% for cardioembolic origin, 10–34% for small-vessel disease, and about 38% remain with unknown etiology [2]. The most frequent causes of IS are thrombosis, embolism, and cerebral hypoperfusion [3]. While lacunar infarct could be identified at the bedside examination, the clinical definition of embolic and thrombotic stroke do not rely on a gold standard to identify the cause in every case. Arboix et al. observed that some clinical features observed at stroke onset might be predictive of cerebral infarction subtype. In fact, they proposed atrial dysrhythmia and sudden onset to maximal deficit as significant predictors of cardioembolic etiology, whereas hypertension, chronic obstructive pulmonary disease, diabetes, dyslipidemia and older age would be independently related to atherothrombotic mechanism [4]. In embolic stroke, the migration of emboli can occur from the heart [5], especially during potential-embolus-forming arrhythmias (such as atrial fibrillation), or from artery due to the rupture of atherosclerotic lesions [6].



Thromboembolism is one of the most dangerous complications of atherosclerosis [7]. The atherosclerotic disease can arise from multiples factors that lead to the arterial wall modification. A chronic injury as hypertension, hyperlipidemia, blood flow disturbances or oxidative stress cause the exposition and the release of proteoglycans, chemokines and adhesion molecules. These molecules are linked to circulating low-density lipoproteins (LDLs), neutrophils and monocytes. Once penetrated in the sub-endothelium, LDLs get oxidated (LDL-ox). LDL-ox determine the activation of the adhesion molecules and the release of chemokines by the endothelium, which recruit monocytes [8]. After penetrating in the endothelium, monocytes are activated in macrophages, engulf the ox-LDL, through scavenger receptors [9,10], and become foam cells (FCs) [11]. FCs play a key role in all phases of atherosclerosis [10] and their presence in the vascular intima is a hallmark of atherosclerosis [9,10,12]. Previous studies have shown the causative role of genetic factors in macrophage metabolism, as they could be significant modifiers that explain the discrepancy of macrophage components [13,14].



Before the era of mechanical thrombectomy (MT), thrombus examination was only possible postmortem and in very few patients. An autoptic study [15] analyzed the thrombi etiology obtained from arteries of patients who died within 30 days after a stroke: they found the presence of cholesterol aggregates and FCs that were located in the thrombi from atheromatous plaques, both in situ and in embolic clots. In clinical practice, to identify the correct etiology of IS is paramount to perform the best therapy for secondary prevention. However, at present, no markers have been established to distinguish the embolic source. Patients with IS of embolic source undergo long diagnostic evaluations to determine underlying risk factors and potential pathogenesis, in order to provide the best possible therapy and minimize the risk of recurrence. However, the pathogenesis remains unclear in up to 40% of patients [16].



The introduction of stent retrievers and thromboaspiration techniques allows for the retrieval of clots from IS patients, and therefore for an in vivo histological analysis of embolic thrombus material to be performed [16]. Histological clot analysis, as an additional test, might be promising to improve diagnostic accuracy and simplify diagnostic cascades. Traditional teaching on thrombus categorization was based on the dominant composition (red, white, and mixed; platelet-rich, fibrin-rich, and erythrocyte-rich), and preventive treatment also relied on the simplistic concept that a thrombus of the arterial origin should be platelet-rich, whereas a cardioembolic thrombus would be erythrocyte/fibrin-rich [17]. Mounting studies have investigated the histopathological composition of cerebral clots from stroke patients [16,18,19,20,21,22,23,24,25,26], resulting in unclear findings. Nevertheless, histological thrombus features vary significantly according to the underlying cause and may help to differentiate between cardioembolic and noncardioembolic stroke [27]. As a matter of a fact, in the last few years, histological studies have shown that the thrombus composition is very heterogeneous between patients, but the distribution pattern of each thrombus component often differs between patients with cardiac thrombi and those with arterial thrombi, and the efficacy of endovascular thrombectomy is different according to the thrombus composition [17,18,21,23]. Therefore, research on histological features of thrombus may be helpful for determining the strategy of stroke prevention and also for improving reperfusion therapy, including the development of new thrombolytic agents [17].



Hence, the purpose of this study is to assess the presence of FCs in the retrieved clot obtained by MT and to compare histological findings with clinical features of acute IS (AIS) patients.




2. Materials and Methods


We prospectively included a cohort of 495 consecutive AIS patients with large vessel occlusion (LVO) admitted to our comprehensive stroke center (CSC) who had undergone endovascular treatment (EVT) from 2017 to 2019. Inclusion criteria were as follows: AIS patients ≥ 18 years with an occlusion of the proximal segments of middle, anterior and posterior cerebral arteries, the intracranial part of the internal carotid artery, or the basilar artery; MT with successful thrombus retrieval, regardless of reperfusion status; and informed consent of the patients or their legal representatives during the hospital treatment. Only patients with complete diagnostic and histological workup were included for further analysis, and therefore, we could collect one hundred clots retrieved by mean of MT from patients with AIS. According to the present state-of-the-art [28,29] methods, endovascular approaches included manual thromboaspiration thrombectomy, MT using stent retriever, or a combination of these. The decision concerning EVT was based on the neuroradiological addresses and the current guidelines [28,30], and it was performed with approved MT devices, using stent retrievers, large-bore aspiration catheters, or a combination of both. IV rT-PA was administered to eligible patients, according to Guidelines for Thrombolytic Therapy [29,31]. Collected data included medical history, neurological and physical examination, brain imaging and blood tests.



Each patient underwent a comprehensive clinical assessment to evaluate the presence of carotid atheromatous pathology: ultrasound images, computed tomography angiography (CTA), or magnetic resonance angiography (MRA).



The assumed etiology of AIS was determined according to the TOAST (Trial of Org 10,172 in Acute Stroke Treatment) criteria [1]: (1) cardioembolism; (2) large-artery atherosclerosis; (3) small-vessel occlusion; (4) other determined etiology; or (5) undetermined etiology. Mechanical thrombectomy was performed and thrombus material, taken during the retrieval procedure, was immediately fixed in a solution of 10% provided formalin. After fixation, samples were embedded in paraffin, and thereafter slices of samples were obtained and stained with hematoxylin and eosin (H&E) for histological assessment. An expert pathologist assessed the presence of FCs in each specimen, blinded to the clinical data (Figure 1). An additional pathologist re-reviewed the slides independently. The concordance between the two pathologists was almost perfect (K value: 0.82). In discordant cases, consensus was reached using a double-headed microscope. The presence of FCs was confirmed using immunohistochemistry against CD68 (clone KP1, dilution 1:100; Agilent Technologies, Santa Clara, CA, USA) and an automated immunostainer.



For the statistic description of continuous variables with normal distribution, we used mean and standard deviation (SD). For continuous variables with non-normal distribution, we used median, minimal and maximal values (Min Max), and first and third quartile (I-IIIQ) description. Qualitative data are reported as percentages (%) and frequencies (N). Interferential analyses of groups and correlation analysis were performed by appropriate non-parametric tests: Pearson’s chi-squared test (χ2) or Mann–Whitney U test. Multivariate analyses were performed by multivariate logistic regression tests. We considered as statistically significant p values lower than 0.05. The power calculation was performed with G*power [32], showing that we needed a sample size of n = 68 to detect a correlation between the atherosclerotic etiology of AIS following the TOAST classification and the presence of FCs in the retrieved clot obtained by MT, as well as to compare histological findings with a 2-sided 5% significance level and a power of 80%.




3. Results


We analyzed 100 samples of clots taken from patients affected by ischemic stroke; 29/100 samples had FCs. Consequently, we divided the patients into two groups: the group with FCs in the clot and the group without FCs (NFCs). The characteristics of the two groups (Table 1 and Table 2) were similar: diabetes (25% vs. 25.8%), arterial hypertension (75% vs. 78.8%), hypercholesterolemia (42.9% vs. 42.4%), smoking (17.9% vs. 13.8%), tumors (3.6% vs. 18.5%), potential-embolus-forming arrhythmias (48% vs. 39.3%), ejection fraction (EF) < 40% (9.1% vs. 10%), LDLs >100 mg/dL (56.5% vs. 41.4%), and high-density lipoprotein (HDL) below range (83.3% vs. 86.7%). We did not find significant statistic differences between the two groups in blood parameters: triglycerides, C-reactive protein (CRP), red cells, white cells, platelets, and international normalized ratio (INR). In our sample, the in-hospital mortality was too low to draw any conclusion from difference rate between the two populations, although most cases occurred in NFC patients (six out of seven in-hospital deaths).



We found an ipsilateral atheromatous lesion in the supra-aortic extra-cranial arteries in 18/23 patients of the FC group and in 38/56 of the NFC group. According to the TOAST classification, the etiological diagnosis in the FC group were athero-thrombotic in six (20.7%) patients, cardio embolic in 13 (44.8%) patients, and undetermined in 10 (34.5%) patients.



In the NFC group, the etiological diagnosis was atherothrombotic in 11 (15.5%) patients, cardio-embolic in 28 (39.4%) patients, undetermined in 31 (43.7%), and one (1.4%) patient with other determined etiology.



The chi-squared statistic resulted in 3.537 and a p-value 0.318. Using the Fisher’s exact test, the odds ratio was 1.491 and the p-value resulted in 0.324. For both tests, the p-values are greater than the significance level of 0.05; therefore, we found no significant difference in the distribution of TOAST categories between FCs and NFCs.



Data about in-hospital mortality and a detailed comparison between our findings and TOAST causes are reported as Supplementary Table S1.




4. Discussion


In our study, we histologically evaluated the presence of FCs in 100 clots retrieved from patients with AIS by mechanical thrombectomy. Since the EVT became a novel therapeutic option for IS, researchers focused on the histological analysis of the retrieved clot from the occluded artery [16,17]. This allowed us to characterize the composition of the clot with the purpose of understanding the pathophysiology, determining the etiology, and predicting the outcome of the IS. There are no clear associations between histological patterns or markers of retrieved clots and etiology of stroke. Previous studies focused mainly on the characterization of the clot composition classifying those clots rich in fibrin, red blood cells, white blood cells, platelets and cellular markers [33]. Other studies, using immunohistochemistry, determined the presence of cells of inflammation and immunity [20,24]. Few studies analyzed the presence of FCs in the arterial clots. Sadoshima et al. [15] observed the presence of FCs taken in patients who died for stroke, while Hashimoto et al. [34] described the presence of “atheromatous gruels” formed by FCs or foamy lipophages, cholesterol clefts and fibrous cap, in vivo retrieved clots. FCs are the principal constituents of the core in atheromatous plaques and their presence in the clot suggests a fissure of the plaque in the formation of the thrombus. Through optical microscopy, we observed the presence of FCs in 29/100 (29%) of analyzed clots. FCs exhibit impaired immune functions and prolonged inflammation, contributing to the progression of stroke pathology in the chain of chronic inflammation after stroke [35]. CRP has been suggested to promote platelet activation and FC generation through macrophages differentiation; it has been associated with large-artery atherotrombotic events [36]. However, according to the TOAST classification, only four of these patients were diagnosed as atherothrombotic stroke (13.8%) and 13 patients had an ipsilateral atheromatous lesion in the supra-aortic extra-cranial arteries. In our opinion, the discrepancy between the finding of an atheromatous lesion in the supra-aortic arteries and the presence of the FCs in the clot should not surprise us. Atheromatous lesions may break down completely, especially when IVT is performed in bridging procedures, leading to a negative observation in the neuroimaging. Furthermore, the aortic arch is an underestimated localization of atherosclerosis. Actually, 12/29 (41.4%) were classified as undetermined according to TOAST classification: five out of these twelve patients with FCs did not complete investigations, while one patient was classified as cryptogenic stroke after standard evaluation. The remaining six patients were considered with stroke of undetermined cause, due to the presence of no probable, but one or more possible, causes identified (stroke “of possibly determined origin”) [37]. Finally, it may not be excluded that small plaques, even in the presence of atrial fibrillation, may be the cause of the IS. This could explain the high rate of FCs found in patients who presumably had cardioembolic stroke (10/29, 34.5%). Thus, the TOAST classification is to be considered useful for identifying the stroke etiology, but the probabilistic nature of this tool should be taken into account. In this setting, we found that the histological observation of the FCs in the retrieved clot is a feasible method that can influence the physician toward a more reliable etiology identification and ultimately choose the proper therapy.




5. Limitations


There are intrinsic limitations of the clot analysis, often leading to inconsistent and conflicting results. The extraction of the clot during the endovascular procedure has numerous bias. For instance, cardio-embolic clots seem to be more fragile and difficult to retain, especially after IVT [38]. Moreover, it cannot be said that the orientation of the clot in the vessel, once retrieved, led to misinterpretation of the data obtained. The main pitfall of this study was the lack of systemic investigation of slices along the thrombus or volumetric assessment of the presence of FCs. In addition, we could not evaluate systematically the presence of macrophage markers with a preliminary blotting before assessing the analysis for lipids. A further limitation in this study was the lack of complete imaging assessment of atherosclerosis disease in all-arterial network that supplies the ischemic brain area (in particular the aortic trunk and intracranial vessels). Finally, the COVID-19 pandemic affected recruitment (suspension in 2020 and impossible restart, due to the redeployment of the clinical research workforce to support the pandemic clinical services), and therefore, we have not been able to increase the sample size.




6. Conclusions


In secondary stroke prevention, one of the main challenges is to identify the correct etiology of the clot formation in order to start as soon as possible the best medical therapy. Histological thrombus composition in LVO may represent an interesting research question, as it is an important feature that may help to specify stroke pathogenesis, differentiating between cardioembolic and atherothrombotic stroke causes. Further clinical and radiological factors predicting stroke etiology might support histological findings, i.e., considering the systematic assessment of hyperdense vessel signs in native computed tomography and/or susceptibility vessel signs in susceptibility-weighted imaging on brain magnetic resonance imaging [39]. Our study showed the presence of FCs in approximately one-third of the retrieved clots, but the identification of the clot that presumably comes from the atheromatous plaque rupture tended to disagree with the clinical diagnosis, even if the difference between FC and NFC groups did not reach the statistical significance. Future studies may reveal their potential to disclose clot origin or specific patient characteristics, guiding treatment options.
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Figure 1. Microscopic view of a retrieved clot showed FCs in a hematoxylin–eosin-stained section. Presence of FCs in hematoxylin-and-eosin-stained histological slides of different clots (blue circles, A–C). FCs were positive for CD68 immunohistochemistry (D). 
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Table 1. Characteristics of patients.






Table 1. Characteristics of patients.





	

	
NFC (n = 71)

	
FC (n = 29)




	

	
Min

	
IQ

	
Median

	
IIIQ

	
Max

	
Min

	
IQ

	
Median

	
IIIQ

	
Max






	
Triglycerides

mg/dL

	
40

	
69

	
89

	
111

	
274

	
42

	
74

	
83

	
106

	
162




	
CRP

mg/dL

	
0.1

	
0.3

	
0.9

	
2.35

	
23.7

	
0.1

	
0.2

	
0.4

	
1

	
9.7




	
Red cells

×106/mm3

	
2.47

	
4.09

	
4.55

	
4.94

	
6.15

	
3.09

	
4.23

	
4.51

	
4.63

	
5.44




	
White cells

×104/mm3

	
4.5

	
7.4

	
8.6

	
10.9

	
24.9

	
4.6

	
8.2

	
9.8

	
11.9

	
99.9




	
Platelets

×105/mm3

	
0.57

	
1.86

	
2.20

	
2.70

	
3.9

	
0.48

	
2.05

	
2.38

	
2.50

	
3.56




	
INR

	
0.96

	
1.02

	
1.08

	
1.16

	
3.19

	
0.92

	
1.07

	
1.1

	
1.19

	
2.6








NFCs, Non-foam cells; FCs, foam cells; IQ, first interquartile; IIIQ, third interquartile; CRP, C-reactive protein; platelet; INR, international normalized ratio.
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NFC (n = 7