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Background: Several studies have investigated the histopathology of mechanically retrieved thrombi from stroke patients. Thrombi with unusual components constitute about 1–2% of all stroke thrombi in clinical practice. Knowledge about these rare components is limited.

Objectives: To characterize the histopathology of unusual stroke thrombi from a real-world setting with relation to clinical presentation, patient characteristics and procedural aspects of mechanical thrombectomy.

Methods: One-thousand and eight thrombi retrieved from stroke patients with mechanical thrombectomy at three different hospitals were retrospectively reviewed for unusual histological components. Fifteen thrombi were included in the study for further histopathological analysis. Clinical data and data on procedural aspects were collected.

Results: We identified six cases with large amounts of extracellular DNA, of which three were calcified. All six cases except one received anticoagulant therapy. We describe two types of calcifications that differ with respect to general calcification morphology, von Kossa staining pattern, macrophage immunophenotype and presence of multinucleated giant cells. Cholesterol-rich (n = 3), adipocyte-like pattern-rich (n = 2), collagen-rich (n = 2) and myxomatous (n = 1) thrombi were also identified and are discussed with regard to pathogenesis and clinical and intervention characteristics. Finally, a thrombus with parts of a vascular wall is described. Suggestions for future studies are made and clinical and technical aspects of the management for these rare but important patients are discussed.

Conclusion: In our retrospective multicenter study, we characterized stroke thrombi histopathologically and found subgroups of thrombi defined by presence of rarely seen components. These defined subgroups showed relation to underlying cardiovascular disease, patient characteristics, and mechanical thrombectomy technique. Knowledge about these components may increase our understanding of stroke pathophysiology and influence interventional procedures.
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INTRODUCTION

Since the pivotal studies published in 2015 (1–5), mechanical thrombectomy (MT) has been established as standard treatment for patients with acute ischemic stroke (AIS) due to large vessel occlusion. As retrieved stroke thrombi have become available for systematic histopathological examination, a new field within stroke pathology has emerged. Standardized protocols for basic histological processing of stroke thrombi (6) provide consistent analysis of thrombi and identify common and unusual morphological variations. About 98% of all removed stroke thrombi can be defined as having varying amounts of four elemental components, i.e.,: (I) red blood cells (RBCs), (II) fibrin, (III) platelets, and (IV) leukocytes, all deriving from human whole blood. In addition, von Willebrand Factor (vWF) and neutrophil extracellular traps are found in varying amounts in the majority of stroke thrombi. The remaining 1–2% of stroke thrombi contain unusual and unexpected elements such as mineralization (7–11), large amounts of extracellular DNA (ecDNA) (12, 13), cholesterol, adipocyte-like patterns (8), bacterial vegetations (9), collagen and vascular wall components (14). Whether presence of such unusual elements is associated to certain health disorders (e.g., large artery atherosclerosis), impacts technical aspects of MT or affects clinical outcome, is largely unknown. It is also unclear why and under which circumstances these unusual and unexpected elements appear in stroke thrombi.

The intention of this descriptive study is to retrospectively define subgroups of stroke thrombi by presence of rare histopathological elements by a synthesis of interesting observations from three European university hospital centers with several years of experience regarding histopathological analysis of stroke thrombi. We aim to contribute to the understanding of thrombus composition with special reference to unusual elements detected by histopathological examination. In addition, we would like to stimulate further studies on unusual thrombus components in relation to possible radiological recognition, influence on the thrombectomy procedure and potential origin.



MATERIALS AND METHODS


Collection of Patient Thrombi

Thrombi collected from acute ischemic stroke patients undergoing mechanical thrombectomy at Karolinska University Hospital (KUH) in Stockholm, Sweden, AZ Groeninge Hospital (AZGH), Belgium and Lille University Hospital (LUH), France, were retrospectively reviewed and searched for unusual components. The inclusion criteria were stroke patients above the age of 18 years, treated with MT for a large vessel occlusion with thrombus material available for histopathological analysis, irrespective of the date of mechanical thrombectomy and histopathological analysis. That is, all stroke thrombi available at each of three centers were reviewed. All thrombi were retrieved using a stent retriever and/or aspiration device. At KUH, all stroke thrombi between February 2019 to November 2021 were retrospectively identified in the laboratory information system and reviewed (n = 507). The same procedure was carried out at AZGH and LUH where 267 and 234 specimens were identified from the period October 2014 until December 2019 and August 2017 until December 2019, respectively. In total, 1008 thrombi were reviewed, of which fifteen were included as thrombi with unusual features. Eight of these cases were identified at KUH, four at LUH and three at AZGH. From the onset of the COVID-19 pandemic in February 2020 to November 2021, 373 patients were thrombectomized at KUH. Thrombi were selected and included based on histopathological features only, without regard of any clinical and/or radiological characteristics.



Clot Processing and Histopathological Analysis

At all three medical centers, thrombi were removed from the device and immediately incubated in 10% phosphate buffered formalin for at least 24 h at room temperature. The histopathological protocol was carried out in accordance with internationally established methods (6). Thrombi collected from AZGH and LUH were processed at the Laboratory for Thrombosis Research at the Catholic University of Leuven Campus Kortrijk (Kulak), Belgium. Irrespective of medical center, whole samples were embedded in paraffin and at least three consecutive 5 μm sections of the thrombus were cut and stained with Hematoxylin & Eosin (H&E) for general morphology, Martius Scarlet Blue (MSB) for fibrin, and immunohistochemically with anti-CD42b (GPIbα, MA5-11642, Invitrogen, Waltham, MA, USA) for identification of platelets. None of the sections were decalcified prior to staining. At Kulak, all thrombi were additionally routinely stained with Feulgen's reaction [DNA staining, 1079070001, Merck Chemicals, MA, USA] and immunohistochemically stained with the antibodies anti-vWF for identification of von Willebrand factor (A008202-2, Dako, Glostrup, Denmark), anti-CD45 for leukocytes (Receptor-type Tyrosine-protein Phosphatase C, 304002, Biolegend, San Diego, CA, USA) and anti-H3Cit for neutrophil extracellular traps (Citrullinated histone H3, ab5103, Abcam, Cambridge, UK). At KUH, the following antibodies were used when deemed appropriate: anti-α-SMA for myofibroblast differentiation (Alpha-Smooth Muscle Actin, 1A4, Ventana), anti-AE1/AE3 for keratin expression (Pan Keratin, AE1/AE3/PCK26, Ventana), anti-Calretinin for identification of myxoma cells and adipocytes (Calretinin, SP65, Ventana), anti-CD31 for endothelial cells (CD31/PECAM-1, JC70, Ventana), anti-CD34 for endothelial cells (CD34, QBEND/10, Ventana), anti-CD42b for platelets (GP1BA, 42C01, ThermoFisher Scientific), anti-CD45 for leukocytes (CD45/Receptor-type Tyrosine-protein Phosphatase C, RP2/18, Ventana), anti-CD68KP1 for myeloid precursors and macrophages (CD68, KP1, Ventana), anti-CD68PG-M1 for macrophages (CD68, PG-M1, Ventana), anti-CKMNF for keratin expression (Pan Cytokeratin, MNF 116, Dako), anti-FVIII for Factor VIII (Coagulation factor VIII, Ventana), anti-GrB for Granzyme B (Granzyme B, GrB-7, Monosan), anti-Ki67 for cell proliferation (Ki-67 Rabbit, 30-9, Ventana), anti-MPO for neutrophils (Myeloperoxidase, Ventana), anti-NSE for myxoma cells (Neuron-Specific Enolase, MRQ-55, Ventana), anti-PGP9.5 for myxoma cells (Protein Gene Product 9.5, 31A3, BioRad), anti-S100 for adipocytes (S100, 4C4.9, Ventana), anti-SATB2 for osteoblasts (SATB2, EP281, Cell Marque), and anti-Vimentin for myxoma cells (Vimentin, V9, Ventana). In all immunohistochemical stains at KUH, DAB (3,3′-Diaminobenzidine) was used as chromogen and hematoxylin as counterstain. Special histochemical stains used at KUH were, in addition to MSB, von Kossa to confirm presence of calcium, Feulgen's reaction to confirm presence of DNA, Periodic Acid Shiff (PAS) for glycogen, neutral polysaccharides and glycoproteins, Periodic Acid-Schiff with diastase (PAS-D), for comparison with PAS with glycogen removed, Grocott's methenamine silver stain for fungi, Gram-stains to identify bacteria, Giemsa for microorganisms, Elastic van Gieson (Verhoeff van Gieson) stain to confirm elastic fibers and finally Perls (Prussian Blue) stain for identification of iron.

The histological examination of the specimens from KUH was performed by OA and cases from Kulak were examined by OA, SS and SV. All included cases were reviewed using both light microscopy and digitized slides, utilizing whole slide scanning with Hamamatsu NanoZoomer Digital slide scanner (at x40, with model S360 at KUH and at x20, with model SQ at Kulak) (Hamamatsu Photonics, Japan).



Clinical and Radiological Data

Technical details of concern to the thrombectomy procedure were collected, including occluding thrombus location, number of passes, modified Thrombolysis in Cerebral Infarction (mTICI) score and procedural time. In addition, data on dense vessel sign were collected at KUH and data on specific devices were collected and AZGH/LUH, respectively. The clinical data collected from all three centers were age, gender, medical history [prior stroke/transient ischemic attack (TIA), atrial fibrillation, hypertension, diabetes, and tobacco abuse], anticoagulant use, National Institutes of Health Stroke Scale (NIHSS) score at admission, use of recombinant tissue plasminogen activator (rtPA), NIHSS at 24 h post-MT and the functional outcome at 90 days post MT assessed by modified Rankin Scale (mRS) (15). Stroke etiology was self-reported at each center and classified using the Trial of Org 10172 in Acute Stroke Treatment (TOAST) system (i.e., (I) Large Artery Atherosclerosis (LAA), (II) cardioembolic (CE), (III) stroke of other determined etiology and (IV) cryptogenic (16). In addition, data on pre-MT mRS and platelet aggregation inhibitor medication status were available at AZGH and LUH, while history of heart failure and specific type of anticoagulant were available at KUH.

At KUH, radiological and interventional data were obtained from the Swedish Register for Endovascular Treatment of Stroke (EVAS) and all clinical data was obtained from the Swedish National Stroke Register (Riksstroke). At AZGH, clinical and interventional data were obtained from the local Register for Endovascular Treatment of Stroke (EVAS-BE), whereas the data were collected from the in-hospital stroke register at LUH.

This study was conducted in accordance with the ethical standards of the Declaration of Helsinki and its amendments. Furthermore, it was approved by the Swedish Research Ethics Board (2020-03349). All patients and/or their legal representative were informed under the approval of the AZGH ethical committee (AZGS2015065) or the French ethical committee (2019-A00414-53) at LUH.




CASE PRESENTATIONS

In our data set of 1008 patient thrombi in total, we identified fifteen thrombi from 15 individuals that contained seven unusual and unexpected features. These thrombi contained significant amounts of (1) ecDNA with calcifications, (2) ecDNA without calcifications, (3) Cholesterol, (4) Adipocyte-like structures, (5) Connective tissue, (6) Myxomatous material, and (7) Vascular wall components.

Clinical and intervention characteristics are presented in Tables 1–3.


Table 1. Clinical characteristics.
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Table 2. Neurologic disability of included patients and stroke etiology according to TOAST-system.
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Table 3. Intervention characteristics.
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Extracellular DNA With/Without Calcifications
 
Case 1.1–6
 
Clinical Data

We identified six cases of stroke thrombi with considerable amounts of ecDNA, of which three were mineralized. All six patients were elderly females with an average age of 79 years. Cardiovascular risk factors were frequent among these patients and two of them had a history of stroke/TIA. All women, except one, had a history of atrial fibrillation and were treated with either non-vitamin K antagonist oral anticoagulants (NOAC) or warfarin. The patient with no known atrial fibrillation received treatment with oral anti-platelet medication. The pre-stroke mRS was on average assessed to 1, 5. At admission, all six patients had an occluded ICA-T or MCA and the average NIHSS score was 20 (median 20). All underwent MT without prior rtPA, except for the case with anti-platelet aggregation. MT outcomes were considered successful in this group with a median mTICI score of three and an average number of 2, 3 passes (median 1, 5) with an average procedure time of 38 min (median 31 min). 24 h post MT, the average NIHSS-score was 8,2 (median 7, 5) and the mRS score at 3 months was 3, 4 (median 3). Stroke etiology was clinically assessed as cardioembolic in four cases and large artery atherosclerosis in two. One of the patients died of SARS-CoV-2 disease 3 weeks post-MT.



Histological Examination

Common to these six thrombi were webs of basophilic material interpreted as ecDNA based on positive Feulgen stains. They were large enough to create complex trabecular patterns. Besides the absence of neutrophils morphologically, there was lack of H3Cit-immunoreactivity within the ecDNA in four out of six cases, indicating a non-neutrophil source of the ecDNA.




Case 1.1–1.3

We noticed two types of calcified ecDNA-rich thrombi. These two types differed with respect to (1) general calcification morphology, (2) von Kossa staining pattern, (3) immunophenotype of macrophages and (4) presence of multinucleated giant cells (MNGCs). Based on these features, a large calcific type and a microcalcific type were distinguished. The large calcific type displayed large plaque-like calcifications and ecDNA that was lightly mineralized (Figures 1A–D). In addition, there was an abundance of myofibroblast-like cells with a CD45+/CD68+/α-SMA+ immunophenotype (Figures 2A–D) and absence of MNGCs. The microcalcific type showed punctate microcalcifications, heavily mineralized ecDNA and microcalcifications, a dominant cell population of CD45+/CD68+/α-SMA- macrophages and frequent MNGCs (Figures 3A–D). The macrophages were shown to have a significant proliferation index with anti-Mib-1 (Ki67) of 50–60%, indicating substantial ribosomal RNA synthesis (not shown). The ecDNA in all six cases stained consistently with Feulgen and both calcific types were H3Cit-immunonegative within the ecDNA.


[image: Figure 1]
FIGURE 1. Extracellular DNA (ecDNA) with calcifications. Large calcific type. Case 1.2: Large calcific type displayed large calcific crystals scattered within the thrombus along with webs of basophilic material (A) H&E, 50x. The basophilic material was stained with DNA stain (Feulgen), confirming its DNA content and was thus considered to be ecDNA (B) Feulgen, 100x. In addition, the ecDNA was found to be lightly mineralized by calcium, visualized with the calcium stain von Kossa (C) von Kossa, 100x. On high power, pieces of partly broken calcific crystals, showing dense and homogenous von Kossa staining pattern, were seen in conjunction with the ecDNA, showing relatively thin and grainy staining pattern (D), von Kossa, 400x. Consequently, ecDNA in stroke thrombi coexist with large plaques of calcifications and the ecDNA itself contains at least calcium in addition to nucleic acids. Formation of large calcific plaques is most likely a result of pre-symptomatic processes within atherosclerotic plaque or aortic valves. Calcific plaques exposed to blood flow may be followed by colonization of circulating monocytes and an on-site rapid release of DNA as monocyte extracellular traps, possibly associated with the release of calcium. Plaque rupture in a large artery or a heart valve may therefore be the source of these emboli. For 50x, scale bar = 500 μm; for 100x, scale bar = 250 μm; for 400x, scale bar = 50 μm.
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FIGURE 2. Extracellular DNA (ecDNA) with calcifications. Large calcific type. Case 1.2: The cell population that was identified in relation to ecDNA and large calcific plaques showed various morphology of both moderately large cells with abundant cytoplasm, rounded and eccentrically placed nuclei with pale, evenly distributed chromatin, suggestive of macrophages (A) H&E, 400x, as well as spindle-shaped cells with long, very eosinophilic cytoplasmic extensions reminiscent of myofibroblats (not shown). However, all cells showed the same immunophenotype of strong immunoreactivity for the pan-leukocytic marker CD45 (B) CD45, 400x, the macrophage marker CD68 (C) CD68PG, 400x and the smooth muscle cell marker α-SMA (D), α-SMA, 400x, indicative of a macrophage-to-myofibroblast transition. Considering the amounts of ecDNA and the type of cells present in these thrombi, the ecDNA may represent a type of monocyte-extracellular traps (METs). Scale bar = 50 μm.
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FIGURE 3. Extracellular DNA (ecDNA) with calcifications. Microcalcific type. Case 1.1: Microcalcific type displayed a dense network of ecDNA staining positive for the DNA stain Feulgen (not shown), intermixed with punctate, extracellular deposits of micromineralization (A) H&E, 50x; 3D, H&E, 400x. The micromineralizations associated with the ecDNA, as well as the ecDNA, stained heavily with von Kossa, confirming content of calcium (B), von Kossa, 50x. Within the microcalcified component, a completely dominant cell population of anti-CD68-positive cells was evident (C), CD68, 400x. These cells displayed an immunohistochemically estimated proliferation index of 50–60% with anti-Mib-1 (Ki67) (not shown). The findings, including the absence of neutrophils, indicate that this cell population consisted of macrophages exerting substantial ribosomal RNA synthesis, which in turn may suggest that macrophages could be the source of the ecDNA. Furthermore, frequent multi-nucleated giant cells were seen, however their pathophysiological role and significance in this setting is not certain. (D) H&E, 400x. For 50x, scale bar = 500 μm; for 400x, scale bar = 50 μm.




Case 1.4–1.6

In the non-mineralized ecDNA-rich cases, similar patterns of Feulgen-positive ecDNA were seen along with considerable numbers of degenerating lymphocytes near and within the ecDNA (Figures 4A–C). Within the ecDNA component, anti-H3Cit was negative in one of these cases (Figure 4D). No calcifications were identified.


[image: Figure 4]
FIGURE 4. Extracellular DNA (ecDNA) without morphologically evident calcifications. Case 1.4 Webs of acellular basophilic material surrounding platelets and intermixed with red blood cells (A) H&E, 50x. A Feulgen stain confirmed the DNA content within this basophilic compartment, and it was regarded as ecDNA (B) Feulgen, 50x. Lymphocytic and neutrophilic cells in varying stages of degeneration, as well as shadows of necrotic cells were seen within the ecDNA in H&E (not shown). Immunohistochemically, the ecDNA, as well as the membranes of most viable cells, showed immunoreactivity for the pan-leukocytic marker CD45, indicating a leukocyte origin of the ecDNA (C) CD45, 200x. However, citrullinated H3 (H3Cit), a marker of neutrophil extracellular traps, did not stain the ecDNA, which suggests a non-neutrophil source (D) H3Cit, 50x. The stroke etiology and the underlying pathophysiological events are not evident. For 50x, scale bar = 500 μm; for 200x, scale bar = 100 μm.



Interpretation

The absence of H3Cit-immunoreactivity within ecDNA in four out of six cases suggests that cells other than neutrophils may be the source of extracellular nucleic acids in these cases. The von Kossa staining pattern suggests that the ecDNA is mineralized, possibly into hydroxyapatite (17, 18). The multitude of CD45+/CD68+/α-SMA+ cells in the large calcific type indicates a differentiation of monocytes/macrophages into myofibroblasts (19, 20). Both α-SMA- macrophages and α-SMA+ macrophages may contribute to the ecDNA in calcified thrombi. How these findings, and the findings in the non-mineralized ecDNA-rich thrombi, correlate to a history of atrial fibrillation and ongoing anticoagulant therapy is not clear.




Cholesterol
 
Case 2.1–3
 

Clinical Data

Three cases with considerable amounts of cholesterol crystals were identified. All three patients were males with an average age of 75 years. Cardiovascular risk factors were present in two of the three patients, and these two also had a history of stroke/TIA. One patient had a history of atrial fibrillation but did not receive anticoagulation treatment for unclear reasons. One of the patients were treated with oral anti-platelets. At admission, these patients had occluded ICA-T, MCA, and BA, respectively, and the average NIHSS score was 22 (median 22). The patient with BA occlusion was intubated at admission. All underwent MT without prior rtPA. MT outcomes varied from a mTICI 0 to 3. Average number of passes were 3, 3 (median 2) and an average procedure time was calculated to 115 min (median time 110 min). 24 h post MT the average NIHSS was 21 and the patient with BA occlusion was then still sedated and intubated. Two of the patients died within 3 months after the MT, one patient due to SARS-CoV-2-related disease 4 weeks after the MT. The remaining patient was lost to clinical follow-up. Stroke etiology varied between large artery atherosclerosis, cryptogenic and other.



Histological Examination

In all three cases, large amounts of cholesterol were found both within necrotic debris and as coalesced cholesterol into lipid pools, as well as in direct contact with fibrin and platelets. In case 2.3, a foreign body reaction with some resemblance of a cholesterol granuloma was seen with cholesterol accompanied by an inflammatory response, predominantly by macrophages and to a lesser extent by lymphocytes and MNGCs (Figures 5A,B). The MNGCs were in direct contact with some of the cholesterol clefts, as visualized with anti-CD45 (Figure 5C). A few ERG-positive cells, possibly endothelial cells, were also noted in association to the inflammation and cholesterol (not shown). No fibrosis or evident parts of fibrous caps were identified. In case 2.2, cholesterol clefts were evident within large amounts of necrotic debris (Figure 5D). Overall, composition of the common stroke elements varied from 40 to 70%, the rest being cholesterol and necrosis.


[image: Figure 5]
FIGURE 5. Cholesterol and necrosis. Case 2.3 Cholesterol crystals coalescing into lipid pools, surrounded by both fibrin and platelets (A) H&E, 400x. Cholesterol was accompanied by an inflammatory response, predominantly consisting of macrophages, as indicated immunohistochemically by anti-CD68 (B) CD68PG, 400x, but also lymphocytes and multinucleated giant cells that were identified in direct contact to some of the cholesterol clefts (C), CD45, 400x. A few cells were immunoreactive for the endothelial marker endothelial transcription factor ETS-related gene (ERG), were noted in association to the inflammatory cells and to the cholesterol, possibly representing endothelial cells (not shown). Other components that may have been expected in embolized stroke thrombi material from an atherosclerotic plaque, such as fibrosis or evident parts of fibrous cap, were not identified. Composition of usual stroke elements was ordinary and unremarkable. Case 2.1 Multiple, large, and well-delineated areas of necrosis measuring up to 2 mm, containing cholesterol clefts within the necrotic debris (D), H&E, 400x. Some mono-nuclear cells were neighboring the necrosis but there were no signs of an active or significant inflammatory response, indicating a short time from necrotic material entering the blood stream to thrombectomy. Red blood cells constituted 75% of the thrombus. Mineralization, common in atherosclerotic plaques, was not identified. Scale bar = 50 μm.




Interpretation

Extracellular cholesterol form as crystalline aggregates and are washed out during routine tissue processing. This leaves behind biconvex needle-shaped empty clefts – a finding regarded as specific of cholesterol crystals. The presence of necrosis containing cholesterol clefts in stroke thrombi is indicative of an atherosclerotic plaque origin. A foreign body reaction is frequently found in atherosclerotic plaques, and MNGC's typically localize within regions of cholesterol, mineralization and necrotic debris. All three patients were hypertensive male patients. MT outcome varied but all had unfavorable clinical outcome; two of them died shortly after MT, due to a severe stroke in the posterior circulation and to SARS-CoV-2-related disease, respectively. Collectively, these findings were interpreted as emboli of atherosclerotic plaque contents, specifically of the necrotic lipid core.




Adipocyte-Like Structures
 
Case 3.1–2
 

Clinical Data

Case 3.1 A 53-year-old male with a history of stroke and TIA, treated with oral anti-platelet medication, presented with signs of stroke and a NIHSS score of 5. Non-contrast CT and CT-angiography showed a left ICA-T occlusion without dense vessel sign. Intravenous thrombolysis was given prior to MT. A complete reperfusion (mTICI 3) was established within 108 min and four passes. NIHSS score at 24 h was 11 and the mRS at 90 days was assessed as 1. Stroke etiology according to TOAST was cryptogenic. Case 3.2 A 72-year-old female with a history of stroke/TIA, atrial fibrillation, diabetes, treated with oral anti-platelets. She presented to the hospital with signs of stroke and a NIHSS score of 19. CT-angiography showed an occlusion in the ICA and the patient was admitted to MT without pre-procedural intravenous thrombolysis. Complete reperfusion (mTICI 3) was established within 23 min and three passes using an aspiration device and a stent retriever in combination. NIHSS score at 24 h was three and the mRS at 90 days was 4. The etiology of the stroke according to TOAST was cryptogenic.



Histological Examination

On pathological examination, both thrombi had high contents of RBCs (85 and 60%, respectively). Aggregates of adipocyte-like structures were seen spread within the thrombi, each structure measuring 80–400 μm in diameter. Some of them juxtapositioned each other and were separated by only a very thin eosinophilic membrane-like structure (Figures 6A,B). No adipocyte nuclei were detected in relation to any of these spaces, and most of them were lying individually showing no bordering structure toward the surrounding red blood cells. Immunohistochemical stains with S100 and Annexin for adipocyte nuclei and membrane, respectively, were performed on multiple levels but no relevant immunoreactivity was obtained in these structures (not shown). However, the membrane-like structures stained homogenously red with MSB, indicative of fibrin content (Figures 6C,D). Inflammatory cells, predominantly macrophages and some lymphocytes, surrounded the adipocyte-like structures. Evident bone-marrow components or MNGCs were not identified.


[image: Figure 6]
FIGURE 6. Adipocyte-like structures. Case 3.1 Aggregates of adipocyte-like structures within stroke thrombus (A), H&E, 100x, some of these structures were juxtapositioned and separated by a very thin eosinophilic membrane-like structure (B), H&E, 400x. The nature of this finding is not evident but no adipocyte nuclei were detected despite examination of multiple H&E-stained levels. Most adipocyte-like structures were scattered individually without a border structure toward surrounding red blood cells, and the membrane-like structures stained convincingly red on MSB, suggestive of fibrin content and an expansive process (C,D), MSB, 400x. Immunohistochemical stains with S100 and Annexin were performed on multiple levels although no relevant immunoreactivity was obtained in membrane-like structures, as would have been expected if they were adipocytes (not shown). Some inflammatory cells, predominantly macrophages and some lymphocytes (immunohistochemically verified with CD45 and CD68; not shown) surrounded the spaces. No MNGCs were identified. These findings may suggest that the adipocyte-like structures may represent air emboli, which could have been introduced with repeated cerebral angiographies during the MT, either penetrating the occluding thrombus or incorporated in an occluding but still growing thrombus. Whether this in that case impacted the outcome of the MT is unclear. For 100x, scale bar = 250 μm; for 400x, scale bar = 50 μm.




Interpretation

These thrombi contained mainly rounded and sharply delineated empty spaces within areas of red blood cells, showing some resemblance of very large adipocytes/lipid globules on low power. However, we failed to prove the lipid origin of these spaces since evidence of adipocyte nuclei and/or cell membranes could not be established. Furthermore, MSB staining patterns indicated that the membrane-like structures were composed of fibrin. Nevertheless, these structures may represent washed out lipid material creating fat emboli, either as free lipid globules or as dying/dead adipocytes. Both these cases were RBC-rich thrombi and complete perfusion (mTICI 3) was achieved in both.




Connective Tissue
 
Case 4.1
 

Clinical Data

A 73-year-old non-smoking male with a history of hypertension presented to the hospital with signs of stroke and a NIHSS score of 16. CT-angiography showed an occlusion of the right MCA M1 segment. Intravenous thrombolysis was administered prior to MT. A first pass recanalization (mTICI 3) was established in 8 min of procedure time. No device-related vessel damage was reported. NIHSS score at 24 h was 0 and the mRS at 90 days was 0. The etiology of the stroke according to the TOAST-criteria was cryptogenic.



Histological Examination

A fibrin-rich thrombus (fibrin >70%) showing reticular patterns of fibrin of both dense and light qualities (Figure 7A). The thrombus also contained areas of connective tissue that stained blue on MSB, indicating collagen content, as well as structureless lightly eosinophilic material that stained light blue on MSB (Figure 7B). On high power, strands of collagen were seen to extend outwards from the connective tissue-core, surrounded by organized fibrin. The connective tissue was composed of spindled cells within an eosinophilic, collagenous, and focally myxoid background. In the border zone of the fibrin component, macrophages and hemosiderin-containing macrophages were identified, as well as lymphocytes (not shown). A hinted zonal pattern ranging from inflammation to quiescent dense fibrosis was noted, although no neutrophilic granulocytes could be identified.
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FIGURE 7. Connective tissue. Case 4.1 Fibrin-rich thrombus showing dense and light reticular fibrin patterns and fibrosis on H&E (A) H&E, 100x and MSB (B) MSB, 100x. On high power (not shown), the connective tissue was seen with spindled cells within an eosinophilic, collagenous, and focally myxoid background. A radial growth of dense connective tissue extended between strands of fibrin. In the border zone to the fibrin component, macrophages, hemosiderin-containing macrophages and lymphocytes were morphologically identified and immunohistochemically verified. Case 4.2 Curved-shaped fragments of connective tissue, measuring several millimeters in length (C) H&E, 12,5x. Focally, there was necrotic debris surrounded by the cap-shaped fibrotic tissue, containing lymphocytes, macrophages and spindled-shaped cells in the immediate proximity to the necrosis, as a fibrotic cap (D) H&E, 50x. On high power, the necrosis contained cholesterol-like clefts (E,F), H&E and MSB, respectively, 200x. All connective tissue within the fibrotic compartment was composed of spindled cells within an eosinophilic, dense collagenous background with collagen staining convincingly blue on MSB (not shown). The findings in case 4.2 indisputably indicate embolized atherosclerotic content, specifically parts of the fibrous cap that once encaged the central core of lipids and necrotic debris of an atherosclerotic plaque. Red blood cells, fibrin and platelets made up about 5% of the thrombus material altogether. For 12,5x, scale bar = 2,5 mm; for 50x, scale bar = 500 μm; for 100x, scale bar = 250 μm; for 200x, scale bar = 100 μm.





Case 4.2
 
Clinical Data

A 52-year-old smoking male with no previous history of cerebrovascular disease presented to the hospital with signs of stroke and a NIHSS score of 22. CT-angiography showed a basilar artery occlusion. Intravenous thrombolysis was given prior to MT. Only minimal perfusion (mTICI 1) was established after three passes and 31 min of procedure time. No device-related vessel damage was reported. NIHSS at 24 h was scored as 1 and the mRS at 90 days as 1. The etiology of the stroke according to TOAST was cryptogenic.



Histological Examination

Histology of extracted material revealed curved-shaped fragments of connective tissue measuring several millimeters in length and 60–300 μm in thickness (Figure 7C). Focally, there was an increased number of lymphocytes, macrophages, and spindled cells in proximity to necrotic debris (Figure 7D). On high power, the necrosis appeared to contain cholesterol clefts (Figures 7E,F). The connective tissue was composed of spindled cells within an eosinophilic, dense collagenous background, staining blue on MSB, indicative of collagen content (not shown). Signs of small blood vessels were also noted within the fibrous material. Broadly attached to one of the curved-shaped connective tissue fragments, there was a rounded nodule containing spindled cells and scattered lymphocytes within a fibromyxoid background. Red blood cells, fibrin and platelets made up approximately 5% of the entire thrombus altogether.



Interpretation

In these two cases, we identified thrombi with significant amounts of connective tissue with an associated inflammatory response. Case 5.1 showed a very fibrin-rich clot with fibrotic organization. The amount and quality of fibrin, the number and distribution of inflammatory cells and the various stages of fibrosis indicate thrombus remodeling activity, i.e., an organized thrombus. The patient had a history of hypertension and presented with an M1-occlusion. The clot was successfully removed in 8 min (first pass) and the patient went from a NIHSS-score of 16 to 0 with excellent clinical outcome (mRS 0). We cannot rule out the possibility of this representing a part of a fibrous cap of an atherosclerotic plaque, parts of intimal thickening of a vascular wall or an embolus from the heart.

In case 5.2, we interpreted the findings as embolic content from an atherosclerotic plaque, specifically from the fibrous cap. The analyzed material also included the junction of the fibrous cap and parts of the necrotic lipid core. The nodule on top of the fibrous tissue was interpreted as an organized thrombus in a quiescent state, possibly representative of a previously healed plaque rupture.




Myxomatous Material
 
Case 5
 

Clinical Data

A 79-year-old female with a history of hypertension and diabetes, treated with oral anti-platelet medication, presented to the hospital with symptoms of stroke, having a NIHSS score of 11. CT-angiography showed an occlusion of the left M2-segment of the MCA whereas a non-contrast CT revealed a dense vessel sign. The patient underwent MT without bridging intravenous thrombolysis. Five passes resulted in mTICI 2b recanalization after 190 min of procedure time. The NIHSS-score at 24 h post MT was 23. 2 weeks after the MT, the patient died of a cardiac arrest associated with an epileptic seizure. The etiology of the stroke according to TOAST was cryptogenic.



Histological Examination

Histology revealed a thrombus with a myxomatous area corresponding to half the thrombus size, with stellate cells arranged in cords and webs within the myxoid stroma (Figure 8A). These cells showed an abundant eosinophilic cytoplasm, round to oval nuclei with open chromatin and indistinct nucleoli. Capillaries and scattered inflammatory cells were found within the myxoid stroma. No mitotic figures or necrosis were identified. Aggregates of macrophages surrounded the myxomatous area. No hemosiderin deposits were seen. Focally, glandular structures were found, although not with mucin formation. Stellate cells showed immunoreactivity for Vimentin (Figure 8B), PGP9.5 (Figure 8C) and α-SMA (Figure 8D). Variable or focal immunoreactivity for CD31 and calretinin was noted (not shown). No immunoreactivity for NSE and S100 was found (not shown). Vessels and capillaries showed immunoreactivity for CD31 and CD34 (not shown).


[image: Figure 8]
FIGURE 8. Myxomatous material. Case 5 Stellate cells with eosinophilic cytoplasm, arranged in cords and networks within a myxoid stroma, surrounded by aggregates of macrophages (A) H&E, 200x. Capillaries and scattered inflammatory cells were found within the myxoid stroma and glandular structures without mucin formation were identified focally. No mitotic activity, necrosis or hemosiderin deposits were seen. Stellate cells were consistently immunoreactive for Vimentin (B) Vimentin, 200x, PGP9.5 (C) PGP9.5, 200x and α-SMA (D) α-SMA, 200x, while variable or focal immunoreactivity for CD31 and calretinin were seen (not shown). NSE and S100 were negative (not shown). Vessels and capillaries showed immunoreactivity for CD31 and CD34 (not shown). The diagnosis of embolism of a cardiac myxoma in this case is not firmly established (no clinical data on cardiac tumor). We favored a cardiac myxoma embolism even though we cannot completely rule out the possibility of embolism of myxomatous material from other locations, e.g., cardiac valves and a carotid web. In our opinion, a definitive diagnosis of cerebral embolism of a cardiac myxoma should be made only after histopathological comparison between MT specimen and a surgically resected cardiac mass, confirming the primary diagnosis. Scale bar = 100 μm.




Interpretation

Based on the histomorphology and immunohistochemical staining profile, we favored a cardiac myxoma to represent the myxomatous material in this case. However, due to limited material for histological analysis, we cannot rule out the possibility that this represents thromboembolism of material from cardiac valves with myxomatous degeneration, or an organizing thrombus. Furthermore, the cardiac status of the patient was not echocardiographically examined. Most importantly, there was no resected heart tumor specimen for histological comparison.




Vascular Wall
 
Case 6
 

Clinical Data

A 52-year-old female without cardiovascular disease or cardiovascular risk factors, except for a patent foramen ovale, presented with an acute trauma-induced trimalleolar ancle fracture requiring orthopedic surgery the same day. 2 h post-surgery, she developed symptoms of stroke, with a NIHSS score of 8. CT-angiography showed an occlusion of the right MCA M2-segment, and a dense vessel sign was detected on non-contrast CT. The patient underwent MT with no previous intravenous thrombolysis, resulting in a near-complete reperfusion (mTICI 2c) in one pass and 40 min procedure time. No device-related vessel damage was reported. NIHSS-score at 24 h post MT was 3, and the mRS at 90 days was 0. Stroke etiology according to TOAST was classified as cryptogenic.



Histological Examination

An RBC-rich thrombus (RBCs ~75%) containing a few isolated fragments consisting of smooth muscle cells that appeared organized with a maintained architecture resembling a tunica media. Toward the periphery of this fragment, ordinary tunica intima and internal elastic lamina-like structures were identified (Figures 9A,B). Staining with Verhoeff van Gieson confirmed the presence of an elastic lamina (Figure 9C). A few endothelial cells could be seen lining the surface in immunohistochemical stains with ERG and CD34 (Figure 9D). No tunica adventitia was identified, nor mineralized calcified material. There was no inflammation associated with the smooth muscle cells.


[image: Figure 9]
FIGURE 9. Vascular wall. Case 6 Isolated piece of tunica media with well-developed elastic lamina-like structure, no apparent pathological tunica intima and no evidence of tunica adventitia (A) H&E, 200x. The tunica media stained positive on the smooth muscle marker anti-α-SMA-immunostain, confirming smooth muscle cells (B) α-SMA, 200x. MSB staining indicated presence of thin collagen fibers between the smooth muscle cells (not shown). As suspected, Verhoeff van Gieson stained the morphologically identified internal elastic lamina in a dense, dark and linear fashion (C) Verhoeff van Gieson, 200x. A few endothelial cells could be seen resting on the elastic lamina in immunohistochemical stains with the endothelial marker CD34. These findings point to a conclusion of thrombectomized material of a healthy arterial wall, in this case most likely accidentally damaged during MT. (D) CD34, 200x. Scale bar = 100 μm.




Interpretation

The findings of smooth muscle cells in a maintained tunica media-like architecture, an elastic lamina and an ordinary tunica intima with presence of endothelial cells, indicate parts of a healthy arterial wall, in this case most likely accidentally damaged during MT.






DISCUSSION

The purpose of this study was to present interesting and unusual histopathological observations in stroke thrombi from three European university hospital centers.


ecDNA With and Without Calcifications

Substantial mineralization intermixed with considerable amounts of ecDNA occured rarely in all examined stroke thrombi (3/1,008). Generally, mineralization is a well-known phenomenon in the aortic valve, atherosclerotic plaques of large vessels, as well as in cerebral emboli. Histopathological analyses of calcifications in mechanically retrieved stroke thrombi are, however, scarce (7–11), and mineralization in addition to ecDNA has, to the best of our knowledge, only been described by Staessens et al. (11). Interestingly, all six cases that contained significant amounts of ecDNA (with or without mineralization) were elderly women with multiple cardiovascular risk factors, and five out of six were receiving anticoagulant therapy due to atrial fibrillation. This may be viewed as an interesting observation even though no conclusions on correlation can be drawn. The number of patients is very limited and anticoagulant medication is very common amongst ischemic stroke patients. It is, however, interesting to note that Heparin has been shown to dismantle the NET scaffold and prevent thrombus formation (21) but also to directly induce both lytic and vital NETs, depending on reactive oxygen species and neutrophil elastase activation (22). Whether direct factor Xa-inhibitors or vitamin K-antagonists impact the formation of extracellular traps remains unknown. Interestingly, all six patients presented with major stroke symptoms and despite technically fast and successful treatments, the clinical outcome in this group was mediocre (median mRS=3 at 90 days).

We identified two different types of mineralized, ecDNA-rich thrombi: a microcalcific and a large calcific type. Large numbers of macrophages accompanied mineralized ecDNA and calcifications in both types. An ordinary macrophage immunophenotype was displayed in the microcalcific type whereas an immunohistochemically proven macrophage-to-myofibroblast-transition was identified in the large calcific type. The implication of this is unknown, but it can hypothetically relate to the stroke etiology.

Activated platelets initiate a process that influences neutrophils to release extracellular traps, thereby contributing to the formation of thrombi in stroke patients (23). However, there are also other well-known sources of ecDNA, e.g., platelet mitochondria (24, 25), monocytes (26), as well as eosinophils, macrophages, mast cells and basophils (27). It is not possible to determine the precise source of the ecDNA in this study, but it can be concluded that; (I) not all ecDNA is derived from neutrophils, and (II) the ecDNA may represent a type of monocyte-extracellular traps (METs).

The relationship between cell populations, calcifications and ecDNA is not entirely clear. However, the immunophenotype of present cell population indicates that they are derived from circulating precursors rather than from SMCs within the atherosclerotic plaque, atrium of the heart or aortic valves, which would assumed to be immunonegative for the pan-leukocytic marker CD45. Formation of mineralization requires relatively long time and is most likely a result of pre-symptomatic processes within atherosclerotic plaque or aortic valves. Therefore, it seems plausible that plaque rupture in a blood vessel or a heart valve is the source of these emboli. Mineralized material exposed to the blood flow followed by intense colonization of circulating monocytes and an on-site rapid release of DNA as monocyte extracellular traps, may be the underlying chain of events. An alternative hypothesis is that the ecDNA is directly formed within a plaque or a cardiac valve. Such a thrombus may then also consist of other released intracellular components, e.g., calcium and actin filaments from various cell types undergoing necrosis.



Cholesterol

The histopathological finding of cholesterol clefts strongly indicates embolization of necrotic lipid core contents from an atherosclerotic plaque. Foreign body reactions co-localize with mineralization and necrotic debris. Since cholesterol crystals triggers thrombosis (28), it may be speculated that the relative amount of cholesterol crystals may reflect the duration of exposed atherosclerotic elements after a plaque rupture. In one of the cases, material related to a necrotic lipid core constituted only 25% of the thrombus, the rest being the common components of stroke thrombi. This suggests a growing thrombus formation at the ruptured atherosclerotic plaque prior to embolization. Conversely, thrombi with relatively high content of cholesterol may indicate early embolization after plaque rupture.



Adipocyte-Like Structures

Histologically, adipocyte-like structures are empty spaces of yet unknown nature. In our experience, they showed tendencies to occur within RBC-rich regions. The adipocyte-like structures were focally surrounded by macrophages, similarly to the crown-like structures previously described in adipose tissue (29). Fat embolism may be seen in orthopedic trauma patients but also after bone-marrow transplantation and liposuction, as well as in acute or chronic pancreatitis (30). None of our patients had a history of such interventions or disorders. The size of these structures (up to 400 μm in diameter) and the lack of evident adipocyte nuclei, questions the relationship to fat cells. Lack of evident cell membranes makes it unlikely that these are lipid globules of coalescing chylomicrons.

An alternative interpretation is that these empty spaces represent air bubbles. Such air emboli are difficult to prove from a histopathological point of view but microscopic, asymptomatic (average diameter 30–60 μm) as well as larger and symptomatic air embolism has been reported in conjunction with cerebral angiography (31–33). This may suggest that the repeated cerebral angiographies resulted in small amounts of air emboli during the MT that either penetrated the occluding thrombus or were incorporated in an occluding but still growing thrombus. Whether this in that case impacted the outcome of the MT is unclear.



Connective Tissue

Presence of connective tissue may indicate remodeling activity in an organizing thrombus. Alternative interpretations include pathologic intimal thickening from an in-situ occlusion or embolism of a fibrous cap from an atherosclerotic plaque or a carotid web (34). The two patients were both males with hypertension and smoking as the only known cardiovascular risk factors, in which the ischemic strokes were considered clinically as cryptogenic. In contrast, the histopathological findings indisputably indicated embolized atherosclerotic content in one of the cases, speaking in favor of histopathological examinations in some cases may help to identify the source of the ischemic event.



Myxomatous Material

Identifying stroke thrombi containing myxomatous material may be important since they may emanate from a cardiac myxoma, and if so, diagnostic work-up, treatment and general patient outlook differ from most other stroke patients. Histopathological studies of embolized cardiac myxoma are infrequent (9, 35, 36), and the morphology and immunohistochemical profile of the specimens differs in these studies. In our case presented in this study, the histomorphology and immunohistochemical staining pattern favored a cardiac myxoma embolism even though we cannot completely rule out the possibility of myxomatous embolism from other locations, e.g., cardiac valves and a carotid web. In our opinion, a definitive diagnosis of cerebral embolism of a cardiac myxoma should be made only after histopathological comparison between MT specimen and a surgically resected cardiac mass, confirming the primary diagnosis.



Vascular Wall

Although there were theoretical conditions of an embolization of venous wall components in case 6, the histopathological examination indicated vascular wall components of a small, muscular artery, most likely related to the mechanical thrombectomy procedure. Presence of vascular wall components in stroke thrombi described as “banded collagen fibers with distinct boundary existing at the margin or outside of the thrombus,” has been described by Funatsu et al. as a quite common histological finding in retrieved stroke thrombi (14). Variations in the definition of vascular wall structures may explain different study results but the presence of such structures may also depend on MT devices and technique. Whether vessel wall embolization or in-situ inclusion of vessel wall components into the thrombus is a common phenomenon in MT remains unclear. This patient suffered from ischemic stroke soon after orthopedic surgery but as the incidence of pulmonary embolism after such operations are low (37) there may be no causality in this case but a mere coincidence.

Finally, two out of 15 patients included in this study died of SARS-CoV-2 virus during the COVID-19-pandemic. Associations between SARS-CoV-2 and large artery occlusion are yet to be found. The retrospective study design of this case series does not allow us to draw any conclusions on whether SARS-CoV-2 virus impacts on the risk of large artery occlusion or whether it affects the composition of the stroke thrombi.



Limitations

The findings in this study should be interpreted in the context of its retrospective nature and study design. In addition, there are some obvious limitations of this study. Firstly, irretrievable thrombi are not assessed histopathologically. Secondly, variations in formalin fixation, handling and staining protocols of the specimens may lead to variations in morphology and immunoreactivity, which in turn may influence the histopathological assessment. Furthermore, the clinical and radiological data and stroke etiology were self-reported at each center which is a source of variability.

Strengths of this study are the multi-center design and the considerable number of thrombi that has been reviewed.




CONCLUSION

Retrospective histopathological characterization of stroke thrombi revealed unusual features that related to distinct cardiovascular diseases, patient characteristics, and MT technique. Specifically, we identified two different types of mineralized, ecDNA-rich thrombi, accompanied by differentially differentiated macrophages, in elderly women with atrial fibrillation receiving anticoagulant therapy. More knowledge about these components may increase our understanding of stroke pathophysiology and influence interventional technique.
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