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Introduction: Intracranial aneurysms occur in 3%–5% of the general population. While the precise biological mechanisms underlying the formation, growth, and sudden rupture of intracranial aneurysms remain partially unknown, recent research has shed light on the potential role of inflammation in aneurysm development and rupture. In addition, there are ongoing investigations exploring the feasibility of employing new drug therapies for controlling the risk factors associated with aneurysms. CD68, a glycosylated glycoprotein and the human homolog of macrosialin, is prominently expressed in monocyte/macrophages within inflamed tissues and has shown potential application in oncology. An observational study was conducted with the aim of comparing the histological characteristics of aneurysm walls with preoperative MRI scans, specifically focusing on CD68 activity.



Method: An observational pilot study was conducted to investigate the histological characteristics of the aneurysm wall that could be potentially associated with aneurysm growth and rupture. A total of 22 patients diagnosed with ruptured and unruptured intracranial aneurysms who had undergone conventional clipping between January 2017 and December 2022 were included in the study.



Results: A histopathological analysis of the aneurysm wall was performed in all patients, particularly focusing on the presence of CD68. A preoperative MRI with gadolinium was conducted in 10 patients with unruptured aneurysms and six patients with ruptured aneurysms. An emergency clipping was performed in the remaining six patients. The results showed that CD68 positivity and wall enhancement were significantly associated with intracranial aneurysm wall degeneration, growth, and rupture.



Conclusion: The histological and radiological inflammatory findings observed in the wall of cerebral aneurysms, as well as the CD68 positivity, are significantly associated with the risk of intracranial aneurysm growth and rupture. This study highlights the crucial importance of considering clinical and medical data when making treatment decisions for intracranial aneurysms. Furthermore, it emphasizes the relevance of evaluating wall enhancement in MRI scans as part of the diagnostic and prognostic process.
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1. Introduction

Unruptured intracranial aneurysm (UIA) in the general population has an incidence rate estimated to be between 3% and 5% (1). The prevalence rate of UIAs is higher than that of ruptured aneurysms (2), and only 27% of patients diagnosed with a UIA will suffer from a subarachnoid hemorrhage (SAH) (3). The advancements in non-invasive imaging techniques lead to increasing the detection of UIAs in clinical practice. Identifying aneurysms with high risk of rupture is crucial for determining appropriate management strategies. Hemorrhagic risk stratification has traditionally relied on analyzing known risk factors and aneurysm sac morphology and size (4–6). However, recent research has shown a growing interest in the role of inflammation in the natural history of intracranial aneurysms (IAs). Radiological imaging reports have provided new evidence supporting the involvement of inflammatory mechanisms in aneurysm growth and rupture (7). Consequently, there has been a surge in interest in studying the walls of cerebral aneurysms. Specifically, endothelial dysfunction is recognized as the primary factor contributing to aneurysm sac growth, with certain factors such as cigarette smoking and hypertension associated with this dysfunction (8). After the initial endothelial injury, the inflammation cascade is activated, leading to characteristic changes in the layers of the aneurysm sac (9). CD68, a glycosylated glycoprotein, is abundantly expressed in macrophages and other phagocytic cells (10). It has been observed in histological examinations of intracranial aneurysms, and it serves as an immunohistochemical marker for inflamed tissue, tumors, and other applications (11). Several studies have investigated the presence of CD68 in the histological examination of intracranial aneurysms (12), building upon these recent discoveries of risk factors for the development and rupture of intracranial aneurysms and histological changes in the aneurysm wall in patients undergoing surgical clipping.

In addition, the study correlated histological findings with radiological imaging supported by a thorough literature review. The primary objective of this study and review was to examine the role of inflammation in managing intracranial aneurysms, emphasizing the importance of analyzing the risk factors and radiological aspects for risk stratification.



2. Materials and methods


2.1. Methods design

This study was designed as an observational study in accordance with the principles outlined in the Declaration of Helsinki.



2.2. Patient eligibility

Adult patients who had undergone intracranial clipping for either ruptured or unruptured aneurysms were included in this study. The inclusion period spanned 60 months from January 2017 to December 2022. Before participation, an informed consent for the surgical procedure and data processing was obtained from each patient according to the guidelines set by the Institutional Review Board.



2.3. Inclusion and exclusion criteria

The following criteria were required for inclusion in the study: (1) age ≥18 years, (2) had undergone surgical procedures for ruptured or unruptured intracranial aneurysms, and (3) with radiological diagnosis of intracranial aneurysms obtained through digital subtraction angiography (DSA), magnetic resonance angiogram (MRA), or three-dimensional computed tomography angiogram (3D-CTA). The indication for surgical treatment was determined following a multidisciplinary discussion involving a neurosurgeon and neurointerventional radiologist, who analyzed each case. The following criteria led to exclusion from the study: (1) age <18 years; (2) incomplete clinical data; (3) with fusiform, traumatic, or mycotic aneurysms; (4) with a previous diagnosis of autoimmune or rheumatological diseases; (5) with ongoing systemic infections; and (6) pregnant.



2.4. Data collection

The examiner conducted interviews with the patients and collected relevant data from their medical records. The study coordinator reviewed the collected data and made decisions regarding the inclusion of each patient in the study. Various clinical and radiological factors were considered in this research, including the age and sex of the patient, whether the aneurysm had ruptured or was unruptured, any previous diagnosis or history of rupture of an IA, presence of multiple IAs, IA location, positive familial history of IA or SAH, hypertension, dyslipidemia, diabetes, smoking status, alcohol abuse, a radiological sign of single or multiple blebs, and a surgical evidence of sac thrombosis or calcification. For patients with UIAs and those with good-grade aneurysmal subarachnoid hemorrhage, a 3T magnetic resonance scanner using T1-weighted imaging with gadolinium was utilized to identify the presence of aneurysm wall enhancement.



2.5. Histological analysis

A descriptive histological evaluation was conducted by a single pathologist (BF) at the Department of Pathology of Humanitas University. The histological analysis was performed on a full-thickness fragment of the aneurysm dome after conventional clipping. The aneurysm domes were fixed in paraffin, sectioned at 5 µm, and conserved at 4°C. The sections were stained with hematoxylin and eosin for a general histological examination. In addition, immunochemistry was performed using antibodies specific to CD68 and glial fibrillary acidic protein (GFAP) to assess their expression in the tissue sections.



2.6. Study organization

The steering board of the study consisted of the principal investigator, coordinating investigator, and the local examiner for each participating department. The principal investigator took charge of designing, conducting, and reviewing the original study. The coordinating investigator was responsible for the administrative management of the study. The local examiner played a crucial role in scheduling data collection and ensuring the integrity of the data collection process.



2.7. Statistical analysis

The continuous distribution of the data was assessed by a visual inspection of histograms, which allowed for an examination of the frequency distribution of the variables. The baseline characteristics of the study participants were presented as counts and percentages for categorical variables, while the means and medians were used for continuous variables.




3. Results


3.1. Patient population

The patient population for this observational study consisted of 22 participants recruited between January 2017 and December 2022. There were nine male and 13 female patients. The surgeries for intracranial aneurysm clipping were performed at the Department of Neurosurgery at IRCCS Humanitas Research Hospital in Rozzano, Milan, Italy, and Neurocenter of South Switzerland, Ente Ospedaliero Cantonale, Lugano, Switzerland. The detailed patient and aneurysm characteristics are summarized in Table 1. The mean age of the population was 57.13 years, ranging 31–77 years old (SD 12.21). The majority of the aneurysms (14 cases, 63.6%) were located in the middle cerebral artery (MCA), followed by four cases (18.2%) located in the anterior communicating artery (ACoA), three cases (13.6%) located in the anterior cerebral artery (ACA), and one case (4.5%) located in the internal carotid artery (ICA). Among the patients, 12 patients presented with a ruptured aneurysm upon admission. The average diameter of the aneurysms, as measured on angiographic studies, was 8.68 mm, ranging from 5 to 12 mm (SD 1.62 mm). Calcification of the aneurysm wall was observed in 10 cases (45.5%), while thrombotic features were present in 12 patients (54.5%). In terms of comorbidities, 16 patients (72.7%) had hypertension, eight had dyslipidemia, and seven had type II diabetes mellitus (DM). In addition, 12 patients (54.5%) were current smokers (with an average use of 20 cigarettes per day), and 12 (54.5%) were alcohol abusers. Among the patients, 12 (54.5%) presented signs of SAH. Three patients (13.6%) had genetic syndromes associated with the development of an aneurysm. It is important to note that no statistical correlation (p = 0.67) was found between SAH, familial history of aneurysms, and activation of CD68+.


TABLE 1 Demographic and clinical data of patients included in the observational study.
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3.2. Histological characteristics

A total of 13 patients were identified showing positive effects for CD68 due to the composition of the aneurysm wall. In these patients, the aneurysm wall exhibited characteristics such as the presence of foaming elements of a macrophagic nature (foam cells), an increase in the extracellular matrix (ECM) in the tunica media; lymphocytic inflammatory infiltrate; and granulocytic neutrophils in the adventitia (Figure 1). On the other hand, in nine patients, relevant aspects of fibrosis and fibroblastic activation were observed, along with discrete aspects of elastic fiber fragmentation in the aneurysm wall. Figure 2 presents graphs depicting the main prevalence of CD68 parameters. These patients showed no effects for CD68 (Figure 3). Positive effects for CD68 were associated with higher prevalence of female patients, ruptured aneurysms, and subarachnoid hemorrhage. Other associated factors included thrombosis in the aneurysm wall, aneurysm wall enhancement, growth of the aneurysmatic sac at 1 year of radiological follow-up, diabetes, dyslipidemia, hypertension, and smoking and alcohol habit.


[image: Figure 1]
FIGURE 1
(A) A preoperative evaluation of an ICA aneurysm with a DSA. (A-2) A postoperative evaluation after clipping of the previous ICA aneurysm. (B) Image obtained with a surgical microscope of the intracranial aneurysm (IA). (B-2) Postoperative image obtained with a surgical microscope of the IA after clipping. (C) Representative examples of H&E staining performed on IA domes directly fixed in formalin. The aneurysm wall is characterized by fibrosis and foam cells. CD68+ foam cells. (D) A preoperative CTA image of a left ICA aneurysm and (D-2) a DSA evaluation of the same aneurysm. (E) Intraoperative view of the IA obtained before clipping and (E-2) obtained after the clipping. (F) Increase of the ECM associated with widespread rarefaction of the muscular component. In the adventitia, there is also lymphocytic inflammatory infiltrate and granulocytes.
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FIGURE 2
Analysis of CD68+: (A) comparison of CD68+ with demographic, namely, gender and mean ages, and clinical data, in particular the ruptures/unruptured status of the aneurysm. (B) Comparison of CD68+ with different radiological factors, such as growth state, mean size, and aneurysm wall enhancement, and histopathological features, in particular signs of thrombosis and calcifications. (C) Comparison of CD68+ comorbidities and habits, such as smoking status, consumption of alcohol, dyslipidemia, hypertension, and diabetes.
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FIGURE 3
An example of a positive assay for CD68.




3.3. Radiological assessment and literature review

Aneurysm wall enhancement was analyzed in 16 patients with UIAs. Among these patients, 13 showed vessel wall enhancement on MRI images (Figure 4). In 10 of these patients, there was a correlation between wall enhancement on MRI and similar histological findings, including the presence of foamy cells, lymphocytic inflammatory infiltrate, granulocytic neutrophils in the adventitia, and positive assays for CD68. Such correlation has not been supported by statistical significance (Figures 1, 3, 4).
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FIGURE 4
(A) An MRI image of an MCA aneurysm. (B) Intraoperative view. (C) Representative examples of fibrosis and fibroblastic activation in the aneurysm wall (H&E stain). (D) CTA image of a right MCA aneurysm. (E) Intraoperative view. (F) Focal areas of fibrosclerosis in the vascular wall (H&E stain).





4. Discussion

Despite the increasing interest in understanding the natural history of IAs, there are still many unknown aspects. The significant role of inflammation in the development and growth of IAs has been well-established and has primarily been investigated through animal studies (13–15). Inflammation is a natural response of tissue to chemical, biological, or mechanical damage, characterized by the accumulation of inflammatory cells and immune response. The potential involvement of inflammation in the development of intracranial aneurysms was first suggested by Virchow in 1847 (16). In the 1930s, Maas et al. (17) published further studies describing the presence of infiltrating round cells, possibly lymphocytes, predominantly localized at the neck of the aneurysm. Subsequent studies have also demonstrated the presence of inflammatory infiltrates within the wall of cerebral aneurysms, showing a strong association between these cells and aneurysm rupture (18, 19). Supporting these findings, mycotic aneurysms exhibit a local inflammatory reaction in response to the pathogen, highlighting the significant role of local inflammation in the process of tissue destruction (20–22). Indeed, the histological characterization of the cerebral aneurysm wall includes not only inflammatory cells but also other components such as fibroblasts, granulocytic neutrophil infiltrates, and frothy macrophages (23). Fibrosis is commonly regarded as the final phase of the chronic inflammatory process. Inflammatory cells have been identified below the endothelium and deep within the wall of IA, including polymorphonuclear leukocytes, plasma cells, and small round cells, as observed by Crompton (24). CD68 and GFAP (25) are highly correlated with circulating macrophages, which are typically involved in the inflammatory mechanisms of IA. In recent times, it has been highlighted by various authors (19–23, 26, 27) that the percentage of CD68-positive cells in recently ruptured aneurysm domes (within 2 days) is significantly higher compared with the percentage in unruptured aneurysm domes. The presence of foaming elements of macrophagic nature (foam cells) indicates a high concentration of lipid material, similar to that seen in vessels with atherosclerotic plaques, along with an inflammatory process in the aneurysm wall.

In our series, we observed that positive effects for CD68, in line with previous literature reports (27–29), were associated with a high percentage of SAH. These patients exhibited an increase in ECM along with rarefaction of the muscular component through the aneurysm wall. In addition, there was evidence of lymphocytic inflammatory infiltrate and granulocytic neutrophilic in the adventitia. It is noteworthy that these patients were receiving pharmacological treatment for hypertension, which could potentially explain both the atherosclerotic degeneration observed and the hemodynamic stress placed on the aneurysm wall.

Fibrosis is associated with a chronic process and the presence of multiple aneurysms. In our series, we also observed higher prevalence of female sex among patients with fibrosis. Dyslipidemia and type II DM can contribute to a chronic inflammatory process, thrombosis, and developing calcification in the wall of the aneurysmal sac. The presence of calcification in the neck of the aneurysm can pose challenges during surgical clipping due to mechanical limitations in achieving a proper clip closure (30). Bleb formation in the arterial walls, often observed in smoking patients, is characterized by the presence of fibrous connective tissue and thrombosis. These blebs are considered to be at higher risk of rupture, including intraoperatively (31, 32). Cigarette smoking (33) is a recognized common risk factor for IAs due to the role of inflammation associated with nicotine. Patients with familial genetic syndromes, such as polycystic kidney disease, and those with a positive family history of SAH (a first-degree relative with a history of SAHs) exhibit higher levels of fibrosclerosis, disruption elastic fibers, and chronic inflammatory infiltration, indicating persistent injury at the level of the aneurysm wall (34, 35). To evaluate the risk of aneurysm rupture, clinicians have compared patients and aneurysm characteristics in different outcome groups within large cohorts. They have identified the risk factors and developed scoring systems that integrate multiple variables, such as the International Study of Unruptured Intracranial Aneurysms (ISUIA) (36), Unruptured Cerebral Aneurysm Study (UCAS) (37), PHASES score (38), and the Unruptured Intracranial Aneurysm Treatment Score (UIATS) (39). These scores provide estimates of rupture probability based on various factors. Histological studies play a crucial role in enhancing our understanding of the mechanisms and progression of IAs. Achieving consensus on treatment standards is essential to make rapid progress in the field. Our study contributes to this goal by utilizing histological analysis to identify patient groups with similar clinical and histological features. The development of IAs is a complex process. Various factors are recognized as risks for aneurysm rupture or growth. The rupture of an aneurysm is possibly related to the hemodynamic stress induced by arterial hypertension, which can be present in any patients. Conversely, the presence of thrombotic phenomena in the neck and the sac of aneurysms may have a protective effect against rupture but can influence the growth of the aneurysmal sac, as observed in our study. Smoking and alcohol habit (40), arterial hypertension, and dyslipidemia are among the factors that influence the natural history of IA.

Larsen et al. (41) suggested a correlation between wall enhancement on imaging and inflammatory histological changes in the aneurysm wall. Similarly, Shimonaga et al. (42) confirmed that wall enhancement is related to histological aspects of inflammation and prominent macrophage infiltration. On the other hand, Hu et al. (43) found a correlation between wall enhancement and symptomatic aneurysms. Lv et al. (44) and Liu et al. (45) emphasized the correlation between the size and location of IAs and radiological findings. Recent meta-analyses (46, 47) have further supported the association between aneurysm rupture/instability and vessel wall enhancement observed on magnetic resonance imaging. Our descriptive literature review of radiological cases series strengthens the existing evidence and underscores the importance of evaluating the radiological characteristics of a UIA in defining the risk profile. Our study aimed to identify prognostic factors for aneurysm rupture and growth by integrating clinical data with histological and radiological analysis. These associations we found between available clinical, pathological, and radiological data, along with patients’ habits and detailed histological features, highlight the significance of carefully considering clinical and radiological data in the decision-making process for these vascular diseases.


4.1. Study limitations

Despite the authors’ best efforts, the study has several limitations. The most significant limitation is the relatively small number of patients included in this observational analysis. Due to the limited sample size, conducting an extensive statistical analysis was not feasible, so we performed a descriptive analysis of our preliminary results to establish the basis for our hypothesis. Another potential limitation is the bias related to the technique used for aneurysm wall removal. However, this bias was minimized by ensuring that experienced neurosurgeons with expertise in vascular disease performed the procedures. In addition, to minimize bias related to histological diagnosis, all histological analyses were conducted by a single pathologist. Future studies will help strengthen the findings and provide more conclusive evidence.




5. Conclusion

The natural history of both ruptured and unruptured cerebral aneurysms remains a subject of ongoing discussion within the scientific community. The role of inflammation in the development and rupture of aneurysms has been well-documented. In this observational study, we aim to investigate the potential correlation between clinical and medical history and the histological characteristics of cerebral aneurysm walls. Specifically, we emphasize the influential role of inflammation, as indicated by CD68 analysis, which is influenced by factors such as smoking habits, severe dyslipidemia, and subsequent macrophage infiltration. These factors may predispose aneurysms to rupture. Therefore, it is crucial to carefully analyze elements that contribute to the inflammatory process when approaching patients with cerebral aneurysms. Furthermore, the presence of wall enhancement on MRI scans can provide additional preoperative assessment, enabling risk stratification based on both inflammatory features and imaging characteristics in intracranial aneurysms. This holistic approach combining clinical, histological, and radiological factors can help guide treatment decisions and improve patient outcomes.
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