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Abstract

:

(1) Background Cerebral revascularization is necessary to treat intracranial arterial stenosis caused by moyamoya disease, atherosclerosis, or large complex aneurysms. Although various donor vascular harvesting methods have been reported safe, there are no reports on the histological evaluation of donor vessels for each disease, despite the variety of diseases wherein vascular anastomosis is required. (2) Methods Pathological findings of the superficial temporal artery (STA), radial artery (RA), occipital artery (OA), and saphenous vein (SV) harvested at the institution were analyzed. Patients classified according to aneurysm, atherosclerosis, and moyamoya disease were assessed for pathological abnormalities, medical history, age, sex, smoking, and postoperative anastomosis patency. (3) Results There were 38 cases of atherosclerosis, 15 cases of moyamoya disease, and 30 cases of aneurysm in 98 donor vessels (mean age 57.2) taken after 2006. Of the 84 STA, 11 RA, 2 OA, and 1 SV arteries that were harvested, 71.4% had atherosclerosis, 11.2% had dissection, and 10.2% had inflammation. There was no significant difference in the proportion of pathological findings according to the disease. A history of hypertension is associated with atherosclerosis in donor vessels. (4) Conclusions This is the first study to histologically evaluate the pathological findings of donor vessels according to disease. The proportion of dissection findings indicative of vascular damage due to surgical manipulation was not statistically different between the different conditions.






Keywords:


bypass surgery; superficial temporal artery; radial artery; moyamoya disease; pathology; dissection; atherosclerosis; STA-MCA bypass; bipolar; aneurysm; donor vessel












1. Introduction


Cerebral revascularization, utilizing extracranial vessels for intracranial arterial stenosis caused by moyamoya disease or atherosclerosis, could be necessary to reduce the risk of stroke [1]. In addition, revascularization may be required to temporarily supplement intracranial blood flow or compensate for sacrificing the main artery in cases involving the treatment of a large aneurysm or the removal of a tumor that implicates a blood vessel [2]. The superficial temporal artery (STA), occipital artery (OA), and radial artery (RA) are used as donor arteries in cerebral revascularization surgery, and harvesting these vessels is an essential step in performing cerebral revascularization surgery [3,4].



Numerous methods for donor vessel harvesting have been documented so far, encompassing endoscopically assisted techniques and ultrasonic scalpel approaches [5,6]. A retrospective study further examined the pathology of the STA harvested using the bipolar cutting/dissection method, providing histological evidence affirming the safety of the approach [7]. In these donor vessel revascularization procedures, vessel injury occurs during harvesting, and complications due to ischemic events have been reported [8]. However, there are no studies on the background and frequency of vascular injury.



This rare histopathologic study of donor vascular dissection has not examined the characteristics of the patient’s disease. Lusis et al. reported that atherosclerosis is a progressive disease characterized by the accumulation of lipids and fibrous elements in the large arteries. Atherosclerosis is the primary cause of heart disease and stroke and it is the underlying cause of about 50% of all deaths in Westernized societies. The etiology of atherosclerosis is very complex and can be classified into genetic and environmental factors. Genetic factors include elevated LDL/VLDL, low HDL, hypertension, family history, gender, systemic inflammation, and metabolic syndrome, while environmental factors include high-fat diet, smoking, lack of exercise, and infectious agents. These factors are intricately related [9]. Intracranial atherosclerotic stenosis is one of the greatest risks of recurrent stroke compared with other causes of stroke. The mechanisms by which intracranial atherosclerotic stenosis can cause stroke include plaque rupture with thrombosis that can produce artery-to-artery embolism or occlusion of the artery; hemodynamic compromise due to stenotic plaques; branch occlusive disease due to the intima impingement of the ostium of a penetrating artery; or a combination of these mechanisms. Additionally, it is increasingly recognized as a risk factor for silent brain infarctions and dementia [10]. Cerebrovascular revascularization has the potential to reduce the risk of recurrent stroke in hemodynamically compromised patients [11]. Han et al. reported cases of progressive stenosis and/or occlusion of the intracranial internal carotid artery diagnosed as moyamoya disease with coexisting atherosclerosis [12]. In relation to histological findings and diseases, there have been previous reports of intimal thickening in the STA with moyamoya disease [13], complications arising from abnormal STA grafts that could not be used as donor arteries for cerebral revascularization in middle cerebral artery stenosis [14,15], and damage to dissected vessels during the harvesting of donor vessels, resulting in anastomotic occlusion and intraoperative thrombosis [8]. There are limited reports on the effects of the histological findings of donor vessels on anastomosis, and there are no reports on the effects of underlying diseases, such as atherosclerosis, moyamoya disease, and aneurysms. Recognizing the importance of assessing the safety and risk associated with donor vessel harvesting for each specific disease, we sought to conduct a comprehensive evaluation by comparing the histological findings of each disease and the corresponding donor vessels. Our study focused on investigating the frequency of abnormal pathological findings in vessels harvested as donors for cerebral revascularization procedures and their subsequent effect on patency post-revascularization. If variations in the rate of donor vessel damage and its impact on patency are observed across different diseases, it may become imperative to tailor the harvesting method on a case-by-case basis.



The RA is used in neurosurgery for high-flow bypass procedures involving complex aneurysms situated between the middle cerebral artery and external carotid artery [3]. Notably, occlusion or thrombus formation within the graft can lead to severe complications [16]. Additionally, RA is commonly used in coronary artery bypass grafting, with some histological studies reported [17]. Yuan et al. conducted a comparative analysis of the pathology among the internal mammary artery, radial artery, and saphenous vein used as bypass grafts in coronary artery disease [18]. However, no studies have examined the histology of the STA, a typical donor vessel used in neurosurgery, on a disease-specific basis. Furthermore, in our study, we also histologically investigated the differences in the effects of the vascular harvesting maneuvers among the different vessels.




2. Materials and Methods


2.1. Surgical Procedure


Local anesthetics were deliberately avoided on the scalp due to concerns about potential damage to the donor vessel wall. The distal end of the donor vessel was identified using a handheld Doppler monitor and harvested under a microscope using the cut-down technique. To create spacers, scrolled gauze was positioned on both sides of the intended incision line on the donor vessel, and four pairs of skin retraction hooks were placed over the spacers. A skin incision was then made directly above the distal side using a no. 15 blade, with careful attention paid to avoiding direct damage to the donor artery beneath the skin during incision.



The donor vessel was dissected using bipolar or mosquito forceps to expose the top surface of the vessel, thereby facilitating the visibility of the vessel’s branches. Subcutaneous tissue was sparsely lifted with a hook, aiding in delineating the boundary between the donor vessels and surrounding tissue. The surrounding connective tissue was dissected, and bipolar forceps were used for coagulated incisions, with care taken not to perform bipolar dissection away from the vessel to prevent branch retraction. Large branches around the donor artery were incised with scissors after coagulation, whereas other connective tissue and thin branches were incised using bipolar coagulation.



During the separation of the STA from the temporal fascia, a cottonoid was placed under the donor vessel and pulled upward to create space for easier dissection. The dissected vessel was covered with a papaverine-soaked cottonoid to prevent vasospasm. Before vascular anastomosis, the donor scalp artery was cut to an appropriate length, and a sample from the distal side of the vessel was submitted for pathological examination (Figure 1).



In cases of STA-MCA double bypass, the frontal branch of the STA was harvested from the proximal to the distal side, starting from the galea side after raising the skin flap. The harvesting procedure remained consistent with the method described above.



The dissecting method was maintained consistently across each disease. Following the incision of the vessel at the distal end, the vascular lumen was filled with heparinized saline and pressurized to maintain tautness, preventing kinking, thrombus formation, and vasospasm. Prior to anastomosis, a thorough check ensured that the donor vessel was not twisted, and any intravascular thrombus was drained.



There were no cases of intraoperative graft failure, and the surgery was completed after confirming the anastomosis for the target vessels.




2.2. Histological Study


We compared the histological findings, primary disease, history (hypertension, dyslipidemia, and diabetes), and smoking history of donor vessels obtained from 87 patients who underwent cerebral revascularization at our hospital from 2006 to 2022 retrospectively. The abnormal pathological findings included atherosclerosis, inflammatory infiltrates, and dissection. All cases were confirmed using hematoxylin and eosin staining, and skilled pathologists diagnosed all pathological findings at our institution. Cases with inflammatory cell infiltration in the wall were defined as “inflammation”, cases with fibrosis and thickening of the intima and tunica media as “atherosclerosis”, and cases with dissection in the wall as “dissection” (Figure 2).



The primary disease, pathological findings, medical history (hypertension, diabetes, and dyslipidemia), age, sex, smoking history, and postoperative patency were retrospectively investigated. The same surgeon performed all harvesting and anastomosis procedures, and postoperative patency was assessed using magnetic resonance imaging (MRI) or 3-dimensional computed tomography angiography (3DCTA) within 1 week and 1 year after bypass.




2.3. Statistical Analysis


A one-way analysis of variance was performed to determine the relationship between the disease and the patient’s age. The χ2 or Fisher’s exact test was performed for sex, pathology (inflammation, arteriosclerosis, and dissection), patency, and past medical history (hypertension, dyslipidemia, diabetes, and smoking). Other items not described in detail and that could not be classified were excluded from statistical analysis. Statistical analyses were performed using the IBM SPSS Statistics version 27. Statistical significance was set at p < 0.05 significance.





3. Results


A total of 98 donor vessels were collected since 2006. The specimens were classified by disease: 38 in the atherosclerosis group, 15 in the moyamoya group, 42 in the aneurysm group, and 3 in the other group. The other three cases were dural arteriovenous fistula, in which the STA was harvested as a safe bypass for treatment; internal trapping was performed after STA-MCA double bypass in a case of internal carotid artery injury during endonasal endoscopic trans-sphenoidal surgery, and transient ischemic attack due to the dissection of the middle cerebral artery in which STA-MCA anastomosis was performed. These three cases were determined not to belong to any of the diseases in the present study.



There were 38, 15, and 30 vessels in the arteriosclerosis, moyamoya, and aneurysm groups, respectively. The overall mean age was 57.2 years. The mean age for each disease group was 60.8 years for the atherosclerosis group, 34.1 years for the moyamoya group, and 61.1 years for the aneurysm group. Additionally, the patients in the moyamoya group were significantly younger than the other two groups (p < 0.001). The vessels harvested were the STA in 84 vessels, RA in 11 vessels, OA in 2 vessels, and the saphenous vein in 1 vessel. Forty-six patients were male, and the percentage of males in the atherosclerosis group was significantly higher than in the other disease groups.



Overall, abnormal pathological findings were observed in 70 (71.4%), 11 (11.2%), and 10 (10.2%) vessels with atherosclerosis, dissection, and inflammation, respectively. For each pathological finding, 4 (10.5%), 1 (6.7%), and 4 (9.5%) vessels of inflammation, 30 (78.9%), 11 (73.3%), and 28 (66.7%) vessels of arteriosclerosis, and 6 (15.8%), 1 (6.7%), and 3 (7.1%) vessels of dissection were observed in the atherosclerosis group, the moyamoya group, and the aneurysm group, respectively. There were no significant differences in inflammation, atherosclerosis, or dissection frequencies between the disease groups.



Regarding the patency of the anastomosis, the postoperative patency of the donor vessel was confirmed in 82 (96.5%) of the 85 patients. The anastomotic patency rate was 38 of 38 (100%) in the atherosclerosis group, 15 of 15 (100%) in the moyamoya group, and 27 of 30 (90%) in the aneurysm group, showing no significant difference; however, the anastomotic patency rate tended to be lower in the aneurysm group. Twelve vessels harvested in the aneurysm group were ultimately unused for anastomosis, as a precaution for potential revascularization, which proved unnecessary.



Examining underlying diseases, hypertension history was present in 56 (57.1%) cases, with a higher prevalence in the atherosclerosis group (29, 76.3%) compared to the moyamoya (5, 33.3%) and aneurysm (22, 52.4%) groups, showing statistical significance. Dyslipidemia was noted in 38 (38.8%) patients, with a significantly higher percentage in the atherosclerosis group (27, 71.1%) compared to the moyamoya (3, 20%) and aneurysm (8, 19.0%) groups. Fifteen cases (15.3%) had a history of dyslipidemia, twelve (31.6%) were in the atherosclerosis group, two (13.3%) were in the moyamoya group, and one (2.4%) was in the aneurysm group. The atherosclerosis group tended to be more common than the aneurysm group (p < 0.001). There were no significant differences in smoking rates (Table 1).



Statistical analyses were performed for the presence or absence of abnormal histological findings (inflammation, atherosclerosis, and dissection), age, sex, underlying disease, smoking history, and occlusion rate. Among the 10 patients with inflammation, the mean age was 55.5 years, with 6 (60%) being male. The vascular types included eight STA, one SV, and one OA. All bypasses were open, and no pre-existing diabetes was reported. Among these patients, six (60%) had hypertension and three (30%) had dyslipidemia. Seventy patients diagnosed with arteriosclerosis had a mean age of 58.1 years, with 36 (51.4%) being male. Of these, 61 had STA, 7 had RA, 1 had SV, and 1 had OA. Patency was confirmed in 60 cases, occluded in 2 cases, and 8 cases were not used for bypass. Pre-existing diabetes mellitus was present in 12 patients (17.1%), hypertension in 47 (67.1%), and dyslipidemia in 31 (44.3%). Eleven patients with dissection had a mean age of 61.9 years, with four (36.4%) being male, and all vessels were STA. Patency was confirmed in eight cases, occlusion occurred in one case, and two cases were not used for bypass. Among these patients, two (18.2%) had diabetes mellitus, eight (72.7%) had hypertension, and seven (63.6%) had dyslipidemia. No significant differences were observed between the presence of inflammation and dissection. However, hypertension was significantly more frequent in cases with arteriosclerosis (p = 0.002).



The STA and RA groups were compared in terms of mean age, sex, pathology (inflammation, atherosclerosis, and dissection), patency, and history (HT, DL, DM, and smoking history).



A total of 84 specimens were obtained in STA and 11 in RA.



There were significantly more women in the RA group; however, no other significant differences were observed. Although the pathological findings did not reach statistical significance, 61 (72.6%) patients with STA had atherosclerosis, 11 (13.1%) had dissection, and 8 (9.5%) had inflammation, whereas 7 (63.6%) patients with RA had atherosclerosis but no inflammation or dissection. The anastomotic patency rate was 69 of 72 (95.8%) in the STA and 11 of 11 (100%) in the RA. A total of 12 vessels in the STA were not used for bypass (Table 2).




4. Discussion


Since Yaşargil pioneered the STA-MCA anastomosis in 1969 [19], the STA has been a staple for cerebral revascularization in various diseases such as atherosclerosis, moyamoya disease, and aneurysms. Over the years, numerous reports have documented revascularization procedures using donor vessels, expanding beyond the STA. Noteworthy examples include the radial artery [20] and the saphenous vein [21], employed in treating complex intracranial aneurysms, and the occipital artery, utilized for addressing diseases in the posterior circulations [4]. Harvesting the donor vessel is a crucial procedure, as graft occlusion can lead to fatal complications [8].



Various methods for harvesting donor vessels have been reported in the previous literature [5,6,7]. Tokugawa et al. introduced the bipolar cutting method, utilizing bipolar instruments for dissecting the connective tissue and branches of the donor vessel. This method was praised for its simplicity, as the procedure involved dissecting, coagulating, and cutting tissue simultaneously using only bipolar instruments [7].



Wada et al. reported a harvesting and skeletonization technique for STA harvesting, using an ultrasonic scalpel originally designed for cardiac surgery. Dissection involved moving the ultrasonic scalpel along the vessel to expose the STA’s adventitia. Branches were obstructed and divided by ultrasonic protein coagulation without injuring the main trunk. Applied to 18 patients, this procedure demonstrated minimal bleeding and no thermal damage to the STA on histological observations, suggesting potential benefits in reducing operative time and morbidity [6].



Kubo et al. utilized an endoscopic method with a small incision for harvesting the STA. This technique required a 7 cm linear incision along the parietal branch. During dissection, the perforator of the frontal branch was exposed, coagulated with bipolar forceps, and severed with Metzenbaum scissors under endoscopic observation. The branch was then harvested subcutaneously. This approach allows for STA-MCA double anastomosis with a small incision, potentially avoiding postoperative scalp necrosis and hair loss [5].



This study represents the first examination of the pathology of intraoperative donor arteries specific to each underlying disease requiring cerebral revascularization surgery. While we initially considered the potential for variations in donor artery pathology findings, including vascular injury, based on the type of disease, our analysis revealed no significant differences. Hypertension and dyslipidemia emerged as significant factors strongly associated with atherosclerotic changes in the donor arteries which is similar to the previous report that hypertension and dyslipidemia are associated with atherosclerosis as genetic and environmental factors of atherosclerosis. Hurtubise et al. reported that hypertension and dyslipidemia are pathological conditions that damage the endothelium, triggering cell proliferation, vascular remodeling, apoptosis, and increased cellular permeability with increased adhesion molecules that bind monocytes and T lymphocytes to create a vicious cocktail of pathophysiological factors. These factors are induced in the vascular intima by chemoattractants and inflammatory cytokines, where monocytes differentiate into macrophages that take up oxidized LDL in an unregulated manner, forming foam cells and atherosclerotic lesions [22].



Diabetes mellitus has also been reported to be a factor in arteriosclerosis and was significantly higher in the arteriosclerosis group than in the aneurysm group, a result consistent with previous reports, but not significantly different from the moyamoya disease group [9].



In addition, there were cases of arteriosclerotic changes in the vessels of moyamoya disease, suggesting that arteriosclerosis may coexist with moyamoya disease. Because of the high risk of obtaining pathology from intracranial blood vessels, there have been reports of using high-resolution MRI to diagnose the possible coexistence of moyamoya disease and atherosclerosis; however, in cases in which revascularization procedures are performed, the investigation of pathology samples obtained intraoperatively may also be an additional aid in diagnosis [10].



The results of this study indicate that the frequency of vascular injury, particularly with the bipolar dissection method, remains consistent across underlying diseases. In contrast to a previous retrospective study where 38 specimens treated with bipolar cutting/dissecting methods showed no apparent dissection [7], our study identified dissections in 11 cases (11.2%) out of 98 specimens upon pathological examination. However, none of these cases resulted in bypass occlusion. These results underscore the necessity of acknowledging the inherent risk of dissection associated with bipolar cutting/dissecting methods during donor vessel harvesting. A prior report by Kimura et al. highlighted that the free edge of the intima and the exposed smooth muscle layer may induce thrombus formation, leading to acute bypass occlusion [8]. Therefore, meticulous attention to dissection during donor vessel harvesting and a thorough assessment of the vessel wall before anastomosis are imperative. Matsumura et al. suggested that suturing the dissected vessel wall with 11-0 nylon sutures is beneficial for repairing arterial dissection, even if observed after recutting the stump of the donor vessel [23].



Several reports highlighted the occurrence of iatrogenic pseudoaneurysms in different scenarios. Zheng et al. reported iatrogenic pseudoaneurysms of the STA resulting from vessel penetration with a needle or hook, or injury to the vessel wall during craniotomy [24]. Protecting vessels during harvesting and conducting thorough imaging evaluations post-bypass surgery are emphasized, as illustrated by a past case where pseudoaneurysm rupture after STA-MCA anastomosis caused massive intracerebral hemorrhage [25]. In addition, Srinivasan et al. reported pseudoaneurysms in the OA after posterior fossa craniotomy, underscoring the importance of vigilance regarding vessel wall damage regardless of the donor vessel type [26].



In the context of giant cell arteritis, Tian et al. reported inflammatory infiltrates in the STA vessel wall, consisting of lymphocytes, macrophages, and multinuclear giant cells, leading to almost occluded vessel lumens [27]. Despite considering the potential impact of inflammatory infiltrates on bypass occlusion, our study revealed no significant differences. However, given the limited number of cases with inflammatory cell infiltration in the vessel wall (10 out of 98), further investigations with a larger sample size and long-term patency rate evaluations are warranted for comprehensive understanding in the future.



Winkler et al. reported that bypass surgery for aneurysms has a significantly higher complication rate, including iatrogenic stroke, than bypass surgery for moyamoya disease or occlusive disease [28]. It is difficult to evaluate because some cases in the aneurysm group are used to temporarily supplement blood flow [29], and many cases in the aneurysm group, such as moyamoya disease or occlusive disease, are not treated with antithrombotic agents preoperatively; the possibility of obstruction due to decreased demand is also considered. This study did not separately explore the direction of harvesting between the parietal and frontal branches of the STA. Future investigations will consider a detailed comparison of the frontal and parietal branches individually.



No studies have directly compared the pathologies of the STA and RA. Although our study did not reach significance, we found dissection and inflammation only in the STA group; dissection with STA may be more prone to dissection due to mechanical damage. However, the small number of cases in the RA group requires additional study with more patients. Although the difference in patency was not significant, 69 of the 72 patients (95.8%) in the STA group showed patency, whereas all 11 patients in the RA group showed patency.



In a previous report, the mean diameter of the RA was documented as 2.6 mm [30], while that of the STA was noted to be 1 mm [31]. This discrepancy suggests that performing bypass surgery using the STA may require more attention to potential occlusion risks.



Although the number of OA and SV specimens obtained in this study was too small for meaningful comparison, the existing literature indicates that anastomosis in the posterior circulation is technically more challenging than that in the anterior circulation. Conducting further pathological studies with a larger number of cases may be imperative for comprehensive insights [32].




5. Limitation


It is noteworthy that our histological findings focused solely on the distal end of the donor vessels. While the entire length of the donor vessels was not examined, Tokugawa et al. reported that the distal part of the donor vessels is typically narrow and adherent to the surrounding tissue, making it a challenging area for pathological study [7]. Since the sample size in this study is still small, further increasing the sample size in the future will enhance the reliability of this study.



In this study, while bypass patency was confirmed in all moyamoya disease and atherosclerosis cases, the obtained patency results extended up to 1 year. However, there are reports of graft occlusion occurring more than 1 year later [32]. Investigating the relationship between disease, pathology, and long-term patency needs additional studies for a more thorough understanding.




6. Conclusions


This study marks the first attempt to examine the pathology specific to each underlying disease. Notably, no significant differences in pathological findings between diseases were observed; however, hypertension emerged as a strong correlate with atherosclerotic changes. Similarly, no significant differences were noted in the presence of inflammation, arteriosclerosis, and dissection nor in the patency of the bypass.



While the number of cases is limited, it is noteworthy that there were no instances of dissection or inflammation in the RA group.



No pathologic differences were observed in various pathologies including atherosclerosis, moyamoya disease, and aneurysms. These results suggest that careful dissection and anastomosis regardless of the underlying disease are important for a successful bypass procedure.



To comprehensively understand the relationship between the long-term prognosis and pathological findings of bypass patency, future evaluations should be conducted.







Author Contributions


Conceptualization, Y.M.; methodology, F.M. and A.K.; software, Y.N.; validation, Y.N.; formal analysis, A.T.; investigation, Y.N.; resources, K.K.; data curation, F.M.; writing—original draft preparation, Y.N.; writing—review and editing, F.M. and Y.M.; visualization, Y.N.; supervision, A.M.; project administration, Y.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


All procedures involving human participants performed in this study were in accordance with the ethical standards of the Institutional Research Committee and the 1964 Helsinki Declaration and its later amendments or comparable ethical standards. Ethics Committee Name: the Institutional Review Board of Nippon Medical School Hospital. Approval Code: R1-11-1212. Approval Date: 30 March 2020.




Informed Consent Statement


Informed consent was obtained from all participants included in the study.




Data Availability Statement


Data is unavailable due to privacy or ethical restrictions.




Conflicts of Interest


The authors declare no conflicts of interest.




Abbreviations


Occipital artery (OA), magnetic resonance imaging (MRI), radial artery (RA), and superficial temporal artery (STA).




References


	



Funaki, T.; Kataoka, H.; Yoshida, K.; Kikuchi, T.; Mineharu, Y.; Okawa, M.; Yamao, Y.; Miyamoto, S. The Targeted Bypass Strategy for Preventing Hemorrhage in Moyamoya Disease: Technical Note. Neurol. Med. Chir. 2019, 59, 517–522. [Google Scholar] [CrossRef] [PubMed]

	



Ramanathan, D.; Temkin, N.; Kim, L.J.; Ghodke, B.; Sekhar, L.N. Cerebral bypasses for complex aneurysms and tumors: Long-term results and graft management strategies. Neurosurgery 2012, 70, 1442–1457; discussion 1457. [Google Scholar] [CrossRef] [PubMed]

	



Murai, Y.; Mizunari, T.; Umeoka, K.; Tateyama, K.; Kobayashi, S.; Teramoto, A. Radial artery grafts for symptomatic cavernous carotid aneurysms in elderly patients. Neurol. India 2011, 59, 537–541. [Google Scholar] [CrossRef] [PubMed]

	



Rawanduzy, C.A.; Winkler-Schwartz, A.; Budohoski, K.P.; Couldwell, W.T. Occipital artery-to-PICA bypass: How I do it. Acta Neurochir. 2023, 165, 3737–3741. [Google Scholar] [CrossRef] [PubMed]

	



Kubo, S.; Takimoto, H.; Yoshimine, T. Endoscopically assisted harvesting of the superficial temporal artery: Technical note. Neurosurgery 2003, 52, 982–984; discussion 984–985. [Google Scholar] [CrossRef] [PubMed]

	



Wada, K.; Nawashiro, H.; Arimoto, H.; Ohkawa, H.; Ono, K.; Takahara, T. Usefulness of an ultrasonic scalpel to harvest and skeletonize the superficial temporal artery for extracranial-intracranial bypass surgery. Neurosurgery 2009, 65, 141–147; discussion 147–148. [Google Scholar] [CrossRef] [PubMed]

	



Tokugawa, J.; Ogura, K.; Yatomi, K.; Kudo, K.; Hishii, M.; Tanikawa, R.; Kamiyama, H. Bipolar Cutting Method: Another Technique for Harvesting Donor Artery With Histological Investigation. Oper. Neurosurg. 2018, 14, 16–19. [Google Scholar] [CrossRef] [PubMed]

	



Kimura, T.; Ibayashi, K.; Kawai, K. Intraoperative Resuturing of Occluded Superficial Temporal Artery-Middle Cerebral Artery Anastomoses: Single-Center Retrospective Study. World Neurosurg. 2018, 113, e650–e653. [Google Scholar] [CrossRef] [PubMed]

	



Lusis, A.J. Atherosclerosis. Nature 2000, 407, 233–241. [Google Scholar] [CrossRef]

	



Gutierrez, J.; Turan, T.N.; Hoh, B.L.; Chimowitz, M.I. Intracranial atherosclerotic stenosis: Risk factors, diagnosis, and treatment. Lancet Neurol. 2022, 21, 355–368. [Google Scholar] [CrossRef]

	



Kuroda, S.; Kawabori, M.; Hirata, K.; Shiga, T.; Kashiwazaki, D.; Houkin, K.; Tamaki, N. Clinical significance of STA-MCA double anastomosis for hemodynamic compromise in post-JET/COSS era. Acta Neurochir. 2014, 156, 77–83. [Google Scholar] [CrossRef] [PubMed]

	



Han, C.; Li, M.L.; Xu, Y.Y.; Ye, T.; Xie, C.F.; Gao, S.; Duan, L.; Xu, W.H. Adult moyamoya-atherosclerosis syndrome: Clinical and vessel wall imaging features. J. Neurol. Sci. 2016, 369, 181–184. [Google Scholar] [CrossRef]

	



Aoyagi, M.; Fukai, N.; Yamamoto, M.; Matsushima, Y.; Yamamoto, K. Development of intimal thickening in superficial temporal arteries in patients with moyamoya disease. Clin. Neurol. Neurosurg. 1997, 99 (Suppl. S2), S213–S217. [Google Scholar] [CrossRef]

	



Cannistraro, R.J.; Badi, M.; Eidelman, B.H.; Dickson, D.W.; Middlebrooks, E.H.; Meschia, J.F. CNS small vessel disease: A clinical review. Neurology 2019, 92, 1146–1156. [Google Scholar] [CrossRef]

	



Fite-Trepat, L.; Martos-Fernandez, M.; Alberola-Ferranti, M.; Pablo-Garcia-Cuenca, A.; Bescosatin, C. Angiolymphoid Hyperplasia with Eosinophilia Involving the Occipital Artery: Case Report and Review of Literature. J. Clin. Diagn. Res. 2017, 11, Zd21–Zd23. [Google Scholar] [CrossRef] [PubMed]

	



Dubovoy, A.V.; Ovsyannikov, K.S.; Guzhin, V.E.; Cherepanov, A.V.; Galaktionov, D.M.; Perfil’ev, A.M.; Sosnov, A.O. The use of high-flow extracranial-intracranial artery bypass in pathology of the cerebral and brachiocephalic arteries: Technical features and surgical outcomes. Zh Vopr Neirokhir Im NN Burdenko 2017, 81, 5–21. [Google Scholar] [CrossRef] [PubMed]

	



Gürsoy, M.; Güzel, E.; Ertürküner, P.; Çakır, I.; Duygu, E.; Gülcan, F.; Hökenek, A.F. Electron Microscopic Comparison of Radial Artery Grafts in Non-Diabetic and Diabetic Coronary Bypass Patients. J. Card. Surg. 2016, 31, 410–415. [Google Scholar] [CrossRef]

	



Yuan, S.M.; Li, Y.; Ben, Y.H.; Cheng, X.F.; Li, D.Z.; Li, D.M.; Jing, H. Graft pathology at the time of harvest: Impact on long-term survival. Rev. Bras. Cir. Cardiovasc. 2014, 29, 543–551. [Google Scholar] [CrossRef]

	



Yasargil, M.G. Diagnosis and indications for operations in cerebrovascular disease. In Microsurgery Applied to Neurosurgery; Thieme Academic Press: New York, NY, USA, 1969; pp. 95–119. [Google Scholar]

	



Mohit, A.A.; Sekhar, L.N.; Natarajan, S.K.; Britz, G.W.; Ghodke, B. High-flow bypass grafts in the management of complex intracranial aneurysms. Neurosurgery 2007, 60, ONS105-122. [Google Scholar] [CrossRef]

	



David, C.A.; Zabramski, J.M.; Spetzler, R.F. Reversed-flow saphenous vein grafts for cerebral revascularization. J. Neurosurg. 1997, 87, 795–797. [Google Scholar] [CrossRef]

	



Hurtubise, J.; McLellan, K.; Durr, K.; Onasanya, O.; Nwabuko, D.; Ndisang, J.F. The Different Facets of Dyslipidemia and Hypertension in Atherosclerosis. Curr. Atheroscler. Rep. 2016, 18, 82. [Google Scholar] [CrossRef] [PubMed]

	



Matsumura, N.; Shibata, T.; Kamiyama, H.; Tomita, T.; Okamoto, S.; Kubo, M.; Horie, Y. Higher magnification microsurgical repair of donor artery dissection in superficial temporal artery to middle cerebral artery anastomosis-technical note. Neurol. Med. Chir. 2011, 51, 872–874. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, H.X.; Lee, Y.L.; Chen, G.Y.; Hung, Y.C. Iatrogenic pseudoaneurysm of the superficial temporal artery following craniectomy from a scalp hook retractor penetrating injury: Case report and literature review. Int. J. Surg. Case Rep. 2021, 84, 106076. [Google Scholar] [CrossRef] [PubMed]

	



Nishizawa, S.; Yokoyama, T.; Sugiyama, K.; Yokota, N. Intracerebral hemorrhage from a ruptured pseudoaneurysm after STA-MCA anastomosis--case report. Neurol. Med. Chir. 2000, 40, 408–412. [Google Scholar] [CrossRef] [PubMed]

	



Srinivasan, V.M.; Karas, P.J.; Sen, A.N.; Fridley, J.S.; Chen, S.R.; Gopinath, S.P. Occipital Artery Pseudoaneurysm After Posterior Fossa Craniotomy. World Neurosurg. 2017, 98, 868.e1–868.e4. [Google Scholar] [CrossRef] [PubMed]

	



Tian, G.; Chen, W.; Chen, Q.; Wang, M.; Zhao, G.; Li, Z.; Zhang, J. Giant cell arteritis presenting as bilateral anterior ischemic optic neuropathy: A biopsy-proven case report in Chinese patient. BMC Ophthalmol. 2018, 18, 282. [Google Scholar] [CrossRef] [PubMed]

	



Winkler, E.A.; Yue, J.K.; Deng, H.; Raygor, K.P.; Phelps, R.R.L.; Rutledge, C.; Lu, A.Y.; Rodriguez Rubio, R.; Burkhardt, J.K.; Abla, A.A. National trends in cerebral bypass surgery in the United States, 2002–2014. Neurosurg. Focus 2019, 46, E4. [Google Scholar] [CrossRef] [PubMed]

	



Stapleton, C.J.; Charbel, F.T. Protective STA-MCA bypass to prevent brain ischemia during high-flow bypass surgery: Case series of 10 patients. Acta Neurochir. 2019, 161, 1205–1206. [Google Scholar] [CrossRef] [PubMed]

	



Xiong, J.; Hui, K.; Xu, M.; Zhou, J.; Zhang, J.; Duan, M. Distal radial artery as an alternative approach to forearm radial artery for perioperative blood pressure monitoring: A randomized, controlled, noninferiority trial. BMC Anesthesiol. 2022, 22, 67. [Google Scholar] [CrossRef]

	



Marano, S.R.; Fischer, D.W.; Gaines, C.; Sonntag, V.K. Anatomical study of the superficial temporal artery. Neurosurgery 1985, 16, 786–790. [Google Scholar] [CrossRef]

	



Zhao, L.; Xue, B.; Guo, G.; Wu, R.; Gao, T.; Liu, Y.; Sun, Y.; Hernesniemi, J.; Andrade Barazarte, H.; Li, T.; et al. Case Report: Curative effect of OA-PICA protected bypass in severe PICA-complicated vertebral artery stenosis treatment: Results in 3 cases. Front. Surg. 2023, 10, 1074438. [Google Scholar] [CrossRef] [PubMed]








[image: Jcm 13 02125 g001] 





Figure 1. Surgical procedure for harvesting the donor vessel. (a) Scrolled gauze was placed on both sides of the incision line, and four pairs of retraction hooks were placed over the gauze. (b) Identification of the donor vessel and capturing its top surface. (c) Dissection of the top surface for enhanced visibility of the vessel’s branches. (d) Bipolar dissection of connective tissue and branches surrounding the vessel. (e) Harvesting the donor vessel. (f) The distal end of the donor vessel was cut away and used for pathological examination. 
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Figure 2. Histological study. (a) Inflammatory cell infiltration in the wall was defined as inflammation; (b) arrowhead shows fibrosis and thickening of the intima and tunica defined as atherosclerosis; (c) arrowhead shows dissection in the wall. 
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Table 1. Comparison between the atherosclerosis group, moyamoya disease group, and aneurysm group. There were significant differences between the colored groups.
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	Atherosclerosis
	Moyamoya
	Aneurysm
	Others
	All





	n
	38
	15
	42
	3
	98



	Average
	60.8
	34.1
	61.1
	72
	57.2



	SD
	9.9
	15.3
	15.1
	6.1
	16.4



	
	
	
	<0.001
	
	



	
	
	<0.001
	
	
	



	Vessel
	
	
	
	
	



	STA
	38
	15
	28
	3
	84



	RA
	0
	0
	11
	0
	11



	OA
	0
	0
	2
	0
	2



	SV
	0
	0
	1
	0
	1



	Sex
	
	
	
	
	



	Female
	14
	11
	25
	2
	52



	
	
	0.017
	
	
	



	
	
	
	0.043
	
	



	Pathology
	
	
	
	
	



	Inflammation
	4
	1
	4
	1
	10



	Arteriosclerosis
	30
	11
	28
	1
	70



	Dissection
	6
	1
	3
	1
	11



	Patency
	38
	15
	27
	2
	80



	Occlusion
	0
	0
	3
	0
	5



	HT
	29
	5
	22
	0
	56



	
	
	
	0.026
	
	



	
	
	0.003
	
	
	



	DL
	27
	3
	8
	0
	38



	
	
	
	<0.001
	
	



	
	
	<0.001
	
	
	



	DM
	12
	2
	1
	0
	15



	
	
	
	<0.001
	
	



	Smoke
	22
	5
	21
	0
	48










 





Table 2. The comparison of superficial temporal artery (STA) and radial artery (RA).
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	STA
	RA
	p-Value





	N
	84
	11
	



	Average
	56.7
	61.9
	-



	SD
	16.5
	16.9
	



	Sex (female)
	41
	9
	p = 0.039



	Pathology
	
	
	



	Inflammation
	8
	0
	-



	Arteriosclerosis
	61
	7
	-



	Dissection
	11
	0
	-



	Patency
	69
	11
	-



	Occlusion
	3
	0
	



	HT
	48
	6
	-



	DL
	35
	3
	-



	DM
	15
	0
	-



	Smoke
	44
	3
	-
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