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Sympathetic nerve block as an add-on therapy for intervention and prevention of cerebral vasospasm after subarachnoid hemorrhage
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Cerebral vasospasm is a major complication after subarachnoid hemorrhage (SAH) and is an important factor leading to disability and mortality in patients. Cerebral vasospasm involves cerebral artery stenosis and leads to delayed cerebral ischemia, further exacerbating brain damage. The pathophysiology of cerebral vasospasm is multifactorial, involving a complex interaction between fragmented red blood cell metabolism, endothelial dysfunction, and hyperresponsive contraction of smooth muscle cells. Recent studies have highlighted the important role of the sympathetic nervous system (SNS) in mediating and exacerbating cerebral vasospasm. Sympathetic activation affects vascular tone and contributes to the development of vasospasm after SAH. Stellate ganglion block (SGB) has been reported to have a protective effect in patients at risk for vasospasm after SAH due to reduced sympathetic activity. This review aims to explore the current understanding of the relationship between sympathetic activity and cerebral vasospasm, investigate the molecular mechanisms involved, clinical implications, and potential therapeutic strategies targeting sympathetic modulation.
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1 Introduction

Subarachnoid hemorrhage (SAH) is a life-threatening neurological condition, most commonly caused by the rupture of an intracranial aneurysm, leading to the extravasation of blood into the subarachnoid space. Accumulating evidence indicates that early brain injury (EBI) and delayed cerebral ischemia (DCI) are two major pathophysiological processes, playing pivotal roles in the progression of SAH (1). Following aneurysmal rupture, the rapid influx of blood into the subarachnoid space results in a sharp increase in intracranial pressure, which consequently reduces cerebral perfusion pressure (2). This reduction leads to cerebral ischemia and hypoxia, thereby initiating EBI. EBI typically occurs within the first 72 h after SAH onset and is characterized by neuronal cell death, blood–brain barrier disruption, cerebral edema, acute cerebral vasospasm, and microvascular dysfunction (3). Elevated levels of endothelin-1 and oxygenated hemoglobin released into the subarachnoid space further activate apoptotic and inflammatory pathways, exacerbating vasospasm, microthrombosis, and disturbances in cerebral blood flow (4). These changes ultimately contribute to cerebral infarction and neurological impairment. EBI not only causes direct injury to neural tissue but also predisposes patients to secondary complications such as DCI (1). As the condition progresses, impairments in cerebral autoregulation, microcirculatory dysfunction, and sustained blood–brain barrier damage contribute to the development of DCI. Clinical studies have demonstrated that ~70% of SAH patients experience cerebral vasospasm by the third day, with a peak incidence between days 7 and 8 (5). Moreover, about 30% of patients with aneurysmal SAH develop DCI between days 4 and 10. Cerebral vasospasm is considered a major contributor to DCI, leading to cerebral infarction and persistent neurological deficits, and is regarded as a critical determinant of poor clinical outcomes in SAH patients (6).

Cerebral vasospasm is a major cause of delayed ischemic injury, typically occurring 3–14 days following SAH, and continues to be a significant contributor to both morbidity and mortality in SAH patients (6, 7). Cerebral vasospasm is characterized by a prolonged narrowing of the cerebral arteries, resulting in a reduction of cerebral blood flow, which can lead to ischemic damage and subsequent neurological deficits (8). Despite extensive research into the roles of erythrocyte degradation products (9–11), endothelial dysfunction (12, 13), and smooth muscle hypercontraction (14, 15) as key mediators of vasospasm, the precise mechanisms underlying cerebral vasospasm remain incompletely understood. To date, treatments for vasospasm include nimodipine (16), the combination of induced hypertension, hypervolemia, and hemodilution (triple-H therapy) (17), and interventional neuroradiological procedures such as transluminal angioplasty (18) or intra-arterial vasodilators (19), which are associated with severe side effects such as hypotension. Magnesium, statins, endothelin antagonists, and fibrinolytic therapy (20, 21) are under investigation, but large-scale trials are needed to demonstrate their effectiveness. Therefore, there is currently no effective method for the prevention and treatment of cerebral vasospasm.

The sympathetic nervous system (SNS), a key component of the autonomic nervous system, plays a crucial role in regulating vascular tone (22). Its activation in response to stress or injury contributes to the onset and exacerbation of vasospasm. Increasing evidence suggests that the sympathetic nervous system plays a critical role in the pathophysiology of cerebral vasospasm (23, 24). The interaction between the SNS and cerebral vasospasm is a complex and multifactorial process. Following SAH, the stress response and inflammatory cascade activate the SNS, leading to the release of norepinephrine from both sympathetic nerve terminals and the adrenal medulla (25). Several studies have shown that sympathetic nerve is activated after subarachnoid bleeding (25–27). Therefore, selective blockade of sympathetic nerves has become a new and promising method for the treatment and prevention of cerebral vasospasm. Stellate ganglion block (SGB) has been proposed as a simple, minimally invasive technique that can effectively improve cerebral perfusion and prevent cerebral vasospasm by relieving symptomatic cerebral vasospasm (26–29). By inhibiting sympathetic nerve activity, SGB potentially relieves vasoconstriction and improves blood flow in cerebral vasospasm (30, 31).

This review aims to examine the role of the SNS in the development of cerebral vasospasm following SAH. We will explore how sympathetic activation contributes to the pathophysiology of cerebral vasospasm, the underlying mechanisms mediating these effects, and the potential therapeutic implications of modulating sympathetic activity as a strategy for preventing or treating cerebral vasospasm in SAH patients. By investigating the interactions between the SNS and the cerebral vasculature, this review seeks to provide insights into novel approaches that could improve outcomes for SAH patients, who are at increased risk of the severe consequences associated with cerebral vasospasm. Meanwhile, we discuss SGB as an add-on therapy for intervention and prevention of cerebral vasospasm after SAH.



2 Pathophysiology of cerebral vasospasm

Cerebral vasospasm is a significant contributor to death and disability in patients with SAH (32). Despite ongoing advancements in medical technology, no effective treatment strategy for cerebral vasospasm has been established to date. Many studies have demonstrated that delayed ischemia resulting from cerebral vasospasm is a major cause of morbidity and mortality following SAH (33–36). Statistical analyses of patient data indicate that the overall incidence of angiographic vasospasm after SAH is 43.3%, with the incidence rising to 67.3% when angiography is performed at the time of maximum spasm (37). Moreover, 32.5% of patients exhibit symptomatic vasospasm or delayed ischemic deficits (38). While the precise pathophysiology of cerebral vasospasm remains under investigation, several key factors are believed to contribute to its development, including oxidative stress, inflammation, endothelial dysfunction, smooth muscle hypercontraction, and sympathetic nervous system activation (Figure 1).
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FIGURE 1
 The pathophysiology of cerebral vasospasm after SAH.



2.1 Oxidative stress and cerebral vasospasm

Oxidative stress arises from an imbalance between the generation of reactive oxygen species (ROS) and antioxidant defense mechanisms. ROS affects cerebrovascular smooth muscle tone, permeability, and brain autoregulation (39) through various biochemical pathways, with this effect potentially being more pronounced in the presence of cerebrovascular disease. After SAH, excessive ROS production originates from multiple sources, including disruption of mitochondrial respiration, upregulation of enzyme pathways, degradation of extracellular hemoglobin, and inhibition of intrinsic antioxidant systems (40). Studies have demonstrated that ROS induce vasoconstriction by strongly inhibiting endothelial nitric oxide (NO)-mediated vasodilation (41, 42). Results from numerous in vitro and in vivo animal studies indicate that O2− has a biphasic effect on cerebrovascular vessels, depending on its concentration (43). At low concentration, O2− induces vasodilation, while at high concentration, it causes vasoconstriction. Additionally, O2− can react with arachidonic acid and other unsaturated fatty acids, leading to the formation of isoprostanes, which are potent vasoconstrictors that may reduce cerebral blood flow (39). Moreover, the production rates of ROS and antioxidants are influenced by oxygenation levels, each following distinct kinetics. Under pathological conditions, such as acute brain injury or SAH, ROS levels increase significantly and persist over prolonged periods (44). There are multiple sources of excess free radical production after SAH, including disruption of mitochondrial respiration and extracellular hemoglobin. Moreover, free radical-producing enzymes such as inducible nitric oxide synthase (iNOS), xanthine oxidase, NADPH oxidase (NOX), and enzymes involved in arachidonic acid metabolism are upregulated. In addition, intrinsic antioxidant systems such as superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) are inhibited (44).

Studies have shown that oxidative stress is one of the factors that cause vasospasm after hemorrhage (45–47). Maeda et al. (48) found that exposure of bovine middle cerebral artery strips to oxidative stress inhibited bradykinin-induced endothelium-dependent relaxation. Oxidative stress stimulates smooth muscle cell proliferation and hypertrophy (49) and induces endothelial cell apoptosis. In addition, increased levels of superoxide anions in cerebrospinal fluid after SAH are associated with cerebral vasospasm (50). Research is continuing to further elucidate how oxidative stress alters cerebral vasoconstrictor responses.



2.2 Inflammation and cerebral vasospasm

Much evidence suggests that inflammatory response plays a key role in the development and maintenance of cerebral vasospasm after SAH (51–53). Data from Bowman et al. (54) showed that inflammatory cytokines, particularly IL-6, are associated with the development of vasospasm in a rat femoral artery model. Lu et al. (55) found that mRNA and protein levels of monocyte chemoattractant protein-1 (MCP-1), a potent macrophage chemoattractant, increased in parallel with the development of cerebral vasospasm in a rat double hemorrhage model, suggesting that the use of specific MCP-1 antagonists may be useful in preventing SAH-induced vasospasm. Simvastatin administration after SAH can reduce vasospasm, and perivascular granulocyte migration was found to be reduced after 72 h of SAH, suggesting that simvastatin may relieve vasospasm through its anti-inflammatory effect (56). Another study from Zhou et al. (57) demonstrated that the mRNA levels of TNF-a, IL-1b, intercellular adhesion molecule-1, and vascular cell adhesion molecule-1 increased after 5 days of SAH. The NF-κB inhibitor pyrrolidine dithiocarbamate can reverse the above SAH-induced effects and reduce vasospasm after SAH, indicating that the NF-κB-mediated proinflammatory response in SAH may lead to the occurrence of cerebral vasospasm (57). The caspase inhibitor benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone was shown to reduce cerebral vasospasm on day 2 after SAH in a rabbit single hemorrhage model, which was associated with reduced IL-1b release in the cerebrospinal fluid and decreased levels of caspase-1 and IL-1b in macrophages infiltrating the subarachnoid space (58).



2.3 Endothelial dysfunction and cerebral vasospasm

The endothelium plays a critical role in regulating vascular tone, blood flow, and tissue perfusion. Endothelial cells produce and release a variety of bioactive molecules, including NO, endothelin-1 (ET-1), prostacyclin, and ROS, which together regulate the contraction and relaxation of smooth muscle cells in the vascular wall (59). Endothelial damage impairs the production of vasodilators such as NO and promotes vasoconstriction through the release of ET-1 and ROS (60). The pathophysiology of EC in the delayed phase of aneurysmal SAH involves a complex interaction of cerebral vasospasm, microthrombosis, and inflammation, all of which contribute to the morbidity and mortality of this disease. Iuliano et al. (61) demonstrated that endothelial dysfunction plays a key role in the development and persistence of cerebral vasospasm after SAH, as evidenced by altered vascular responses to acetylcholine and calcimycin. The process begins with EC dysfunction, which leads to smooth muscle contraction, inflammation, and altered vascular responses. Blood in the subarachnoid space, especially free hemoglobin, is a major contributor to this cascade. Hemoglobin damages neurons and ECs, leading to NO loss and ET-1 increase (62). In addition, ET-1 not only causes vasoconstriction, but also promotes inflammation and smooth muscle cell proliferation, which thickens the vessel wall, leading to vasospasm and EC damage (63). Activated immune cells clear blood products but also release inflammatory mediators that further damage the endothelium, leading to vasoconstriction, blood-brain barrier disruption, and cerebral infarction (64).



2.4 Smooth muscle hypercontraction and cerebral vasospasm

Vascular smooth muscle hypercontraction is the main cause of cerebral vasospasm after SAH. Numerous studies have shown that RhoA and its effector Rho-kinase (ROCK) play an important role in the regulation of Ca2+-independent smooth muscle contraction (65–67). The RhoA-ROCK pathway mainly regulates the phosphorylation level of myosin light chain of myosin II by inhibiting myosin phosphatase and contributes to Ca2+ sensitization in agonist-induced smooth muscle contraction. During SAH, a large number of red blood cells flow into the subarachnoid space. The hemolysis of these red blood cells releases hemoglobin, ET-1, cytokines, and thromboxane A2, all of which may activate G protein-coupled receptors and RhoA-ROCK signaling pathways. Activation of the ROCK signaling pathway leads to decreased MLCP activity and increased MLC phosphorylation, which in turn leads to relative enhancement of MLCK activity and contraction of vascular smooth muscle (68). When G protein-coupled receptors are activated, phospholipase C is activated. This enzyme catalyzes the hydrolysis of a molecule called phosphatidylinositol 4,5-bisphosphate in the cell membrane, producing inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG). IP3 promotes the release of calcium from intracellular calcium stores, leading to an increase in intracellular Ca2+ levels. The surge in Ca2+ activates MLCK, which promotes the phosphorylation of myosin and induces the interaction between actin and myosin, ultimately leading to vasoconstriction [24]. In addition, DAG, a metabolic byproduct of PLC, also activates PKC. Activated PKC reduces MLCP activity, thereby enhancing MLCK activity and promoting vasoconstriction (69).




3 Role of sympathetic nervous system in cerebral vasospasm

Sympathetic perivascular nerve fibers originate from the superior cervical ganglion and innervate cerebral blood vessels, and their activation leads to vasoconstriction. Sympathetic nerve activation is considered to be an important trigger of cerebral vasospasm (70, 71). Recently, several studies have shown that sympathetic nerve-mediated vasoconstriction is one of the key mechanisms of vasospasm (24, 72, 73). In addition, sympathetic nerve activation is also associated with endothelial dysfunction and inflammatory response.


3.1 Sympathetic nerve activation and vasoconstriction

One of the most consistent findings observed in the literature is the increase in SNS activity, specifically the increase in norepinephrine levels, after SAH (24, 25, 74, 75). Both experimental animal models and human studies have shown that the release of norepinephrine into the blood and cerebrospinal fluid (CSF) is associated with the development and severity of cerebral vasospasm (76–78). Elevated norepinephrine concentrations have been detected in the CSF of SAH patients, and elevated norepinephrine induces vasoconstriction after binding to α-adrenergic receptors on vascular smooth muscle cells (79). This effect is particularly pronounced in cerebral vessels, which have a higher sensitivity to adrenaline signals (80).

The key aspect of SNS involvement in cerebral vasospasm is the phenomenon of sympathetic hyperactivity, which is commonly observed after SAH (24, 75, 81). Sympathetic hyperactivity refers to the sustained, exaggerated activation of the SNS that leads to prolonged catecholamine release and vasoconstriction. This hyperactivity arises due to several factors, including the acute stress of SAH, central nervous system injury, and dysregulated feedback mechanisms such as impaired baroreceptor function (24). Studies have shown that patients with SAH can exhibit higher-than-normal sympathetic activity, and this heightened state of SNS arousal contributes to the development of vasospasm (75).



3.2 Sympathetic nerve activation and endothelial dysfunction

In addition to direct effects on vascular smooth muscle, the SNS also indirectly contributes to vasospasm through the disruption of endothelial function. The endothelium is crucial for maintaining vascular tone by releasing vasodilators including NO and prostacyclin, which counterbalance the vasoconstrictive effects of sympathetic stimulation (82). After SAH, endothelial dysfunction occurs due to the inflammatory response, ROS, and other factors. As a result, the ability of the endothelium to dilate cerebral vessels is impaired, and the vasoconstrictive effects of sympathetic activation become more pronounced (12).

A study by Neuschmelting et al. investigated the role of ET-1 and NO in cerebral vasospasm after SAH. It finds elevated ET-1 levels in cerebrospinal fluid and reduced NO metabolites in basilar arterial plasma, both linked to cerebral vasospasm occurrence in a rabbit model of SAH (83). This endothelial dysfunction, coupled with sympathetic activation, leads to a heightened and sustained vasoconstrictor effect, contributing to cerebral vasospasm. Furthermore, sympathetic-mediated neuroinflammation acerbates endothelial injury, further impairing the vasodilatory capacity of cerebral vessels. In addition, sympathetic activation also leads to increased production of ET-1, a potent vasoconstrictor, through the stimulation of endothelin receptors (84). The enhanced release of ET-1 further amplifies the vasoconstrictor response in the cerebral arteries, leading to prolonged and potentially damaging vasospasm (85). Clazosentan, an endothelin receptor antagonist, has been widely investigated for the prevention of cerebral vasospasm in patients with aSAH (86, 87). Recently, a study from Japanese research group showed clazosentan's effectiveness in reducing vasospasm-related morbidity and all-cause mortality after aneurysmal SAH in Japanese patients (88).



3.3 Sympathetic nerve activation and inflammatory response

The acute increase in intracranial pressure and subsequent cerebral ischemia following SAH triggers widespread activation of the SNS (36, 89). This activation has profound effects on both the central nervous system (CNS) and peripheral organs, exacerbating inflammation and secondary brain injury. Understanding the interplay between SNA and inflammation in the setting of SAH could provide new insights into therapeutic strategies.

The inflammatory response is another critical component of cerebral vasospasm. After SAH, inflammatory mediators such as cytokines, prostaglandins, and ROS contribute to endothelial dysfunction and vascular smooth muscle contraction (51, 90). Sympathetic activation can amplify this inflammatory response through the release of neuropeptides, including substance P and neurokinin A (91), which enhance vascular permeability and promote further endothelial injury. This vicious cycle of inflammation and sympathetic activation may contribute to the persistence of cerebral vasospasm. Additionally, sympathetic activation primes microglia, the resident immune cells of the CNS, to adopt a pro-inflammatory phenotype (92). Systemic inflammation driven by SNA extends beyond the CNS, with evidence of heightened inflammatory markers in peripheral blood and organ dysfunction, such as acute lung injury and renal impairment, often complicating SAH management (93). This leads to increased production of ROS and further neuroinflammation. Future research is needed to focus on elucidating the precise mechanisms linking SNA to inflammation.




4 Sympathetic nerve system inhibition and cerebral vasospasm

SNS is a part of the autonomic nervous system and controls many involuntary body functions, including vascular tone and heart rate. Studies have shown that excessive sympathetic activity promotes vasoconstriction and reduces cerebral blood flow (94, 95), which can lead to vasospasm in SAH patients. Considering the role of the SNS in cerebral vasospasm, researchers have investigated strategies to modulate SNS activity as potential therapeutic approaches. Sympathetic nerve blockade has been shown to reduce the severity of vasospasm following SAH (96, 97). In the following sections we will discuss the role of sympathetic nerve block in preventing cerebral vasospasm and its application prospects.


4.1 Sympathetic nerve block is a therapeutic strategy

Based on the role of sympathetic activation in cerebral vasospasm, several therapeutic strategies targeting the SNS have been explored. Several studies have shown that sympathetic nerve block helps reduce the severity of vasospasm (97, 98). The stellate ganglion is a collection of sympathetic nerve cells located at the junction of the C7 and T1 vertebrae in the neck (99). It is part of the sympathetic trunk and is responsible for providing sympathetic innervation to the upper extremities, head, neck, and thoracic organs (100). The stellate ganglion controls the tone of blood vessels, including those in the cerebral and peripheral circulations, by releasing norepinephrine upon sympathetic activation (101). The stellate ganglion block (SGB) can inhibit this sympathetic activity and induce vasodilation. SGB is a percutaneous procedure involving the injection of a local anesthetic into the stellate ganglion and has been used to treat many conditions, such as chronic pain, anxiety, ventilation, and diabetes (102–104). It has also recently been proposed as a potential treatment for patients at risk for vasospasm after SAH (97). By blocking the stellate ganglion, SGB reduces sympathetic nerve flow to the cerebral arteries, decreases sympathetic nerve activity, and thus leads to vasodilation and improves cerebral blood flow, low mortality and complication rates, suggesting its importance as a therapeutic intervention for vasospasm after SAH (97). Although the number of studies evaluating SGB as a preventive measure is limited, the encouraging results highlight the importance of future research.



4.2 SGB modulates the cerebral vasoconstriction and vasodilation

In the context of vasospasm, sympathetic overactivity exacerbates the condition by causing persistent vascular smooth muscle contraction. By targeting the stellate ganglion, SGB aims to decrease sympathetic tone and prevent further vasoconstriction (105). In cerebral vasospasm, particularly following SAH, SGB can potentially reduce the severity of vasospasm, alleviate ischemia, and improve neurological outcomes. A study showed that the use of endothelin-β receptor agonists or hexamethonium at the stellate ganglion can increase the secretion of nitric oxide synthase at its nerve endings. A series of studies have shown that parasympathetic nerve excitation can weaken the inhibitory effect of nitric oxide synthase; NO production will decrease under conditions of high sympathetic nerve activity; the plasma content of calcitonin gene-related peptide is significantly increased after SGB; there are also reports that norepinephrine can inhibit the release of calcitonin gene-related peptide and α-adrenergic receptor blockers can stimulate the release of calcitonin gene-related peptide. Animal experiments on rats undergoing extracorporeal circulation showed that SGB can significantly reduce the concentration of ET-1 in serum and hippocampal tissue, while the concentration of calcitonin gene-related peptide (CGRP) is significantly increased. A meta-analysis showed that CGRP significantly increases the diameter of animal brain blood vessels (106).



4.3 SGB reduces inflammatory response

In 2021, a study from Zhang et al. (107) randomly divided 102 patients into NSGB and SGB groups, and monitored serum inflammatory cytokines (IL-1β and IL-6) and brain injury markers (neuron-specific enolase and S100 calcium-binding protein β). The results showed that the levels of brain injury markers in the SGB group were significantly lower than those in the NSGB group, and the manifestations of neurological deficits were also significantly less, such as hemiplegia and cognitive impairment (107). Another study on patients with traumatic brain injury found that SGB could significantly reduce the level of NF-κB p65 in the patient's serum (108), which suggests that SGB has an inhibitory effect on the TLR4/NF-κB pathway. At the same time, SGB also reduced the concentration of IL-6 in the serum, further alleviating the inflammatory response (108). After SGB treatment, sympathetic nerve activity can be reduced, the release of vasoactive substances can be increased while the release of vasoconstrictive substances can be reduced, cerebral vasoconstriction can be reduced, inflammatory response can be reduced, and cerebral blood flow velocity can be significantly reduced (Figure 2). According to existing studies, some positive results have been achieved, with low mortality and complication rates, highlighting its importance as a therapeutic intervention for vasospasm after SAH. Although the number of studies evaluating SGB as a preventive measure is limited, the encouraging results emphasize the importance of future research.
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FIGURE 2
 Illustration of stellate ganglion block (SGB) for targeting cerebral vasospasm after subarachnoid hemorrhage (SAH).





5 Clinical applications and efficacy of SGB


5.1 Clinical efficacy and safety of SGB in cerebral vasospasm after SAH

Several studies have investigated the potential of SGB in reducing the incidence and severity of cerebral vasospasm following SAH. Some studies have reported significant improvements in cerebral blood flow, reduced vasospasm severity, and enhanced patient outcomes (27, 98, 109). A systematic review and meta-analysis of 8 studies on SGB in subarachnoid SAH patients revealed favorable outcomes in 52% of patients, with low complication (2%) and mortality rates (13%). SGB reduced cerebral blood flow velocity, showing promise as a treatment for vasospasm, though more research is needed (97). However, another study from Samagh et al. evaluated the efficacy and safety of SGB in relieving cerebral vasospasm in aneurysmal SAH patients. After SGB, significant reductions in middle cerebral artery peak systolic velocity, mean flow velocity, and Lindegaard ratio were observed. Neurological improvement occurred in 25% of patients, but effects on microvasculature were limited (28). Future research, particularly larger and more rigorous trials, is required to definitively establish its clinical efficacy.

SGB is generally regarded as a safe procedure when performed by skilled clinicians. Local anesthetics are commonly used to block nerve transmission and relieve pain (110). The dose of local anesthetic administered during SGB depends on the clinical condition being treated, the patient's response, and the specific anesthetic used. Here, we summarize the use of local anesthetics in the treatment of SGB after SAH based on published reports (Table 1). The choice and dose of anesthetic depends on the patient's physical condition, the desired duration of action, and the technique used. However, as with any invasive intervention, potential risks exist, including Horner's syndrome (due to sympathetic blockade in the cervical sympathetic chain), local infection, hematoma, and unintentional nerve damage (111, 112). These complications are rare and typically manageable. Ensuring appropriate patient selection, employing expert techniques, and maintaining diligent monitoring are essential to minimize risks.


TABLE 1 The volume of local anesthetics for stellate ganglion block (SGB) treatment following SAH.
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5.2 Recurrence rate of after SGB treatment

Although SGB can provide immediate relief of vasospasm, recurrence of vasospasm after blockade remains a concern, especially when the underlying pathophysiology of vasospasm has not been fully resolved. The recurrence of vasospasm may be related to delayed or incomplete blockade or when the blockade fails to significantly reduce the improvement of sympathetic tone in the affected vascular territory. A study by Saket Sanghai MBBS et al. compared single-injection vs. continuous-infusion SGB for treating ventricular arrhythmia (VA) storm. Their results showed that continuous-infusion SGB resulted in a significantly greater reduction in VA burden compared to single-injection SGB, with similar safety profiles and fewer repeat procedures required (113). These findings suggest that repeated blocks may help to more effectively control the condition by persistently reducing sympathetic activity. The success of SGB depends on the skill of the practitioner and the accuracy of the block. Improper execution of the block may result in incomplete or transient effects, which may increase the likelihood of recurrence. In addition, SGB combined with other therapies, such as vasodilators or antihypertensive medications, may reduce the recurrence rate of vasospasm (114). Further research and large-scale trials are needed to better understand the long-term efficacy of SGB and improve treatment options to minimize recurrence and improve outcomes for SAH patients.



5.3 SGB as an adjunct therapy to endovascular treatments in cerebral vasospasm

Endovascular treatments, such as intra-arterial infusion of vasodilators (e.g., nimodipine, papaverine), are commonly employed to manage severe vasospasm following SAH (115, 116). However, the recurrence of vasospasm and its associated complications can still pose significant challenges. Intra-arterial infusion of vasodilators and balloon angioplasty are widely used as the primary treatment for severe cerebral vasospasm (19, 117, 118). However, these interventions have several limitations. Surgery may carry risks such as arterial dissection, bleeding, or vascular injury (119). In addition, the effectiveness of endovascular treatments may be limited in cases of diffuse vasospasm or small vessels that are difficult to access. SGB is a neuroablative technique that targets the sympathetic nervous system, has been explored as an adjunctive therapy to endovascular interventions. Andrea Bortolato et al. reported a case report of using continuous SGB during early DCI. They describe a patient with early DCI after SAH, where standard nimodipine endovascular treatment failed to restore normal cerebral perfusion (120). Recently, a randomized controlled trial by Jian Zhang et al. investigated the effect of SGB on patients with SAH (107). Their results showed that SGB significantly reduced EBI markers and cerebral vasospasm, leading to better neurological outcomes and prognosis compared to standard care (107).



5.4 SGB for cerebral vasospasm: overview of indications

SGB is a sympathetic blockade therapy commonly used to treat pain syndromes, but has also been used to treat cerebral vasospasm, particularly aneurysmal SAH (28, 30, 107). Although the utility of SGB is unclear compared with balloon angioplasty or intra-arterial vasodilators, SGB has attracted attention due to its non-invasive nature, low risk, and potential to improve cerebral blood flow (114). SGB is considered the best option before invasive interventions such as balloon angioplasty, especially when digital subtraction angiography is not available or delayed. The case report suggests that SGB may benefit patients with poor perfusion in the posterior circulation (98). Additionally, when invasive medical treatments fail or are temporarily unsuitable, SGB can be considered as a rescue method for DCI (120, 121).




6 Conclusions

Cerebral vasospasm following SAH is a major contributor to morbidity and mortality. To date, no definitive prevention or effective treatment strategies have been established. The interaction between sympathetic nerve activity and cerebral vasospasm is complex, with sympathetic activation leading to both vascular smooth muscle contraction and endothelial dysfunction. A better understanding of the mechanisms by which sympathetic nerve activation influences cerebral vasospasm could provide new opportunities for therapeutic intervention. SGB is a sympathetic nerve block procedure that has shown potential therapeutic benefits in the management of cerebral vasospasm. SGB has been demonstrated to reduce cerebral vascular tone, promote dilation of cerebral blood vessels, and attenuate inflammatory responses, thereby improving cerebral circulation and alleviating vasospasm. These effects may ultimately contribute to better clinical outcomes in patients with SAH-related vasospasm. Despite its promise, research on the use of SGB for the prevention and treatment of cerebral vasospasm following SAH remains limited. Further basic and clinical studies are required to explore its efficacy, optimal application, and long-term outcomes. Only with such research can the full therapeutic potential of SGB in this context be realized.



Author contributions

ZW: Investigation, Supervision, Writing – original draft, Writing – review & editing. JL: Funding acquisition, Investigation, Project administration, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that no financial support was received for the research and/or publication of this article.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The author(s) declare that no Gen AI was used in the creation of this manuscript.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Alsbrook DL, Di Napoli M, Bhatia K, Desai M, Hinduja A, Rubinos CA, et al. Pathophysiology of early brain injury and its association with delayed cerebral ischemia in aneurysmal subarachnoid hemorrhage: a review of current literature. J Clin Med. (2023) 12:1015. doi: 10.3390/jcm12031015

 2. Gerhart CR, Lacy AJ, Long B, Koyfman A, Kircher CE. High risk and low incidence diseases: aneurysmal subarachnoid hemorrhage. Am J Emerg Med. (2025) 92:138–51. doi: 10.1016/j.ajem.2025.03.024

 3. Wang X, Xu P, Liu Y, Wang Z, Lenahan C, Fang Y, et al. New insights of early brain injury after subarachnoid hemorrhage: a focus on the caspase family. Curr Neuropharmacol. (2023) 21:392–408. doi: 10.2174/1570159X20666220420115925

 4. Lauzier DC, Jayaraman K, Yuan JY, Diwan D, Vellimana AK, Osbun JW, et al. Early brain injury after subarachnoid hemorrhage: incidence and mechanisms. Stroke. (2023) 54:1426–40. doi: 10.1161/STROKEAHA.122.040072

 5. Velat GJ, Kimball MM, Mocco JD, Hoh BL. Vasospasm after aneurysmal subarachnoid hemorrhage: review of randomized controlled trials and meta-analyses in the literature. World Neurosurg. (2011) 76:446–54. doi: 10.1016/j.wneu.2011.02.030

 6. MacDonald RL, Pluta RM, Zhang JH. Cerebral vasospasm after subarachnoid hemorrhage: the emerging revolution. Nat Clin Pract Neurol. (2007) 3:256–63. doi: 10.1038/ncpneuro0490

 7. Rebeiz T, Sabirov T, Wanchoo S, White TG, Da Silva I, Stefanov DG, et al. Angiographic treatment of asymptomatic cerebral vasospasm following aneurysmal subarachnoid hemorrhage for the prevention of delayed cerebral ischemia. World Neurosurg. (2022) 166:e135–9. doi: 10.1016/j.wneu.2022.06.129

 8. Eisenhut M. Vasospasm in cerebral inflammation. Int J Inflam. (2014) 2014:509707. doi: 10.1155/2014/509707

 9. Joerk A, Seidel RA, Walter SG, Wiegand A, Kahnes M, Klopfleisch M, et al. Impact of heme and heme degradation products on vascular diameter in mouse visual cortex. J Am Heart Assoc. (2014) 3:e001220. doi: 10.1161/JAHA.114.001220

 10. Xia F, Keep RF, Ye F, Holste KG, Wan S, Xi G, et al. The fate of erythrocytes after cerebral hemorrhage. Transl Stroke Res. (2022) 13:655–64. doi: 10.1007/s12975-021-00980-8

 11. Min J, Zhao Y, Wang X, Zhao J. Higher erythrocytes in cerebrospinal fluid on the first and seventh postoperative day: associated with poor outcome in aneurysmal subarachnoid hemorrhage patients. Medicine. (2024) 103:e40027. doi: 10.1097/MD.0000000000040027

 12. Peeyush Kumar T, Mcbride DW, Dash PK, Matsumura K, Rubi A, Blackburn SL. Endothelial cell dysfunction and injury in subarachnoid hemorrhage. Mol Neurobiol. (2019) 56:1992–2006. doi: 10.1007/s12035-018-1213-7

 13. Feenstra RGT, Boerhout CKM, Woudstra J, Vink CEM, Wittekoek ME, de Waard GA, et al. Presence of coronary endothelial dysfunction, coronary vasospasm, and adenosine-mediated vasodilatory disorders in patients with ischemia and nonobstructive coronary arteries. Circ Cardiovasc Interv. (2022) 15:e012017. doi: 10.1161/CIRCINTERVENTIONS.122.012017

 14. Masumoto A, Mohri M, Shimokawa H, Urakami L, Usui M, Takeshita A. Suppression of coronary artery spasm by the Rho-kinase inhibitor fasudil in patients with vasospastic angina. Circulation. (2002) 105:1545–7. doi: 10.1161/hc1002.105938

 15. Hayes G, Pinto J, Sparks SN, Wang C, Suri S, Bulte DP. Vascular smooth muscle cell dysfunction in neurodegeneration. Front Neurosci. (2022) 16:1010164. doi: 10.3389/fnins.2022.1010164

 16. Hao G, Chu G, Pan P, Han Y, Ai Y, Shi Z, et al. Clinical effectiveness of nimodipine for the prevention of poor outcome after aneurysmal subarachnoid hemorrhage: a systematic review and meta-analysis. Front Neurol. (2022) 13:982498. doi: 10.3389/fneur.2022.982498

 17. Lee KH, Lukovits T, Friedman JA. “Triple-H” therapy for cerebral vasospasm following subarachnoid hemorrhage. Neurocrit Care. (2006) 4:68–76. doi: 10.1385/NCC:4:1:068

 18. Polin RS, Coenen VA, Hansen CA, Shin P, Baskaya MK, Nanda A, et al. Efficacy of transluminal angioplasty for the management of symptomatic cerebral vasospasm following aneurysmal subarachnoid hemorrhage. J Neurosurg. (2000) 92:284–90. doi: 10.3171/jns.2000.92.2.0284

 19. Venkatraman A, Khawaja AM, Gupta S, Hardas S, Deveikis JP, Harrigan MR, et al. Intra-arterial vasodilators for vasospasm following aneurysmal subarachnoid hemorrhage: a meta-analysis. J Neurointerv Surg. (2018) 10:380–7. doi: 10.1136/neurintsurg-2017-013128

 20. Weyer GW, Nolan CP, MacDonald RL. Evidence-based cerebral vasospasm management. Neurosurg Focus. (2006) 21:E8. doi: 10.3171/foc.2006.21.3.8

 21. Athar MK, Levine JM. Treatment options for cerebral vasospasm in aneurysmal subarachnoid hemorrhage. Neurotherapeutics. (2012) 9:37–43. doi: 10.1007/s13311-011-0098-1

 22. Sheng Y, Zhu L. The crosstalk between autonomic nervous system and blood vessels. Int J Physiol Pathophysiol Pharmacol. (2018) 10:17–28.

 23. Chun-jing H, Shan O, Guo-dong L, Hao-xiong N, Yi-ran L, Ya-ping F. Effect of cervical sympathetic block on cerebral vasospasm after subarachnoid hemorrhage in rabbits. Acta Cir Bras. (2013) 28:89–93. doi: 10.1590/S0102-86502013000200001

 24. Hasegawa Y, Uchikawa H, Kajiwara S, Morioka M. Central sympathetic nerve activation in subarachnoid hemorrhage. J Neurochem. (2022) 160:34–50. doi: 10.1111/jnc.15511

 25. Naredi S, Lambert G, Friberg P, Zall S, Eden E, Rydenhag B, et al. Sympathetic activation and inflammatory response in patients with subarachnoid haemorrhage. Intensive Care Med. (2006) 32:1955–61. doi: 10.1007/s00134-006-0408-y

 26. Bindra A, Prabhakar H, Singh GP. Stellate ganglion block for relieving vasospasms after coil embolization of basilar tip aneurysms. J Neurosurg Anesthesiol. (2011) 23:379. doi: 10.1097/ANA.0b013e31823122e1

 27. Jing L, Wu Y, Liang F, Jian M, Bai Y, Wang Y, et al. Effect of early stellate ganglion block in cerebral vasospasm after aneurysmal subarachnoid hemorrhage (BLOCK-CVS): study protocol for a randomized controlled trial. Trials. (2022) 23:922. doi: 10.1186/s13063-022-06867-9

 28. Samagh N, Panda NB, Gupta V, Bharti N, Tripathi M, Bhagat H, et al. Impact of stellate ganglion block in the management of cerebral vasospasm: a prospective interventional study. Neurol India. (2022) 70:289–95. doi: 10.4103/0028-3886.338735

 29. Welling LC, Rabelo NN, de Sena Barbosa MG, Messias BR, Pinto CG, Figueiredo EG. Stellate ganglion block: what else is necessary to include in the treatment of subarachnoid hemorrhage patients? Chin Neurosurg J. (2024) 10:21. doi: 10.1186/s41016-024-00374-3

 30. Jain V, Rath GP, Dash HH, Bithal PK, Chouhan RS, Suri A. Stellate ganglion block for treatment of cerebral vasospasm in patients with aneurysmal subarachnoid hemorrhage - a preliminary study. J Anaesthesiol Clin Pharmacol. (2011) 27:516–21. doi: 10.4103/0970-9185.86598

 31. Wendel C, Scheibe R, Wagner S, Tangemann W, Henkes H, Ganslandt O, et al. Decrease of blood flow velocity in the middle cerebral artery after stellate ganglion block following aneurysmal subarachnoid hemorrhage: a potential vasospasm treatment? J Neurosurg. (2020) 133:773–9. doi: 10.3171/2019.5.JNS182890

 32. Thilak S, Brown P, Whitehouse T, Gautam N, Lawrence E, Ahmed Z, et al. Diagnosis and management of subarachnoid haemorrhage. Nat Commun. (2024) 15:1850. doi: 10.1038/s41467-024-46015-2

 33. Keyrouz SG, Diringer MN. Clinical review: prevention and therapy of vasospasm in subarachnoid hemorrhage. Crit Care. (2007) 11:220. doi: 10.1186/cc5958

 34. Pluta RM, Hansen-Schwartz J, Dreier J, Vajkoczy P, MacDonald RL, Nishizawa S, et al. Cerebral vasospasm following subarachnoid hemorrhage: time for a new world of thought. Neurol Res. (2009) 31:151–8. doi: 10.1179/174313209X393564

 35. Rowland MJ, Hadjipavlou G, Kelly M, Westbrook J, Pattinson KT. Delayed cerebral ischaemia after subarachnoid haemorrhage: looking beyond vasospasm. Br J Anaesth. (2012) 109:315–29. doi: 10.1093/bja/aes264

 36. Dodd WS, Laurent D, Dumont AS, Hasan DM, Jabbour PM, Starke RM, et al. Pathophysiology of delayed cerebral ischemia after subarachnoid hemorrhage: a review. J Am Heart Assoc. (2021) 10:e021845. doi: 10.1161/JAHA.121.021845

 37. Dorsch NW, King MT. A review of cerebral vasospasm in aneurysmal subarachnoid haemorrhage. Part I: incidence and effects. J Clin Neurosci. (1994) 1:19–26. doi: 10.1016/0967-5868(94)90005-1

 38. Dorsch N. A clinical review of cerebral vasospasm and delayed ischaemia following aneurysm rupture. Acta Neurochir. (2011) 110(Pt 1):5–6. doi: 10.1007/978-3-7091-0353-1_1

 39. Salvagno M, Sterchele ED, Zaccarelli M, Mrakic-Sposta S, Welsby IJ, Balestra C, et al. Oxidative stress and cerebral vascular tone: the role of reactive oxygen and nitrogen species. Int J Mol Sci. (2024) 25:3007. doi: 10.3390/ijms25053007

 40. Zhang Z, Zhang A, Liu Y, Hu X, Fang Y, Wang X, et al. New mechanisms and targets of subarachnoid hemorrhage: a focus on mitochondria. Curr Neuropharmacol. (2022) 20:1278–96. doi: 10.2174/1570159X19666211101103646

 41. Incalza MA, D'oria R, Natalicchio A, Perrini S, Laviola L, Giorgino F. Oxidative stress and reactive oxygen species in endothelial dysfunction associated with cardiovascular and metabolic diseases. Vascul Pharmacol. (2018) 100:1–19. doi: 10.1016/j.vph.2017.05.005

 42. Higashi Y. Roles of oxidative stress and inflammation in vascular endothelial dysfunction-related disease. Antioxidants. (2022) 11:1958. doi: 10.3390/antiox11101958

 43. Hoiland RL, Bain AR, Rieger MG, Bailey DM, Ainslie PN. Hypoxemia, oxygen content, and the regulation of cerebral blood flow. Am J Physiol Regul Integr Comp Physiol. (2016) 310:R398–413. doi: 10.1152/ajpregu.00270.2015

 44. Ayer RE, Zhang JH. Oxidative stress in subarachnoid haemorrhage: significance in acute brain injury and vasospasm. Acta Neurochir Suppl. (2008) 104:33–41. doi: 10.1007/978-3-211-75718-5_7

 45. MacDonald RL, Weir BK. Cerebral vasospasm and free radicals. Free Radic Biol Med. (1994) 16:633–43. doi: 10.1016/0891-5849(94)90064-7

 46. MacDonald RL, Marton LS, Andrus PK, Hall ED, Johns L, Sajdak M. Time course of production of hydroxyl free radical after subarachnoid hemorrhage in dogs. Life Sci. (2004) 75:979–89. doi: 10.1016/j.lfs.2004.02.010

 47. Clark JF, Pyne-Geithman G. Vascular smooth muscle function: the physiology and pathology of vasoconstriction. Pathophysiology. (2005) 12:35–45. doi: 10.1016/j.pathophys.2005.02.007

 48. Maeda Y, Hirano K, Nishimura J, Sasaki T, Kanaide H. Endothelial dysfunction and altered bradykinin response due to oxidative stress induced by serum deprivation in the bovine cerebral artery. Eur J Pharmacol. (2004) 491:53–60. doi: 10.1016/j.ejphar.2004.03.019

 49. Griendling KK, Ushio-Fukai M. Redox control of vascular smooth muscle proliferation. J Lab Clin Med. (1998) 132:9–15. doi: 10.1016/S0022-2143(98)90019-1

 50. Mori T, Nagata K, Town T, Tan J, Matsui T, Asano T. Intracisternal increase of superoxide anion production in a canine subarachnoid hemorrhage model. Stroke. (2001) 32:636–42. doi: 10.1161/01.STR.32.3.636

 51. Miller BA, Turan N, Chau M, Pradilla G. Inflammation, vasospasm, and brain injury after subarachnoid hemorrhage. Biomed Res Int. (2014) 2014:384342. doi: 10.1155/2014/384342

 52. Wu F, Liu Z, Li G, Zhou L, Huang K, Wu Z, et al. Inflammation and oxidative stress: potential targets for improving prognosis after subarachnoid hemorrhage. Front Cell Neurosci. (2021) 15:739506. doi: 10.3389/fncel.2021.739506

 53. Lucke-Wold B, Dodd W, Motwani K, Hosaka K, Laurent D, Martinez M, et al. Investigation and modulation of interleukin-6 following subarachnoid hemorrhage: targeting inflammatory activation for cerebral vasospasm. J Neuroinflammation. (2022) 19:228. doi: 10.1186/s12974-022-02592-x

 54. Bowman G, Bonneau RH, Chinchilli VM, Tracey KJ, Cockroft KM. A novel inhibitor of inflammatory cytokine production (CNI-1493) reduces rodent post-hemorrhagic vasospasm. Neurocrit Care. (2006) 5:222–9. doi: 10.1385/NCC:5:3:222

 55. Lu H, Shi JX, Chen HL, Hang CH, Wang HD, Yin HX. Expression of monocyte chemoattractant protein-1 in the cerebral artery after experimental subarachnoid hemorrhage. Brain Res. (2009) 1262:73–80. doi: 10.1016/j.brainres.2009.01.017

 56. McGirt MJ, Pradilla G, Legnani FG, Thai QA, Recinos PF, Tamargo RJ, et al. Systemic administration of simvastatin after the onset of experimental subarachnoid hemorrhage attenuates cerebral vasospasm. Neurosurgery. (2006) 58:945–51; discussion 945–51. doi: 10.1227/01.NEU.0000210262.67628.7E

 57. Zhou ML, Shi JX, Hang CH, Cheng HL, Qi XP, Mao L, et al. Potential contribution of nuclear factor-kappaB to cerebral vasospasm after experimental subarachnoid hemorrhage in rabbits. J Cereb Blood Flow Metab. (2007) 27:1583–92. doi: 10.1038/sj.jcbfm.9600456

 58. Iseda K, Ono S, Onoda K, Satoh M, Manabe H, Nishiguchi M, et al. Antivasospastic and antiinflammatory effects of caspase inhibitor in experimental subarachnoid hemorrhage. J Neurosurg. (2007) 107:128–35. doi: 10.3171/JNS-07/07/0128

 59. Nappi F, Fiore A, Masiglat J, Cavuoti T, Romandini M, Nappi P, et al. Endothelium-derived relaxing factors and endothelial function: a systematic review. Biomedicines. (2022) 10:2884. doi: 10.3390/biomedicines10112884

 60. Craige SM, Kant S, Keaney JF Jr. Reactive oxygen species in endothelial function - from disease to adaptation. Circ J. (2015) 79:1145–55. doi: 10.1253/circj.CJ-15-0464

 61. Iuliano BA, Pluta RM, Jung C, Oldfield EH. Endothelial dysfunction in a primate model of cerebral vasospasm. J Neurosurg. (2004) 100:287–94. doi: 10.3171/jns.2004.100.2.0287

 62. Chen T, Dai Y, Hu C, Lin Z, Wang S, Yang J, et al. Cellular and molecular mechanisms of the blood-brain barrier dysfunction in neurodegenerative diseases. Fluids Barriers CNS. (2024) 21:60. doi: 10.1186/s12987-024-00557-1

 63. Cahill PA, Redmond EM. Vascular endothelium - gatekeeper of vessel health. Atherosclerosis. (2016) 248:97–109. doi: 10.1016/j.atherosclerosis.2016.03.007

 64. Zeng J, Bao T, Yang K, Zhu X, Wang S, Xiang W, et al. The mechanism of microglia-mediated immune inflammation in ischemic stroke and the role of natural botanical components in regulating microglia: a review. Front Immunol. (2022) 13:1047550. doi: 10.3389/fimmu.2022.1047550

 65. Sward K, Mita M, Wilson DP, Deng JT, Susnjar M, Walsh MP. The role of RhoA and Rho-associated kinase in vascular smooth muscle contraction. Curr Hypertens Rep. (2003) 5:66–72. doi: 10.1007/s11906-003-0013-1

 66. Naraoka M, Munakata A, Matsuda N, Shimamura N, Ohkuma H. Suppression of the Rho/Rho-kinase pathway and prevention of cerebral vasospasm by combination treatment with statin and fasudil after subarachnoid hemorrhage in rabbit. Transl Stroke Res. (2013) 4:368–74. doi: 10.1007/s12975-012-0247-9

 67. Nunes KP, Webb RC. New insights into RhoA/Rho-kinase signaling: a key regulator of vascular contraction. Small GTPases. (2021) 12:458–69. doi: 10.1080/21541248.2020.1822721

 68. Sharanek A, Burban A, Burbank M, Le Guevel R, Li R, Guillouzo A, et al. Rho-kinase/myosin light chain kinase pathway plays a key role in the impairment of bile canaliculi dynamics induced by cholestatic drugs. Sci Rep. (2016) 6:24709. doi: 10.1038/srep24709

 69. El-Yazbi AF, Abd-Elrahman KS, Moreno-Dominguez A. PKC-mediated cerebral vasoconstriction: role of myosin light chain phosphorylation vs. actin cytoskeleton reorganization. Biochem Pharmacol. (2015) 95:263–78. doi: 10.1016/j.bcp.2015.04.011

 70. Chen SP, Wang SJ. Pathophysiology of reversible cerebral vasoconstriction syndrome. J Biomed Sci. (2022) 29:72. doi: 10.1186/s12929-022-00857-4

 71. Kim WJ, Dacey M, Samarage HM, Zarrin D, Goel K, Chan C, et al. Sympathetic nervous system hyperactivity results in potent cerebral hypoperfusion in swine. Auton Neurosci. (2022) 241:102987. doi: 10.1016/j.autneu.2022.102987

 72. Bombardieri AM, Albers GW, Rodriguez S, Pileggi M, Steinberg GK, Heit JJ. Percutaneous cervical sympathetic block to treat cerebral vasospasm and delayed cerebral ischemia: a review of the evidence. J Neurointerv Surg. (2023) 15:1212–7. doi: 10.1136/jnis-2022-019838

 73. Demura M, Ishii H, Takarada-Iemata M, Kamide T, Yoshikawa A, Nakada M, et al. Sympathetic nervous hyperactivity impairs microcirculation leading to early brain injury after subarachnoid hemorrhage. Stroke. (2023) 54:1645–55. doi: 10.1161/STROKEAHA.123.042799

 74. Lambert G, Naredi S, Eden E, Rydenhag B, Friberg P. Sympathetic nervous activation following subarachnoid hemorrhage: influence of intravenous clonidine. Acta Anaesthesiol Scand. (2002) 46:160–5. doi: 10.1034/j.1399-6576.2002.460206.x

 75. Naredi S, Lambert G, Eden E, Zall S, Runnerstam M, Rydenhag B, et al. Increased sympathetic nervous activity in patients with nontraumatic subarachnoid hemorrhage. Stroke. (2000) 31:901–6. doi: 10.1161/01.STR.31.4.901

 76. Shigeno T. Norepinephrine in cerebrospinal fluid of patients with cerebral vasospasm. J Neurosurg. (1982) 56:344–9. doi: 10.3171/jns.1982.56.3.0344

 77. Zeiler FA, Silvaggio J, Kaufmann AM, Gillman LM, West M. Norepinephrine as a potential aggravator of symptomatic cerebral vasospasm: two cases and argument for milrinone therapy. Case Rep Crit Care. (2014) 2014:630970. doi: 10.1155/2014/630970

 78. Cattaneo A, Wipplinger C, Geske C, Semmler F, Wipplinger TM, Griessenauer CJ, et al. Investigating the relationship between high-dose norepinephrine administration and the incidence of delayed cerebral infarction in patients with aneurysmal subarachnoid hemorrhage: a single-center retrospective evaluation. PLoS ONE. (2023) 18:e0283180. doi: 10.1371/journal.pone.0283180

 79. Greaney JL, Darling AM, Mogle J, Saunders EFH. Microvascular beta-adrenergic receptor-mediated vasodilation is attenuated in adults with major depressive disorder. Hypertension. (2022) 79:1091–100. doi: 10.1161/HYPERTENSIONAHA.122.18985

 80. Froese L, Dian J, Gomez A, Unger B, Zeiler FA. The cerebrovascular response to norepinephrine: a scoping systematic review of the animal and human literature. Pharmacol Res Perspect. (2020) 8:e00655. doi: 10.1002/prp2.655

 81. Lambert E, Lambert G, Fassot C, Friberg P, Elghozi JL. Subarachnoid hemorrhage induced sympathoexcitation arises due to changes in endothelin and/or nitric oxide activity. Cardiovasc Res. (2000) 45:1046–53. doi: 10.1016/S0008-6363(99)00416-2

 82. Sandoo A, van Zanten JJ, Metsios GS, Carroll D, Kitas GD. The endothelium and its role in regulating vascular tone. Open Cardiovasc Med J. (2010) 4:302–12. doi: 10.2174/1874192401004010302

 83. Neuschmelting V, Marbacher S, Fathi AR, Jakob SM, Fandino J. Elevated level of endothelin-1 in cerebrospinal fluid and lack of nitric oxide in basilar arterial plasma associated with cerebral vasospasm after subarachnoid haemorrhage in rabbits. Acta Neurochir. (2009) 151:795–801; discussion 801–792. doi: 10.1007/s00701-009-0350-1

 84. Burg MM, Soufer A, Lampert R, Collins D, Soufer R. Autonomic contribution to endothelin-1 increase during laboratory anger-recall stress in patients with coronary artery disease. Mol Med. (2011) 17:495–501. doi: 10.2119/molmed.2010.00083

 85. Cheng YW, Li WJ, Dou XJ, Jia R, Yang H, Liu XG, et al. Role of endothelin-1 and its receptors in cerebral vasospasm following subarachnoid hemorrhage. Mol Med Rep. (2018) 18:5229–36. doi: 10.3892/mmr.2018.9513

 86. MacDonald RL, Higashida RT, Keller E, Mayer SA, Molyneux A, Raabe A, et al. Clazosentan, an endothelin receptor antagonist, in patients with aneurysmal subarachnoid haemorrhage undergoing surgical clipping: a randomised, double-blind, placebo-controlled phase 3 trial (CONSCIOUS-2). Lancet Neurol. (2011) 10:618–25. doi: 10.1016/S1474-4422(11)70108-9

 87. Fujimura M, Joo JY, Kim JS, Hatta M, Yokoyama Y, Tominaga T. Preventive effect of clazosentan against cerebral vasospasm after clipping surgery for aneurysmal subarachnoid hemorrhage in japanese and korean patients. Cerebrovasc Dis. (2017) 44:59–67. doi: 10.1159/000475824

 88. Endo H, Hagihara Y, Kimura N, Takizawa K, Niizuma K, Togo O, et al. Effects of clazosentan on cerebral vasospasm-related morbidity and all-cause mortality after aneurysmal subarachnoid hemorrhage: two randomized phase 3 trials in Japanese patients. J Neurosurg. (2022) 137:1707–17. doi: 10.3171/2022.2.JNS212914

 89. Chai CZ, Ho UC, Kuo LT. Systemic inflammation after aneurysmal subarachnoid hemorrhage. Int J Mol Sci. (2023) 24. doi: 10.3390/ijms241310943

 90. Pradilla G, Chaichana KL, Hoang S, Huang J, Tamargo RJ. Inflammation and cerebral vasospasm after subarachnoid hemorrhage. Neurosurg Clin N Am. (2010) 21:365–79. doi: 10.1016/j.nec.2009.10.008

 91. Douglas SD, Leeman SE. Neurokinin-1 receptor: functional significance in the immune system in reference to selected infections and inflammation. Ann N Y Acad Sci. (2011) 1217:83–95. doi: 10.1111/j.1749-6632.2010.05826.x

 92. Li Y, Wei B, Liu X, Shen XZ, Shi P. Microglia, autonomic nervous system, immunity and hypertension: is there a link? Pharmacol Res. (2020) 155:104451. doi: 10.1016/j.phrs.2019.104451

 93. Romoli M, Giammello F, Mosconi MG, De Mase A, De Marco G, Digiovanni A, et al. Immunological profile of vasospasm after subarachnoid hemorrhage. Int J Mol Sci. (2023) 24:8856. doi: 10.3390/ijms24108856

 94. Seifert T, Secher NH. Sympathetic influence on cerebral blood flow and metabolism during exercise in humans. Prog Neurobiol. (2011) 95:406–26. doi: 10.1016/j.pneurobio.2011.09.008

 95. Beishon LC, Hosford P, Gurung D, Brassard P, Minhas JS, Robinson TG, et al. The role of the autonomic nervous system in cerebral blood flow regulation in dementia: a review. Auton Neurosci. (2022) 240:102985. doi: 10.1016/j.autneu.2022.102985

 96. Mittal AM, Nowicki KW, Mantena R, Cao C, Rochlin EK, Dembinski R, et al. Advances in biomarkers for vasospasm - towards a future blood-based diagnostic test. World Neurosurg X. (2024) 22:100343. doi: 10.1016/j.wnsx.2024.100343

 97. Oliveira LB, Batista S, Prestes MZ, Bocanegra-Becerra JE, Rabelo NN, Bertani R, et al. Stellate ganglion block in subarachnoid hemorrhage: a promising protective measure against vasospasm? World Neurosurg. (2024) 182:124–31. doi: 10.1016/j.wneu.2023.11.122

 98. Wu Y, Lin F, Bai Y, Liang F, Wang X, Wang B, et al. Early stellate ganglion block for improvement of postoperative cerebral blood flow velocity after aneurysmal subarachnoid hemorrhage: results of a pilot randomized controlled trial. J Neurosurg. (2023) 139:1339–47. doi: 10.3171/2023.3.JNS222567

 99. Li YL. Stellate ganglia and cardiac sympathetic overactivation in heart failure. Int J Mol Sci. (2022) 23:13311. doi: 10.3390/ijms232113311

 100. Elias M. Cervical sympathetic and stellate ganglion blocks. Pain Physician. (2000) 3:294–304. doi: 10.36076/ppj.2000/3/294

 101. Zhang L, Yao J, Zhang T, Jin J, Zeng X, Yue Z. Stellate ganglion block may prevent the development of neurogenic pulmonary edema and improve the outcome. Med Hypotheses. (2013) 80:158–61. doi: 10.1016/j.mehy.2012.11.017

 102. Rae Olmsted KL, Bartoszek M, Mulvaney S, Mclean B, Turabi A, Young R, et al. Effect of Stellate ganglion block treatment on posttraumatic stress disorder symptoms: a randomized clinical trial. JAMA Psychiatry. (2020) 77:130–8. doi: 10.1001/jamapsychiatry.2019.3474

 103. Li TT, Wan Q, Zhang X, Xiao Y, Sun LY, Zhang YR, et al. Stellate ganglion block reduces inflammation and improves neurological function in diabetic rats during ischemic stroke. Neural Regen Res. (2022) 17:1991–7. doi: 10.4103/1673-5374.335162

 104. Huang C, Shu S, Zhou M, Sun Z, Li S. Stellate ganglion block therapy in management of ventricular electrical storm: a case report. Heliyon. (2024) 10:e37724. doi: 10.1016/j.heliyon.2024.e37724

 105. Kirkpatrick K, Khan MH, Deng Y, Shah KB. A review of stellate ganglion block as an adjunctive treatment modality. Cureus. (2023) 15:e35174. doi: 10.7759/cureus.35174

 106. Flynn LMC, Begg CJ, Macleod MR, Andrews PJD. Alpha calcitonin gene-related peptide increases cerebral vessel diameter in animal models of subarachnoid hemorrhage: a systematic review and meta-analysis. Front Neurol. (2017) 8:357. doi: 10.3389/fneur.2017.00357

 107. Zhang J, Nie Y, Pang Q, Zhang X, Wang Q, Tang J. Effects of stellate ganglion block on early brain injury in patients with subarachnoid hemorrhage: a randomised control trial. BMC Anesthesiol. (2021) 21:23. doi: 10.1186/s12871-020-01215-3

 108. Yang X, Shi Z, Li X, Li J. Impacts of stellate ganglion block on plasma NF-kappaB and inflammatory factors of TBI patients. Int J Clin Exp Med. (2015) 8:15630–8.

 109. Nie Y, Song R, Chen W, Qin Z, Zhang J, Tang J. Effects of stellate ganglion block on cerebrovascular vasodilation in elderly patients and patients with subarachnoid haemorrhage. Br J Anaesth. (2016) 117:131–2. doi: 10.1093/bja/aew157

 110. Garmon EH, Hendrix JM, Huecker MR. Topical, Local, and Regional Anesthesia and Anesthetics. Treasure Island, FL: StatPearls. (2025).

 111. Goel V, Patwardhan AM, Ibrahim M, Howe CL, Schultz DM, Shankar H. Complications associated with stellate ganglion nerve block: a systematic review. Reg Anesth Pain Med. (2019) 44:669–78. doi: 10.1136/rapm-2018-100127

 112. Deng JJ, Zhang CL, Liu DW, Huang T, Xu J, Liu QY, et al. Treatment of stellate ganglion block in diseases: its role and application prospect. World J Clin Cases. (2023) 11:2160–7. doi: 10.12998/wjcc.v11.i10.2160

 113. Sanghai S, Abbott NJ, Dewland TA, Henrikson CA, Elman MR, Wollenberg M, et al. Stellate ganglion blockade with continuous infusion vs. single injection for treatment of ventricular arrhythmia storm. JACC Clin Electrophysiol. (2021) 7:452–60. doi: 10.1016/j.jacep.2020.09.032

 114. Pileggi M, Mosimann PJ, Isalberti M, Piechowiak EI, Merlani P, Reinert M, et al. Stellate ganglion block combined with intra-arterial treatment: a “one-stop shop” for cerebral vasospasm after aneurysmal subarachnoid hemorrhage-a pilot study. Neuroradiology. (2021) 63:1701–8. doi: 10.1007/s00234-021-02689-9

 115. Liu JK, Couldwell WT. Intra-arterial papaverine infusions for the treatment of cerebral vasospasm induced by aneurysmal subarachnoid hemorrhage. Neurocrit Care. (2005) 2:124–32. doi: 10.1385/NCC:2:2:124

 116. Liu J, Sun C, Wang Y, Nie G, Dong Q, You J, et al. Efficacy of nimodipine in the treatment of subarachnoid hemorrhage: a meta-analysis. Arq Neuropsiquiatr. (2022) 80:663–70. doi: 10.1055/s-0042-1755301

 117. Chaudhry NS, Orning JL, Shakur SF, Amin-Hanjani S, Aletich VA, Charbel FT, et al. Safety and efficacy of balloon angioplasty of the anterior cerebral artery for vasospasm treatment after subarachnoid hemorrhage. Interv Neuroradiol. (2017) 23:372–7. doi: 10.1177/1591019917699980

 118. Schacht H, Kuchler J, Boppel T, Leppert J, Ditz C, Schramm P, et al. Transluminal balloon angioplasty for cerebral vasospasm after spontaneous subarachnoid hemorrhage: a single-center experience. Clin Neurol Neurosurg. (2020) 188:105590. doi: 10.1016/j.clineuro.2019.105590

 119. Katayama T, Sakoda N, Yamamoto F, Ishizaki M, Iwasaki Y. Balloon rupture during coronary angioplasty causing dissection and intramural hematoma of the coronary artery; a case report. J Cardiol Cases. (2010) 1:e17–20. doi: 10.1016/j.jccase.2009.06.002

 120. Bortolato A, Simonato D, Feltracco P, Munari M. Continuous stellate ganglion block in delayed cerebral ischemia: a possible supplementary approach to traditional therapy? J Anaesthesiol Clin Pharmacol. (2020) 36:265–7. doi: 10.4103/joacp.JOACP_251_19

 121. Treggiari MM, Romand JA, Martin JB, Reverdin A, Rufenacht DA, De Tribolet N. Cervical sympathetic block to reverse delayed ischemic neurological deficits after aneurysmal subarachnoid hemorrhage. Stroke. (2003) 34:961–7. doi: 10.1161/01.STR.0000060893.72098.80

Copyright
 © 2025 Wang and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fneur-16-1571550-t001.jpg
Condition Anesthetic ~ Volume of Reference

agent local

anesthetic

Early brain Ropivacaine 8ml (107)
injury (EBI) after | (0.375%)
SAH
Delayed cerebral Ropivacaine 20ml (120
ischemia (DCI) (0.5%)
after SAH
Aneurysmal Bupivacaine 10ml (30)
SAH (0.5%)
Aneurysmal Bupivacaine 10ml (28)
SAH (0.5%)
Aneurysmal Ropivacaine $mL ©98)
SAH (0.5%)
Ischemic Levobupivacaine | 8ml (109)
encephalopathy (0.375%)
or cerebral
vascular disease
Refractory Ropivacaine 5ml (114)
cerebral (0.5%)
vasospasm after
aSAH






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Sympathetic nerve block as an add-on therapy for intervention and prevention of cerebral vasospasm after subarachnoid hemorrhage



		1 Introduction



		2 Pathophysiology of cerebral vasospasm



		2.1 Oxidative stress and cerebral vasospasm



		2.2 Inflammation and cerebral vasospasm



		2.3 Endothelial dysfunction and cerebral vasospasm



		2.4 Smooth muscle hypercontraction and cerebral vasospasm







		3 Role of sympathetic nervous system in cerebral vasospasm



		3.1 Sympathetic nerve activation and vasoconstriction



		3.2 Sympathetic nerve activation and endothelial dysfunction



		3.3 Sympathetic nerve activation and inflammatory response







		4 Sympathetic nerve system inhibition and cerebral vasospasm



		4.1 Sympathetic nerve block is a therapeutic strategy



		4.2 SGB modulates the cerebral vasoconstriction and vasodilation



		4.3 SGB reduces inflammatory response







		5 Clinical applications and efficacy of SGB



		5.1 Clinical efficacy and safety of SGB in cerebral vasospasm after SAH



		5.2 Recurrence rate of after SGB treatment



		5.3 SGB as an adjunct therapy to endovascular treatments in cerebral vasospasm



		5.4 SGB for cerebral vasospasm: overview of indications







		6 Conclusions



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher's note



		References

















OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Neurology

Sympathetic nerve block as an
add-on therapy for intervention
and prevention of cerebral
vasospasm after subarachnoid
hemorrhage





OPS/images/fneur-16-1571550-g001.gif
........





OPS/images/fneur-16-1571550-g002.gif











OPS/images/crossmark.jpg
©

|






OPS/images/logo.jpg
& frontiers | Frontiers in Neurology







