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Abstract: Background: Aneurysmal subarachnoid hemorrhage (aSAH) remains a life-threatening
cerebrovascular event with high rates of mortality and long-term morbidity. Among its
complications, delayed cerebral ischemia (DCI) is a major contributor to poor clinical outcomes.
Although cerebral vasospasm has traditionally been considered the primary mechanism underlying
DCI, recent studies have revealed the multifactorial nature of this condition. Objective: This review
aims to provide a comprehensive overview of the pathophysiology, preventive strategies, and
current treatment options for DCI following aSAH. Methods: We performed a narrative review of
the literature, focusing on recent findings regarding the etiologies of DCI—including cerebral
vasospasm, microvascular spasm, microthrombi, and cortical spreading depolarization—and the
effectiveness of various prophylactic and therapeutic interventions. Results: Emerging evidence
highlights that vasospasm alone does not account for all cases of DCI. Pharmacological approaches
such as nimodipine, clazosentan, and fasudil have shown varying degrees of efficacy. Circulatory
management and removal of subarachnoid hematoma via CSF drainage or thrombolytics may reduce
DCI risk, although their impact on long-term neurological outcomes remains controversial.
Endovascular therapy and adjunctive agents such as cilostazol or anticoagulants have demonstrated
potential but require further validation through large-scale trials. Conclusions: Effective DCI
prevention and treatment require a multimodal approach targeting diverse pathological mechanisms
beyond vasospasm. Improved risk stratification, early detection, and individualized therapy are
essential for advancing the management of patients with aSAH.

Keywords: subarachnoid hemorrhage; vasospasm; delayed cerebral ischemia; prevention;
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Introduction

Globally, stroke ranks as the second leading cause of death and disability-adjusted life-years [1].
Intracranial aneurysm rupture, causing aneurysmal subarachnoid hemorrhage (aSAH), accounts for
5% of all strokes [2,3]. The early mortality rate post-SAH exceeds 30%, and most survivors endure
long-term disabilities or cognitive complications [2,4]. Cerebral vasospasm affects approximately
70% of aSAH patients, typically manifesting between days 7 and 10 post-bleed [5-7]. Delayed cerebral
ischemia (DCI), a complex ischemic complication of aSAH, occurs in 17-40% of these patients and is
associated with poorer clinical outcomes [8-11]. Historically, cerebral vasospasm that went
unrecognized or was inadequately treated was often cited as a primary cause of mortality in autopsies
following aSAH [12]. However, the pathogenesis of DCI extends beyond simple vasospasm,
encompassing a spectrum of factors such as disruption of the blood-brain barrier, microthromboses,
cortical spreading depolarizations, and the breakdown of cerebral autoregulation [13]. Interventions
that focus solely on vasospasm have demonstrated limited success in ameliorating DCI or reducing
the death rate among aSAH patients. Therefore, honing risk stratification methods, improving
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prophylaxis, and early detection and management of DCI are essential in advancing the treatment of
aSAH.

Today, various pharmacological strategies aimed at reducing mortality and DCI while
enhancing neurological and functional recovery post-aSAH have been reported. In this review, we
summarized the etiology and treatment of post-aSAH DCIL.

The Etiology of DCI

(1) Cerebral Vasospasm and Subarachnoid Hematoma

The volume and distribution of subarachnoid hematomas are considered risks for cerebral
vasospasm [14]. In animal models, it has been reported that oxyhemoglobin contained in the
subarachnoid hematoma can induce vasospasm, while methemoglobin and bilirubin do not
significantly cause vasospasm [15-17]. The mechanism by which oxyhemoglobin induces cerebral
vasospasm may involve the release of reactive oxygen species during its oxidation to methemoglobin,
decreased production of PGI2, and increased production of PGE2 [18]. There are no specific
interventions, but draining the subarachnoid space to remove the blood breakdown products may be
a sensible approach.

(2) Microvascular Spasm

There may be discrepancies between imaging findings of cerebral vasospasm and clinical
symptoms, suggesting the involvement of microvascular spasm that is not detectable by imaging.
Studies using PET-CT to assess cerebral blood flow and cerebral blood volume have shown that
unlike cases of carotid occlusion, patients with cerebral vasospasm following SAH do not exhibit
peripheral vascular dilation due to autoregulation [19]. In SAH models with blood injected into the
cerebral ventricles, narrowing of the microvessels within the brain parenchyma has been observed,
suggesting microvascular spasm [20]. Microvascular spasms can occur within 24 hours of SAH onset
and pose a risk for subsequent cerebral vasospasm [21].

(3) Microthrombi

In autopsies of SAH patients (n=29), a more significant number of microthrombi were found in
those who developed DCI, suggesting microthrombi as one of the pathological states related to DCI
[22]. Furthermore, observational studies following blood markers after SAH onset reported that
levels of von Willebrand factor rise within 72 hours of onset, and platelet-activating factor increases
within four days of SAH, continuing to rise to 14 days [23,24]. There is a correlation between the
volume of subarachnoid hematoma and increased coagulation activity, and several observational
studies have reported a potential link between enhanced coagulation function and DCI [23,25-27].

(4) Cortical Spreading Depolarization (CSD)

CSD involves a sustained propagation of neuronal depolarization across the cerebral cortex at
speeds of 2-6 mm/min and is associated with cerebral edema. It is also considered a neuroprotective
response, inducing contraction and dilation in brain vessels. While CSD is typically not problematic
in an undamaged brain, it is observed in 70-80% of severe SAH patients, and recurring CSD episodes
in a damaged brain can worsen cerebral ischemia, even in the absence of cerebral vasospasm [28-30].

The Prevention and Treatment of DCI

Over the past 60 years, various preventative and therapeutic measures against cerebral
vasospasm have been explored, yet more established methods still need to be determined [31,32]. As
previously mentioned, various causes contribute to Delayed Cerebral Ischemia (DCI), and
approaches to address these have been examined, mainly through randomized controlled trials
(RCTs).
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(1) Circulatory Management

Following SAH, conditions such as central salt wasting syndrome (CSWS) and syndrome of
inappropriate antidiuretic hormone secretion (SIADH) can lead to hyponatremia and reduced
circulating blood volume, which increases the risk of DCI [33]. In cases of SIADH, restriction of free
water intake is commonly practiced, which, however, might increase the risk of cerebral ischemia
[34]. In post-SAH patients, isotonic fluids are typically used to manage circulation, prevent
hyponatremia, and reduce circulating blood volume. Previously, the Triple-H therapy, which
involved induced hypertension, hypervolemia, and hemodilution, was practiced but failed to
demonstrate efficacy [35]. Some observational studies have associated positive fluid balance after
SAH with poor outcomes, and the latest guidelines documented managing infusion to maintain
euvolemia [36-38]. Complications like neurogenic pulmonary edema and Takotsubo
cardiomyopathy can make circulatory management more challenging.

After the onset of DCI, if there are no signs of fluid overload, fluid loading is first performed to
see if it improves neurological outcomes (CBF responsiveness to infusion) [39]. Once the circulating
blood volume is optimized, if there are no concerns like untreated aneurysms, the target blood
pressure is set higher, and vasoconstrictors are administered. Reports suggest these management
strategies improve neurological outcomes in about 70% of DCI cases [40].

(2) Removal of Subarachnoid Hematoma

The presence of a subarachnoid hematoma is considered a risk factor for cerebral vasospasm,
and its removal through drainage is an anticipated, albeit invasive, intervention method. Various
techniques, such as ventricular drainage, lumbar drainage, and intrathecal administration of
thrombolytic agents, have been considered, but most studies are observational. An RCT dividing 210
SAH patients into two groups based on the presence or absence of lumbar drainage showed a
decreased DCI. However, there was no significant difference in neurological outcomes after six
months [41]. Furthermore, the majority of patients in this study had mild symptoms, and the
effectiveness of this intervention for moderate to severe SAH remains unclear.

A meta-analysis of five RCTs considering intrathecal administration of thrombolytic agents in
465 SAH patients reported improvements in cerebral vasospasm, DCI, and neurological outcomes
[42]. However, excluding the RCT that combined this treatment with intrathecal nimodipine, no
statistically significant differences were observed, indicating that this treatment has yet to be
established as standard.

(3) Endovascular Treatment

Endovascular treatment is divided into mechanical dilation using a balloon and intra-arterial
administration of vasodilatory drugs. It is considered for patients whose medical treatment is
ineffective or poses a high risk of complications. An RCT evaluating prophylactic percutaneous
transluminal cerebral balloon angioplasty (PTCBA) within 96 hours of SAH onset in patients at high
risk of DCI due to large subarachnoid hematomas showed no difference in the occurrence of DCI or
neurological outcomes, suggesting that preventive PTCBA is not recommended [43]. Additionally,
complications related to PTCBA included arterial perforation in four cases, three of which were fatal.
No RCTs have been reported regarding endovascular treatments as interventions for DCL
Observational studies have shown them effective in over 90% of cases, but approximately 20%
required retreatment due to symptom recurrence [44]. Endovascular treatment should also be
conducted earlier after the onset of DCI [45]. Vasodilatory drugs used intra-arterially include
verapamil, nicardipine, nimodipine, and fasudil [46].

(4) Calcium Channel Blockers

Nimodipine, a dihydropyridine calcium channel blocker, is sanctioned by the US Food and Drug
Administration for neurological improvement for post-aSAH patients. A Cochrane review assessing
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treatments involving calcium channel blockers, including their combinations, comprising 16 RCTs
with 3,661 participants, showed that these drugs improved neurological outcomes [47]. However,
stratified analyses revealed that while oral nimodipine exhibited similar beneficial effects,
intravenous nimodipine and other calcium channel blockers did not improve outcomes. RCTs
reporting a reduction in DCI with oral nimodipine did not show a decrease in cerebral vasospasm
[48]; thus, other neuroprotective actions such as microvascular dilation, reduction in platelet
aggregation, and decreased calcium-dependent excitotoxicity are considered. Similar findings have
been reported for nicardipine, another L-type dihydropyridine calcium channel blocker. High-dose
continuous nicardipine administration (0.15 mg/kg/hr) reduced cerebral vasospasm [49], but there
was no difference in neurological outcomes after three months, potentially due to hypotension
affecting cerebral perfusion. An RCT comparing low-dose (0.075 mg/kg/hr) with high-dose (0.15
mg/kg/hr) nicardipine found no difference in DCI incidence (~31%) or neurological outcomes after
three months in both groups, and more adverse events led to early termination in the high-dose group
[50].

(5) Clazosentan

Previous studies have suggested that endothelin-1, a potent and persistent endogenous
vasoconstrictor, plays a role in the development of cerebral vasospasm [51]. After aSAH onset, the
concentration of endothelin increases in the cerebral arteries, thereby increasing the sensitivity to
endothelin-1 and intracellular calcium concentration [52].

Clazosentan, a selective endothelin receptor antagonist, inhibits endothelin-mediated cerebral
vasospasm [53]. Several trials have evaluated the efficacy and safety of clazosentan for preventing or
modulating cerebral vasospasm in patients with aSAH [54-58]. Clazosentan was recently assessed in
placebo-controlled, randomized, double-blind studies in adult Japanese patients with aSAH and
showed a significant reduction in cerebral vasospasm-related morbidity and all-cause mortality
within six weeks post-aSAH [59]. In real-world data analysis, clazosentan effectively significantly
reduced the combined incidence of vasospasm-related morbidity and all-cause mortality in the case
of aSAH [60,61]. Clazosentan has only been available in actual clinical use for about three years in
Japan, and further evidence needs to be established in the future.

(6) Fasudil Hydrochloride

Fasudil hydrochloride, a Rho kinase inhibitor, exerts vasodilatory effects by antagonizing
intracellular calcium ions and myosin light chain and is involved in processes such as
vasoconstriction, activation of inflammatory cells, and endothelial cell damage. An RCT comparing
fasudil with placebo over 14 days in post-SAH patients showed decreased DCI and improved
neurological outcomes after one month [62]. Another RCT comparing oral nimodipine as a control
showed no difference in DCI but improved neurological outcomes after one month [63]. A meta-
analysis of eight such RCTs reported similar results, although the sample sizes were generally small,
indicating a need for larger-scale RCTs to substantiate these findings [64].

(7) Antiplatelet and Anticoagulant Drugs

A 2007 Cochrane Review examining the efficacy of antiplatelet drugs in SAH patients (7 RCTs,
n=1,385) found no significant differences in delayed cerebral ischemia (DCI), neurological outcomes,
or hemorrhagic complications [65]. Furthermore, although several observational studies have
reported on the effectiveness of dual antiplatelet therapy (DAPT), results are inconsistent, and there
is a suggested risk of increased bleeding [66,67].

Cilostazol, a phosphodiesterase inhibitor, possesses antiplatelet, endothelial protective, and
vasodilatory effects. Several RCTs have reported improvements in cerebral vasospasm, DCI, and
neurological outcomes with cilostazol, though the sample sizes were small, indicating a need for
verification through larger-scale studies [68-70].
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Regarding anticoagulant therapy, two RCTs comparing low molecular weight heparin
subcutaneous injections with placebo reported reductions in DCI and stroke but no difference in
neurological outcomes after three months [71,72]. Continuous infusion of heparin has been observed
in studies to improve DCI, stroke, and cognitive function after three months [73-75].

(8) Statins

Statins are anticipated to have anti-inflammatory, vasodilatory, and antithrombotic effects. A
meta-analysis of six randomized trials on statin therapy for aSAH revealed a decrease in vasospasm
without significant improvement in DCI or mortality [76]. One hypothesis is that extended statin
dosing may increase the risk of bacteremia within this patient group, neutralizing any vasospasm
mitigation benefits [77]. Research efforts are pivoting towards examining shorter-duration and
combination statin therapies [78]. Given that existing dosing regimens have not yielded outcome
benefits, routine statin use for aSAH patients is not currently advised [79].

(9) Magnesium

Although preclinical studies posited that magnesium sulfate could augment cerebral blood flow
and curtail vasospasm [80], clinical evidence has not demonstrated outcome benefits with its
intravenous administration [81]. There is ongoing debate regarding the significance of magnesium
concentration within the cerebrospinal fluid over peripheral levels, a theory yet to be empirically
substantiated. Based on present data, magnesium sulfate is not endorsed for routine use to enhance
neurological outcomes post-aSAH [82].

References

1. GBD 2016 Neurology Collaborators. Global, regional, and national burden of neurological disorders,
1990-2016: a systematic analysis for the Global Burden of Disease Study 2016. Lancet Neurol. 2019;18:459—
480. doi: 10.1016/s1474-4422(18)30499-x

2. Nieuwkamp DJ, Setz LE, Algra A, Linn FH, de Rooij NK, Rinkel GJ. Changes in case fatality of
aneurysmal subarachnoid hemorrhage over time, according to age, sex, and region: a meta-analysis.
Lancet Neurol. 2009;8:635-642. doi: 10.1016/51474-4422(09)70126-7

3. Macdonald RL. Delayed neurological deterioration after subarachnoid hemorrhage. Nat Rev Neurol.
2014;10:44-58. doi: 10.1038/nrneurol.2013.246

4.  Korja M, Silventoinen K, Laatikainen T, Jousilahti P, Salomaa V, Kaprio J. Cause-specific mortality of 1-
year survivors of subarachnoid hemorrhage. Neurology. 2013;80:481-486. doi:
10.1212/WNL.0b013e31827f0fb5

5. Kassell NF, Sasaki T, Colohan AR, Nazar G. Cerebral vasospasm following aneurysmal subarachnoid
hemorrhage. Stroke. 1985;16:562-572. doi: 10.1161/01.str.16.4.562

6.  Weir B, Grace M, Hansen ], Rothberg C. Time course of vasospasm in man. | Neurosurg. 1978;48:173-178.
doi: 10.3171/jns.1978.48.2.0173

7. Vergouwen MD, Vermeulen M, van Gijn ], Rinkel GJ, Wijdicks EF, Muizelaar JP, Mendelow AD, Juvela S,
Yonas H, Terbrugge KG, et al. Definition of delayed cerebral ischemia after aneurysmal subarachnoid
hemorrhage as an outcome event in clinical trials and observational studies: proposal of a
multidisciplinary research group. Stroke. 2010;41:2391-2395. doi: 10.1161/STROKEAHA.110.589275

8. Dodd WS, Laurent D, Dumont AS, Hasan DM, Jabbour PM, Starke RM, Hosaka K, Polifka AJ, Hoh BL,
Chalouhi N. Pathophysiology of delayed cerebral ischemia after subarachnoid hemorrhage: a review. |
Am Heart Assoc. 2021;10:e021845. doi: 10.1161/JAHA.121.021845

9.  Charpentier C, Audibert G, Guillemin F, Civit T, Ducrocq X, Bracard S, Hepner H, Picard L, Laxenaire
MC. Multivariate analysis of predictors of cerebral vasospasm occurrence after aneurysmal subarachnoid
hemorrhage. Stroke. 1999;30:1402-1408. doi: 10.1161/01.str.30.7.1402

10. Brilstra EH, Rinkel GJ, Algra A, van Gijn J. Rebleeding, secondary ischemia, and timing of operation in
patients with subarachnoid hemorrhage. Neurol- ogy. 2000;55:1656-1660. doi: 10.1212/wnl.55.11.1656


https://doi.org/10.20944/preprints202503.2412.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 April 2025 d0i:10.20944/preprints202503.2412.v1

11. Rabinstein AA, Friedman JA, Weigand SD, McClelland RL, Fulgham JR, Manno EM, Atkinson JL,
Wijdicks EF. Predictors of cerebral infarction in aneurysmal subarachnoid hemorrhage. Stroke.
2004;35:1862-1866. doi: 10.1161/01.STR.0000133132.76983.8e

12.  Locksley HB. Natural history of subarachnoid hemorrhage, intracranial aneurysms and arteriovenous
malformations. | Neurosurg. 1966;25:321— 368. doi: 10.3171/jns.1966.25.3.0321

13.  Rowland M]J, Hadjipavlou G, Kelly M, Westbrook ], Pattinson KT. Delayed cerebral ischaemia after
subarachnoid haemorrhage: looking beyond vaso- spasm. Br | Anaesth. 2012;109:315-329. doi:
10.1093/bja/aes264

14. Fisher CM, Kistler JP, Davis JM. Relation of cerebral vasospasm to subarachnoid hemorrhage visualized
by computerized tomographic scanning. Neurosurgery 1980;6:1-9.

15. Toda N, Shimizu K, Ohta T. Mechanism of cerebral arterial contraction induced by blood constituents. J
Neurosurg 1980;53:312-22.

16. Toda N. Mechanisms of contracting action of oxyhemoglobin in isolated monkey and dog cerebral
arteries. Am ] Physiol 1990;258(1 Pt 2):H57-63.

17.  Macdonald RL, Weir BK, Grace MG, et al. Morphometric analysis of monkey cerebral arteries exposed in
vivo to whole blood, oxyhemoglobin, methemoglobin, and bilirubin. Blood Vessels 1991;28:498-510.

18. Macdonald RL, Weir BK. A review of hemoglobin and the pathogenesis of cerebral vasospasm. Stroke
1991;22:971-82.

19. Yundt KD, Grubb RL Jr, Diringer MN, et al. Autoregulatory vasodilation of parenchymal vessels is
impaired during cerebral vasospasm. ] Cereb Blood Flow Metab 1998;18:419-24.

20. Hart MN. Morphometry of brain parenchymal vessels following subarachnoid hemorrhage. Stroke
1980;11:653-5.

21. Udoetuk JD, Stiefel MF, Hurst RW, et al. Admission angiographic cerebral circulation time may predict
subsequent angiographic vasospasm after aneurysmal subarachnoid hemorrhage. Neurosurgery
2007;61:1152-9; discussion 1159-61.

22.  Stein SC, Browne KD, Chen XH, et al. Thromboembolism and delayed cerebral ischemia after
subarachnoid hemorrhage: an autopsy study. Neurosurgery 2006;59:781-7; discussion 787-8.

23. Frijns CJ, Fijnheer R, Algra A, et al. Early circulating levels of endothelial cell activation markers in
aneurysmal subarachnoid haemorrhage: associations with cerebral ischaemic events and outcome. J
Neurol Neurosurg Psychiatry 2006;77:77-83.

24. Hirashima Y, Nakamura S, Endo S, et al. Elevation of platelet activating factor, inflammatory cytokines,
and coagulation factors in the internal jugular vein of patients with subarachnoid hemorrhage.
Neurochem Res 1997;22:1249-55.

25. Ikeda K, Asakura H, Futami K, et al. Coagulative and fibrinolytic activation in cerebrospinal fluid and
plasma after subarachnoid hemorrhage. Neurosurgery 1997;41:344-9; discussion 349-50.

26. Ohkuma H, Suzuki S, Kimura M, et al. Role of platelet function in symptomatic cerebral vasospasm
following aneurysmal subarachnoid hemorrhage. Stroke 1991;22:854-9.

27. Peltonen S, Juvela S, Kaste M, et al. Hemostasis and fibrinolysis activation after subarachnoid
hemorrhage. ] Neurosurg 1997;87:207-14.

28. Dreier JP, Major S, Manning A, et al; COSBID study group. Cortical spreading ischaemia is a novel
process involved in ischaemic damage in patients with aneurysmal subarachnoid haemorrhage. Brain
2009;132(Pt 7):1866-81.

29. Dreier JP, Woitzik ], Fabricius M, et al. Delayed ischaemic neurological deficits after subarachnoid
haemorrhage are associated with clusters of spreading depolarizations. Brain 2006(Pt 12);129:3224-37.

30. Woitzik J, Dreier JP, Hecht N, et al; COSBID study group. Delayed cerebral ischemia and spreading
depolarization in absence of angiographic vasospasm after subarachnoid hemorrhage. ] Cereb Blood
Flow Metab 2012;32:203-12.

31. Brathwaite S, Macdonald RL. Current management of delayed cerebral ischemia: update from results of
recent clinical trials. Transl Stroke Res 2014;5:207-26.


https://doi.org/10.20944/preprints202503.2412.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 April 2025 d0i:10.20944/preprints202503.2412.v1

32. Dayyani M, Sadeghirad B, Grotta JC, et al. Prophylactic Therapies for Morbidity and Mortality After
Aneurysmal Subarachnoid Hemorrhage: A Systematic Review and Network Meta-Analysis of
Randomized Trials. Stroke. 2022;53(6):1993-2005. doi:10.1161/STROKEAHA.121.035699

33. Hasan D, Wijdicks EF, Vermeulen M. Hyponatremia is associated with cerebral ischemia in patients with
aneurysmal subarachnoid hemorrhage. Ann Neurol 1990;27:106-8.

34. Wijdicks EF, Vermeulen M, Hijdra A, et al. Hyponatremia and cerebral infarction in patients with
ruptured intracranial aneurysms: is fluid restriction harmful?. Ann Neurol 1985;17:137-40.

35. Treggiari MM, Walder B, Suter PM, et al. Systematic review of the prevention of delayed ischemic
neurological deficits with hypertension, hypervolemia, and hemodilution therapy following
subarachnoid hemorrhage. ] Neurosurg 2003;98:978-84.

36. SakrY, Duhisch P, Santos C, et al. Poor outcome is associated with less negative fluid balance in patients
with aneurysmal subarachnoid hemorrhage treated with prophylactic vasopressor-induced hypertension
Ann Intensive Care 2016;6:25.

37. Martini RP, Deem S, Brown M, et al The association between fluid balance and outcomes after
subarachnoid hemorrhage. Neurocrit Care 2012;17:191-8.

38. Hoh BL, Ko NU, Amin-Hanjani S, et al. 2023 Guideline for the Management of Patients With Aneurysmal
Subarachnoid Hemorrhage: A Guideline From the American Heart Association/American Stroke
Association [published correction appears in Stroke 2023 Dec;54(12):e516]. Stroke. 2023;54(7):e314-e370.
doi:10.1161/STR.0000000000000436

39. Jost SC, Diringer MN, Zazulia AR, et al. Effect of normal saline bolus on cerebral blood flow in regions
with low baseline flow in patients with vasospasm following subarachnoid hemorrhage. ] Neurosurg
2005;103:25-30.

40. Francoeur CL, Mayer SA. Management of delayed cerebral ischemia after subarachnoid hemorrhage. Crit
Care 2016;20:277.

41. Al-Tamimi YZ, Bhargava D, Feltbower RG, et al. Lumbar drainage of cerebrospinal fluid after
aneurysmal subarachnoid hemorrhage: a prospective, randomized, controlled trial (LUMAS). Stroke
2012;43:677-82.

42. Kramer AH, Fletcher JJ. Locally-administered intrathecal thrombolytics following aneurysmal
subarachnoid hemorrhage: a systematic review and meta-analysis. Neurocrit Care 2011;14:489-99.

43. Zwienenberg-Lee M, Hartman J, Rudisill N, et al; Balloon Prophylaxis for Aneurysmal Vasospasm
(BPAV) Study Group. Effect of prophylactic transluminal balloon angioplasty on cerebral vasospasm and
outcome in patients with Fisher grade III subarachnoid hemorrhage: results of a phase II multicenter,
randomized, clinical trial. Stroke 2008;39:1759-65.

44. Chalouhi N, Tjoumakaris S, Thakkar V, et al. Endovascular management of cerebral vasospasm following
aneurysm rupture: outcomes and predictors in 116 patients. Clin Neurol Neurosurg 2014;118:26-31.

45. Rosenwasser RH, Armonda RA, Thomas JE, et al. Therapeutic modalities for the management of cerebral
vasospasm: timing of endovascular options. Neurosurgery 1999;44:975-9; discussion 979-80.

46. Hollingworth M, Chen PR, Goddard AJ, et al. Results of an International Survey on the Investigation and
Endovascular Management of Cerebral Vasospasm and Delayed Cerebral Ischemia. World Neurosurg
2015;83:1120-6.el.

47. Dorhout Mees SM, Rinkel GJ, Feigin VL, et al. Calcium antagonists for aneurysmal subarachnoid
haemorrhage. Cochrane Database Syst Rev 2007;2007:Cd000277.

48. Petruk KC, West M, Mohr G, et al. Nimodipine treatment in poor-grade aneurysm patients. Results of a
multicenter double-blind placebo-controlled trial. ] Neurosurg 1988;68:505-17.

49. Haley EC Jr, Kassell NF, Torner JC. A randomized controlled trial of high-dose intravenous nicardipine
in aneurysmal subarachnoid hemorrhage. A report of the Cooperative Aneurysm Study. ] Neurosurg
1993;78:537-47.

50. Haley EC Jr, Kassell NF, Torner JC, et al. A randomized trial of two doses of nicardipine in aneurysmal
subarachnoid hemorrhage. A report of the Cooperative Aneurysm Study. ] Neurosurg 1994;80:788-96.

51. Zimmermann M, Seifert V (2004) Endothelin receptor antagonists and cerebral vasospasm. Clin Auton
Res 14:143-145. https://doi.org/10.1007/s10286-004-0186-y


https://doi.org/10.20944/preprints202503.2412.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 April 2025 d0i:10.20944/preprints202503.2412.v1

52.  Kramer A, Fletcher ] (2009) Do endothelin-receptor antagonists prevent delayed neurological deficits and
poor outcomes after aneurysmal subarachnoid hemorrhage?: a meta-analysis. Stroke 40: 3403-3406.
https://doi.org/10.1161/STROKEAHA.109.560243

53. Barth M, Capelle HH, Miinch E, et al. (2007) Effects of the selective endothelin A (ET(A)) receptor
antagonist clazosentan on cerebral perfusion and cerebral oxygenation following severe subarachnoid
hemorrhage - preliminary results from a randomized clinical series. Acta Neurochir (Wien) 149:911-918.
https://doi.org/10.1007/s00701-007-1249-3

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

55. Macdonald RL, Kassell NF, Mayer S, et al (2008) Clazosentan to overcome neurological ischemia and
infarction occurring after subarachnoid hemorrhage (CONSCIOUS-1): randomized, double-blind,
placebo-controlled phase 2 dose-finding trial. Stroke 39:3015-3021.
https://doi.org/10.1161/STROKEAHA.108.519942

56. Macdonald RL, Higashida RT, Keller E, et al (2011) Clazosentan, an endothelin receptor antagonist, in
patients with aneurysmal subarachnoid hemorrhage undergoing surgical clipping: a randomized,
double-blind, placebo-controlled phase 3 trial (CONSCIOUS-2). Lancet Neurol 10: 618-625.
https://doi.org/10.1016/S1474-4422(11)70108-9

57. Macdonald RL, Higashida RT, Keller E, et al (2012) Randomized trial of clazosentan in patients with
aneurysmal subarachnoid hemorrhage undergoing endovascular coiling. Stroke 43:1463-1469.
https://doi.org/10.1161/STROKEAHA.111.648980

58. Vajkoczy P, Meyer BS, Raabe A, et al (2005) Clazosentan (AXV-034343), a selective endothelin A receptor

antagonist, in the prevention of cerebral vasospasm following severe aneurysmal subarachnoid

hemorrhage: results of a randomized, double-blind, placebo-controlled, multicenter phase Ila study. J
Neurosurg 103:9-17. https://doi.org/10.3171/jns.2005.103.1.0009

59. Endo H, Hagihara Y, Kimura N, et al (2022) Effects of clazosentan on cerebral vasospasm-related
morbidity and all-cause mortality after aneurysmal subarachnoid hemorrhage: two randomized phase 3
trials in Japanese patients. ] Neurosurg 137:1707-1717. https://doi.org/10.3171/2022.2.JNS212914

60. Muraoka S, Asai T, Fukui T, et al. Real-world data of clazosentan in combination therapy for aneurysmal
subarachnoid hemorrhage: a multicenter retrospective cohort study. Neurosurg Rev. 2023;46(1):195.

61. Muraoka S, Izumi T, Nishida K, et al. RECOVER (REtrospective study of Clazosentan and fasudil in
subarachnOid hemorrhage: Vasospasm prEvention and patient pRognosis) Study — Comparison of
efficacy and safety of clazosentan and fasudil in patients with aneurysmal subarachnoid hemorrhage: a
multicenter retrospective cohort study. ] Neurosurg. 2025. In press

62. Shibuya M, Suzuki Y, Sugita K, et al. Effect of AT877 on cerebral vasospasm after aneurysmal
subarachnoid hemorrhage. Results of a prospective placebo-controlled double-blind trial. ] Neurosurg
1992;76:571-7.

63. Zhao ], Zhou D, Guo J, et al; Fasudil Aneurysmal Subarachnoid Hemorrhage Study Group. Efficacy and
Safety of Fasudil in Patients With Subarachnoid Hemorrhage: Final Results of a Randomized Trial of
Fasudil Versus Nimodipine. Neurol med-chir 2011;51:679-83.

64. Liu GJ, Wang Z], Wang YF, et al. Systematic assessment and meta-analysis of the efficacy and safety of
fasudil in the treatment of cerebral vasospasm in patients with subarachnoid hemorrhage. Eur J Clin
Pharmacol 2012;68:131-9.

65. Dorhout Mees SM, van den Bergh WM, Algra A, et al. Antiplatelet therapy for aneurysmal subarachnoid
haemorrhage. Cochrane Database Syst Rev 2007;2007:Cd006184.

66. Sun GU, Park E, Kim DW, et al. Dual antiplatelet treatment associated with reduced risk of symptomatic
vasospasm and delayed cerebral ischemia in aneurysmal subarachnoid hemorrhage. ] Cerebrovasc
Endovasc Neurosurg 2020;22:134-40.

67. Darkwah Oppong M, Gembruch O, Pierscianek D, et al. Post-treatment Antiplatelet Therapy Reduces
Risk for Delayed Cerebral Ischemia due to Aneurysmal Subarachnoid Hemorrhage. Neurosurgery
2019;85:827-33.


https://doi.org/10.20944/preprints202503.2412.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 April 2025 d0i:10.20944/preprints202503.2412.v1

68. Matsuda N, Naraoka M, Ohkuma H, et al. Effect of Cilostazol on Cerebral Vasospasm and Outcome in
Patients with Aneurysmal Subarachnoid Hemorrhage: A Randomized, Double-Blind, Placebo-Controlled
Trial. Cerebrovasc Dis 2016;42:97-105.

69. Senbokuya N, Kinouchi H, Kanemaru K, et al. Effects of cilostazol on cerebral vasospasm after
aneurysmal subarachnoid hemorrhage: a multicenter prospective, randomized, open-label blinded end
point trial. ] Neurosurg 2013;118:121-30.

70. SuzukiS, Sayama T, Nakamura T, et al. Cilostazol improves outcome after subarachnoid hemorrhage: a
preliminary report. Cerebrovasc Dis 2011;32:89-93.

71. Wurm G, Tomancok B, Nussbaumer K, et al. Reduction of ischemic sequelae following spontaneous
subarachnoid hemorrhage: a double-blind, randomized comparison of enoxaparin versus placebo. Clin
Neurol Neurosurg 2004;106:97-103.

72. Siironen J, Juvela S, Varis J, et al. No effect of enoxaparin on outcome of aneurysmal subarachnoid
hemorrhage: a randomized, double-blind, placebo-controlled clinical trial. ] Neurosurg 2003;99:953-9.

73. James RF, Khattar NK, Aljuboori ZS, et al. Continuous infusion of low-dose unfractionated heparin after
aneurysmal subarachnoid hemorrhage: a preliminary study of cognitive outcomes. ] Neurosurg
2019;130:1460-7.

74. Kole MJ, Wessell AP, Ugiliweneza B, et al. Low-Dose Intravenous Heparin Infusion After Aneurysmal
Subarachnoid Hemorrhage is Associated With Decreased Risk of Delayed Neurological Deficit and
Cerebral Infarction. Neurosurgery 2021;88:523-30.

75.  Simard JM, Aldrich EF, Schreibman D, et al. Low-dose intravenous heparin infusion in patients with
aneurysmal subarachnoid hemorrhage: a preliminary assessment. ] Neurosurg 2013;119:1611-9.

76. Shen ], Huang KY, Zhu Y, Pan JW, Jiang H, Weng YX, Zhan RY. Effect of statin treatment on vasospasm-
related morbidity and functional outcome in patients with aneurysmal subarachnoid hemorrhage: a
systematic review and meta-analysis. ] Neurosurg. 2017;127:291-301. doi:10.3171/2016.5.JNS152900

77. LiuT, Zhong S, Zhai Q, Zhang X, Jing H, Li K, Liu S, Han S, Li L, Shi X, et al. Optimal course of statins for
patients with aneurysmal subarachnoid hemorrhage: is longer treatment better? A meta-analysis of
randomized controlled trials. Front Neurosci. 2021;15:757505. doi: 10.3389/fnins.2021.757505

78. SuSH, Xu W, Hai J, Wu YF, Yu F. Effects of statins-use for patients with aneurysmal subarachnoid
hemorrhage: a meta-analysis of randomized controlled trials. Sci Rep. 2014;4:4573. doi: 10.1038/srep04573

79. Rabinstein AA. Vasospasm and statin therapy: yet another cautionary tale. Neurocrit Care. 2010;12:310—
312. doi: 10.1007/s12028-009-9267-z

80. Odom M]J, Zuckerman SL, Mocco J. The role of magnesium in the management of cerebral vasospasm.
Neurol Res Int. 2013;2013:943914. doi: 10.1155/2013/943914

81. Jeon]S, Sheen SH, Hwang G, Kang SH, Heo DH, Cho YJ. Intravenous magnesium infusion for the
prevention of symptomatic cerebral vasospasm after aneurysmal subarachnoid hemorrhage. ] Korean
Neurosurg Soc. 2012;52:75-79. doi: 10.3340/jkns.2012.52.2.75

82. Reddy D, Fallah A, Petropoulos JA, Farrokhyar F, Macdonald RL, Jichici D. Prophylactic magnesium
sulfate for aneurysmal subarachnoid hemorrhage: a systematic review and meta-analysis. Neurocrit Care.
2014;21:356-364. doi: 10.1007/s12028-014-9964-0

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202503.2412.v1

