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Vasospasm Management Strategies
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Aim- In this study, we present a broad presentation of the current state of cerebral vasospasm, including its pathogenesis,
commonly used treatments, and future outlook.

Methods- A literature review was conducted for cerebral vasospasms using the PubMed journal database
(https://pubmed.ncbi.nim.nih.gov). Relevant journal articles were narrowed down and selected using the Medical Subject
Headings (MeSH) option in PubMed.

Results- Cerebral vasospasm is the persistent narrowing of cerebral arteries days after experiencing a subarachnoid
hemorrhage (SAH). Eventually, if not corrected, this can lead to cerebral ischemia with significant neurological deficits
and/or death. Therefore, it is clinically beneficial to diminish or prevent the occurrence or reoccurrence of vasospasm in
patients following a SAH to prevent unwanted comorbidities or fatalities. We discuss the pathogenesis and mechanism of
development that have been implicated in the progression of vasospasms as well as the manner in which clinical
outcomes are quantitively measured. Further, we mention and highlight commonly used treatments to inhibit and reverse
the course of vasoconstriction within the cerebral arteries. Additionally, we mention innovations and techniques that are
being used to treat vasospasms and the outlook of their therapeutic value.

Conclusion- Overall, we give a comprehensive summary of the disease that encapsulates cerebral vasospasm and the
current and future standards of care that are used to treat it.
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INTRODUCTION

Cerebral vasospasm is defined as arterial narrowing and vasoconstriction following a hemorrhage in the
subarachnoid space, most commonly classified as a SAH(Fig. 1). In a study of more than 30,000 patient cases, it was
found that the incidence of angiographic vasospasm after SAH was 43.3% and another 32.5% demonstrated symptoms of
delayed ischemic deficit (DIC)[1].

Vasospasm begins 3 days following a SAH, peaks at 7 days, and declines in incidence after 21 days[2].Another
study found thatof the patientswho demonstrated angiographic vasospasm, 90.4% of them revealed symptoms by day
seven [3].In order to screen and monitor for vasospasms, the method varies widely by region [4].Commonmethods
include transcranial Doppler (TCD) ultrasonography, computed tomography angiography (CTA), computed tomography
perfusion (CTP)magnetic resonance angiography (MRA), magnetic resonance perfusion (MRP), and digital subtraction
angiography (DSA) [4-6].

The primary goal of acute vasospasm treatment is local arterial vasodilation to prevent delayed cerebral ischemia
(DCI) [7]. This progression to ischemia depends on a multitude of factors including the severity of vasospasm as well as
its rapid diagnosis and treatment upon presentation. DCI is an advanced stage of angiographic vasospasm where
significant narrowing of blood vessels has led to ischemia.lt is the major cause of death and disability in patients who had
a SAH [4].Symptomatic vasospasm is defined as a reduced level of consciousness and/or neurological deficit occurring
after a SAH with confirmed angiographic vasospasm [8,9]. Not all patients who develop angiographic vasospasm will
develop symptomatic vasospasm [9].

One study conducted on 2,741 patients who suffered from SAH demonstrated that SV occurred in 30% of the
patients, and of this number, 45% presented with cerebral infarction.Of the patients who did not express SV, 18% still
experienced a cerebral infarction [10].While vasospasm is considered one of the several risk factors that eventually lead
to cerebral ischemia[1], cigarette smoking, hypertension[11],and serum glucose/potassium ratio [12]are all involved and
may be important to assess.
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Fig.1. Flow map for the development of vasospasm and its potential destructive effect.

Material and Methods

A literature review was conducted for cerebral vasospasms using the PubMed journal database
(https://pubmed.ncbi.nlm.nih.gov). Relevant journal articles were narrowed down and selected using the Medical Subject
Headings (MeSH) option in PubMed.

Result
Pathogenesis

Following a SAH, cerebral ischemia and other pathological abnormalities are referred to as early brain
injury[2].During this phase, there is an increase in the activity of NADPH oxidase which leads to the increased
production of reactive oxygen species (ROS)including hydrogen peroxide (H,0.), superoxide anion (O%), hydroxyl
radical (OH"), and peroxynitrite (ONOO) [13,14].The ROS that isgenerated inducesdetrimental and irreversible lipid
peroxidation as well as DNA and protein breakdown [15,16]. Oxyhemoglobin, a product of erythrocyte lysis, is released
into the subarachnoid space due to aneurysm rupture and induces endothelin-1 (ET-1). ET-1 subsequently leads to
intracellular Ca?* influx and vasoconstriction [2,17].

The major driving factor for vasoconstriction is the increase in intracellular Ca®* levels throughinflux from
extracellular Ca?* and simultaneous Ca®* release from the sarcoplasmic reticulum [18]. This is regulated by the
phosphorylation of MLC by Ca2+/calmodulin-regulated myosin light chain kinase (MLCK) and the inhibition of myosin
phosphataseby Rho, a Ras family G protein. Rho, a GTPase, activates Rho-kinase and phosphorylates myosin
phosphatase at the myosin binding subunit, therebyinactivating it [19-21].The increased intracellular Ca** levels drive its
binding to calmodulin which producesa conformational change allowing calmodulin to bind to MLCK. Once bound
tocalmodulin, MLCK is activated and can phosphorylate MLC. This action allows actin and myosin to progress through
theircross-bridge cycle and produce force generation that leads to smooth muscle vasoconstriction [22,23].

Two important factors that lead to cerebral vasospasms following SAH are NO and ET-1. NO is a free radical gas
that is produced from nitric oxide synthase (NOS).** NO induces downstream effects that lead to the inhibition of
intracellular calcium release by inhibiting phospholipase C and inositol-1,4,5-trisphosphate [25,26]. Therefore, NO has
an antagonistic effect on smooth muscle vasoconstriction. Another molecule, hemin, derived from methemoglobin that is
present in the subarachnoid space following a SAH, induces iNOS, which generates NO. This might seem
counterintuitive as NO would attenuate the severity of vasospasm. However, hemin leads to excessive levels of NO
which produce toxic effects when they generate free radicals such as OH™ and ONOO and cause lipid peroxidation. These
ROS contribute to the development of vascular injury associated with cerebral vasospasm after SAH [27,28]. They
promote lipid peroxidation that weakens the plasma membrane and increases the membrane permeability to ions [29].
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This damage is thought to play a role in the development of vasospasm through several mechanisms:(1) constitutive
nitric oxide synthases (NOS) areinhibited, (2) there are increased cerebrospinal fluid (CSF) levels of asymmetric
dimethyl-L-arginine (ADMA), the endogenous inhibitor of NO synthase, and (3) oxyhemoglobin scavenges and reduces
the levels of NO [30]. The constitutive NOS are composed of type | and type Ill, which release NO from neurons and
blood vessels, respectively.Several studies report decreased levels of type | and type 1Il NOS during the peak of
vasospasm and link their decreasedlevels with a potential originating factor [31-35]. Additionally, ADMA has been
shown to increase in the CSF of primates and humans during the time course of vasospasm and also decrease with
vasospasm resolution [36-37]. Furthermore, the release of oxyhemoglobin following an aneurysm rupture scavenges NO
and eliminates it from the blood vessels [38].

ET-1is a 21 amino acid peptide that is generated from post-translational modifications of a larger ~212 amino acid
peptide precursor by endothelin-converting enzyme [39-41]. ET-1 is produced by a variety of different cell types
including endothelial cells [42,42], macrophages [44], and astrocytes [45-47].1t is a powerful long-lasting vasoconstrictor
that is generated in endothelial cells after ischemia or shear stress(Fig. 2). ET-1 binds to smooth muscle cells and leads to
the formation of inositol triphosphate [48]. Under physiological conditions, ET-1 cannot penetrate the blood-brain
barrier[49,50]and therefore, either requires a damaged endothelium or must act on the tunica adventitia to exert its
vasoconstrictive effects [51,52].

ET-1 is implicated in vasospasms as one study found the concentration of ET-1 to be significantly higher in patients
with vasospasm compared to patients without symptomatic vasospasm [53]. Vasospasm of the cerebral arteries usually
occurs after a stroke and the longer it lasts, the more brain damage there is. Therefore, inhibition of ET-1 or antagonists
of its vasoconstrictive effects are potential therapeutic targets. As a result, it has been shown using animal models, that
smooth muscle endothelial receptor A (ET ») antagonists improve the outcomes of ischemic brain injury [39,54].

SMOOTH MUSCLE CELL

ENDOTHELIAL CELL

Vasoconstriction

Fig.2. ET-1 effect on smooth muscle cells

Current Management Strategies for Vasospasms
Nimodipine

Nimodipine is second-generation voltage-gated L-type calcium channel antagonist that was initially indicated for use
treating systemic hypertension due to its vasodilatory properties. Due to its lipophilic nature, it can permeate through the
blood-brain barrier and act on cerebral vasculature [55]. Thus, nimodipine has been indicated for counteracting
constriction due to vasospasms secondary to SAHs and decrease morbidities related to vasospasms [56-59].Additionally,
nimodipine is reported to have neuroprotective properties that assist in good patient outcomes, outside of its vasculature
effects [60-62]. In fact, previous studies have determined that nimodipine, through its inhibition of L-type calcium
channels, protects against oxygen-glucose deprivation commonly induced by ischemia, which can possibly result from
vasospasms [57,63]. Typically, nimodipine is administered to patients orally as a first-line preventative measure against
vasospasms in patients with SAHs and viaarterial injections for medically refractory vasospasms [56,60].

Balloon Angioplasty

Despite its effectiveness, some patients fail to respond to Nimodipine when managing vasospasms. For these
patients, endovascular procedures, such as balloon angioplasty and arterial injections, are indicated to be a more viable
option [64].Balloon angioplasty, otherwise known as percutaneous transluminal angioplasty, entails entering a catheter
with an inflatable balloon tip into vasculature and expanding that balloon to reestablish normal blood flow [65].The exact
mechanism of action underlying balloon angioplasty remains unknown, but previous studies have demonstrated possible
structural changes due to balloon angioplasty that may contribute to the cessation of vasospasms [66]. Scanning electron
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microscopy following dilatation with balloon angioplasty has shown the presence of stretched-outand sometimes torn
collagen fibers in the tunica adventitia, leading researchers to postulate that these changes help increase arterial
compliance and decrease the likelihood of vasospasms [67].

As an endovascular procedure, the effectiveness and difficulty of a balloon angioplasty procedure is contingent on
the nature of the vasculature targeted. For example, it is noted that a balloon angioplasty of the middle cerebral artery
(MCA)is relatively simple and generally met with favorable outcomes, and as such is preferred for treating vasospasms
localized to the MCA [65,68]. However, the same balloon angioplasty procedure is considered high-risk for the anterior
cerebral artery (ACA) due to its sharper angles of navigation and smaller luminal diameter, thus relegating the procedure
to other lower-risk alternatives [65].In fact, one comparative study noted that there was only a 34% success rate with
balloon angioplasties targeting the ACA, compared to a 94% success rate in the proximal MCA [66,69].In 70% of these
unsuccessful attempts, the balloon was prevented from advancing due to challenging angles or the severity of the
presented vasospasms [69].Indeed, this touches upon a major limitation of balloon angioplasty that has allowed the
establishment of other endovascular procedures, including arterial injections, to manage vasospasms, as balloon
angioplasty is contraindicated from application in distal aspects of cerebral vasculaturedue totechnical challenges
resulting from thinner arterial walls and complex vascular navigation [66,70]. Additionally, balloon angioplasty
procedures can possibly result in arterial dissection, vessel rupturing, thromboembolism, and branch occlusion, all often
lethal complications that require consideration beforeconducting balloon angioplasty [64,71,72].

Arterial Injections

The complications and challenges in navigation associated with balloon angioplasties pushed the development and
utilization of arterial injections as an alternative to treat vasospasms [64].This endovascular procedure typically
deliversvasodilatory drugsvia microcatheterization, at times with the assistance of anticoagulants such as hirudin and
antiplatelets, including aspirin and ticlopidine [73,74].The primary agent associated with arterial injections treating
vasospasms is papaverine, although other drugs such as nimodipine, nicardipine, and mannitol have been used before as
well [64,73,75].Arterial injections of a vasodilatory agent is commonly combined with hypertensive hypervolemic
hemodilution therapy, otherwise known as “Triple-H” therapy [73,76].

Despite its effectiveness in treating mild to moderate cases of vasospasms, arterial injections of papaverine have been
met with complications due to the pharmacologic nature of the drug. For example, it has been described that papaverine
has a relatively short half-life, and as such, results in a decreased duration of action and limits its use in more severe
cases of vasospasms [64]. Furthermore, previous studies have also shown a reversal in action, including narrowing of
vasculature, following the application of papaverine, which could possibly be due to decreased tissue sensitivity or
histological changes [64,77-79].

Stent Retrievers

One emerging and considerable standard method of care that has been introduced to treat vasospasm has been the
use of self-expandable retrievable stents. The use of stent retrievers for mechanical thrombectomy has become a standard
therapy and has been widely adopted over the past couple of years [80]. A stent retriever device works by applying a
variable centrifugal force against the vessel endothelium using a hollow mesh tube(Fig. 3). The force of the mesh tube is
inversely proportional to the diameter of the vessel. Therefore, as the lumen diameter decreases, a greater radial force is
generated and as the diameter increases, less radial force is generated [81]. This method has typically been used to
perform a mechanical thrombectomy to achieve long-lasting vasodilation [82]. Compared to intraarterial (1A)
vasodilators such as verapamil, nimodipine, and nicardipine, stent retrievers have been shown to be longer-lasting in their
effects [83]. When treated solely with stent retrievers, patients commonly require no further intervention compared to
when they are only injected with A vasodilators. Frequently, IA vasodilators require multiple rounds of treatment within
a small period of time [84]. However, there is no limit to the simultaneous use of stent retrievers and vasodilators.
Patients can be administered vasodilators immediately after the application of a stent retriever to maximize vasodilatory
action [85]. Additionally, as the flow rate of a vessel is inversely proportional to the length of the vessel, the more distal
the location of the occluded vessel, the less flow is supplied. Balloon angioplasty fails in this regard to vasodilate distal
vessels and instead it is confined to larger and more proximal vessels such as the proximal internal cerebral artery or
MCA, whereas stent retrievers can reach distal segments of the internal cerebral artery, such as A2 and M2 [86]. Thus,
stent retrievers have a broader range of applications compared to balloon angioplasty as they are not limited in their area
of activity. Another benefit of using stent retrieversis their ability to provide a constant blood supply during the
intervention. During the procedure, the stent does not occlude blood flow through the vessel as it is composed of a
hollow interior. On the other hand, balloon angioplasty temporarily occludes blood flow which amplifies the already
limited perfusion due to cerebral vasospasm [87]. These side effects of decreased blood flow and brain tissue perfusion
reduce the favorability of patient outcomes compared to stent retrievers.
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Fig.3. Stent retrievers used for vasoconstriction of vasospastic vessels

New Investigations and Mechanistic Targets.

As aforementioned, TCD and DSA are currently the primary techniques used to screen for vasospasms, with DSA
being the gold standard for both medium and large vasospasms. Recently, novel models of TCD are being tested to detect
cerebral autoregulation, allowing for the measurement of resting blood flow in the cerebral arteries [88]. Many other new
investigations and advancements in the treatment of vasospasms have been in the realm of arterial injection medications.
Currently, the only agent with Class 1 evidence for reduction of adverse outcomes in patients has been nimodipine
[89,90]. However, many advancements and novel therapeutics are currently being evaluated and show potential
effectiveness in protecting against DCI, but further research needs to be done. Additional various small studies have
shown potential in efficacy for the intervention of SAH-induced pathologies through intra-arterial vasodilators such as
fasudil, intrathecal, and nicardipine[90]. Intra-arterial infusion of fasudil hydrochloride has recently been used for the
treatment of cerebral vasospasm secondary to bacterial meningitis and has been shown to be effective [91]. Fasudil has
been seen to be just as if not more effective than nimodipine for cerebral vasospasm prevention and is associated with
relatively few side effects.”

Other novel investigations have also focused on mitigating balloon angioplasty-related limitations, as we have
previously mentioned. Recently, the FDA approved Comaneci angioplasty for the treatment of symptomatic refractory
vasospasm [92]. Traditionally, the Comaneci device is used to bridge patients to an event remodeling embolization
technique. However, studies have shown sufficient vasospasm improvement over various time periods [92,93].
Moreover, Comaneci is relatively flexible in maneuvers in contrast to balloon angioplasty, which is limited in its targets
to proximal large vessels [65]. Similarly, the Solitaire stent receiver device has been seen to have potential in treating
vasospasms, as it avoids the risks that balloon angioplasty carries such as vessel rupture and limitation in targeting
vessels of smaller size [86,94]. Additionally, Solitaire’s adaptability to the size of the vessel and force delivered along
with the ability to target smaller vessels has made it recently attractive as a therapeutic. Recent studies have shown its
effectiveness in more distal intracranial vessels (A2 and M2 branches) as well [86]. The ability to reach distal portions of
the internal cerebral artery rather than be limited to the proximal cerebral artery or MCA shows the potential of Solitaire
compared to prior techniques. Further research must be done in this field to find more consistent and reliable therapeutics
to increase the prevention and earlier intervention of SAH-induced vasospasms.

Measurement of Clinical Outcomes.

Acute cerebral vasospasms must be managed urgently to reduce the duration of any associated cerebral ischemia,
which may progress to infarction and pose life-threatening consequences [7]. Pre-intervention assessment of the location
and extent of associated cerebral ischemia or infarction can be achieved via several imaging modalities, including TCD,
CTA, CTP, MRA, MRP, and DSA as mentioned above [4-6].Similarly, these same imaging modalities may be used to
objectively assess for successful re-perfusion to ischemic or infarcted tissue immediately following intervention
[95].Clinical outcomes following re-perfusion may also be evaluated by monitoring several biochemical indicators which
are directly associated with cerebral ischemia to provide a more immediate objective assessment of clinical
progress.Several such indicators include stress-induced increases in NOS and NADPH oxidase activity, which generate
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elevated levels of ROS byproducts that are associated with systemic toxicity [2].Although some pathological changes
caused by ROS toxicity may be irreversible, successful re-perfusion following vasospasm-induced cerebral ischemia can
be biochemically indicated by declines in NOS activity, NADPH oxidase activity, and ROS levels. Monitoring the levels
of NO and ET-1 may also serve as additional biochemical markers, where an increase in NO levels and decrease in ET-1
levels are associated with vasodilation and may be indicative of vasospasm cessation [28]. Functionally, clinical
outcomes following intervention may be assessed by comparing a patient’s pre-intervention and post-intervention
Glasgow Coma Scale (GCS) score and motor strength, as studies have reported considerable increases in both measures
within 24 hours of intervention(Fig. 4)[96,97].Although successful re-perfusion may be functionally indicated by
increases in both GCS score and motor strength, it is important to mention that several factors — such as the severity,
extent, location, and duration of vasospasm-induced cerebral ischemia — may have significant impacts on a patient’s
ability to return to baseline levels of functionality, with respect to GCS score, motor strength and cognition [96,98].
While low GCS scores might be indicative of the development of vasospasm in a patient [99], others have used modified
scoring methods that combine other scales, such as the modified Fisher scale,to more accurately predict vasospasms
[100].

Behavior ] Response
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£ 2 “®” | 3 points: To verbal stimuli, command, speech
Eye Opening | 2 po!nts: To pain only (not applied to face)
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. , 15 points: Purposeful movement to painful stimulus
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Motor ! .
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Response

Fig.4. GCS to determine the level of consciousness in a patient [101].

CONCLUSION

In this review, we described the mechanism of vasospasm development, commonly used treatment methods, the
method of measuring clinical outcomes, and novel investigations for its mechanistic targets. We explained the occurrence
of vasospasm following SAH and the threat it poses as a potential cause for cerebral ischemia and neurological deficits.
We examined the central role of NO and ET-1 in the pathophysiology of vasospasm development and discussed the
antagonist effects they exert on the cerebral endothelium. Furthermore, we mentioned the use of several common
endovascular treatment therapiesas well as vasodilators currently used in clinical protocols and compared their strengths
and weaknessto each other. While vasospasm might be common and anticipated following a SAH, it is difficult to
measure without evidence of a neurological deficit. Finally, we commented on the use of GCS to measure and monitor
the status of a patients return to baseline functionality.

REFERENCES
1. Dorsch NWC, King MT(1994). A review of cerebral vasospasm in aneurysmal subarachnoid haemorrhage Part I:
Incidence and effects. J Clin Neurosci. 1994;1(1):19-26. doi:10.1016/0967-5868(94)90005-1
2. Reis C, Ho WM, Akyol O, Chen S, Applegate R, Zhang J.(2017). Pathophysiology of Subarachnoid Hemorrhage,
Early Brain Injury, and Delayed Cerebral Ischemia. In: Caplan LR, Biller J, Leary MC, et al., eds. Primer on
Cerebrovascular Diseases (Second Edition). Academic Press; 125-130. doi:10.1016/B978-0-12-803058-5.00025-4

Brandon Lucke-Wold et al.: Vasospasm Management Strategies 155



3. Winslow N, Ehsan M, Klopfenstein J(2022). Delayed ischemic neurologic deficit with vasospasm in aneurysmal
subarachnoid hemorrhage after negative post-bleed day 7 angiography. Clin Neurol Neurosurg; 220:107353.
doi:10.1016/j.clineuro.2022.107353

4. Hollingworth M, Chen PR, Goddard AJP, Coulthard A, Séderman M, Bulsara KR(2015). Results of an International
Survey on the Investigation and Endovascular Management of Cerebral Vasospasm and Delayed Cerebral Ischemia.
World Neurosurg; 83(6):1120-1126.e1. doi:10.1016/j.wneu.2015.01.036

5. Smith NM, Sweeney EM, Gupta A, Patsalides A, Sanelli P, lvanidze J. Diagnostic accuracy of shuttle CT
angiography (CTA) and helical CTA in the diagnosis of vasospasm. Clin Imaging. 2022;81:37-42.
doi:10.1016/j.clinimag.2021.09.004

6. Li K, Barras CD, Chandra RV, et al(2019). A Review of the Management of Cerebral Vasospasm After Aneurysmal
Subarachnoid Hemorrhage. World Neurosurg; 126:513-527. doi:10.1016/j.wneu.2019.03.083

7. Dupont SA, Wijdicks EFM, Lanzino G, Rabinstein AA(2010). Aneurysmal Subarachnoid Hemorrhage: An Overview
for the Practicing Neurologist. Semin Neurol; 30(5):545-554. doi:10.1055/s-0030-1268862

8. McLaughlin N, Bojanowski MW(2012). Management of patients with aneurismal subarachnoid hemorrhage and
associated symptomatic vasospasm on presentation. Neurochirurgie; 58(2):160-164.
doi:10.1016/j.neuchi.2012.02.028

9. Kassell NF, Sasaki T, Colohan AR, Nazar G(1985). Cerebral vasospasm following aneurysmal subarachnoid
hemorrhage. Stroke; 16(4):562-572. doi:10.1161/01.str.16.4.562

10.S F, RI M(2007). Predictors of cerebral infarction in patients with aneurysmal subarachnoid hemorrhage.
Neurosurgery; 60(4). doi:10.1227/01.NEU.0000255396.23280.31

11.Inagawa T, Yahara K, Ohbayashi N(2014). Risk factors associated with cerebral vasospasm following aneurysmal
subarachnoid hemorrhage. Neurol Med Chir (Tokyo); 54(6):465-473. doi:10.2176/nmc.0a.2013-0169

12.Matano F, Fujiki Y, Mizunari T, et al(2019). Serum Glucose and Potassium Ratio as Risk Factors for Cerebral
Vasospasm after Aneurysmal Subarachnoid Hemorrhage. J Stroke Cerebrovasc Dis; 28(7):1951-1957.
doi:10.1016/j.jstrokecerebrovasdis.2019.03.041

13.Kim DE, Suh YS, Lee MS, et al(2002). Vascular NAD(P)H oxidase triggers delayed cerebral vasospasm after
subarachnoid hemorrhage in rats. Stroke; 33(11):2687-2691. doi:10.1161/01.str.0000033071.99143.9e

14.Choi JM, Kim CD, Hong KW(2001). Involvement of NADH/NADPH oxidase-derived superoxide in experimental
vasospasm induced by periarterial blood in rat femoral artery. Life Sci; 69(15):1753-1763. do0i:10.1016/S0024-
3205(01)01273-5

15.Sasaki T, Wakai S, Asano T, Watanabe T, Kirino T, Sano K(1981). The effect of a lipid hydroperoxide of arachidonic
acid on the canine basilar artery: An experimental study on cerebral vasospasm. J Neurosurg; 54(3):357-365.
d0i:10.3171/jns.1981.54.3.0357

16.Kamezaki T, Yanaka K, Nagase S, Fujita K, Kato N, Nose T(2002). Increased levels of lipid peroxides as predictive
of symptomatic vasospasm and poor outcome after aneurysmal subarachnoid hemorrhage. J Neurosurg; 97(6):1302-
1305. d0i:10.3171/jns.2002.97.6.1302

17.Steele JA, Stockbridge N, Maljkovic G, Weir B(1991). Free radicals mediate actions of oxyhemoglobin on
cerebrovascular smooth muscle cells. Circ Res; 68(2):416-423. doi:10.1161/01.RES.68.2.416

18.Tani E, Matsumoto T(2004). Continuous elevation of intracellular Ca2+ is essential for the development of cerebral
vasospasm. Curr Vasc Pharmacol; 2(1):13-21. d0i:10.2174/1570161043476492

19.Sato M, Tani E, Fujikawa H, Kaibuchi K(2000). Involvement of Rho-kinase-mediated phosphorylation of myosin
light chain in enhancement of cerebral vasospasm. Circ Res; 87(3):195-200. doi:10.1161/01.res.87.3.195

20.Kandabashi T, Shimokawa H, Miyata K, et al(2000). Inhibition of myosin phosphatase by upregulated rho-kinase
plays a key role for coronary artery spasm in a porcine model with interleukin-1beta. Circulation; 101(11):1319-
1323. doi:10.1161/01.cir.101.11.1319

21.Noda M, Yasuda-Fukazawa C, Moriishi K, et al(1995). Involvement of rho in GTPyS-induced enhancement of
phosphorylation of 20 kDa myosin light chain in vascular smooth muscle cells: inhibition of phosphatase activity.
FEBS Lett; 367(3):246-250. doi:10.1016/0014-5793(95)00573-R

22.Bulter WE, Peterson JW, Zervas NT, Morgan KG(1996). Intracellular calcium, myosin light chain phosphorylation,
and contractile force in experimental cerebral vasospasm. Neurosurgery; 38(4):781-787; discussion 787-788.
d0i:10.1227/00006123-199604000-00029

23.Adelstein RS(1982). Calmodulin and the regulation of the actin—myosin interaction in smooth muscle and
nonmuscle cells. Cell; 30(2):349-350. doi:10.1016/0092-8674(82)90232-X

24.Michel T, Vanhoutte PM(2010). Cellular signaling and NO production. Pflugers Arch; 459(6):807-816.
d0i:10.1007/s00424-009-0765-9

25.Hirata M, Kohse KP, Chang CH, Ikebe T, Murad F(1990). Mechanism of cyclic GMP inhibition of inositol phosphate
formation in rat aorta segments and cultured bovine aortic smooth muscle cells. J Biol Chem; 265(3):1268-1273.
d0i:10.1016/S0021-9258(19)40008-2

26.Clementi E, Vecchio I, Sciorati C, Nistico G(1995). Nitric oxide modulation of agonist-evoked intracellular Ca2+
release in neurosecretory PC-12 cells: inhibition of phospholipase C activity via cyclic GMP-dependent protein
kinase 1. Mol Pharmacol; 47(3):517-524.

Brandon Lucke-Wold et al.: Vasospasm Management Strategies 156



27.Suzuki S, Kassell NF, Lee KS(1995). Hemin activation of an inducible isoform of nitric oxide synthase in vascular
smooth-muscle cells. J Neurosurg; 83(5):862-866. doi:10.3171/jns.1995.83.5.0862

28.Macdonald RL, Marton LS, Andrus PK, Hall ED, Johns L, Sajdak M(2004). Time course of production of hydroxyl
free radical after subarachnoid hemorrhage in dogs. Life Sci; 75(8):979-989. doi:10.1016/j.1fs.2004.02.010

29.Vollrath B, Chan P, Findlay M, Cook D(1995). Lazaroids and deferoxamine attenuate the intracellular effects of
oxyhaemoglobin in vascular smooth muscle. Cardiovasc Res; 30(4):619-626.

30.Findlay JM, Nisar J, Darsaut T(2016). Cerebral VVasospasm: A Review. Can J Neurol Sci J Can Sci Neurol; 43(1):15-
32. doi:10.1017/cjn.2015.288

31.Moon CT, Gajdusek C, London S, Mayberg MR(2001). Expression of endothelial nitric oxide synthase after exposure
to perivascular blood. Neurosurgery; 48(6):1328-1332; discussion 1332-1334. doi:10.1097/00006123-200106000-
00030

32.Sabri M, Ai J, Knight B, et al(2011). Uncoupling of Endothelial Nitric Oxide Synthase after Experimental
Subarachnoid Hemorrhage. J Cereb Blood Flow Metab; 31(1):190-199. doi:10.1038/jcbfm.2010.76

33.Hino A, Tokuyama Y, Weir B, et al(1996). Changes in endothelial nitric oxide synthase mRNA during vasospasm
after  subarachnoid hemorrhage in  monkeys. Neurosurgery; 39(3):562-567; discussion 567-568.
d0i:10.1097/00006123-199609000-00026

34.Kasuya H, Weir BK, Nakane M, et al(1995). Nitric oxide synthase and guanylate cyclase levels in canine basilar
artery after subarachnoid hemorrhage. J Neurosurg; 82(2):250-255. doi:10.3171/jns.1995.82.2.0250

35.Pluta RM, Thompson BG, Dawson TM, Snyder SH, Boock RJ, Oldfield EH(1996). Loss of nitric oxide synthase
immunoreactivity in cerebral vasospasm. J Neurosurg; 84(4):648-654. doi:10.3171/jns.1996.84.4.0648

36.Jung CS, Oldfield EH, Harvey-White J, et al(2007). Association of an endogenous inhibitor of nitric oxide synthase
with cerebral vasospasm in patients with aneurysmal subarachnoid hemorrhage. J Neurosurg; 107(5):945-950.
doi:10.3171/INS-07/11/0945

37.Jung CS, luliano BA, Harvey-White J, Espey MG, Oldfield EH, Pluta RM(2004). Association between cerebrospinal
fluid levels of asymmetric dimethyl-L-arginine, an endogenous inhibitor of endothelial nitric oxide synthase, and
cerebral vasospasm in a primate model of subarachnoid hemorrhage. J Neurosurg; 101(5):836-842.
doi:10.3171/jns.2004.101.5.0836

38.Pluta RM, Afshar JK, Boock RJ, Oldfield EH(1998). Temporal changes in perivascular concentrations of
oxyhemoglobin, deoxyhemoglobin, and methemoglobin after subarachnoid hemorrhage. J Neurosurg; 88(3):557-561.
d0i:10.3171/jns.1998.88.3.0557

39.Koyama Y(2013). Endothelin systems in the brain: involvement in pathophysiological responses of damaged nerve
tissues. Biomol Concepts; 4(4):335-347. doi:10.1515/bmc-2013-0004

40.Lin CL, Winardi W, Jeng AY, Kwan AL(2006). Endothelin-converting enzyme inhibitors for the treatment of
subarachnoid hemorrhage-induced vasospasm. Neurol Res; 28(7):721-729. doi:10.1179/016164106X152007

41.Zimmermann M, Seifert V(2004). Endothelin receptor antagonists and cerebral vasospasm. Clin Auton Res;
14(3):143-145. doi:10.1007/s10286-004-0186-y

42.Bacic F, Uematsu S, McCarron RM, Spatz M(1992). Secretion of immunoreactive endothelin-1 by capillary and
microvascular endothelium of human brain. Neurochem Res; 17(7):699-702. doi:10.1007/BF00968008

43.Yoshimoto S, Ishizaki Y, Kurihara H, et al(1990). Cerebral microvessel endothelium is producing endothelin. Brain
Res; 508(2):283-285. doi:10.1016/0006-8993(90)90407-3

44 .Ehrenreich, H., Anderson, R. W., Fox, C. H., Rieckmann, P., Hoffman, G. S., Travis, W. D., ... & Fauci, A. S. (1990).
Endothelins, peptides with potent vasoactive properties, are produced by human macrophages. The Journal of
experimental medicine, 172(6), 1741-1748.

45.MacCumber MW, Ross CA, Snyder SH(1990). Endothelin in brain: receptors, mitogenesis, and biosynthesis in glial
cells. Proc Natl Acad Sci U S A; 87(6):2359-2363. doi:10.1073/pnas.87.6.2359

46.Ehrenreich H, Kehrl JH, Anderson RW, et al(1991). A vasoactive peptide, endothelin-3, is produced by and
specifically binds to primary astrocytes. Brain Res; 538(1):54-58. doi:10.1016/0006-8993(91)90375-6

47.Ehrenreich H, Anderson RW, Ogino Y, et al(1991). Selective autoregulation of endothelins in primary astrocyte
cultures: endothelin receptor-mediated potentiation of endothelin-1 secretion. New Biol; 3(2):135-141.

48.Lévesque H, Moore N, Cailleux N, Richard V, Thuillez C, Courtois H. Endothelins(1994). A potential target for
pharmacological intervention in diseases of the elderly. Drugs Aging; 4(3):221-237. doi:10.2165/00002512-
199404030-00005

49.Koseki C, Imai M, Hirata Y, Yanagisawa M, Masaki T(1989). Autoradiographic distribution in rat tissues of binding
sites for endothelin: a neuropeptide? Am J Physiol-Regul Integr Comp Physiol; 256(4):R858-R866.
doi:10.1152/ajpregu.1989.256.4.R858

50.Faraci FM(1989). Effects of endothelin and vasopressin on cerebral blood vessels. Am J Physiol-Heart Circ Physiol;
257(3):H799-H803. doi:10.1152/ajpheart.1989.257.3.H799

51.Shigeno T, Mima T, Takakura K, et al(1989). Endothelin-1 acts in cerebral arteries from the adventitial but not from
the luminal side. J Cardiovasc Pharmacol; 13 Suppl 5:5174-176. doi:10.1097/00005344-198900135-00047

52.Mima T, Yanagisawa M, Shigeno T, et al(1989). Endothelin acts in feline and canine cerebral arteries from the
adventitial side. Stroke; 20(11):1553-1556. d0i:10.1161/01.str.20.11.1553

Brandon Lucke-Wold et al.: Vasospasm Management Strategies 157



53.Masaoka H, Suzuki R, Hirata Y, Emori T, Marumo F, Hirakawa K(1989). Raised plasma endothelin in aneurysmal
subarachnoid haemorrhage. Lancet Lond Engl; 2(8676):1402. doi:10.1016/s0140-6736(89)92019-9

54.Patel TR, Galbraith SL, McAuley MA, Doherty AM, Graham DI, McCulloch J(1995). Therapeutic potential of
endothelin receptor antagonists in experimental stroke. J Cardiovasc Pharmacol; 26 Suppl 3:5412-415.

55.Whitfield PC, Pickard JD(1994). Nimodipine. Br J Hosp Med; 52(10):539-540.

56.Kotwal A, Ramalingaiah AH, Shukla D, et al(2022). Role of Nimodipine and Milrinone in Delayed Cerebral
Ischemia. World Neurosurg; 166:6285-6293. doi:10.1016/j.wneu.2022.06.150

57.Allen GS, Ahn HS, Preziosi TJ, et al(1983). Cerebral Arterial Spasm — A Controlled Trial of Nimodipine in Patients
with Subarachnoid Hemorrhage. N Engl J Med.; 308(11):619-624. doi:10.1056/NEJM198303173081103

58.Rank W(2014). Using nimodipine for patients with aneurysmal subarachnoid hemorrhage. Nursing2022; 44(1):67.
doi:10.1097/01.NURSE.0000438705.89850.21

59.Connolly ES, Rabinstein AA, Carhuapoma JR, et al(2012). Guidelines for the Management of Aneurysmal
Subarachnoid Hemorrhage. Stroke; 43(6):1711-1737. d0i:10.1161/STR.0b013e3182587839

60.Schacht H, Kuchler J, Neumann A, Schramm P, Tronnier VM, Ditz C(2022). Analysis of Angiographic Treatment
Response to Intra-Arterial Nimodipine Bolus Injection in Patients with Medically Refractory Cerebral Vasospasm
After Spontaneous Subarachnoid Hemorrhage. World Neurosurg; 162:e457-e467. doi:10.1016/j.wneu.2022.03.033

61.Bork K, Wurm F, Haller H, et al(2015). Neuroprotective and Neuroregenerative Effects of Nimodipine in a Model
System  of  Neuronal Differentiation  and  Neurite  Outgrowth. Molecules;  20(1):1003-1013.
doi:10.3390/molecules20011003

62.Herzfeld E, Strauss C, Simmermacher S, et al(2014). Investigation of the Neuroprotective Impact of Nimodipine on
Neuro2a Cells by Means of a Surgery-Like Stress Model. Int J Mol Sci; 15(10):18453. doi:10.3390/ijms151018453

63.Lecht S, Rotfeld E, Arien-Zakay H, et al(2012). Neuroprotective effects of nimodipine and nifedipine in the NGF-
differentiated PC12 cells exposed to oxygen-glucose deprivation or trophic withdrawal. Int J Dev Neurosci;
30(6):465-469. doi:10.1016/j.ijdevneu.2012.05.007

64.Hoh BL, Ogilvy CS(2005). Endovascular Treatment of Cerebral Vasospasm: Transluminal Balloon Angioplasty,
Intra-Arterial Papaverine, and Intra-Arterial Nicardipine. Neurosurg Clin N Am. 2005;16(3):501-516.
d0i:10.1016/j.nec.2005.04.004

65.Chaudhry NS, Orning JL, Shakur SF, et al(2017). Safety and efficacy of balloon angioplasty of the anterior cerebral
artery for vasospasm treatment after subarachnoid hemorrhage. Interv  Neuroradiol; 23(4):372-377.
d0i:10.1177/1591019917699980

66.Choi BJ, Lee TH, Lee JI, Ko JK, Park HS, Choi CH(2011). Safety and Efficacy of Transluminal Balloon Angioplasty
Using a Compliant Balloon for Severe Cerebral Vasospasm after an Aneurysmal Subarachnoid Hemorrhage. J
Korean Neurosurg Soc; 49(3):157-162. doi:10.3340/jkns.2011.49.3.157

67.Yamamoto Y, Smith RR, Bernanke DH(1992). Mechanism of Action of Balloon Angioplasty in Cerebral VVasospasm.
Neurosurgery; 30(1):1-6.

68.Higashida RT, Van Halbach V, Dowd CF, Dormandy B, Bell J, Hieshima GB(1992). Intravascular balloon dilatation
therapy for intracranial arterial vasospasm: patient selection, technique, and clinical results. Neurosurg Rev; 15(2):89-
95. doi:10.1007/BF00313501

69.Terry A, Zipfel G, Milner E, et al(2006). Safety and technical efficacy of over-the-wire balloons for the treatment of
subarachnoid hemorrhage-induced cerebral vasospasm. Neurosurg Focus; 21(3):E14. doi:10.3171/foc.2006.21.3.14

70.Dion JE, Duckwiler GR, Vifiuela F, Martin N, Bentson J(1990). Pre-operative micro-angioplasty of refractory
vasospasm secondary to subarachnoid hemorrhage. Neuroradiology; 32(3):232-236. doi:10.1007/BF00589119

71.Labeyrie MA, Gaugain S, Boulouis G, et al(2019). Distal Balloon Angioplasty of Cerebral Vasospasm Decreases the
Risk of Delayed Cerebral Infarction. AJNR Am J Neuroradiol; 40(8):1342-1348. doi:10.3174/ajnr.A6124

72.Albanese E, Russo A, Quiroga M, Willis RN, Mericle RA, Ulm AJ(2010). Ultrahigh-dose intraarterial infusion of
verapamil through an indwelling microcatheter for medically refractory severe vasospasm: initial experience: Clinical
article. J Neurosurg; 113(4):913-922. doi:10.3171/2009.9.JNS0997

73.Joshi S, Emala CW, Pile-Spellman J(2007). Intra-arterial Drug Delivery: A Concise Review. J Neurosurg
Anesthesiol; 19(2):111-119. doi:10.1097/ANA.0b013e318033da41

74.Kim KS, Fraser JF, Grupke S, Cook AM(2018). Management of antiplatelet therapy in patients undergoing
neuroendovascular procedures. J Neurosurg; 129(4):890-905. doi:10.3171/2017.5.JNS162307

75.Joshi S, Meyers PM, Ornstein E(2008). Intracarotid Delivery of Drugs: The Potential and the Pitfalls. Anesthesiology;
109(3):543-564. doi:10.1097/ALN.0b013e318182c81b

76.0rigitano TC, Wascher TM, Reichman HO, Anderson DE(1990). Sustained Increased Cerebral Blood Flow with
Prophylactic Hypertensive Hypervolemic Hemodilution (“Triple-H” Therapy) after Subarachnoid Hemorrhage.
Neurosurgery; 27(5):729-740.

77.Elliott JP, Newell DW, Lam DJ, et al(1998). Comparison of balloon angioplasty and papaverine infusion for the
treatment of vasospasm following aneurysmal subarachnoid hemorrhage. J Neurosurg; 88(2):277-284.
d0i:10.3171/jns.1998.88.2.0277

Brandon Lucke-Wold et al.: Vasospasm Management Strategies 158



78.Milburn JM, Moran CJ, Cross DT, Diringer MN, Pilgram TK, Dacey RG(1998). Increase in diameters of vasospastic
intracranial ~ arteries by  intraarterial ~ papaverine  administration. J  Neurosurg;  88(1):38-42.
d0i:10.3171/jns.1998.88.1.0038

79.Vajkoczy P, Horn P, Bauhuf C, et al(2001). Effect of Intra-Arterial Papaverine on Regional Cerebral Blood Flow in
Hemodynamically Relevant Cerebral VVasospasm. Stroke; 32(2):498-505. doi:10.1161/01.STR.32.2.498

80.Norby K, Young M, Siddig F. Use of stent retriever for treatment of iatrogenic intracranial vasospasm. Interv
Neuroradiol J  Peritherapeutic  Neuroradiol Surg Proced Relat Neurosci. 2019;25(5):511-515.
d0i:10.1177/1591019919848771

81.Machi P, Jourdan F, Ambard D, et al(2017). Experimental evaluation of stent retrievers’ mechanical properties and
effectiveness. J Neurolnterventional Surg. 2017;9(3):257-263. doi:10.1136/neurintsurg-2015-012213

82.Coutinho JM, Liebeskind DS, Slater LA, et al(2016). Mechanical Thrombectomy for Isolated M2 Occlusions: A Post
Hoc Analysis of the STAR, SWIFT, and SWIFT PRIME Studies. AJINR Am J Neuroradiol; 37(4):667-672.
doi:10.3174/ajnr.A4591

83.Bhogal P, Loh Y, Brouwer P, Andersson T, Soderman M(2017). Treatment of cerebral vasospasm with self-
expandable retrievable stents: proof of concept. J Neurointerventional Surg; 9(1):52-59. doi:10.1136/neurintsurg-
2016-012546

84.Chen CT, Chen CC, Wang AYC, et al(2020). Early strategy of scepter XC balloon angioplasty and simultaneous
Nimodipine infusion for vasospasm following ruptured aneurysm. BMC Neurol; 20(1):271. doi:10.1186/s12883-020-
01856-4

85.Baltsavias G, Yella S, Al Shameri RA, Luft A, Valavanis A(2015). Intra-arterial administration of papaverine during
mechanical thrombectomy for acute ischemic stroke. J Stroke Cerebrovasc Dis Off J Natl Stroke Assoc; 24(1):41-47.
doi:10.1016/j.jstrokecerebrovasdis.2014.07.052

86.Su YS, Ali MS, Pukenas BA, et al(2020). Novel Treatment of Cerebral Vasospasm Using Solitaire Stent Retriever-
Assisted Angioplasty: Case Series. World Neurosurg; 135:e657-e663. doi:10.1016/j.wneu.2019.12.097

87.Rasmussen R, Bache S, Stavngaard T, Skjgth-Rasmussen J, Romner B(2015). Real-Time Changes in Brain Tissue
Oxygen During Endovascular Treatment of Cerebral Vasospasm. In: Fandino J, Marbacher S, Fathi AR, Muroi C,
Keller E, eds. Neurovascular Events After Subarachnoid Hemorrhage: Towards Experimental and Clinical
Standardisation. Acta Neurochirurgica Supplement. Springer International Publishing: 183-186. doi:10.1007/978-3-
319-04981-6_31

88.0tite F, Mink S, Tan CO, et al(2014). Impaired cerebral autoregulation is associated with vasospasm and delayed
cerebral ischemia in subarachnoid hemorrhage. Stroke; 45(3):677-682. doi:10.1161/STROKEAHA.113.002630

89.Connolly ES, Rabinstein AA, Carhuapoma JR, et al(2012). Guidelines for the Management of Aneurysmal
Subarachnoid Hemorrhage: A Guideline for Healthcare Professionals From the American Heart
Association/American Stroke Association. Stroke; 43(6):1711-1737. doi:10.1161/STR.0b013e3182587839

90.Chou  SHY(2021). Subarachnoid Hemorrhage. Contin Lifelong Learn Neurol; 27(5):1201-1245.
d0i:10.1212/CON.0000000000001052

91.Nonaka T, Ishikawa T, Yamaguchi K, et al(2018). Intra-arterial Injection of Fasudil Hydrochloride for Cerebral
Vasospasm Secondary to Bacterial Meningitis. NMC Case Rep J; 5(4):91-94. doi:10.2176/nmccrj.cr.2018-0100

92.Thiery L, Carle X, Testud B, et al(2022). Distal cerebral vasospasm treatment following aneurysmal subarachnoid
hemorrhage using the Comaneci device: technical feasibility and single-center preliminary results. J
Neurolnterventional Surg: neurintsurg-2022-018699. doi:10.1136/neurintsurg-2022-018699

93.Badger CA, Jankowitz BT, Shaikh HA(2020). Treatment of cerebral vasospasm secondary to subarachnoid
hemorrhage utilizing the Comaneci device. Interv Neuroradiol; 26(5):582-585. d0i:10.1177/1591019920945554

94.Kwon HJ, Lim JW, Koh HS, et al(2019). Stent-Retriever Angioplasty for Recurrent Post-Subarachnoid Hemorrhagic
Vasospasm — A Single Center Experience with Long-Term Follow-Up. Clin Neuroradiol; 29(4):751-761.
d0i:10.1007/s00062-018-0711-3

95.Reichman MB, Greenberg ED, Gold RL, Sanelli PC(2009). Developing Patient-centered Outcome Measures for
Evaluating Vasospasm in  Aneurysmal Subarachnoid Hemorrhage. Acad Radiol; 16(5):541-545.
doi:10.1016/j.acra.2009.01.018

96.Yindeedej V, Nimmannitya P, Noiphithak R, Punyarat P, Tantongtip D(2022). Clinical Outcome in Cerebral
Vasospasm Patients Treated with and without Intra-Arterial Nimodipine Infusion. J Neurol Surg Part Cent Eur
Neurosurg; 83(05):420-426. doi:10.1055/s-0041-1735860

97.Cho WS, Kang HS, Kim JE, et al(2011). Intra-Arterial Nimodipine Infusion for Cerebral VVasospasm in Patients with
Aneurysmal Subarachnoid Hemorrhage. Interv Neuroradiol; 17(2):169-178. d0i:10.1177/159101991101700205

98.Vergouwen MD, Etminan N, llodigwe D, Macdonald RL(2011). Lower incidence of cerebral infarction correlates
with improved functional outcome after aneurysmal subarachnoid hemorrhage. J Cereb Blood Flow Metab;
31(7):1545-1553. d0i:10.1038/jcbfm.2011.56

99.Al-Mufti F, Amuluru K, Lander M, et al(2018). Low Glasgow Coma Score in Traumatic Intracranial Hemorrhage
Predicts Development of Cerebral Vasospasm. World Neurosurg; 120:¢68-e71. doi:10.1016/j.wneu.2018.07.143

Brandon Lucke-Wold et al.: Vasospasm Management Strategies 159



100. Modified Glasgow coma scale for predicting outcome after sub...: Medicine. Accessed December 5, 2022.
https://journals.lww.com/md-
journal/Fulltext/2021/05140/Modified_Glasgow_coma_scale_for_predicting_outcome.40.aspx

101. Teasdale G, Jennett B(1974). Assessment of coma and impaired consciousness. A practical scale. Lancet Lond Engl;
2(7872):81-84. doi:10.1016/s0140-6736(74)91639-0

Brandon Lucke-Wold et al.: Vasospasm Management Strategies 160



