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Abstract

Cerebral vasospasm (CV) following spontaneous subarachnoid hemorrhage is
a serious complication that can lead to delayed cerebral ischemia, significantly
increasing both morbidity and mortality. This article offers an in-depth examination of
the pathophysiological mechanismes, risk factors, diagnostic strategies, and currently
available treatment options concerning CV. Several distinct yet interconnected
processes contribute to the development of vasospasm, such as oxidative stress
driven by oxyhemoglobin, increased endothelin-1 activity, diminished nitric oxide
availability, endothelial dysfunction, vascular inflammation, and sympathetic
overactivation. In symptomatic cases, digital subtraction angiography remains the
most reliable modality for diagnosis, offering detailed vascular visualization and
the opportunity for concurrent therapeutic intervention. Among pharmacological
agents, oral nimodipine is the only drug with proven efficacy in enhancing functional
outcomes and is strongly endorsed by current clinical guidelines (Class I, Level A). In
cases of refractory vasospasm, endovascular treatments such as transluminal balloon
angioplasty and intra-arterial vasodilatorinfusion play a critical role. The management
of CV requires an individualized, time-sensitive, and multimodal approach in both
diagnosis and therapy. There remains a need for advanced randomized controlled
trials and standardized treatment protocols in this field.

Keywords: Aneurysmal subarachnoid hemorrhage; Cerebral vasospasm; Delayed
cerebral ischemia; Diagnostic imaging; Endovascular treatment; Multimodal monitoring;
Nimodipine; Risk factors

1. Introduction

Spontaneous subarachnoid hemorrhage (sSAH) is a severe cerebrovascular event with
high morbidity and mortality, necessitating urgent medical attention. It accounts for
approximately 5% of all stroke cases.'” The most common etiology of sSAH is the
rupture of intracranial aneurysms, which are responsible for about 65% of cases.! Despite
advances in the treatment of hypertension and hyperlipidemia and a gradual decline
in smoking rates over time, the incidence of sSSAH has remained relatively unchanged
over the past three decades.” In contrast, significant improvements in surgical and
medical management, the widespread availability of neurocritical care units, faster
diagnostic tools, and early intervention strategies have led to a nearly 50% reduction
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in the mortality rates—which had previously ranged from
32% to 67%—within the last 20 years.® Nevertheless,
approximately half of the survivors fail to regain their pre-
morbid functional status, and one in four patients becomes
dependent on others for daily activities.® Moreover, up to
35% of patients report a significant decline in quality of
life due to neuropsychiatric sequelae, including memory
impairment, depression, anxiety, and post-traumatic stress
disorder.” !

Cerebral vasospasm (CV) and the associated delayed
cerebral ischemia (DCI) are among the most frequent
and serious complications following sSAH and are closely
linked to poor neurological outcomes and prognosis.'®*?
CV was first described by Ecker and Riemenschneider” in
1951 in association with ruptured intracranial aneurysms,
and subsequently, Allcock and Drake demonstrated a
significant relationship between CV and focal ischemic
neurological symptoms. The incidence of CV after sSAH
is reported to be between 30% and 40%, and in 20-30%
of these cases, cerebral infarction develops due to DCL."®
DCI typically occurs between 4 and 12 days after the initial
hemorrhage and is defined as a neurological deterioration
lasting at least 1 h, unexplained by other causes, including
new focal deficits and/or a >2-point drop in the Glasgow
Coma Scale score.'®

Timely recognition of CV and DCl is critical to preventing
irreversible ischemic brain damage.'” However, diagnosis can
be particularly challenging in patients with severe clinical
presentations.'”® Currently, no standardized protocol exists
that can reliably predict, diagnose early, or effectively treat
CV. As a result, a growing body of experimental and clinical
research is focused on understanding the pathogenesis of
CV through studies investigating genetic predisposition,
cellular-level vascular alterations, and underlying molecular
mechanisms. For instance, polymorphisms in genes
encoding endothelial nitric oxide synthase, haptoglobin,
and the endothelin-1 (ET-1) receptor have been linked to an
increased risk of vasospasm.’*%!

This review aims to provide a comprehensive overview
of the pathophysiology, diagnostic strategies, and
contemporary treatment modalities of CV following sSAH
in light of the current literature.

2, Pathophysiology

Although the exact pathogenesis of CV following sSAH has
not been fully elucidated, numerous mechanisms have been
proposed, supported by both clinical and experimental
evidence. The leading hypothesis suggests that blood and
its degradation products entering the subarachnoid space
after aneurysmal rupture impair cerebrovascular tone and
initiate vasospasm.?

Fisher et al.? demonstrated a strong correlation between
the amount of subarachnoid blood visible on computed
tomography (CT) and the incidence of vasospasm by
grading the distribution of blood in the subarachnoid
space (Table 1). Particularly, dense blood accumulation
in the basal cisterns, the presence of intraventricular
hemorrhage, and delayed clearance of blood are associated
with a significantly increased risk of vasospasm. Similarly, a
higher Hunt and Hess grade at admission is proportionally
related to the likelihood of vasospasm (Table 1).*

The extravasated blood in the subarachnoid space
contributes to early ischemic injury by increasing
intracranial pressure, disrupting cerebrospinal fluid (CSF)
circulation, and reducing cerebral perfusion pressure.”
The initial 72-h post-hemorrhage period—often termed
early brain injury—is now recognized as a critical phase
during which global cerebral ischemia, blood-brain
barrier disruption, and cell death occur, setting the
stage for subsequent vasospasm and DCIL*” Among
the degradation products, oxyhemoglobin and ferrous
hemoglobin play pivotal roles in initiating secondary
processes such as oxidative stress, inflammation, and
endothelial injury, which collectively predispose to CV,
DCI, and cerebral infarction.?s*

One key mechanism involves the generation of reactive
oxygen species (ROS), resulting from mitochondrial
dysfunction and hemoglobin degradation. These radicals
induce lipid peroxidation and increase intracellular
calcium, leading to endothelial damage and enhanced
vasoconstriction.’** Simultaneously, ROS inhibits endothelial
nitric oxide synthase, while hemoglobin accumulated in the
CSF binds nitric oxide, reducing its bioavailability.**** The
reductioninnitric oxidelevels contributes to microthrombosis,
arteriolar narrowing, and neuronal apoptosis.*

ET-1, a potent vasoconstrictor found at significantly
elevated levels in the CSF after sSAH, is strongly associated
with vasospasm development.”” Its release is stimulated
by inflammatory cytokines such as interleukin (IL)-1,
IL-6, and tumor necrosis factor alpha (TNF-a), and it
also promotes vascular smooth muscle cell inflammation
and proliferation.’® The vascular endothelium regulates
various physiological processes, including vascular tone,
coagulation, cell adhesion, and inflammation. Endothelial
dysfunction leads to loss of this regulatory balance,
resulting in platelet aggregation and exaggerated smooth
muscle cell contractility, both of which contribute to
vasospasm.” On a molecular level, increased ET-1 levels
promote vasoconstriction by enhancing inflammatory
gene expression and calcium channel activation.*

Cerebral arteries undergo a biphasic vasospastic
response following sSAH. The initial phase begins within
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Table 1. Grading scales for spontaneous subarachnoid hemorrhage

Grade Clinical assessment Radiologic assessment
Hunt and Hess scale* WENS scale? Modified Fisher scale?”

0 No clinical symptoms - No SAH, no IVH

1 Mild headache, nuchal rigidity, or asymptomatic GCS 15 Thin SAH, no IVH

2 Moderate to severe headache, nuchal rigidity, cranial nerve palsy GCS 13-14, no motor deficit Thin SAH, IVH present

3 Confusion, lethargy, mild focal neurological deficits GCS 13-14, motor deficit present Thick SAH, no IVH

4 Stupor, severe focal neurological deficits GCS 7-12 Thick SAH, IVH present

5 Coma, decerebrate or decorticate posturing GCS 3-6

Abbreviations: GCS: Glasgow coma scale; IVH: Intraventricular hemorrhage; SAH: Subarachnoid hemorrhage; WENS: World Federation of

Neurosurgical Societies.

minutes and lasts up to 6 h, whereas the secondary phase
may involve both pial and intraparenchymal vessels and
persists for up to 24 h.*"* This process is accompanied
by inflammatory cell infiltration, increased ET release,
and disruption of the blood-brain barrier. Accumulation
of inflammatory cells in the subarachnoid space leads to
the release of ET-1, ROS, and other toxic metabolites into
the CSE exacerbating microcirculatory disturbances and
deepening ischemic injury.**

Infiltrating neutrophils exacerbate vasospasm by
releasing ROS (e.g., through myeloperoxidase), and
activated microglia—via Toll-like receptor 4 signaling—
secrete proinflammatory cytokines such as TNF-q,
compounding endothelial injury and vasoconstriction.***
Moreover, DCI is now understood to sometimes occur
even without angiographic vasospasm; recent evidence
implicates cortical spreading depolarizations triggered
by subarachnoid blood in causing microcirculatory
dysfunction through waves of neuronal depolarization that
induce neuroinflammation, microthrombosis, and focal
vasoconstriction.’*!

In addition, excessive activation of the sympathetic
nervous system following sSAH plays a significant role
in vasospasm development. Elevated catecholamine
levels stimulate alpha-1 adrenergic receptors, enhancing
vasoconstriction.”*”®  ROS-mediated suppression of
endothelium-derived relaxation mechanisms further
disrupts intracellular signaling, impairing endothelial
functions critical for vasodilation, inflammation
modulation, and hemostasis.’**®

In summary, the development of CV results from
the interplay of multiple interrelated pathophysiological
mechanisms,includingoxidativestress, nitricoxidedeficiency,
ET elevation, inflammation, endothelial dysfunction,
and sympathetic hyperactivity. This multifactorial nature
underscores the limitations of monotherapeutic approaches
and highlights the need for multimodal treatment strategies.

3. Risk factors

The risk factors contributing to CV are multifactorial
and encompass demographic characteristics, clinical and
laboratory findings, imaging features, and behavioral
habits (Table 2).

Younger age and female sex have been identified as
significant predisposing variables for CV.”*® Notably,
women younger than 55 years exhibit a significantly
higher incidence of vasospasm.”* Smoking and alcohol
consumption have been consistently associated with
an increased risk of CV across multiple studies.®*
Additionally, the use of cannabis and cocaine has
been reported as a potential risk enhancer in some
investigations.”

The risk of vasospasm can be predicted using clinical
grading systems. Patients with a modified Fisher score >3
are at significantly higher risk due to the increased volume
of subarachnoid blood.” Similarly, individuals presenting
with a Hunt and Hess score 2II have a greater likelihood
of developing vasospasm due to their compromised
neurological status.”” Comorbidities such as congestive
heart failure, hypertension, diabetes mellitus, and a prior
history of stroke have also been found to be significantly
associated with CV development.®

Among the laboratory parameters used to predict
CV risk are common biomarkers such as leukocytosis,
hyponatremia, hypokalemia, hypoalbuminemia, and
anemia.”’ Elevated leukocyte count has been identified
as an independent predictor of CV, reflecting a systemic
inflammatory response. In addition, increased levels of
inflammatory and metabolic markers, including C-reactive
protein, procalcitonin, von Willebrand factor, vascular
endothelial growth factor, and the glucose-to-potassium
ratio, have also been correlated with CV.6!-¢3

Radiological features associated with an increased risk
of CV include internal carotid artery aneurysms, arterial
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Table 2. Risk factors for cerebral vasospasm after

spontaneous subarachnoid hemorrhage

Risk factor  Specific risk factors Notes

category

Demographic « Younger age Particularly

factors « Female sex significant in

females<55 years*

Behavioral » Smoking Modifiable risk

factors o Alcohol consumption factors associated
« Cannabis/Cocaine use with increased CV

incidence®”’

Clinical and

« Modified Fisher score>3

Higher initial severity

radiological ~ « Hunt and Hess grade>II correlates with higher
severity scores CV risk**7
Comorbid « Hypertension Associated
conditions «» Congestive heart failure with increased
« Diabetes mellitus vulnerability to CV®
« History of stroke
Laboratory e Leukocytosis Inflammatory and
findings « Hypoalbuminemia metabolic indicators
» Hyponatremia of elevated CV
 Hypokalemia risk®761-63
» Anemia
Radiologic « Large subarachnoid clot burden High clot burden and

characteristics « Intraventricular hemorrhage
« Internal carotid artery
aneurysms
o Arterial tortuosity and
complex aneurysm morphology

complex vascular
anatomy increase CV
probability®+¢

Procedural ~ Endovascular coiling Some studies suggest
factors (vs. surgical clipping) higher CV risk after
coiling®

Abbreviation: CV: Cerebral vasospasm.

tortuosity, and complex aneurysmal morphologies.®®

Furthermore, some studies have reported that endovascular
coiling may confer a higher risk of CV compared to surgical
clipping.*®

The development of CV results from the interplay
of both modifiable (e.g, smoking, hypertension,
hypovolemia) and non-modifiable (e.g., age, sex) risk
factors. In this context, careful clinical assessment of these
variables is essential for the development of individualized
monitoring and treatment strategies.

4, Clinical diagnosis

Early recognition of CV is critical for preventing
complications following sSAH. The period of highest risk
for vasospasm typically falls between days 4 and 14 after
hemorrhage, with clinical symptoms most frequently
emerging between days 6 and 8. During this time,
close and regular neurological examinations serve as a
fundamental tool for the timely detection of CV. In the
literature, digital subtraction angiography performed

around day 7 post-sSAH reveals angiographic vasospasm
in approximately 20% to 100% of cases; however, only
about 30% of these patients exhibit accompanying clinical
symptoms.®®

The Glasgow coma scale (GCS) is widely used to assess
consciousness and scores patients from 3 to 15 based on
three parameters: Eye opening, verbal response, and best
motor response. Clinical deterioration is typically defined
as a reduction of at least two points in the GCS score.”
Although originally developed for the objective assessment
of traumatic brain injury, the GCS is also widely used in
sSAH patients for initial prognostication and subsequent
monitoring.

However, the GCS has certain limitations. The verbal
response component cannot be assessed in intubated
patients, and the reliance on only the best motor response
may lead to underrecognition of lateralized motor deficits
such as hemiparesis. To address these shortcomings, the
World Federation of Neurological Surgeons (WEFNS)
scale was developed, incorporating motor deficits into the
assessment (Table 1).”° Although the WENS score offers
a more comprehensive evaluation of neurological status
at presentation, it has limited utility in tracking clinical
changes over time.

It is also important to note that late neurological
deterioration following sSAH is not always attributable to
vasospasm. Conditions such as cerebral edema, rebleeding,
acute hydrocephalus, sepsis, hyponatremia, hypotension,
and hypoxia can all mimic the clinical presentation of
CV. Therefore, a careful differential diagnosis must be
conducted before confirming CV.”*

5. Radiological diagnosis

Radiological modalities play a pivotal role in the diagnosis
of CV following spontaneous sSAH, particularly when
supported by clinical findings, as they aid in differential
diagnosis and treatment planning (Table 3). Imaging
and physiological monitoring techniques enable the
assessment not only of anatomical vessel narrowing but
also of alterations in cerebral perfusion.

Digital subtraction angiography (DSA) is considered the
gold standard for diagnosing CV due to its invasive nature
and ability to dynamically visualize vascular anatomy
with high resolution. It allows evaluation of distal vessel
segments and offers the opportunity for simultaneous
endovascular interventions.®”> The severity of vasospasm
is classified based on segmental distribution, asymmetry
compared to the contralateral side, and the percentage
of luminal narrowing: >50% is considered severe,
25-50% moderate, and <25% mild."”> However, due to its
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Table 3. Radiological and physiological diagnostic modalities for cerebral vasospasm after spontaneous subarachnoid

hemorrhage
Modality Diagnostic role Sensitivity/ Advantages Limitations
specificity
Digital subtraction Gold standard for CV 100/100  High-resolution imaging; Invasive; neurological complication risk
angiography®”>7 diagnosis; evaluates vessel assessment of distal vessels; allows (1.3-2.4%); used mainly in symptomatic
narrowing dynamically. for simultaneous endovascular patients or treatment planning.
treatment.
Computed tomography Detects proximal large-vessel ~ 79.6/93.1  High sensitivity and specificity; May overestimate severity of stenosis;
angiography” vasospasm; evaluates vessel non-invasive; widely available. limited in distal vessel assessment.
narrowing.
Computed tomography Assesses hemodynamic 74.1/93.0  Provides quantitative evaluation ~ Radiation exposure; requires contrast
perfusion”” impact of CV; detects of cerebral perfusion parameters  agent; patient-specific considerations
hypoperfusion. (CBE, CBV, MTT, and TTP). necessary.
Transcranial Doppler Non-invasive monitoring of 67/99 Bedside applicability; serial Limited ability to evaluate distal
Ultrasound”*®! flow velocities in major vessels ~ (MCA)  monitoring possible; non-invasive. vessels; operator-dependent; moderate

(e.g., MCA, basilar artery).

sensitivity (44-79%).

Useful in selected cases; no Limited spatial resolution;
radiation exposure. hemodynamic artifacts; less reliable for
distal or low-flow regions.

Magnetic resonance Non-invasive assessment 91/98
angiography® of cerebral vessels without

ionizing radiation or contrast.
Diffusion-weighted Detects early ischemic Not
MRI®*# injury associated with CV; validated

prognostic value.

High sensitivity for cytotoxic Limited availability in emergency
edema and silent infarcts; settings; cannot directly visualize
identifies small cortical lesions vasospasm.

undetectable by other methods.

Electroencephalography®* Early detection of cortical 89/84
ischemia secondary to CV.

Bedside application; high Affected by sedation, metabolic
sensitivity and specificity when disturbances; non-specific findings;
using parameters like alpha/delta  requires expert interpretation.
ratio.

Xenon-enhanced Direct measurement of rCBE. Not High accuracy for assessing Requires specialized equipment; limited
computed tomography*-* validated  hypoperfusion. to point-in-time measurement; potential
side effects (e.g., headache, nausea).

Single-photon emission Evaluates regional cerebral 89/75  Whole-brain imaging possible; Low spatial resolution; high cost;

computed tomography®*  perfusion independently of useful adjunctive tool. radioactive exposure; not ideal for acute
cause. settings.

Near-infrared Monitors cortical oxygen 86/86 Continuous, non-invasive bedside Limited penetration depth; only

spectroscopy® saturation changes associated monitoring. evaluates superficial cortical regions.
with hypoperfusion.

Microdialysis®®”* Measures extracellular 94/88 High sensitivity and specificity for Invasive; risk of hematoma, infection;

metabolic markers indicating
ischemia (e.g, lactate/pyruvate
ratio, glutamate).

ischemic changes; allows real-time limited to the local tissue environment.
biochemical monitoring.

Jugular blood sampling™' Assesses global cerebral Not
oxygenation and validated
arteriovenous oxygen
differences.

Continuous monitoring of Invasive; reflects global rather than
cerebral oxygen balance; regional changes; catheter-associated
predictive of hypoperfusion and  risks.

hyperemia.

Abbreviations: CBF: Cerebral blood flow; CBV: Cerebral blood volume; CV: Cerebral vasospasm; MCA: Middle cerebral artery; MRI: Magnetic
resonance imaging; MTT: Mean transit time; rCBF: Regional cerebral blood flow; TTP: Time to peak.

invasiveness and a reported neurological complication rate
of approximately 1.3-2.4%, DSA is generally reserved for
symptomatic patients or those undergoing interventional
procedures.”>™

Computed tomography angiography (CTA) provides
high sensitivity and specificity for detecting proximal
large-vessel vasospasm. With advanced reconstruction

techniques, the branches of the circle of Willis can be
assessed and graded: <30% narrowing is considered mild,
30-60% moderate, and >60% severe.”> Nevertheless,
overestimation of stenosis is a known limitation that
requires cautious interpretation.'®

CT perfusion is a functional imaging modality that
assesses hemodynamic changes following vasospasm.
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Parameters such as cerebral blood flow (CBF), cerebral
blood volume, mean transit time, and time to peak can
quantitatively identify hypoperfused regions. Significant
alterations in these parameters have been observed in
vascular territories with >50% narrowing, demonstrating
a direct relationship between the severity of vasospasm
and perfusion deficits.”*”” However, its use must be
individualized due to limitations such as radiation
exposure and contrast medium requirements.

Transcranial Doppler ultrasound (TCD) provides an
indirect, non-invasive assessment of CV by measuring
blood flow velocities in major cerebral arteries such as the
middle cerebral artery (MCA) and basilar artery. A mean
flow velocity >120 cm/s in the MCA and a Lindegaard ratio
>3 are suggestive of vasospasm.”*”® Progressive velocity
increases, particularly exceeding 200 cm/s, are highly
specific indicators of severe CV. Reported sensitivity and
specificity of TCD range from 44% to 79% and from 80%
and 100%, respectively.®**" While it is advantageous for
serial bedside monitoring due to its repeatability and non-
invasiveness, it lacks utility in evaluating distal vessels.

Magnetic resonance angiography (MRA) offers a
non-invasive method for evaluating cerebral vasculature
without requiring contrast or ionizing radiation. However,
due to its flow-dependence, MRA primarily reflects
hemodynamic changes rather than anatomical details,
reducing its sensitivity for detecting low-flow or distal
vasospasm. Compared to DSA and CTA, its spatial
resolution is lower, and artifacts from methemoglobin or
surgical clips, and limited emergency accessibility, further
restrict its clinical utility.®»'** Thus, while MRA serves as
a complementary tool, it does not replace conventional
angiography in CV management.

Diftusion-weighted magnetic resonance imaging
(DWI-MRI) is a highly sensitive modality for detecting
cerebral ischemia following sSAH, especially delayed
ischemic changes secondary to vasospasm.***! Lesions
detected within the first 72 h reflect early brain injury and
may have prognostic value for later DCI. Cytotoxic edema
and infarcts secondary to vasospasm are characterized
by hyperintensity on DWI and corresponding reduction
in apparent diffusion coeflicient values.'” In contrast,
vasogenic edema shows increased DWI signal but
normal apparent diffusion coefficient. DWI-MRI can also
reveal small cortical infarcts and silent ischemic areas
undetectable by conventional techniques, making it a
valuable complementary method for early diagnosis and
monitoring of CV-related ischemia.®

Electroencephalography (EEG) is a non-invasive,
bedside monitoring tool capable of detecting cortical
ischemia secondary to CV in the early phase. Decreases

in parameters such as the alpha/delta ratio are associated
with high sensitivity and specificity for predicting delayed
ischemic neurological deficits.** However, EEG patterns
can be influenced by sedation, metabolic disorders,
hydrocephalus, or rebleeding, limiting its specificity.”
Interpretation requires expertise and should be supported
by continuous monitoring, making EEG a useful adjunct
rather than a standalone diagnostic tool.

Xenon-enhanced CT is a reliable method for directly
measuring regional cerebral blood flow (rCBF) by detecting
hypoperfusion due to CV. It relies on the distribution
of radiopaque, diffusible xenon gas—administered
intravenously or via inhalation—based on blood flow to brain
tissue. Despite its accuracy, clinical utility is limited by the
requirement for specialized equipment, patient cooperation,
and the ability to capture only momentary perfusion data.®®
Side effects such as headache, nausea, vomiting, respiratory
depression, and seizures have also been reported.®*

Single-photon  emission computed tomography
(SPECT) assesses rCBF based on the uptake of radioactive
tracers such as technetium-99m hexamethyl propylene
amine oxime (Tc-99m HMPAO) during cerebral
microcirculation.”»* A major advantage is its ability
to detect hypoperfusion regardless of the underlying
cause. Although it provides whole-brain imaging, spatial
resolution is limited. Compared to DSA, SPECT has a
sensitivity of 89% and a specificity of 75%.'°° However,
its use in emergency settings is limited due to high cost,
radiation exposure, and long acquisition times.*

Near-infrared  spectroscopy ~ (NIRS)  measures
changes in cortical deoxyhemoglobin to detect drops in
oxygen saturation. It enables continuous, non-invasive
monitoring.*** Decreased oxygenation during vasospasm can
trigger further investigation.”® However, NIRS is limited by its
superficial depth of penetration and lower clinical sensitivity.

Microdialysis involves the intracranial placement of
microcatheters to monitor extracellular levels of metabolic
markers such as glucose, lactate, pyruvate, glutamate, and
glycerol. Increases in lactate/pyruvate ratios and elevated
glutamate or glycerol levels are indicative of ischemic
stress. Sensitivity and specificity may reach up to 89% and
82%, respectively.””*® However, its invasiveness, risk of
hematoma or infection, potential probe malfunction, and
placement errors restrict its widespread use.”

Jugular bulb oximetry provides continuous monitoring
of cerebral oxygenation via a fiber-optic catheter inserted
into the internal jugular bulb under ultrasound or
fluoroscopic guidance. Parameters such as PO,, PCO,,
pH, and temperature are measured, and arterio-jugular
differences in oxygen content (AJDO,) are calculated.
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A jugular venous oxygen saturation (SjvO,) <55% suggests

cerebral ischemia, whereas levels >75% may indicate

hyperemia.”” Continuous monitoring can help predict

poor oxygenation and neurological deterioration in sSSAH

patients."®'”" However, it is invasive and reflects global
oxygenation rather than regional changes, limiting its

Various

pharmacological

utility in detecting focal vasospasm.

6. Medical treatment

and supportive treatment

strategies have been developed to prevent and manage

Table 4. Medical treatment strategies for cerebral vasospasm after spontaneous subarachnoid hemorrhage

Therapy

Mechanism/target

Evidence/effectiveness

Limitations/comments

Triple-H therapy
(hypervolemia,
hemodilution,
hypertension)®'1!!

Augment cerebral perfusion.

Current guidelines recommend maintaining
euvolemia and inducing hypertension only in
symptomatic patients.

Hypervolemia and hemodilution
increase the risk of complications
(e.g., pulmonary edema, myocardial
ischemia).

Nimodipine&lz,l 12,113

L-type calcium channel blocker;

neuroprotective.

Strong evidence (Class I, level A); reduces DCI
incidence and improves outcomes.

Risk of hypotension; IV route
reserved for patients unable to
tolerate enteral administration.

Magnesium sulfate'!*'1¢

NMDA receptor inhibition;
calcium channel blockade.

No significant benefit shown in large phase III
trials (IMASH, MASH-2).

Not routinely recommended.

Statins!!7-12!

Improve endothelial function;
increase nitric oxide synthesis.

Conflicting evidence; STASH trial showed no
significant benefit on clinical outcomes.

Not currently recommended for
routine prophylactic use.

Endothelin-1 receptor
antagonists (e.g.,
clazosentan)!?*1%

Block vasoconstrictive effects
of ET-1.

Reduced angiographic vasospasm
(CONSCIOUS-1); clinical benefits remain
inconsistent (CONSCIOUS-2, -3).

Associated with adverse effects
(hypotension, pulmonary edema,
anemia).

Corticosteroids!?®

Anti-inflammatory and
electrolyte-stabilizing effects.

Some reduction in DCI incidence; no proven
improvement in neurological outcomes.

Low-quality evidence; further studies
required.

Milrinone!?-13

PDE-3 inhibitor;
promotes vasodilation and
anti-inflammation.

Promising in retrospective studies and case series
(e.g.» Montreal protocol).

Hypotension and tachycardia are
notable adverse effects; data are
limited.

Nicardipine'*'#

Dihydropyridine calcium
channel blocker.

Intra-arterial cisternal administration showed
benefit; intravenous use was not superior to
nimodipine.

Mainly, adjunctive use is considered.

Cilostazol 31133

PDE-3 inhibitor; vasodilation
and anti-thrombotic effects.

Meta-analyses suggest a reduction in symptomatic
vasospasm and infarction risk.

Clinical results are mixed; there is no
standard practice yet.

Fasudil*+'%

Rho-kinase inhibitor; reduces
vascular contraction and
inflammation.

Widely used in Japan; meta-analyses show
reduced CV and improved outcomes.

Considered adjunct to nimodipine;
broader validation needed.

Sildenafil'*713

PDE-5 inhibitor; promotes
cerebral vasodilation.

Beneficial effects in animal models.

Human data limited; further trials
required.

Nitric oxide donors!¥-14

Increase nitric oxide levels for
vasodilation.

Effective in pre-clinical models.

Hypotension and systemic toxicity
limit clinical use.

Erythropoietin!+#

Neuroprotective; enhances
cerebral oxygenation.

Some small case series reports improved tissue
oxygenation.

Mechanism unclear; evidence
limited.

Anticoagulants (e.g.,
low-dose heparin) 447

Potentially reduce CV incidence.

Conflicting evidence; hemorrhagic complications
remain a concern.

Not routinely recommended.

CSF drainage (lumbar
drain) 148,149

Removes subarachnoid blood;
reduces intracranial pressure.

Shown to reduce CV and poor outcomes.

Requires careful monitoring to avoid
overdrainage complications.

Cisternal irrigation'

Washes out subarachnoid clot
burden intraoperatively.

May reduce angiographic CV and DCI risk.

Limited to selected surgical cases.

Intrathecal administration
(e.g., nimodipine,
milrinone)'"15

Direct pharmacological effect on

vessels exposed to blood.

Early studies show potential benefits.

More prospective trials are needed.

Abbreviations: CSF: Cerebrospinal fluid; CV: Cerebral vasospasm; DCI: Delayed cerebral ischemia; ET-1: Endothelin-1; NMDA: N-methyl-D-aspartate;

PDE: Phosphodiesterase.
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delayed ischemic injury associated with CV following
sSAH (Table 4). Current approaches focus on preserving
cerebral perfusion, suppressing vasoconstrictive responses,
and minimizing neuronal damage.

Triple-H therapy (hypervolemia, hemodilution, and
hypertension), historically used to address CV-related
perfusion deficits, has recently come under scrutiny.
Randomized trials have demonstrated that hypervolemia
and hemodilution are associated with significant
complications—such as pulmonary edema, hyponatremia,
and myocardial ischemia—and do not significantly
improve clinical outcomes."” """ Accordingly, modern
practice has largely abandoned prophylactic triple-H
therapy; current guidelines emphasize maintaining
euvolemia and using induced hypertension primarily for
patients with neurologic deterioration due to DCIL.®'**

Nimodipine, a dihydropyridine L-type calcium channel
blocker, remains the only pharmacologic agent with
demonstrated efficacy in reducing DCI and improving
neurological outcomes following sSAH. It is strongly
recommended with Class I, level A evidence in current
guidelines.® The standard dose is 60 mg orally every 4-6 h.
While the exact mechanism remains unclear, potential
effects include reduced intracellular calcium levels,
selective relaxation of cerebral vascular smooth muscle,
and enhanced collateral flow through small vessels.?
Intravenous administration should be reserved for cases
where enteral delivery is not feasible.*!'* Hypotension is
the most frequently reported side effect, requiring cautious
dose titration—particularly in hemodynamically unstable
patients—and is more pronounced with intravenous use.'”*

Magnesium sulfate aims to promote vasodilation and
reduce excitotoxicity via N-methyl-D-aspartate (NMDA)
receptor inhibition and voltage-gated calcium channel
blockade.'"* However, phase III multicenter trials such as
IMASH and MASH-2 failed to demonstrate benefits on
CV or DCLM>1¢

Statins have the potential to enhance endothelial
function and increase nitric oxide synthesis.!” Although
some meta-analyses have reported reductions in vasospasm
incidence, their effects on mortality and neurological
outcomes remain inconsistent."'$'?° Major phase III trials,
including STASH, failed to provide sufficient evidence to
support routine prophylactic use.'”!*!

ET-1 receptor antagonists aim to inhibit the potent
vasoconstrictive effects of elevated ET-1 levels following
sSAH. Clazosentan was shown in the CONSCIOUS-1 trial
to reduce angiographic vasospasm in a dose-dependent
manner. However, CONSCIOUS-2 and -3 failed to
demonstrate clinical benefit and reported significant

adverse events such as hypotension, pulmonary edema,
and anemia.'?*'* Consequently, CONSCIOUS-3 was
terminated early. In contrast, two recent Japanese phase
II1 trials (JapicCTI-163368 and JapicCTI-163369) reported
significant reductions in vasospasm, delayed ischemic
neurological deficits, and ischemic symptoms with
clazosentan.'” As a result of these findings, clazosentan was
approved in Japan in early 2022 for vasospasm prophylaxis
after aneurysmal subarachnoid hemorrhage, although it
remains unapproved elsewhere pending further evidence of
clinical benefits.">* Nonetheless, a large meta-analysis found
no significant effect on mortality or functional recovery.'”®

Corticosteroids, owing to their anti-inflammatory
and electrolyte-balancing properties, may theoretically
be beneficial. While some studies suggest a reduction in
DCI incidence, consistent improvements in neurological
outcomes have not been demonstrated, and available data
are methodologically heterogeneous and low in quality.
Well-designed randomized trials are required to clarify
their efficacy.'

Milrinone, a phosphodiesterase-3 inhibitor, increases
intracellular cAMP, promoting vasodilation and exerting
anti-inflammatory effects. It can be administered
intravenously or intra-arterially during endovascular
procedures in cases of refractory CV.!¥’ The Montreal
Neurological Hospital protocol reported good tolerance
and favorable outcomes with intravenous infusion.'*
However, current data are primarily based on retrospective
studies and systematic reviews. Main side effects include
systemic hypotension and tachycardia.'®**!

Nicardipine, another dihydropyridine calcium channel
blocker, has demonstrated efficacy via intravenous
infusion in treating CV and DCL"""*® Although not
proven superior to nimodipine in Cochrane reviews,
intraoperative cisternal administration showed significant
benefit in a phase II randomized trial.'*!

Cilostazol ~ exerts vasodilatory effects  through
phosphodiesterase-3 inhibition and reduces microemboli
formation by inhibiting platelet aggregation.””’ Multicenter
randomized trials have shown reduced angiographic
CV incidence, but clinical outcome effects have been
inconsistent.”** Nevertheless, meta-analyses have reported
reduced risk of symptomatic vasospasm, infarction, and
poor outcomes, positioning cilostazol as a promising and safe
agent, though not yet widely adopted in clinical practice.'”®

Fasudil, a Rho-kinase inhibitor that reduces smooth
muscle contractility and vascular inflammation, is used in
Japan for CV prophylaxis.'** Meta-analyses and large series
have demonstrated significant reductions in CV and DCI
incidence and improved clinical outcomes.*>*¢ Addition
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to nimodipine has been associated with better clinical
results.**

Sildenafil, a phosphodiesterase-5 inhibitor, promotes
vasodilation in cerebral arteries. Although it significantly
increases vessel diameter in animal models, clinical data
in humans remain limited, and further investigation is
warranted.'?”!%

Nitric oxide donors—such as sodium nitroprusside,
proanthocyanidin, and nebivolol—aim to enhance nitric
oxide-mediated vasodilation. While effective in increasing
CBF in animal models, side effects such as hypotension,
reduced perfusion pressure, and systemic toxicity
significantly limit their clinical application.'**

Erythropoietin has shown potential to improve cerebral
oxygenation and provide neuroprotection, with some
case series reporting increased tissue oxygenation hours
after administration.'*® However, its mechanisms remain
unclear, and supporting evidence is limited.'**

Anticoagulants, particularly low-dose heparin, have
been investigated for reducing CV incidence. Current
data remain conflicting regarding efficacy, and the risk
of hemorrhagic complications precludes routine clinical
use.l45*l47

Efforts to remove subarachnoid blood, which plays
a key role in CV pathophysiology, offer complementary
benefits to pharmacologic treatment. Lumbar drainage
(LD), by reducing intracranial pressure and clearing
hemorrhagic material from cisternal spaces, may reduce
symptomatic vasospasm, secondary infarction, and early
mortality."**'* Recent meta-analyses support significant
reductions in these complications among LD-treated
patients.'® Furthermore, LD helps maintain physiologic
CSF flow, facilitating gravitational removal of spasmogenic
substances from spinal cisterns and contributing to
intracranial pressure regulation. However, data on its
effect on functional recovery are inconsistent—likely due
to the multifactorial nature of neurological outcomes.
Serial lumbar puncture has shown comparable clinical
efficacy with a lower risk of CSF infection, suggesting it as
a viable alternative in selected cases.’*> LD should thus be
considered an effective option for vasospasm prophylaxis
and ischemia risk reduction in carefully selected patients,
based on individual risk-benefit assessment.

Intraoperative or post-operative cisternal irrigation
may mechanically remove intracranial hematoma,
potentially reducing angiographic vasospasm and DCI.'
Additionally, intrathecal administration of agents such as
nimodipine or milrinone in selected cases may exert direct
pharmacologic effects on subarachnoid vascular segments
to prevent vasospasm. While supported by a limited

number of prospective studies, these interventions merit
consideration due to their potential benefits."*"'**

7. Endovascular treatment

In the management of CV following sSAH, endovascular
interventions play a crucial role in cases refractory to
medical thertapy (Table 5). The most commonly used
endovascular modalities in this context are transluminal
balloon angioplasty (TBA) and intra-arterial vasodilator
infusions.

TBA is particularly effective in large-caliber proximal
vessel segments. It exerts its therapeutic effect by
mechanically reducing smooth muscle tone in the vessel
wall, resulting in prolonged dilation.'*® Studies using both
compliant and non-compliant balloons have reported
comparable success rates, and restoration of normal or
supranormal vessel diameter after the initial angioplasty has
been associated with reduced recurrence rates.'** However,
due to its applicability being limited to large vessels and
the potential risk of complications, prophylactic use is not
recommended.'®

Intra-arterial vasodilators are more effective in distal
and smaller-caliber vessels, and they carry a lower risk
of mechanical trauma. Agents such as nimodipine,
verapamil, and milrinone are frequently employed. In
particular, the combination of milrinone and nimodipine
has been found effective as a rescue therapy in refractory
vasospasm cases.'® Conversely, intra-arterial papaverine
has largely fallen out of favor due to adverse effects such
as increased intracranial pressure and reduced cerebral
oxygenation.'63167.168

A relatively novel technique, stent-retriever angioplasty,
utilizes self-expanding, retrievable stents. This method
minimizes endothelial injury, offers short procedure times,
and allows maintenance of distal perfusion. Additionally,
it permits simultaneous intra-arterial vasodilator infusion,
potentially enhancing therapeutic efficacy.'” However,
limited radial force may result in insufficient dilation
in some cases, and further clinical studies are needed to
validate its efficacy.””® Notwithstanding its theoretical
endothelial preservation, manipulating friable, vasospastic
segments with a stent-retriever may still entail risks
of endothelial injury, dissection, or even perforation;
meticulous patient/segment selection and gentle technique
are essential.'”"'”> Moreover, the current evidence base
largely consists of small case series and retrospective
cohorts; prospective multicenter evaluations are required
to define safety, indications, and comparative effectiveness
versus TBA and intra-arterial vasodilator infusion.!”"!7?

The combination of intra-arterial vasodilator infusion
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Table 5. Endovascular treatment strategies for cerebral vasospasm after spontaneous subarachnoid hemorrhage

Endovascular technique Mechanism/target Advantages

Limitations/comments

TBA'6>166 Mechanical dilation of
proximal large-caliber vessels;

reduces smooth muscle tone.

Provides durable vessel dilation; effective for
major arteries; reduces recurrence if achieving
normal or supranormal diameter.

Limited to large vessels; invasive; potential
complications; not recommended for
prophylactic use.

Intra-arterial vasodilator = Pharmacological vasodilation,

infusion!6*166-168 effective in smaller vessels.

Lower mechanical trauma risk; multiple agents
available (nimodipine, verapamil, milrinone);
combination therapy is effective.

Temporary effect; repeated treatments
often necessary; papaverine use largely
abandoned due to adverse effects (ICP
elevation, decreased oxygenation).

Mechanical vessel expansion
using self-expanding
retrievable stents; minimal
endothelial damage.

Stent-retriever
angioplasty'®'7

Short procedure time; maintenance of
distal perfusion; possibility of simultaneous
intra-arterial vasodilator infusion.

Lower radial force may cause insufficient
dilation in some cases; it requires further
validation by clinical trials.

Address both proximal
and distal vessel narrowing
simultaneously.

Combination therapy
(TBA+intra-arterial
vasodilators) 171173

May improve rescue outcomes in refractory
vasospasm; superior functional outcomes
compared to medical therapy alone.

Increased radiation exposure; higher
procedural cost; potential need for multiple
interventions.

Abbreviations: ICP: Intracranial pressure; TBA: Transluminal balloon angioplasty.

and TBA may be effective for both proximal and distal
vessel segments.””* It has shown promise as a salvage
therapy in refractory cases; however, potential drawbacks
such as increased radiation exposure and higher costs must
be considered.'”>'76

Meta-analyses have reported better functional
outcomes and lower mortality rates in patients treated with
endovascular interventions compared to those receiving
medical therapy alone."”” Nonetheless, repeated procedures
may be required, which can prolong intensive care unit
(ICU) stays and increase the risk of complications.

From a health-economic perspective, repeated
endovascular sessions for refractory vasospasm can
substantially increase resource utilization in comparison with
optimized medical therapy, largely through prolonged ICU
stays, multiple angiographic procedures, and device-related
expenditures. In U.S. practice settings, these downstream
costs should be explicitly balanced against the incremental
clinical benefit when deciding on escalation beyond first-line
medical measures; transparent institutional pathways and
multidisciplinary review can help ensure judicious, outcome-
oriented use of endovascular resources.'”3%

8. Conclusion

As a serious complication associated with high mortality
and morbidity, CV following sSAH warrants special
attention in clinical management. The multifactorial
pathophysiology of CV involves the interplay of several
mechanisms, including oxidative stress due to hemoglobin
degradation products, decreased nitric oxide availability,
elevated ET-1 levels, inflammation, and endothelial
dysfunction. Systematic evaluation of risk factors—based on
demographic, clinical, laboratory, and imaging findings—
is essential for the success of early diagnosis and preventive

strategies. In the diagnostic process, while DSA remains
the gold standard, complementary techniques such as
CTA, CT perfusion, MRA, TCD, EEG, SPECT, and cerebral
microdialysis enhance diagnostic accuracy and support
differential diagnosis and treatment planning. Among
pharmacologic therapies, nimodipine remains the only
agent supported by high-level evidence. In cases refractory
to medical therapy, endovascular interventions—including
TBA and intra-arterial vasodilators—serve as potentially
life-saving options. However, owing to the associated risks
and relatively high costs of these therapies, many aspects
should be considered when prescribing them to the
patients. In light of current evidence, early diagnosis and
optimal management of CV necessitate a multidisciplinary
approach, individualized treatment strategies, and future
high-quality clinical research to improve outcomes.
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