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A B S T R A C T   

Objective: Cerebral vasospasm and the resultant delayed cerebral infarction is a significant source of mortality 
following aneurysmal SAH. Vasospasm is currently detected using invasive or expensive imaging at regular in-
tervals in patients following SAH, thus posing a risk of complications following the procedure and financial 
burden on these patients. Currently, there is no blood-based test to detect vasospasm. 
Methods: PubMed, Web of Science, and Embase databases were systematically searched to retrieve studies related 
to cerebral vasospasm, aneurysm rupture, and biomarkers. The study search dated from 1997 to 2022. Data from 
eligible studies was extracted and then summarized. 
Results: Out of the 632 citations screened, only 217 abstracts were selected for further review. Out of those, only 
59 full text articles met eligibility and another 13 were excluded. 
Conclusions: We summarize the current literature on the mechanism of cerebral vasospasm and delayed cerebral 
ischemia, specifically studies relating to inflammation, and provide a rationale and commentary on a hypo-
thetical future bloodbased test to detect vasospasm. Efforts should be focused on clinical-translational ap-
proaches to create such a test to improve treatment timing and prediction of vasospasm to reduce the incidence 
of delayed cerebral infarction.   

1. Introduction 

Cerebral vasospasm is a complex pathologic process that is among 
the most detrimental after-effects of subarachnoid hemorrhage (SAH). 
SAH is the exposure of blood in the subarachnoid space that can result 
from several pathologic processes, such as hypertension, ruptured 
vascular lesions, hemorrhagic tumors, and trauma. Cerebral vasospasm 
can occur as segmental or diffuse narrowing of the cerebral vasculature.1 

Vasospasm can result in clinical deterioration caused by delayed cere-
bral ischemia (DCI). Over 30% of patients with ruptured aneurysms 
develop DCI and decreased neurologic status; therefore vasospasm is a 
condition that must be detected swiftly.2 

A recent study found that the incidence of vasospasm is higher 
among those of lower socioeconomic status (SES).3 Low SES patients are 
more likely to have comorbidities to promote aneurysm formation and 
increase the risk of rupture, which in turn increases the prevalence of 
vasospasm. Additionally, low SES patients are unlikely to access timely 

diagnosis or treatment to prevent rupture of their cerebral aneurysm.3 

The current standard of care (SOC) may place an undue financial burden 
with vasospasm following post-aneurysmal SAH. 

Although there are methods for detecting vasospasm through various 
imaging modalities, many of the common techniques depend on oper-
ator capability and can be invasive. Others have lower overall accuracy 
and there is simply a gap in accurate & efficient diagnosis of vasospasm. 
This review article investigates the utility and potential of a blood-based 
diagnostic test to detect cerebral vasospasm and its severity in patients 
following SAH. 

2. Methods 

This Systematic Review followed the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) guidelines. Studies 
related to cerebral vasospasm, aneurysmal rupture, and biomarkers 
were included. Titles and abstracts were independently screened to 
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identify relevant studies. The following keywords were using in the 
initial search across databases to identify relevant publications: cere-
bral, vasospasm, spasm, aneurysm, biomarker, marker, signal, and 
diagnostic. The study search dated from 1997 to 2022. The literature 
search was performed on the PubMed, Web of Science, and Embase 
databases for relevant literature. 

3. Results 

Out of the 632 citations screened, 65.7% (n = 415) of records were 
excluded during title screening due to not being relevant (Fig. 1). Next, 
out of the remaining 217 abstracts, 72.8% (n = 158) were excluded 
during in-depth review: 122 did not report any biomarkers studied, 26 
were case reports, and 10 were review articles. Out of the 59 full text 
articles that met eligibility, another 22% (n = 13) of citations were 

Fig. 1. PRISMA diagram.  
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excluded: six had no relevant biomarkers studied, another six were 
treatment-focused, and one study reported findings not associated with 
vasospasm (see Fig. 2). 

4. Discussion 

4.1. Current advanced methods of diagnosing vasospasm 

The primary method of diagnosing cerebral vasospasm is through a 
number of imaging modalities. Common techniques to diagnose vaso-
spasm include digital subtraction angiography (DSA), computed to-
mography angiography (CTA), computed tomography perfusion (CTP), 
and transcranial Doppler (TCD) ultrasonography.4 Additionally, regular 
neurological examinations can be used effectively for detecting symp-
tomatic vasospasm.5–7 

One of the most common methods of detecting vasospasm is with 
TCD, which uses ultrasound to quantify blood flow rate and direction in 
specific vessels. TCD relies on the concept that increased blood flow rate 
indicates narrowing of the vessel lumen.8 TCD is non-invasive and poses 
minimal risk to the patient and is therefore commonly used. However, 
some limitations exist, including difficulty in localizing vessels and 
confounding factors that may alter blood flow velocity. Thus, TCD tends 

to be less accurate for detecting vasospasm than other methods.9 

DSA is the gold standard to diagnose vasospasm. Although it is the 
most accurate diagnostic method, patients are at a higher risk of com-
plications (5%), including stroke (1%).10 DSA also allows for rapid and 
direct treatment if necessary. Balloon angioplasty and pharmacologic 
spasmolytics are both able to be used in combination with DSA, making 
this modality versatile, if not resource prohibitive, for management of 
vasospasm.11 Despite DSA being the gold standard for vasospasm 
detection, it is an invasive procedure accompanied by elevated 
complication risks, and ties up vital hospital resources. Several studies 
have examined the viability of computed tomography angiography 
(CTA) as an alternative to DSA. Many studies report relatively high 
agreement values between CTA and DSA in detecting vasospasm, with 
different studies ranging from 83 to 95% agreement.7,12 Thus, there is 
evidence that CTA can be used as a reasonable alternative to DSA, 
keeping in mind the risks of additional radiation exposure that CTA 
carries. 

Another imaging modality used to diagnose cerebral vasospasm is 
Magnetic Resonance Angiography (MRA). While not as frequently used 
as DSA or CTA, MRA has been found to be viable in the diagnosis of 
cerebral vasospasm. An early study testing vasospasm detection in 
monkeys found that MRA and conventional angiography were equally 

Fig. 2. Mechanism of inflammation mediated vasospasm following SAH. Aneurysm rupture, hypertensive tumor related trauma, or other causes lead to SAH. 
Following SAH, the development of vasospasm is precipitated by ROS, inflammatory cytokines, and toxic blood breakdown byproducts. Inflammatory cytokines 
namely, IL-6, MCP-1, and TNF-α act on macrophages resulting in the activation of JAK2, STAT3, and NFkB, which perpetuate further inflammation. Macrophages 
also release additional ILs and MMPs further contributing to vasospasm. The thrombus formed in the aneurysm subsequently creates ROS further activating the 
sympathetic nervous system and NFkB and contributing to metabolic and mitochondrial dysfunction in microglia. Microglia then release miRNAs further exacer-
bating vasospasm. Heme from hemoglobin then activates the NLRP3 inflammasome complex which acts on the endothelium to release IL-6 and MCP-1. Vasospasm 
ultimately leads to cell death through macrophage activation and cytokine release, which presents an opportunity for pharmaceutical intervention. Some in-
terventions already explored are NO and CO donors which prevent the formation of ROS. 
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efficient in detecting vasospasm and that MRA even outperformed 
conventional angiography in demonstrating dilation of control ar-
teries.13 In patients, however, MRA has not been found to be as effective 
as conventional angiography, with MRA detecting only roughly 87% of 
conventional angiography vasospasm diagnoses.14 Most clinical man-
agement guidelines for subarachnoid hemorrhage management recom-
mend using DSA and TCD in cases of suspected vasospasm.15 

Table 1 summarizes reported sensitivities and specificities of 
different modalities in detecting vasospasm. A simpler non-invasive 
method to detect vasospasm would improve patient outcomes and 
reduce healthcare costs. 

4.2. Rationale for screening for vasospasm 

It is imperative to screen for and accurately diagnose vasospasm, as 
untreated vasospasm can lead to devastating effects in patients 
following SAH. Of patients with cerebral vasospasm detected on radi-
ography, roughly 25–30% are symptomatic and thus classified as having 
clinical vasospasm.16,17 Overall, 10–45% of patients with SAH suffer 
clinical deterioration caused by delayed cerebral ischemia (CD-DCI).18 A 
large multicenter study found that ischemic infarction resulting from 
vasospasm carries a significant mortality risk (23%).19 In addition to the 
high mortality rate, vasospasm can lead to several morbidities including 
decreased self-rated health as scored by the EQ-5D visual analog scale, 
depressed mental status, lengthier hospital stay, and persistent coma.20 

The high incidence of vasospasm following SAH warrants cost-efficient 
and simple screening to detect vasospasm to best optimize treatment 
timing. 

It is important to note, however, that the links between vasospasm 
and ensuing neurologic deficits are not completely clear. For instance, 
the CONSCIOUS-1 trial (a randomized, double-blinded, placebo- 
controlled study examining the safety and efficacy of clazosentan) shed 
light on whether vasospasm is the primary cause of DCI. The main 
reason for this doubt was that clazosentan was found to decrease vaso-
spasm occurrence but DCI rates were not affected.21,22 Additional 
studies point to the idea that other factors combine to contribute more to 
DCI occurrence independent of vasospasm, including arteriolar 
constriction & thrombosis, cortical spreading ischemia, and others.23 

Early brain infarction was also found to be a significant factor in 
CD-DCI.24 

4.3. Inflammatory pathways in vasospasm/pathophysiology of vasospasm 

Over the last few decades, the literature examining cerebral vaso-
spasm studied biomarkers ranging from hemoglobin breakdown prod-
ucts to inflammatory cytokines (see Fig. 2). 

Numerous studies have investigated specific proinflammatory mol-
ecules as potential causative agents of vasospasm. While each of these 
substances have shown causative properties in a portion of cerebral 
vasospasm cases, no single proinflammatory factor has been found to be 
the root of all vasospasm–which speaks to the tremendous heterogeneity 
of the pathology.25 Formation of microthrombi as a result of macro-
phage activation and consequent cytokine release (interleukins, TNF-α, 
and reactive oxygen species (ROS) has also been implicated in vaso-
spasm. These cytokines and inflammatory agents then activate adhesion 

molecules leading to the platelet activation cascade and leukocyte 
activation. Specifically, P-selectin and E-selectin have been found to be 
upregulated in patients with ruptured cerebral aneurysms.26–28 

Furthermore, patients who developed DCI were found to be more hy-
percoagulable in comparison to patients who did not develop DCI 
following SAH.29,30 Matrix metalloproteinases (MMPs) are also released 
from immune cells, namely macrophages and leukocytes, as a result of 
inflammatory cytokine activity.31 Upon activation, MMPs can lyse other 
pro-MMPs into MMPs, leading to a positive feedback loop. Cellular 
migration is promoted as MMPs destroy the extracellular matrix, leading 
to increased inflammation and cytokine production and eventually 
contributing to vasospasm.32 A variety of MMPs have been implicated in 
vasospasm; however, MMP-9 was found to be a key agent of degradation 
of the basal lamina contributing to blood–brain barrier dysfunction.33 

Preclinical studies have found MMP-9 knockout mice exhibit better 
neurological recovery, less brain edema, and lower chronic intracranial 
pressure compared to wild type mice following induction of SAH.33 

Furthermore, human serum samples among patients with SAH were 
found to have significantly lower levels of MMP-2 and elevated levels of 
MMP-9, suggesting both MMP-2 and MMP-9 may be potential bio-
markers of vasospasm.34,35 

The presumed mechanism of vasospasm is increased chemotaxis and 
transmigration of the myeloid and monocyte cell subsets into the local 
vascular environment, thus leading to increased vasoconstriction. Upon 
early brain injury, various markers of apoptosis and necrotic cell death 
have been observed, including danger signal high-mobility group box 1 
(HMGB1), IL-6, and TNF-α.36–38 Neuronal death decreases basal meta-
bolic rate and increases permeability of the blood brain barrier. Meta-
bolic dysfunction further promotes cell necrosis leading to exacerbated 
inflammation. Dying neurons release various signals that continue to 
drive inflammation following SAH.39 Increased intracranial pressure 
and edema exacerbate metabolic dysfunction. Mitochondrial dysfunc-
tion has been associated with SAH patients and leads to increased tissue 
sensitivity, likely contributing to vasospasm.40 Astaxanthin is a thera-
peutic that reduces mitochondrial dysfunction and has been found to 
decrease cerebral vasospasm in animal models following SAH.41 Cere-
brospinal fluid analysis from patients with SAH accompanied by DCI 
revealed increased autophagy and mitophagy as a result of mitochon-
drial dysfunction.42 

Macrophage and monocytes are the primary effector cells responding 
to SAH. Although these cells have not been studied extensively in rela-
tion to vasospasm, increases in monocytes have been observed in the 1–2 
days following SAH.43 Groups have also demonstrated infiltration of 
macrophages no sooner than 3 days following SAH in the brain paren-
chyma suggesting a role macrophages play in vasospasm.44 

Upon macrophage activation, nuclear transcription factors such as 
NF-kB and STAT3 are activated, resulting in further propagation of 
inflammation.45,46 Endothelin-1 (ET-1), von Willebrand Factor (vWF), 
and tissue factors released from the injured endothelium contribute to 
platelet activation and adhesion and increased vasoconstriction.47–49 

Cytotoxic blood byproducts (bilirubin, biliverdin, and heme) contribute 
to increased ROS formation, further exacerbating microglial activation 
through NF-kB.50 Heme and heme breakdown products upregulate 
NLRP3 acting on the endothelium via cyclooxygenase (COX)-1 and 
COX-2 pro-inflammatory eicosanoids, leading to release of IL-6 and 
MCP1, contributing to additional vasoconstriction.51–53 

Oxidative stress and endothelins may also be linked to vasospasm 
with studies showing their elevation in patients with post-SAH vaso-
spasm.25 ET-1 has been implicated in pulmonary hypertension contrib-
uting to increased pulmonary vascular resistance.54 In-vivo animal 
testing has found ET-1 to be a potent cause of vasoconstriction through 
its effect on pulmonary vascular smooth muscle. Activation of the 
sympathetic nervous system has also been implicated in the develop-
ment of vasospasm. Multiple groups have successfully alleviated vaso-
spasm following SAH by blocking the sympathetic nervous system using 
stellate ganglion block.55,56 Preclinically, activation of the sympathetic 

Table 1 
Sensitivity and specificity of diagnostic techniques to detect vasospasm. 
*Sensitivity and specificity may vary depending on radiologist.  

Diagnostic Technique Sensitivity Specificity 

DSA (gold standard) 100%* 100%* 
CTA (PMID: 34970916) 31% 81% 
TCD (PMID: 2682350) 100% 59% 
MRA (PMID: 36357992) 84% 72% 
CT perfusion (PMID: 17416833) 20% 100%  
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nervous system has been found to decrease cerebral perfusion in swine. 
Activation was found to be inhibited by anesthetic injection prior to 
sympathetic activation.57 Blockade of the sympathetic nervous system 
could be a promising treatment target for vasospasm following SAH. 

4.4. Potential blood biomarkers for vasospasm 

Various blood biomarkers have been studied to predict vasospasm. 
Despite ongoing research, candidate biomarkers have not been specific 
to vasospasm, thus having low clinical utility. Early biomarkers of in-
terest include neutrophil products, leukocyte products, and creatinine as 
measurables that could aid in diagnosis.58 

Biological microparticles are small extracellular vesicles released by 
various nuclear and anuclear components of the blood system including 
erythrocytes, leukocytes, and platelets.59 Endothelial cells also produce 
microparticles, and these vesicles are important for regulation of 
endothelial stress and dysfunction.60 Microparticles, composed of 
cellular membrane components from membrane budding, have a variety 
of roles and identities, including functions in cellular processes such as 
inflammation, oxidative stress, injury, etc.61 Sanborn et al found that 
aneurysmal SAH patients had elevated levels of endothelial micropar-
ticles in blood, suggesting a potential role for microparticles in the 
signaling process of SAH and eventually vasospasm.62 However, 
candidate microparticles have not been validated clinically. 

Endothelin-1 (ET-1) is a small peptide released by endothelial cells of 
the vascular system. It is one of the principal molecules responsible for 
vasoconstriction and has been hypothesized to play a role in vasospasm 
post-aneurysmal SAH.63 The suggested mechanism is that degradation 
of hemoglobin and oxidative stress from SAH prompts the release of 
ET-1 by vascular endothelial cells.64 Several studies have examined the 
biomarker potential of ET-1 in vasospasm. In particular, a study by 
Bellapart, et al reported that plasma levels of ET-1 were substantially 
higher in SAH patients with vasospasm than in those without.65 There 
was no marked change in cerebrospinal fluid (CSF) levels of ET-1 in this 
study, indicating that ET-1 may be better used as a blood biomarker than 
in CSF. 

Panels of microRNAs have also been studied as potential biomarkers 
of vasospasm. Of the miRNAs studied, miRNA-24 upregulation has been 
found to cause vasospasm and is believed to suppress nitric oxide syn-
thase (NOS), as nitric oxide metabolism has been found to have an 
inhibitory effect on vasospasm occurrence.66,67 A miRNA panel studying 
442 miRNAs in patients with aneurysmal SAH reported 
hsa-miR-3177-3p to be significantly elevated in patients with vaso-
spasm.68 When used in combination with each other, miRNAs have 
improved predictive potential. A panel of 47 specifically selected miR-
NAs tested in 31 patients following SAH and 8 healthy controls reported 
an accuracy of 87% in predicting vasospasm.69 

Similarly, a study evaluated an mRNA panel on SAH patients to 
understand if there is differential expression between those who develop 
vasospasm and those who do not. They found that there were 259 
differentially expressed genes in vasospasm patients. Important differ-
entially expressed pathways included adrenergic, nitric oxide, and 
thrombin.70 A different study performed serial analysis of different 
serum protein levels on vasospasm patients using quantitative analysis. 
The proteins that decreased significantly in concentration in vasospasm 
patients were alpha-2-macroglobulin, angiogenin, apolipoprotein A-IV, 
granulocyte colony-stimulating factor, macrophage-stimulating protein, 
tetranectin, and VEGF receptor 3. The only protein that increased out of 
this assay was vitronectin.71 

There are numerous other serum proteins that have shown associa-
tions to cerebral vasospasm presence. A study found that soluble Fms- 
like tyrosine kinase 1 (sFlt-1) was found to be increased in SAH pa-
tients who were high risk for vasospasm, and no correlation between 
soluble endoglin and vasospasm.72 Another novel molecule that was 
shown to be significantly elevated following SAH and in patients who 
developed cerebral vasospasm was Systemic High-Mobility Group 

Box-1.73 Serum myeloperoxidase (MPO) was also significantly increased 
in vasospasm patients, as it was elevated prior to vasospasm in 67% of 
cases and on the day of vasospasm in 53% of cases.74 

Kula et al, 2023 with a cohort of 96 patients found that neutrophil-to- 
lymphocyte ratio (NLR), derived NLR (dNLR), and system inflammatory 
index (SII) all had some clinical relevance. Specifically, NLR showed a 
significant difference on the seventh day, dNLR on days 2, 4, and 9, and 
SII on day 9.75 A different study using SII found similar results in which 
the SII analysis predicted vasospasm accurately (area under the curve =
0.767 & p < 0.001).76 General leukocytosis has also been found to be an 
independent risk factor for vasospasm following SAH.77 

Table 2 summarizes all blood biomarkers found in association with 
vasospasm in humans or preclinical animal models from a comprehen-
sive search on PubMed. 

4.5. CSF biomarkers for vasospasm 

In addition to blood biomarkers, CSF products have also been studied 
as potential biomarkers of cerebral vasospasm. Although many mole-
cules may show promise by displaying correlations with vasospasm, 
there has still not been a single biomarker discovered that can defini-
tively diagnose or predict vasospasm. 

Various metal ion concentrations in CSF may be associated with 
vasospasm occurrence, as iron levels were significantly elevated during 
days 7–10 after SAH and zinc concentrations were elevated from days 
11–14. Sodium, calcium, magnesium, and copper concentrations did not 
show any correlations.78 

α-II spectrin is a member of the spectrin protein family, whose pro-
teins are present in the cytoskeleton and are involved in intercellular 
communication, cell-regulation, etc.79 α-II spectrin is primarily found in 
cardiac muscle, although it has been shown to be a useful biomarker of 
many different types of injury and disease, including in the nervous 
system.80 Lewis et al found that α-II spectrin breakdown products 
(SBDPs) levels were significantly elevated in the CSF of vasospasm.81 It 
is worth noting that cerebral vasospasm was diagnosed in these patients 
through neurological exams and GCS, so a correlation with SBDPs can 
only be made with clinical vasospasm. 

Siman et al revealed a panel of biomarkers typically involved in 
neurodegeneration and their potential to predict cerebral vasospasm.82 

The study found 6 proteins upregulated in the vasospasm patients, 
including CCSctf, 14-3-3b, UCHL1, 14-3-3ζ, CCSntf, and Neuron Specific 
Enolase (NSE). These proteins, however, were upregulated at different 
time points, up to day 10 after SAH. These findings suggest that a unique 
biomarker fingerprint composed of various biomarkers may be neces-
sary to best diagnose vasospasm. 

NSE is an enzyme with multiple functions in the nervous system. It is 
expressed in the cytoplasm of neurons and moves to the cell surface to 
respond to pathologies such as injury, infection, and cancer, making it a 
good biomarker to detect various pathologies in the brain.83 Thus, NSE 
is not specific to vasospasm and may also be upregulated in traumatic 
brain injury and ischemic stroke. 

Biomarkers that arise from altered metabolism of neurons have also 
been studied as potential biomarkers for cerebral vasospasm. In partic-
ular, the glutamine and glutamate cycle has been suggested to be a 
potential marker of cerebral vasospasm. Glutamine is taken up by neu-
rons where it is converted to glutamate, energy being derived from this 
process.84 Because vasospasm restricts blood flow, metabolism tends to 
also decrease intracerebrally. It has been found that there was a corre-
lation between CSF levels of glutamine, glutamate, histidine, and 
glycine and cerebral vasospasm occurrence.85 Since metabolism de-
creases in cerebral ischemia, higher glutamine levels were correlated 
with vasospasm.61 

As vasospasm does not affect all patients following SAH, some re-
searchers have suggested a genetic predisposition to developing vaso-
spasm. One protein that has been studied numerous times as both a 
potential CSF biomarker and a genetic link to cerebral vasospasm is 
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Apolipoprotein E (APOE).61 APOE normally plays a role in fat meta-
bolism, as it transports cholesterol and other lipids into the blood-
stream.86 When CSF APOE levels are decreased, it has been shown that 
the vascular endothelium is affected, leading to alteration of vascular 
relaxation mechanisms. Alexander et al reported a correlation between 
lower levels of APOE and cerebral vasospasm occurrence, although 
there was no distinction between clinical and radiographic vasospasm.87 

This supports the idea of APOE affecting vascular endothelium and thus 
potentially predicting vasospasm occurrence, as there was no correla-
tion between APOE and cerebral ischemia resulting from vasospasm. In 
separate studies, a genetic link between patients expressing the apoE ε4 
allele and cerebral vasospasm following SAH was found, further sup-
porting the potential link between functional APOE levels and cerebral 
vasospasm.88 

There are several other proteins that have shown possible links to 
vasospasm occurrence. One is macrophage migration inhibitory factor 
(MIF). MIF has been found to be significant elevated throughout the 
inflammatory process following SAH, as Kwan et al, 2019 reports sig-
nificant elevation of MIF concentrations in aSAH patients, onset of 
clinical vasospasm, and evidence of DCI.89 Another study evaluated 
membrane-bound tissue factor (mTF) and myelin basic protein (MBP) in 
relation to vasospasm. It was found that CSF levels of mTF showed 
correlation with vasospasm occurrence and recovery and CSF MBP 
levels were predictive of brain damage from vasospasm. A study eval-
uating the biomarker potential of histidine-rich glycoprotein (HRG) in 
CSF reported a significant difference in HRG levels between vasospasm 
and non-vasospasm groups.90 Neuropeptide Y (NPY), a vasoconstrictive 
protein, has also been evaluated for its link to vasospasm. It was found 
that NPY levels were significantly higher in the CSF of vasospasm pa-
tients. Furthermore, non-vasospasm patients saw NPY levels gradually 
decrease whereas vasospasm patients had continually increasing NPY 
levels.91 

Ultimately, any potential diagnostic tests utilizing CSF biomarkers 
will suffer from several factors limiting its wide use. First, the require-
ment for frequent CSF sampling may predispose the patient for higher 
infection risk or may require repeat lumbar punctures in absence of an 
external ventricular drain. Second, differences in the extent of sub-
arachnoid hemorrhage, especially intraventricular hemorrhage may 
lead to confounding results with respect to specific biomarkers present. 
Table 2 summarizes all CSF biomarkers found in association with 
vasospasm in humans or preclinical animal models from a comprehen-
sive search on PubMed. 

4.6. Role for hybrid-biomarker blood test 

It is well known that diagnosis and classification of vasospasm risk 
for individual patients is a complex and multifactorial process. Other 
diagnostic methods have been explored as a means of improving the 

Table 2 
Reported biomarkers of cerebral vasospasm.  

Biomarker In-Vivo 
Animal 
Study 

Human 
Blood 
Samples 

Human 
CSF 

Study PMID 

Haptoglobin 2-2 
gene 
polymorphism  

x  Leclerc et 
al 2015, 
Ateia et al 
2020 

25583472 
33069930 

ApoE4 gene 
polymorphism  

x  Wu et al 
2011 

21116929 

219T ApoE 
promoter 
polymorphism  

x  Wu et al 
2010 

20868652 

NSE   x Simal et al 
2011 

22174930 

UCHL1   x Siman et al 
2011 

22174930 

pNF-H  x x Lewis et al 
2008 

18319731 

SBDP   x Lewis et al 
2007 

17937225 

ICAM-1 and 
VCAM-1  

x x Kim et al 
2013 

24297765 

TNF-α  x x Chou et al 
2012 

22918199 

CRP  x x Fountas et 
al 2009 

19409001 

Amino acids   x Jung et al 
2013 

19743467 

ApoE   x Alexander 
2008 

18829593 

Endothelin-1  x x Bellapart 
et al 2014 

23921571 

Calcium   x Alexander 
et al 2008 

18829593 

Nitrite/nitrate   x Lin et al 
2006 

16631536 

hematological 
microparticles  

x  Sanborn et 
al 2012 

22794324 

CD105-labeled 
endothelial 
microparticle  

x  Lackner et 
al 2010 

20814009 

SOD x    12574556 
IL-6   x  27931942 
MMP-2  x   17087971 
MMP-9  x   17087971 

27504251 
12383357 

miRNA-24  x x  29845232 
34055880 

hsa-miR-3177-3p  x   30354977 
miRNA-126  x   35836862 
Arginase-1   x  34599427 
Lp-PLA2  x   32922938 
Tissue kallikrein  x   31866331 
S1PR4 mRNA  x   31783362 
Glucose- 

Potassium ratio  
x   31060790 

High-Mobility 
Group Box 1  

x   28189859 

S100B  x x  23761779 
autophagy and 

mitophagy 
markers 
(DAPK1, 
BNIP3L, BAX, 
PINK1, ULK1, 
and NDP52)   

x  34389795 

Myelin basic 
protein   

x  11680510 

Membrane-bound 
tissue factor   

x  11680510 

Histidine-rich 
Glycoprotein   

x  30820052 

Leukocytosis  x   12816268 
MIF   x  31585427  

Table 2 (continued ) 

Biomarker In-Vivo 
Animal 
Study 

Human 
Blood 
Samples 

Human 
CSF 

Study PMID 

Neutrophil-to- 
lymphocyte 
ratio  

X   37634893 

Soluble FMS-Like 
Tyrosine Kinase 
1  

X   28867315 

High-Mobility 
Group Box-1  

x   30028365 

Systemic Immune- 
Inflammation 
Index  

x   37634893 

Metal ions   X  25366601 
Myeloperoxidase  x   22370810 
Neuropeptide Y   X  23915659  
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specificity and efficiency of diagnosis. In particular, machine learning 
modeling and statistical regression analyses (using variables such as 
vital signs, genetic makeup, cellular products, etc.) have great potential 
to be used for vasospasm detection.92 Tanioka et al, 2019 that used both 
clinical and plasma values of MCP in their inputs produced a 
random-forest machine learning model with 95.1% accuracy, although 
detection of vasospasm was lower than this. Specifically, the most 
relevant (P < 0.200) clinical variables and biomarkers the model was 
trained on include sex, Osteopontin levels, Periostin levels, presence of 
cerebral contusion, and spinal cerebrospinal fluid damage.93 These 
variables may be of particular interest for any future machine-learning 
based diagnostic test for vasospasm detection. A different study pub-
lished in 2023 created an extreme-gradient-boost machine learning 
model to detect DCI but received sensitivity and specificity values of 
33% and 74%, respectively–indicating a need for further refinement to 
make clinically useful models.94 

Furthermore, other pathologies and conditions have begun to be 
correlated with non-traditional biomarkers that may be helpful for 
vasospasm diagnosis, such as certain bacteria flora in mycotic aneu-
rysms and genetic markers in traumatic brain injury.95–97 Obtaining 
different biodata from patients to enter into a hypothetical 
vasospasm-diagnostic model may require additional samples or data to 
be collected from patients, which may complicate adoption of a hybrid 
test. 

4.7. Other non-invasive imaging 

Over the last several years, there have been improvements made to 
the current standard of diagnosing cerebral vasospasm through non- 
invasive imaging. One technique that has been recently studied for its 
use in vasospasm diagnosis is Magnetic Resonance Angiography (MRA). 
MRA is a non-invasive imaging tool that has historically been used to 
image cerebral blood vessels. Malinova et al evaluated the use of MRA 
on a vasospasm model of rats.98 It was found that MRA was able to 
accurately and noninvasively diagnose vasospasm in the rats and was 
able to identify the severity of vasospasm, with the researchers being 
able to make distinctions between moderate, mild, and severe vaso-
spasm. Furthermore, a link was identified between severe MRA-detected 
vasospasm and ischemic lesions, indicating that MRA can potentially be 
used to predict DCI and symptomatic vasospasm. The most common 
form of MRA used for vasospasm detection is Time of Flight sequence 
(TOF) MRA.99 Grandin et al evaluated the use of MRA in humans for 
vasospasm detection and found an overall sensitivity and specificity of 
92% and 98%, respectively.100 However, in certain arteries, namely the 
ICA and MCA, MRA could not be reliably used to diagnose vasospasm. 
While MRA is a viable technique, DSA remains superior.100 With ad-
vances in MRA technology, MRA may serve as a reliable replacement for 
DSA. 

Another detection technique that more-so focuses on diagnosing the 
dangerous downstream effect of cerebral vasospasm, delayed cerebral 
ischemia, is Computed Tomographic Perfusion (CTP). A study that 
examined 27 aneurysmal SAH patients found that when comparing CTP 
to DSA in diagnosis of vasospasm, there was a sensitivity of 90–95% and 
a specificity of 91–100%.101,102 

4.8. Obstacles in creation of a blood-based diagnostic test for vasospasm 

Many obstacles exist in the creation of a blood based diagnostic test 
for cerebral vasospasm. As mentioned earlier, the lack of specificity 
pertaining to any single biomarker studied currently poses a significant 
problem when attempting to create a blood based diagnostic test. Based 
on current literature, description of CSF biomarkers appears to be more 
prevalent compared to blood-based biomarkers. CSF biomarkers could 
be easily tested for in patients with an external ventricular drain, but in 
those without CSF diversion, they could prove a disadvantage. Clinician 
comfort with the strengths and limitations of current imaging modalities 

(DSA/CTA/MRA) may lead to hesitancy in adoption of a blood based 
diagnostic test. Furthermore, in-hospital laboratories may also be 
resistant to including the blood based diagnostic assay into their current 
paradigm. To the author’s knowledge there are no cost-analyses 
currently measuring the efficacy and cost-savings of a hypothetical 
blood test compared to the standard of care. A large prospective study in 
human patients assessing the utility of various blood biomarkers is 
required to assess the feasibility of a blood based diagnostic test for the 
detection of cerebral vasospasm. 

4.9. Ideal characteristics of a future blood test 

Current efforts in narrowing down potential biomarkers to detect 
cerebral vasospasm and potentially delayed cerebral ischemia have not 
been successful. The difficulty in developing a test can be attributed to 
the lack of specificity in a single biomarker. To remedy these problems 
an ideal blood test should utilize a combination of biomarkers to predict 
vasospasm occurrence. As more biomarkers are included, the accuracy 
of the test could potentially increase. However, the price of the test will 
also increase as more biomarkers are included. Therefore, the number of 
biomarkers included in the diagnostic test should balance accuracy and 
cost effectiveness verified by a cost-analysis compared to standard 
diagnostic methods. An ideal diagnostic test would be simple to 
administer and use an easy to access patient sample with simple storage 
methods and limited sample preparation to ease integration into the 
existing in-hospital laboratory workflow. Lastly, the blood test should be 
able to produce a result on par with the current standard diagnostic 
methods on the order of hours. Therefore, this test must be a hospital 
administered test instead of a laboratory developed test that is sent to an 
external facility for processing. Of course, a positive test result would not 
obviate the need for advanced imaging to determine the location and 
extent of vasospasm as well as further clinical course. 

5. Conclusions 

Cerebral vasospasm is an incredibly dangerous complication 
following cerebral aneurysm rupture and subsequent subarachnoid 
hemorrhage. Although detection currently involves imaging modalities 
and neurologic examinations, these methods tend to be inefficient and 
expensive. Thus, a hybrid diagnostic test that uses a combination of 
biomarkers to detect vasospasm is needed. This diagnostic test would 
most likely be in the form of a blood-based test, as this would be the ideal 
combination of accuracy, cost, and efficiency. Although there is no clear 
biomarker for vasospasm detection that a test can be formed around, 
research trends are pointing at a few candidate molecules that may even 
be used in combination to detect and possibly quantify vasospasm risk. 
Future studies should look to understand cost-efficiency and economic 
impact of a hypothetical hybrid blood-based diagnostic test on the US 
healthcare system. 

Founding sources 

None. 

CRediT authorship contribution statement 

Aditya M. Mittal: Writing – review & editing, Writing – original 
draft, Investigation, Formal analysis, Conceptualization. Kamil W. 
Nowicki: Writing – review & editing, Methodology, Investigation, Data 
curation, Conceptualization. Rohit Mantena: Writing – original draft, 
Formal analysis. Catherine Cao: Writing – review & editing. Emma K. 
Rochlin: Visualization. Robert Dembinski: Writing – original draft, 
Data curation. Michael J. Lang: Supervision. Bradley A. Gross: Su-
pervision. Robert M. Friedlander: Supervision. 

A.M. Mittal et al.                                                                                                                                                                                                                               



World Neurosurgery: X 22 (2024) 100343

8

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

None. 

References 

1. Findlay JM, Nisar J, Darsaut T. Cerebral vasospasm: a review. Can J Neurol Sci. 
2016;43(1):15–32. 

2. Dorsch NW, King MT. A review of cerebral vasospasm in aneurysmal subarachnoid 
haemorrhage Part I: incidence and effects. J Clin Neurosci. 1994;1(1):19–26. 

3. Mariajoseph FP, Huang H, Lai LT. Influence of socioeconomic status on the 
incidence of aneurysmal subarachnoid haemorrhage and clinical recovery. J Clin 
Neurosci. 2022;95:70–74. 

4. Li K, Barras CD, Chandra RV, et al. A review of the management of cerebral 
vasospasm after aneurysmal subarachnoid hemorrhage. World Neurosurg. 2019; 
126:513–527. 

5. Francoeur CL, Mayer SA. Management of delayed cerebral ischemia after 
subarachnoid hemorrhage. Crit Care. 2016;20(1):277. 

6. Greenberg ED, Gobin YP, Riina H, et al. Role of CT perfusion imaging in the 
diagnosis and treatment of vasospasm. Imag Med. 2011;3(3):287–297. 

7. Anderson GB, Ashforth R, Steinke DE, Findlay JM. CT angiography for the 
detection of cerebral vasospasm in patients with acute subarachnoid hemorrhage. 
AJNR Am J Neuroradiol. 2000;21(6):1011–1015. 

8. Washington CW, Zipfel GJ. Participants in the international multi-disciplinary 
consensus conference on the critical care management of subarachnoid H. 
Detection and monitoring of vasospasm and delayed cerebral ischemia: a review 
and assessment of the literature. Neurocritical Care. 2011;15(2):312–317. 

9. Langlois O, Rabehenoina C, Proust F, Freger P, Tadie M, Creissard P. [Diagnosis of 
vasospasm: comparison between arteriography and transcranial Doppler. A series 
of 112 comparative tests]. Neurochirurgie. 1992;38(3):138–140. 

10. Al-Mufti F, Amuluru K, Changa A, et al. Traumatic brain injury and intracranial 
hemorrhage-induced cerebral vasospasm: a systematic review. Neurosurg Focus. 
2017;43(5):E14. 

11. Ivanidze J, Sanelli PC. Vasospasm: role of imaging in detection and monitoring 
treatment. Neuroimaging Clin. 2021;31(2):147–155. 

12. Yoon DY, Choi CS, Kim KH, Cho BM. Multidetector-row CT angiography of cerebral 
vasospasm after aneurysmal subarachnoid hemorrhage: comparison of volume- 
rendered images and digital subtraction angiography. AJNR Am J Neuroradiol. 
2006;27(2):370–377. 

13. Kobayashi H, Tsuji T, Arai Y, et al. Magnetic resonance angiography of 
experimental cerebral vasospasm. J Clin Neurosci. 1997;4(3):341–345. 

14. Tamatani S, Sasaki O, Takeuchi S, Fujii Y, Koike T, Tanaka R. Detection of delayed 
cerebral vasospasm, after rupture of intracranial aneurysms, by magnetic 
resonance angiography. Neurosurgery. 1997;40(4):748–753. discussion 753-744. 

15. Vivancos J, Gilo F, Frutos R, et al. Clinical management guidelines for 
subarachnoid haemorrhage. Diagnosis and treatment. Neurologia. 2014;29(6): 
353–370. 

16. Mijiti M, Mijiti P, Axier A, et al. Incidence and predictors of angiographic 
vasospasm, symptomatic vasospasm and cerebral infarction in Chinese patients 
with aneurysmal subarachnoid hemorrhage. PLoS One. 2016;11(12), e0168657. 

17. Condette-Auliac S, Bracard S, Anxionnat R, et al. Vasospasm after subarachnoid 
hemorrhage: interest in diffusion-weighted MR imaging. Stroke. 2001;32(8): 
1818–1824. 

18. Baggott CD, Aagaard-Kienitz B. Cerebral vasospasm. Neurosurg Clin. 2014;25(3): 
497–528. 

19. Solenski NJ, Haley Jr EC, Kassell NF, et al. Medical complications of aneurysmal 
subarachnoid hemorrhage: a report of the multicenter, cooperative aneurysm 
study. Participants of the Multicenter Cooperative Aneurysm Study. Crit Care Med. 
1995;23(6):1007–1017. 

20. Macdonald RL, Hunsche E, Schuler R, Wlodarczyk J, Mayer SA. Quality of life and 
healthcare resource use associated with angiographic vasospasm after aneurysmal 
subarachnoid hemorrhage. Stroke. 2012;43(4):1082–1088. 

21. Schupper AJ, Eagles ME, Neifert SN, Mocco J, Macdonald RL. Lessons from the 
CONSCIOUS-1 study. J Clin Med. 2020;9(9). 

22. Pluta RM, Hansen-Schwartz J, Dreier J, et al. Cerebral vasospasm following 
subarachnoid hemorrhage: time for a new world of thought. Neurol Res. 2009;31 
(2):151–158. 

23. Macdonald RL. Delayed neurological deterioration after subarachnoid 
haemorrhage. Nat Rev Neurol. 2014;10(1):44–58. 

24. Goncalves B, Turon R, Mendes A, et al. Effect of early brain infarction after 
subarachnoid hemorrhage: a systematic review and meta-analysis. World 
Neurosurg. 2018;115:e292–e298. 

25. Miller BA, Turan N, Chau M, Pradilla G. Inflammation, vasospasm, and brain injury 
after subarachnoid hemorrhage. BioMed Res Int. 2014;2014, 384342. 

26. Tanriverdi T, Sanus GZ, Ulu MO, et al. Serum and cerebrospinal fluid 
concentrations of E-selectin in patients with aneurysmal subarachnoid 
hemorrhage. Braz J Med Biol Res. 2005;38(11):1703–1710. 

27. Nissen JJ, Mantle D, Blackburn A, et al. The selectin superfamily: the role of 
selectin adhesion molecules in delayed cerebral ischaemia after aneurysmal 
subarachnoid haemorrhage. Acta Neurochir Suppl. 2000;76:55–60. 

28. Nissen JJ, Mantle D, Gregson B, Mendelow AD. Serum concentration of adhesion 
molecules in patients with delayed ischaemic neurological deficit after aneurysmal 
subarachnoid haemorrhage: the immunoglobulin and selectin superfamilies. 
J Neurol Neurosurg Psychiatry. 2001;71(3):329–333. 

29. Vergouwen MD, Bakhtiari K, van Geloven N, Vermeulen M, Roos YB, Meijers JC. 
Reduced ADAMTS13 activity in delayed cerebral ischemia after aneurysmal 
subarachnoid hemorrhage. J Cerebr Blood Flow Metabol. 2009;29(10):1734–1741. 

30. Hendrix P, Foreman PM, Harrigan MR, et al. Association of plasminogen activator 
inhibitor 1 (SERPINE1) polymorphisms and aneurysmal subarachnoid 
hemorrhage. World Neurosurg. 2017;105:672–677. 

31. Kessenbrock K, Plaks V, Werb Z. Matrix metalloproteinases: regulators of the tumor 
microenvironment. Cell. 2010;141(1):52–67. 

32. Yong VW, Krekoski CA, Forsyth PA, Bell R, Edwards DR. Matrix metalloproteinases 
and diseases of the CNS. Trends Neurosci. 1998;21(2):75–80. 

33. Feiler S, Plesnila N, Thal SC, Zausinger S, Scholler K. Contribution of matrix 
metalloproteinase-9 to cerebral edema and functional outcome following 
experimental subarachnoid hemorrhage. Cerebrovasc Dis. 2011;32(3):289–295. 

34. Horstmann S, Su Y, Koziol J, Meyding-Lamade U, Nagel S, Wagner S. MMP-2 and 
MMP-9 levels in peripheral blood after subarachnoid hemorrhage. J Neurol Sci. 
2006;251(1–2):82–86. 

35. Akpinar A, Ucler N, Erdogan U, Baydin SS, Gungor A, Tugcu B. Measuring serum 
matrix metalloproteinase-9 levels in peripheral blood after subarachnoid 
hemorrhage to predict cerebral vasospasm. SpringerPlus. 2016;5(1):1153. 

36. Friedrich V, Flores R, Sehba FA. Cell death starts early after subarachnoid 
hemorrhage. Neurosci Lett. 2012;512(1):6–11. 

37. Sun Q, Wu W, Hu YC, et al. Early release of high-mobility group box 1 (HMGB1) 
from neurons in experimental subarachnoid hemorrhage in vivo and in vitro. 
J Neuroinflamm. 2014;11:106. 

38. Bach A, Conzen C, Schubert GA, Bleilevens C, Lindauer U. Acute changes of pro- 
inflammatory markers and corticosterone in experimental subarachnoid 
haemorrhage: a prerequisite for severity assessment. PLoS One. 2019;14(7), 
e0220467. 

39. Lucke-Wold BP, Logsdon AF, Manoranjan B, et al. Aneurysmal subarachnoid 
hemorrhage and neuroinflammation: a comprehensive review. Int J Mol Sci. 2016; 
17(4):497. 

40. Jacobsen A, Nielsen TH, Nilsson O, Schalen W, Nordstrom CH. Bedside diagnosis of 
mitochondrial dysfunction in aneurysmal subarachnoid hemorrhage. Acta Neurol 
Scand. 2014;130(3):156–163. 

41. Wang Y, Liu Y, Li Y, et al. Protective effects of astaxanthin on subarachnoid 
hemorrhage-induced early brain injury: reduction of cerebral vasospasm and 
improvement of neuron survival and mitochondrial function. Acta Histochem. 
2019;121(1):56–63. 

42. Youn DH, Kim Y, Kim BJ, et al. Mitochondrial dysfunction associated with 
autophagy and mitophagy in cerebrospinal fluid cells of patients with delayed 
cerebral ischemia following subarachnoid hemorrhage. Sci Rep. 2021;11(1), 
16512. 

43. Jedrzejowska-Szypulka H, Straszak G, Larysz-Brysz M, et al. Interleukin-1beta 
plays a role in the activation of peripheral leukocytes after blood-brain barrier 
rupture in the course of subarachnoid hemorrhage. Curr Neurovascular Res. 2010;7 
(1):39–48. 

44. Xu Z, Shi WH, Xu LB, et al. Resident microglia activate before peripheral monocyte 
infiltration and p75NTR blockade reduces microglial activation and early brain 
injury after subarachnoid hemorrhage. ACS Chem Neurosci. 2019;10(1):412–423. 

45. You WC, Wang CX, Pan YX, et al. Activation of nuclear factor-kappaB in the brain 
after experimental subarachnoid hemorrhage and its potential role in delayed 
brain injury. PLoS One. 2013;8(3), e60290. 

46. Samraj AK, Muller AH, Grell AS, Edvinsson L. Role of unphosphorylated 
transcription factor STAT3 in late cerebral ischemia after subarachnoid 
hemorrhage. J Cerebr Blood Flow Metabol. 2014;34(5):759–763. 

47. Xie A, Aihara Y, Bouryi VA, et al. Novel mechanism of endothelin-1-induced 
vasospasm after subarachnoid hemorrhage. J Cerebr Blood Flow Metabol. 2007;27 
(10):1692–1701. 

48. McGirt MJ, Lynch JR, Blessing R, Warner DS, Friedman AH, Laskowitz DT. Serum 
von Willebrand factor, matrix metalloproteinase-9, and vascular endothelial 
growth factor levels predict the onset of cerebral vasospasm after aneurysmal 
subarachnoid hemorrhage. Neurosurgery. 2002;51(5):1128–1134. discussion 1134- 
1125. 

49. Hirashima Y, Endo S, Nakamura S, Kurimoto M, Takaku A. Cerebrospinal fluid 
membrane-bound tissue factor and myelin basic protein in the course of vasospasm 
after subarachnoid hemorrhage. Neurol Res. 2001;23(7):715–720. 

50. Clark JF, Sharp FR. Bilirubin oxidation products (BOXes) and their role in cerebral 
vasospasm after subarachnoid hemorrhage. J Cerebr Blood Flow Metabol. 2006;26 
(10):1223–1233. 

51. Hua KF, Chou JC, Ka SM, et al. Cyclooxygenase-2 regulates NLRP3 inflammasome- 
derived IL-1beta production. J Cell Physiol. 2015;230(4):863–874. 

52. Joerk A, Seidel RA, Walter SG, et al. Impact of heme and heme degradation 
products on vascular diameter in mouse visual cortex. J Am Heart Assoc. 2014;3(4). 

53. Rapoport RM. Bilirubin oxidation products and cerebral vasoconstriction. Front 
Pharmacol. 2018;9:303. 

A.M. Mittal et al.                                                                                                                                                                                                                               

http://refhub.elsevier.com/S2590-1397(24)00074-7/sref1
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref1
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref2
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref2
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref3
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref3
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref3
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref4
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref4
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref4
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref5
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref5
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref6
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref6
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref7
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref7
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref7
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref8
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref8
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref8
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref8
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref9
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref9
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref9
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref10
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref10
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref10
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref11
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref11
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref12
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref12
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref12
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref12
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref13
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref13
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref14
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref14
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref14
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref15
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref15
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref15
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref16
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref16
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref16
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref17
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref17
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref17
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref18
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref18
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref19
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref19
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref19
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref19
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref20
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref20
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref20
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref21
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref21
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref22
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref22
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref22
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref23
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref23
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref24
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref24
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref24
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref25
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref25
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref26
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref26
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref26
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref27
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref27
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref27
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref28
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref28
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref28
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref28
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref29
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref29
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref29
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref30
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref30
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref30
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref31
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref31
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref32
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref32
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref33
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref33
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref33
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref34
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref34
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref34
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref35
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref35
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref35
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref36
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref36
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref37
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref37
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref37
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref38
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref38
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref38
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref38
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref39
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref39
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref39
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref40
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref40
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref40
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref41
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref41
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref41
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref41
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref42
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref42
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref42
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref42
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref43
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref43
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref43
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref43
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref44
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref44
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref44
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref45
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref45
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref45
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref46
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref46
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref46
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref47
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref47
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref47
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref48
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref48
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref48
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref48
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref48
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref49
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref49
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref49
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref50
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref50
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref50
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref51
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref51
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref52
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref52
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref53
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref53


World Neurosurgery: X 22 (2024) 100343

9

54. Stewart DJ, Levy RD, Cernacek P, Langleben D. Increased plasma endothelin-1 in 
pulmonary hypertension: marker or mediator of disease? Ann Intern Med. 1991;114 
(6):464–469. 

55. Jain V, Rath GP, Dash HH, Bithal PK, Chouhan RS, Suri A. Stellate ganglion block 
for treatment of cerebral vasospasm in patients with aneurysmal subarachnoid 
hemorrhage - a preliminary study. J Anaesthesiol Clin Pharmacol. 2011;27(4): 
516–521. 

56. Moore DC. Stellate ganglion block-therapy for cerebral vascular accidents. Br J 
Anaesth. 2006;96(5):666. author reply 666-667. 

57. Kim WJ, Dacey M, Samarage HM, et al. Sympathetic nervous system hyperactivity 
results in potent cerebral hypoperfusion in swine. Auton Neurosci. 2022;241, 
102987. 

58. Can Y, Kocayigit I. Hematological biomarkers for predicting carotid artery 
vasospasm during carotid stenting. Arch Med Sci Atheroscler Dis. 2020;5: 
e206–e211. 

59. Vallier L, Cointe S, Lacroix R, et al. Microparticles and fibrinolysis. Semin Thromb 
Hemost. 2017;43(2):129–134. 

60. Leite AR, Borges-Canha M, Cardoso R, Neves JS, Castro-Ferreira R, Leite- 
Moreira A. Novel biomarkers for evaluation of endothelial dysfunction. Angiology. 
2020;71(5):397–410. 

61. Przybycien-Szymanska MM, Ashley Jr WW. Biomarker discovery in cerebral 
vasospasm after aneurysmal subarachnoid hemorrhage. J Stroke Cerebrovasc Dis. 
2015;24(7):1453–1464. 

62. Sanborn MR, Thom SR, Bohman LE, et al. Temporal dynamics of microparticle 
elevation following subarachnoid hemorrhage. J Neurosurg. 2012;117(3):579–586. 

63. Thorin E, Webb DJ. Endothelium-derived endothelin-1. Pflügers Archiv. 2010;459 
(6):951–958. 

64. Kirkby NS, Hadoke PW, Bagnall AJ, Webb DJ. The endothelin system as a 
therapeutic target in cardiovascular disease: great expectations or bleak house? Br 
J Pharmacol. 2008;153(6):1105–1119. 

65. Bellapart J, Jones L, Bandeshe H, Boots R. Plasma endothelin-1 as screening 
marker for cerebral vasospasm after subarachnoid hemorrhage. Neurocritical Care. 
2014;20(1):77–83. 

66. Li HT, Wang J, Li SF, Cheng L, Tang WZ, Feng YG. Upregulation of microRNA-24 
causes vasospasm following subarachnoid hemorrhage by suppressing the 
expression of endothelial nitric oxide synthase. Mol Med Rep. 2018;18(1): 
1181–1187. 

67. Smith MJ, Le Roux PD, Elliott JP, Winn HR. Blood transfusion and increased risk 
for vasospasm and poor outcome after subarachnoid hemorrhage. J Neurosurg. 
2004;101(1):1–7. 

68. Pulcrano-Nicolas AS, Proust C, Clarencon F, et al. Whole-blood miRNA sequencing 
profiling for vasospasm in patients with aneurysmal subarachnoid hemorrhage. 
Stroke. 2018;49(9):2220–2223. 

69. Wang WX, Springer JE, Xie K, Fardo DW, Hatton KW. A highly predictive 
MicroRNA panel for determining delayed cerebral vasospasm risk following 
aneurysmal subarachnoid hemorrhage. Front Mol Biosci. 2021;8, 657258. 

70. Xu H, Stamova B, Ander BP, et al. mRNA expression profiles from whole blood 
associated with vasospasm in patients with subarachnoid hemorrhage. 
Neurocritical Care. 2020;33(1):82–89. 

71. Walcott BP, Patel AP, Stapleton CJ, Trivedi RA, Young AMH, Ogilvy CS. 
Multiplexed protein profiling after aneurysmal subarachnoid hemorrhage: 
characterization of differential expression patterns in cerebral vasospasm. J Clin 
Neurosci. 2014;21(12):2135–2139. 

72. Griessenauer CJ, Chua MH, Hanafy KA, et al. Soluble Fms-like tyrosine kinase 1 
(sFlt-1) and risk of cerebral vasospasm after aneurysmal subarachnoid 
hemorrhage. World Neurosurg. 2017;108:84–89. 

73. Chaudhry SR, Guresir A, Stoffel-Wagner B, et al. Systemic high-mobility group box- 
1: a novel predictive biomarker for cerebral vasospasm in aneurysmal 
subarachnoid hemorrhage. Crit Care Med. 2018;46(11):e1023–e1028. 

74. Lim M, Bower RS, Wang Y, et al. The predictive value of serum myeloperoxidase 
for vasospasm in patients with aneurysmal subarachnoid hemorrhage. Neurosurg 
Rev. 2012;35(3):413–419. ; discussion 419. 

75. Kula O, Gunay B, Kayabas MY, et al. Neutrophil to lymphocyte ratio and serum 
biomarkers : a potential tool for prediction of clinically relevant cerebral 
vasospasm after aneurysmal subarachnoid hemorrhage. J Korean Neurosurg Soc. 
2023;66(6):681–689. 

76. Geraghty JR, Lung TJ, Hirsch Y, et al. Systemic immune-inflammation index 
predicts delayed cerebral vasospasm after aneurysmal subarachnoid hemorrhage. 
Neurosurgery. 2021;89(6):1071–1079. 

77. McGirt MJ, Mavropoulos JC, McGirt LY, et al. Leukocytosis as an independent risk 
factor for cerebral vasospasm following aneurysmal subarachnoid hemorrhage. 
J Neurosurg. 2003;98(6):1222–1226. 

78. Singla A, Villwock MR, Riordan MA, Padalino DJ, Deshaies EM. Time-dependent 
changes in cerebrospinal fluid metal ions following aneurysm subarachnoid 
hemorrhage and their association with cerebral vasospasm. Acta Neurochir Suppl. 
2015;120:63–68. 

79. Metral S, Machnicka B, Bigot S, Colin Y, Dhermy D, Lecomte MC. AlphaII-spectrin 
is critical for cell adhesion and cell cycle. J Biol Chem. 2009;284(4):2409–2418. 

80. Weiss ES, Wang KK, Allen JG, et al. Alpha II-spectrin breakdown products serve as 
novel markers of brain injury severity in a canine model of hypothermic 
circulatory arrest. Ann Thorac Surg. 2009;88(2):543–550. 

81. Lewis SB, Velat GJ, Miralia L, et al. Alpha-II spectrin breakdown products in 
aneurysmal subarachnoid hemorrhage: a novel biomarker of proteolytic injury. 
J Neurosurg. 2007;107(4):792–796. 

82. Siman R, Giovannone N, Toraskar N, et al. Evidence that a panel of 
neurodegeneration biomarkers predicts vasospasm, infarction, and outcome in 
aneurysmal subarachnoid hemorrhage. PLoS One. 2011;6(12), e28938. 

83. Haque A, Ray SK, Cox A, Banik NL. Neuron specific enolase: a promising 
therapeutic target in acute spinal cord injury. Metab Brain Dis. 2016;31(3): 
487–495. 

84. Dienel GA. Brain glucose metabolism: integration of energetics with function. 
Physiol Rev. 2019;99(1):949–1045. 

85. Jung CS, Lange B, Zimmermann M, Seifert V. CSF and serum biomarkers focusing 
on cerebral vasospasm and ischemia after subarachnoid hemorrhage. Stroke Res 
Treat. 2013;2013, 560305. 

86. Rebeck GW. The role of APOE on lipid homeostasis and inflammation in normal 
brains. J Lipid Res. 2017;58(8):1493–1499. 

87. Alexander SA, Kerr ME, Balzer J, et al. Cerebrospinal fluid apolipoprotein E, 
calcium and cerebral vasospasm after subarachnoid hemorrhage. Biol Res Nurs. 
2008;10(2):102–112. 

88. Lad SP, Hegen H, Gupta G, Deisenhammer F, Steinberg GK. Proteomic biomarker 
discovery in cerebrospinal fluid for cerebral vasospasm following subarachnoid 
hemorrhage. J Stroke Cerebrovasc Dis. 2012;21(1):30–41. 

89. Kwan K, Arapi O, Wagner KE, et al. Cerebrospinal fluid macrophage migration 
inhibitory factor: a potential predictor of cerebral vasospasm and clinical outcome 
after aneurysmal subarachnoid hemorrhage. J Neurosurg. 2019:1–6. 

90. Matsumoto A, Nakamura T, Shinomiya A, et al. Histidine-rich glycoprotein could 
Be an early predictor of vasospasm after aneurysmal subarachnoid hemorrhage. 
Acta Med Okayama. 2019;73(1):29–39. 

91. Schebesch KM, Brawanski A, Bele S, et al. Neuropeptide Y - an early biomarker for 
cerebral vasospasm after aneurysmal subarachnoid hemorrhage. Neurol Res. 2013; 
35(10):1038–1043. 

92. Savarraj JPJ, Hergenroeder GW, Zhu L, et al. Machine learning to predict delayed 
cerebral ischemia and outcomes in subarachnoid hemorrhage. Neurology. 2021;96 
(4):e553–e562. 

93. Tanioka S, Ishida F, Nakano F, et al. Machine learning analysis of matricellular 
proteins and clinical variables for early prediction of delayed cerebral ischemia 
after aneurysmal subarachnoid hemorrhage. Mol Neurobiol. 2019;56(10): 
7128–7135. 

94. Palmisciano P, Hoz SS, Johnson MD, et al. External validation of an extreme 
gradient boosting model for prediction of delayed cerebral ischemia after 
aneurysmal subarachnoid hemorrhage. World Neurosurg. 2023;175:e108–e114. 

95. Klossek H, Schwesinger G. [Cerebral mycotic aneurysms after abortion 
endometritis]. Zentralbl Neurochir. 1982;43(2):173–182. 

96. Potapov AA, Iusupova MM, Tenedieva VD, Nikitin AG, Nosikov VV. [Clinical and 
prognostic value of inflammatory genetic markers in traumatic brain injury]. Zh 
Vopr Neirokhir Im N N Burdenko. 2012;76(3):90–95. 

97. Aleksandrova EV, Iusupova MM, Tenedieva VD, Sychev AA, Nosikov VV, 
Potapov AA. Clinical and prognostic significance of genetic markers in 
craniocerebral injury (Part III). Zh Vopr Neirokhir Im N N Burdenko. 2014;78(3): 
53–61. 

98. Malinova V, Psychogios MN, Tsogkas I, et al. MR-angiography allows defining 
severity grades of cerebral vasospasm in an experimental double blood injection 
subarachnoid hemorrhage model in rats. PLoS One. 2017;12(2), e0171121. 

99. Mills JN, Mehta V, Russin J, Amar AP, Rajamohan A, Mack WJ. Advanced imaging 
modalities in the detection of cerebral vasospasm. Neurol Res Int. 2013;2013, 
415960. 

100. Grandin CB, Cosnard G, Hammer F, Duprez TP, Stroobandt G, Mathurin P. 
Vasospasm after subarachnoid hemorrhage: diagnosis with MR angiography. AJNR 
Am J Neuroradiol. 2000;21(9):1611–1617. 

101. Binaghi S, Colleoni ML, Maeder P, et al. CT angiography and perfusion CT in 
cerebral vasospasm after subarachnoid hemorrhage. AJNR Am J Neuroradiol. 2007; 
28(4):750–758. 

102. Wintermark M, Ko NU, Smith WS, Liu S, Higashida RT, Dillon WP. Vasospasm after 
subarachnoid hemorrhage: utility of perfusion CT and CT angiography on diagnosis 
and management. AJNR Am J Neuroradiol. 2006;27(1):26–34. 

Abbreviations 

Clinical deterioration due to delayed cerebral ischemia: CD-DCI 
Cerebrospinal Fluid: CSF 
Computed Tomography Angiography: CTA 
Computed Tomography Cerebral Perfusion Analysis: CTP 
Delayed Cerebral Ischemia: DCI 
Digital Subtraction Angiography: DSA 
Glasgow Coma Scale: GCS 
Intracranial Pressure: ICP 
Magnetic Resonance Angiogram: MRA 
Subarachnoid Hemorrhage: SAH 
Socioeconomic Status: SES 
Standard of Care: SOC 
Transcranial Doppler: TCD 

A.M. Mittal et al.                                                                                                                                                                                                                               

http://refhub.elsevier.com/S2590-1397(24)00074-7/sref54
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref54
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref54
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref55
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref55
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref55
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref55
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref56
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref56
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref57
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref57
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref57
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref58
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref58
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref58
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref59
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref59
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref60
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref60
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref60
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref61
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref61
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref61
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref62
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref62
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref63
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref63
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref64
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref64
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref64
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref65
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref65
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref65
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref66
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref66
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref66
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref66
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref67
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref67
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref67
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref68
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref68
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref68
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref69
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref69
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref69
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref70
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref70
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref70
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref71
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref71
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref71
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref71
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref72
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref72
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref72
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref73
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref73
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref73
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref74
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref74
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref74
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref75
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref75
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref75
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref75
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref76
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref76
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref76
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref77
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref77
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref77
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref78
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref78
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref78
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref78
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref79
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref79
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref80
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref80
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref80
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref81
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref81
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref81
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref82
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref82
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref82
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref83
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref83
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref83
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref84
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref84
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref85
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref85
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref85
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref86
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref86
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref87
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref87
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref87
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref88
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref88
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref88
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref89
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref89
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref89
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref90
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref90
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref90
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref91
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref91
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref91
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref92
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref92
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref92
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref93
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref93
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref93
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref93
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref94
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref94
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref94
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref95
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref95
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref96
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref96
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref96
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref97
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref97
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref97
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref97
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref98
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref98
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref98
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref99
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref99
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref99
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref100
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref100
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref100
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref101
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref101
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref101
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref102
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref102
http://refhub.elsevier.com/S2590-1397(24)00074-7/sref102

	Advances in biomarkers for vasospasm – Towards a future blood-based diagnostic test
	1 Introduction
	2 Methods
	3 Results
	4 Discussion
	4.1 Current advanced methods of diagnosing vasospasm
	4.2 Rationale for screening for vasospasm
	4.3 Inflammatory pathways in vasospasm/pathophysiology of vasospasm
	4.4 Potential blood biomarkers for vasospasm
	4.5 CSF biomarkers for vasospasm
	4.6 Role for hybrid-biomarker blood test
	4.7 Other non-invasive imaging
	4.8 Obstacles in creation of a blood-based diagnostic test for vasospasm
	4.9 Ideal characteristics of a future blood test

	5 Conclusions
	Founding sources
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References


