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ABSTRACT

Cerebral vasospasm is a serious complication following aneurysmal subarachnoid
hemorrhage (SAH); it causes delayed cerebral ischemia (DCI) or infarction. Arterial vasospasm
is considered the most common cause of disability and mortality among survivors of aneurysmal
SAH. Monitoring for vasospasm is extremely important starting from the first day following a
hemorrhage. The mechanism of vasospasm is not completely understood, but most data and
studies link the incidence of vasospasm to inflammatory responses secondary to extravasation
of blood into the subarachnoid space. It is essential for critical care teams and health care
providers caring for patients with aneurysmal SAH to understand the clinical presentation and
management of cerebral vasospasm. In our review, we focus on the guidelines for monitoring
and basic management of vasospasm and DC| which include monitoring options, hemodynamic
and endovascular therapy, triggers for intervention, and triggers for treatment de-escalation.
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INTRODUCTION

Cerebral vasospasm is a progressive narrowing of
the cerebral arteries following aneurysmal subarach-
noid hemorrhage (SAH)," triggered by neuro-inflamma-
tory processes,? and consequently leading to delayed
cerebral ischemia (DCI).2 The incidence of vasospasm
peaks 7-10 days after saccular aneurysm rupture; it
can occur up to 21 days* and is increased in patients
who undergo aneurysmal coiling between 4-10 days
compared with those who undergo coiling between 0-3
days.® The risk of developing vasospasm is usually
directly proportional to the volume of blood in the SAH.®
Ischemic events secondary to vasospasm lead to con-
fusion and decreased level of consciousness with focal
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neurological deficits which may be preceded by wors-
ening headache and increased blood pressure.! In
1951, cerebral artery spasm was first described using
cerebral angiography by percutaneous puncture of the
carotid artery,” followed by a few studies describing the
time course of vasospasm.®

KEY DEFINITIONS

The definition of cerebral vasospasm depends on
the era and tool used to define the vasospasm. In 1951,
Ecker and Riemenschneider defined arterial vasos-
pasm as recognized arteriographically when a vessel is
a larger caliber in a subsequent angiogram than it was
in a prior angiogram under identical circumstances.’

Later, angiographic vasospasm was defined as
narrowing of the dye column in the major cerebral
arteries, which is usually focal but can be diffuse and
is rarely identified before day 4 following aneurysmal
SAH." Clinical vasospasm, as a syndrome, occurs
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due to ischemic events secondary to cerebral artery
narrowing, characterized by the insidious onset of
confusion, decreased consciousness, and worsening
headache which may be associated with increased
blood pressure.’

During the current era, definitions of vasospasm
have expanded to include clinical or symptomatic
vasospasm, angiographic vasospasm, and transcranial
Doppler (TCD) vasospasm. Clinical or symptomatic
vasospasm has the same definition as in earlier periods
but requires ruling out other possible causes of wors-
ening symptoms, such as hydrocephalus, seizures,
infections, fever, metabolic imbalances, and over-
sedation.® Angiographic or radiologic vasospasm is
categorized by the degree of narrowing; 1-50% is mild
vasospasm, 51-75% is moderate, and >75% is severe
vasospasm.'®"" |t can involve proximal vessels, distal
vessels, or both and does not necessarily manifest as
clinical vasospasm. Transcranial Doppler vasospasm is
defined as a mean flow velocity in the middle cerebral
artery (MCA) that exceeds 120 cm/sec, or Lindegaard
ratio (middle cerebral artery mean flow velocity/extrac-
ranial internal carotid artery mean flow velocity) >6.%1°
Delayed cerebral ischemia (DCI) is a neurologic deteri-
oration presumed secondary to cerebral ischemia that
cannot be explained by other systemic or neurologic
condition and lasts for more than 1 hour.'

EPIDEMIOLOGY OUTCOMES OF ANEURYSMAL SAH

Subarachnoid hemorrhage is one of the most
challenging neurological emergencies. The incidence
of aneurysmal SAH is 2 to 16 per 100,000 popula-
tion.*'? In the United States, the incidence is 9.7 per
100,000 population.*'® The median case fatality rate
(CFR) in the US was 32.2% and has declined over
the last three decades; the CFR is higher in Europe
and lower in Japan.™ In 50% of cases, large artery
narrowing will evolve to be visible angiographically
and causes ischemic neurological symptoms.*

PATHOPHYSIOLOGY

Rupture of a cerebral aneurysm results in deposi-
tion of blood in the subarachnoid space and release

of free hemoglobin.?'® Consequently, microglia, the
immunomodulatory cells in the central nervous system
(CNS), are activated. Microglia stimulate cell adhe-
sion molecules on the luminal surface of endothe-
lial cells,' which allows peripheral immune cells like
macrophages and neutrophils to bind to endothelial
cells and enter the subarachnoid space to clear the
free hemoglobin.?'® The absence of lymphatics in the
CNS, impaired cerebrospinal fluid (CSF) circulation
due to SAH,? and the restoration of endothelial tight
junction barriers'® trap macrophages and neutrophils
in the subarachnoid space.?'™ These trapped cells
undergo degranulation and release of inflammatory
factors, like endothelin and free radicals; this inflam-
matory process induces arterial vasoconstriction.?
There are two phases of this inflammatory process,
an initial or acute phase occurs 1-3 days after the
primary injury,’® mediated by macrophages and neu-
trophils, and a delayed phase, mediated by inflamma-
tory products from degranulation of the acute phase
cells, occurs in days to weeks.?

Cortical spreading depression (CSD) or cortical
depolarization is a phenomenon described in several
neurological injuries. It was first hypothesized to be a
part of the migraine pathophysiology;'” recently it was
related to DCI following aneurysmal SAH.'™ Cortical
spreading depression is a self-propagating wave of
neuronal and glial depolarization, redistribution of ions
inside and outside brain cells, and eventual loss of
membrane potential.’®?' As a response to brain injury,
glutamate is released leading to stimulation of sodium
and calcium channels which results in cation influx
and neuronal swelling. This process is described as a
glutamate excito-toxicity. To restore the normal mem-
brane gradient, oxygen and energy requirements of
cells and ion pumps increase to reverse the disrupted
ionic hemostasis. In healthy brain tissue, hyperemia
induced by vasodilation via nitric oxide and arachidonic
acid metabolites increases blood flow and conse-
quently oxygen delivery and is a normal hemodynamic
response. However, in injured cells after aneurysmal
SAH, this process of hyperemia fails and is replaced by
vasoconstriction (inverse of the normal hemodynamic
response) and consequently hypo-perfusion and
ischemia. Cortical spreading depression continues to
“spread the ischemia” to surrounding brain tissues. 8’
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Figure 1. Sample algorithm for management of cerebral vasospasm. The algorithm can
be modified depending on available modalities for monitoring. Separate algorithms for
good grade and poor grade patients may be reasonable at some institutions.

Figure 2. Cerebral angiograms of the
internal carotid artery, PA cranial view,
demonstrating pre-angioplasty (A) and
post-angioplasty (B), improvement of
arterial caliber in the middle cerebral
artery M1 segment (solid arrows),
anterior cerebral artery Al segment
(dashed arrows) and the distal anterior
cerebral artery perfusion (dotted
arrows).
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Box 1. Key points in cerebral vasospasm after
aneurysm subarachnoid hemorrhage

e (Cerebral vasospasm is the major determinant
of disability and mortality after aneurysmal
subarachnoid hemorrhage after the aneurysm has
been secured.

e Monitoring is clinical, radiographic, and physiologic.

e Cerebral vasospasm is a monophasic illness that
typically lasts days.

e The main endpoints triggering de-escalation of
therapy are resolution of vasospasm or a significant
established infarction in the territory at risk.

e The main therapeutic modalities are nimodipine,
induced euvolemic hypertension, and endovascular

therapy.

MANAGEMENT

Delayed cerebral ischemia secondary to vasos-
pasm accounts for the highest burden of disability and
mortality in aneurysmal SAH survivors. This requires
monitoring and management starting from the first
day after aneurysmal rupture. The guidelines from
the Neurocritical Care Society?? and the American

Heart Association and American Stroke Association
(AHA/ASA)* divide management for patients follow-
ing aneurysmal SAH into monitoring and treatment.
Monitoring for DCI is clinical, radiographic, and physi-
ological (Table 1). Treatment and intervention usually
depend on identifying triggers during monitoring and
includes oral nimodipine, hemodynamic manage-
ment, and endovascular intervention.

A. MoNITORING

Serial neurological examinations, physiologi-
cal monitoring, and radiological studies all have an
essential role in identifying triggers for intervention
(Table 2). Clinical examination mainly identifies new
neurological deficits; it requires a skilled nursing staff
and physicians to recognize subtle changes in the
patient’s neurological status which might be a sign of
vasospasm and DCI. Neurological examination as a
part of monitoring is essential despite its limitations in
detecting subtle changes in poor grade patients.

Transcranial Doppler (TCD) is the most commonly
used physiological modality to monitor for vasos-
pasm. Transcranial Doppler is a noninvasive method
for measuring cerebral vessels’ diameter and blood

Table 1. AHA/ASA summary of recommendations for management of cerebral vasospasm and delayed cerebral

ischemia after aneurysmal SAH*

1. Oral nimodipine should be administered to all patients with aneurysmal SAH (Class I; Level of Evidence A). (It
should be noted that this agent has been shown to improve neurological outcomes but not cerebral vasospasm. The
value of other calcium antagonists, whether administered orally or intravenously, remains uncertain)

2. Maintenance of euvolemia and normal circulating blood volume is recommended to prevent DCI (Class I;
Level of Evidence B). (Revised recommendation from previous guidelines)

3. Prophylactic hypervolemia or balloon angioplasty before the development of angiographic spasm is not
recommended (Class I1I; Level of Evidence B). (New recommendation)

. Transcranial Doppler is reasonable to monitor for the development of arterial vasospasm (Class Ila, Level of
. Perfusion imaging with CT or magnetic resonance can be useful to identify regions of potential brain ischemia
. Induction of hypertension is recommended for patients with DCI unless blood pressure is elevated at baseline

. Cerebral angioplasty and/or selective intra-arterial vasodilator therapy is reasonable in patients with

Evidence B). (New recommendation)
(Class Ila; Level of Evidence B). (New recommendation)
or cardiac status precludes it (Class I; Level of Evidence B). (Revised recommendation from previous guidelines)

symptomatic cerebral vasospasm, particularly those who are not rapidly responding to hypertensive therapy
(Class Ila; Level of Evidence B). (Revised recommendation from previous guidelines)

36
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Table 2. Tools available for monitoring and assessment of cerebral vasospasm

Modality Advantages Disadvantages
Serial neurological * Time saving (quick way for assessment) » Can be subjective and depends on the
examination * Non-invasive examiner’s skill

* Minimal cost * Not reliable in poor grade patients
Transcranial Doppler » Non-invasive * Highly specific for MCA vasospasm only
ultrasound (TCD) * Highly specific for proximal MCA vasospasm | * Suboptimal sensitivity

CT angiography (CTA) | « Non-invasive
» High diagnostic accuracy

* Risk of contrast induced allergic
reactions and renal impairment

» Radiation exposure

* Not available in some low volume institutes

* Overestimation of the vasospasm

CT perfusion (CTP) * Non-invasive
 High diagnostic accuracy

» Radiation and contrast exposure
* Not available in every institute

Magnetic resonance * Non-invasive

* Not available in every institute

imaging (MRI) * High sensitivity in diagnosing new infarcts | * Expensive for daily monitoring

MRI Perfusion (PWI) * Non-invasive

» Not available in every institute
» Expensive for daily monitoring

Catheter angiography * Gold standard diagnostic test

* Invasive

* Risk of contrast exposure

* Risk of stroke, injury of large vessels,
bleeding, infections, etc.

» Requires availability of neuro-
interventional service

Continuous
electroencephalography
cEEG (alpha: delta
ratio)

Investigational

Potential advantages are good spatial resolution, continuous physiological assessment
Disadvantages are need for continuous reading by experience physicians. Not yet

sufficiently validated.

Brain tissue oxygen
monitoring (PbtQO,)

Investigational

Potential advantages are assessment at the tissue of risk. Captures ischemia that may not be
recognized by cerebral perfusion pressure calculation.
Disadvantages are: Poor spatial resolution, invasive.

Cerebral microdialysis

Investigational

Potential advantages are: Gives additional information at metabolic biochemical level
beyond oxygenation, and blood flow.
Potential disadvantages are: Poor spatial resolution, invasive, very resource intensive.

flow velocity; a change in a vessel diameter will be
inversely proportional to the blood flow velocity in the
same vessel.? Itis considered highly specific in detect-
ing vasospasm in the MCA territory and a moderately
sensitive diagnostic test when compared to conven-
tional digital subtraction angiography (DSA) which

is the gold standard for detection of cerebral arterial
narrowing.?> A systematic review of 26 reports which
compared TCD to conventional angiography showed
that TCD is unlikely to demonstrate middle cerebral
artery (MCA) spasm if angiography fails to show it, i.e.,
a low false-positive rate.?* Daily TCD is recommended
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and considered reasonable to monitor for vasospasm
(Class lla; Level of Evidence B).* The threshold is less
than 120 cm/s for absence of vasospasm and more
than 200 cm/s or a MCA mean cerebral blood flow
velocity/extracranial internal carotid artery mean cere-
bral blood flow velocity more than 6 for the presence of
vasospasm.'? Other uncommon physiologic modalities
for detecting DCI include brain tissue oxygen monitor-
ing (PbtO,), cerebral microdialysis (CMD), and electro-
encephalogram (EEG);? insufficient data are available
at present regarding these modalities.

Radiographic monitoring includes conventional
digital subtraction angiography (DSA) which is the gold
standard diagnostic method, computed tomography
scans which include CT angiography (CTA), and CT
perfusion (CTP). Computed tomography angiography
has been compared to DSA and has an 87% accu-
racy in detecting arterial vasospasm; using CTA as a
diagnostic tool has a negative predictive value of 95%
and helps avoid 83% of unnecessary DSA.?° Another
study showed a 95.2% agreement between CTA and
DSA in the detection of vasospasm.?® Computed
tomography perfusion was found to be a superior
diagnostic tool for DCI when compared to CTA;?” the
criteria for highest diagnostic accuracy with CTP are
an increased mean transit time and decreased cere-
bral blood flow."?” Computed tomography angiogra-
phy combined with CTP provides accurate screening
to predict DCI.?® Radiographic monitoring is consid-
ered a relatively accurate method of arterial vasos-
pasm detection. However, it is not practical on a daily
basis unlike TCD, since it carries risk of radiation
exposure, and it is unreasonable to expose patients
to daily intravenous contrast.

The severity of aneurysmal SAH is usually
assessed by the Hunt and Hess scale which also
predicts the survival and risks at the time of interven-
tion.?® The risk for vasospasm can be assessed by
the Fisher® and the modified Fisher scales (Tables 3
and 4). In low risk, good grade patients, it is prac-
tical to monitor them with neurological examinations
and TCD; new deficits or increased velocities on TCD
are an indication for further assessment using CTA,
CTP, or DSA.% In high risk, good grade patients who
previously underwent CTA, CTP, or DSA, changes

Table 3. Fisher scale for prediction of cerebral
vasospasm risk after aneurysmal SAH

* Grade 1: No blood

» Grade 2: Diffuse or thin layer of blood less than
1 mm thick (interhemispheric, insular, or ambient
cisterns)

* Grade 3: Localized clots and/or layers of blood
greater than 1 mm thick in the vertical plane

* Grade 4: Intracerebral or intraventricular clots with
diffuse or absent blood in basal cisterns

in neurological status are an indication to start ther-
apy with blood pressure elevation and endovascular
intervention. Repeating CTA and CTP should be con-
sidered if there is any doubt about the cause of the
new deficits or if therapeutic intervention is contraindi-
cated or carries high risk.?? In poor grade and sedated
patients, clinical examination is very limited, and it is
difficult to identify new neurological deficits. In these
patients, a change in TCD velocities or the detection
of vasospasm on routine CTA or DSA or perfusion
deficits on CTP is an indication to initiate therapy for
DCI, unless a significant infarction has developed.??

B. ORAL NIMODIPINE

Nimodipine is a calcium antagonist that is indi-
cated in all patients with aneurysmal SAH starting from
day 1 following aneurysmal rupture for 21 days, which
is the time these patients are at risk for developing
vasospasm. Nimodipine administration (Class |, Level
of Evidence A)* is the only evidence-based pharma-
cologic therapy for improving outcomes following

Table 4. Modified Fisher scale for prediction of
cerebral vasospasm risk after aneurysmal SAH

e Grade 0: no SAH or IVH

* Grade 1: focal or diffuse, thin SAH, no IVH

e Grade 2: focal or diffuse, thin SAH, with IVH
+ Grade 3: focal or diffuse, thick” SAH, no IVH
¢ Grade 4: focal or diffuse, thick SAH, with IVH

*Hemorrhagic filling in one or more cisterns or fissures.
SAH- subarachnoid hemorrhage; IVH- intraventricular hemorrhage.
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vasospasm.®® It does not treat the vasospasm but
improves the neurological outcomes by limiting DCI.
Calcium antagonists decrease calcium influx to vas-
cular smooth muscle by blocking calcium channels
and thus decrease vasospasm.®' Randomized trials
showed the benefit of oral nimodipine in reducing
poor outcomes and secondary ischemia;***? there is
no proof that other routes like intravenous injection
improve the outcomes.?' The recommended dose of
oral nimodipine is 60 mg every 4 hours given for the
first 21 days after aneurysmal SAH.

C. MAGNESIUM, STATINS, AND ENDOTHELIN ANTAGONISTS

Magnesium, which acts as a calcium channel
blocker and NMDA-receptor antagonist, was hypoth-
esized to decrease poor outcomes in patients with
aneurysmal SAH. However, phase-Ill placebo control
trials have failed to show that intravenous infusion of
magnesium sulfate is superior to placebo.3*

Statins have neuroprotective effects by anti-
inflammatory, antioxidant, and antithrombotic effects;*
they reduce ischemic stroke risk. Considering these
concepts, statins underwent randomized clinical tri-
als aiming to improve outcomes in patients following
aneurysmal SAH. As with magnesium, these drugs
did not demonstrate any benefit either in short and
long term outcomes or in reducing mortality.*

Endothelin is a potent vasoconstrictor, and rand-
omized control trials have been conducted to study
the effect of endothelin receptor antagonists on the
outcomes of SAH patients. The most recent meta-
analysis of these trials concluded that there is no ben-
efit in the outcomes.*”

D. HEMODYNAMIC AUGMENTATION

The intention of hemodynamic augmentation is
to improve cerebral blood flow (CBF) to optimize the
cerebral perfusion pressure. Triple-H therapy (hyper-
volemia, hypertension, and hemodilution) was con-
sidered for many decades to increase cerebral blood
flow in patients with aneurysmal SAH and to prevent
and treat cerebral vasospasm. However, there is no
strong evidence in the medical literature supporting

this therapy since most of the studies were non-ran-
domized.?? At the current time, Triple-H therapy and
its separate components have not been proven to
increase CBF in SAH patients and there is no con-
sensus that it should be used.*®

Hypervolemia has been compared to euvolemia in
few prospective randomized studies.>**° These studies
failed to demonstrate any difference between hyper-
volemia and euvolemia to prevent or treat vasospasm.
Hypervolemia might be associated with higher risk of
complications, such as congestive heart failure and
re-bleeding.'>3*4! There are some physiological and
observational human and animal data to suggest that
hypervolemia does not increase cerebral perfusion
pressure compared to euvolemia. Multiple modalities
are used for volume status monitoring; these include
clinical examination, fluid balance, daily weight, BUN:
Cr ratio, central venous pressure, Swan-Ganz cathe-
ter, bedside critical care ultrasound, and non-invasive
hemodynamic and cardiac monitoring (Table 5).

Induced hypertension (Class |, Level of Evidence
B) produces a modest increase in CBF and is rec-
ommended in patients with DCI, provided that the
aneurysm has been secured.*?>®® The goal is to
increase mean arterial pressure (MAP) by 20% or
target a MAP at 100-110 mmHg. Some practitioners
prefer to target the systolic blood pressure between
180-240 mmHg or MAP 110-140 mmHg.*? Efforts to
reach the target blood pressure in patients with con-
gestive heart failure, myocardial ischemia, and other
cardiac comorbidities may be limited to avoid other
serious complications that might develop from car-
diac decompensation. In patients with signs of vasos-
pasm and an unsecured aneurysm, blood pressure
elevation should be cautious.?? The preferred vaso-
pressors to induce hypertension are norepinephrine,
phenylephrine, and possibly dopamine.?

The results of the above recommendations and
observations reflect a shift from Triple H therapy to
euvolemic induced-hypertension for treatment of
symptomatic cerebral vasospasm. As with all goal
directed therapy in critical care, multiple modalities
are often used, and care is individualized based on
the patient’s physiology at any given point in time.
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Table 5. Tools available for monitoring volume status to target euvolemia

Modality Advantages Disadvantages
Clinical examination, fluid * Easy and quick tool * Dependent on examiner’s skills
balance and daily weight * Non-invasive * Poor sensitivity and specificity
BUN: Cr ratio * Non-invasive * Not accurate in medical conditions like
kidney disease
Central venous pressure  Continuous monitoring * Invasive
* Requires central venous line with risk of
infections, bleeding, and lung injury
* Poor sensitivity and specificity except at
extremes of range
Swan-Ganz catheter * No advantage * Invasive
monitoring * Risk of arrhythmias, bleeding, infection,
pneumothorax, and thrombosis
Bedside critical care * Non-invasive * Requires additional training of
ultrasound (IVC, EF, » Easy and quick tool for trained personnel
end-diastolic filling) personnel
Non-invasive hemodynamic * Non-invasive * Impaired sensitivity and specificity in
and cardiac output » Continuous monitoring patients with cardiac arrhythmias
monitoring (Flow Trac® etc)

E. HEMODYNAMIC AUGMENTATION

Intra-arterial infusion of vasodilators and balloon
angioplasty are used independently or in combination
for treatment of symptomatic vasospasm refractory
to medical therapy to prevent worsening neurologi-
cal deficits. Intra-arterial vasodilators for treatment
of vasospasm include papaverine which is the most
studied agent. However, with multiple reported side
effects, it has been replaced with intra-arterial cal-
cium channel blockers, including verapamil, nimodip-
ine, and nicardipine.*®> Balloon angioplasty works
by mechanical dilation of the intracranial vessels. It
leads to durable results but is feasible only with the
proximal cerebral vessels, the internal carotid artery,
the middle cerebral artery M1 segment, the anterior
cerebral artery A1 segment, the basilar artery, and the
posterior cerebral artery P1 segment. Prophylactic
transluminal balloon angioplasty prior to the onset of
vasospasm within 96 hours after aneurysmal SAH in
patients with Fisher grade lll produced a significant
decrease in the number of patients who needed ther-
apeutic angioplasty, but it did not improve in clinical

outcomes. Therefore, prophylactic angioplasty is not
indicated in patients following aneurysmal SAH.*
balloon angioplasty is reserved for patients with angi-
ographic or clinical vasospasm. Endovascular treat-
ment is repeated as needed, and there is no guideline
about the appropriate time to discontinue endovascu-
lar management. This depends on the clinical judge-
ment and expertise of the caring team, the response
to treatment, the development of new neurological
deficits, and the evolution of new infarcts on the fol-
low up scans.

F. CESSATION AND DE-ESCALATING THERAPY

The main endpoint triggering de-escalation of ther-
apy is resolution of vasospasm or established infarc-
tion in the territory at risk. In good grade patients, with
improvement during clinical assessment, cautious
de-escalation of therapy should be considered. This
can be aided by physiological and TCD monitoring. In
poor grade patients, confirmation with a serial TCD,
CT perfusion, continuous EEG monitoring, PbtO, or
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microdialysis is required. If a significant infarction in
the territory at risk is confirmed, therapy can be dis-
continued.? Nimodipine is discontinued after 21 days
from the day of the hemorrhage.

CONCLUSIONS

Aneurysmal SAH is a serious neurological emer-
gency associated with high morbidity and mor-
tality that requires prompt intervention to secure
the ruptured aneurysm. It should be managed in a
high-volume center (centers managing >35 SAH/
year). Cerebral vasospasm is the most challenging
complication that follows aneurysmal SAH. There is
an evidence based consensus that all patients with
aneurysmal SAH should be started with oral nimodip-
ine for 21 days and close monitoring with frequent
neurological checks and other diagnostic modalities
like TCD, CTA, CTP and DSA. Depending on the
triggers found during monitoring, patients might qual-
ify for hemodynamic augmentation or endovascular
treatment. Magnesium, statins, endothelin antago-
nists and hypervolemia therapy make no statistical
differences in the neurological outcomes. Other moni-
toring modalities (like EEG, pbtO,, and micro dialysis)
are still under investigation.
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