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ABSTRACT

In this manuscript a comprehensive coverage of recent developments in the drug therapy of vasospasm while providing
the background information that neuroscientists need to understand its rationale. The range of new agents available for
treatment of cerebral vasospasm is expanding rapidly along with rapid advances in pharmacology and physiology that
are uncovering the mechanisms of this disease. Although there are many publications for treatment of cerebral vaso-
spasm, most are focusing on different aspects of vasospasm treatment and many have limited value due to insufficient
quality. Moreover, the complexity of this, in many cases deleterious condition, is enormous and the information needed
to understand drug effects is accordingly often not readily available in a single source. A number of pharmacological
and medical therapies are currently in use or being investigated in an attempt to reverse cerebral vasospasm, but only a
few have proven to be useful. Current research efforts promise the eventual production of new medical therapies. At last,

recommendations for the use of different treatment stages based on currently available clinical data are provided.
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1. Definitions and Characteristics of
Cerebral Vasospasm

Cerebral vasospasm is a condition of morphologic nar-
rowing of cerebral arteries that is most commonly seen
following aneurysmal subarachnoid haemorrhage (SAH)
[1,2], but may also follow other intracranial hemorrhages,
like intraventricular haemorrhage from arteriovenous
malformations (AVM) [3], SAH of unknown etiology [4],
traumatic brain injury with or without SAH [5], brain
surgery and may be associated with hypothalamic injury,
lumbar puncture, infection and preeclampsia [6]. The risk
of mortality and morbidity after aneurysmal subarach-
noid hemorrhage is one of the most discussed issues
among neuroscientists. Although, considerable advances
in diagnosis and surgical and/or interventional treatment
have contributed to decrease the case fatality rate after
SAH [7-9], cerebral vasospasm (CVS), remains a par-
tially unsolved and not fully understood issue [10]. A
recently proposed definition of symptomatic vasospasm
based on treatment of cerebral vasospasm after SAH in
Japan include: 1) the presence of neurological worsening;

“Corresponding author.

Copyright © 2013 SciRes.

2) no other identifiable cause of neurological worsening;
and 3) confirmation of vasospasm by medical examina-
tions [11]. The presence of vasospasm has been corre-
lated with a threefold increase in mortality during the
first 2 weeks after SAH [12].

The majority of research was focused on the assump-
tion, CVS to be solely responsible for delayed cerebral
ischemia (DCI). Today, it is well accepted that not all
patients with CVS develop DCI. Inversely, DCI can oc-
cur in absence of CVS [13,14]. Recent review of the lit-
erature indicates that CVS is not the only cause of DCI
and that the entire picture of DCI is multifactorial [10].
Mechanisms postulated more recently in the pathogene-
sis of DCI and consecutive poor outcome after SAH in-
clude early brain injury [15], cortical spreading depo-
larization [16,17], inflammation [18-21] and microthrom-
bosis [7,15], as well as CVS [22]. The presence of vaso-
spasm at the time of initial presentation of a ruptured
aneurysm poses special considerations for management.
The narrowing of critical blood vessels reduces blood
flow, compromising perfusion to the point of ischemia
and infarction. Classically, CVS has been associated with
DCI occurring 4 - 10 days after ictus, which ultimately
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leads to cerebral infarction associated with morbidity and
mortality.

The amount of subarachnoid blood correlates with the
degree of vasospasm [23,24]. Angiographic evidence of
vasospasm is apparent in 70% of patients with SAH [1].
However, angiographic vasospasm does not always cor-
relate with clinical symptomatic vasospasm. Sympto-
matic vasospasm is diagnosed when a decreased level of
consciousness and/or focal deficit occurs after SAH in
the presence of angiographic vasospasm and the absence
from other factors reducing cerebral perfusion. Clinical
manifestation of vasospasm is present in one third of
patients [14]. However, comparison of studies and vali-
dation of treatment impact is hampered due to the re-
maining inconsistency in terminology and definition,
mainly mixing radiographic evidence of CVS with clini-
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cal features of DCI. There is an on-going debate about
this issue, however, beside functional outcome, cerebral
infarction on imaging studies seem to be the most appro-
priate measure of DCI [14,25].

Although being the subject of substantial research in-
terest, effective and/or causative prophylaxis and treat-
ment are not available. Therefore, CVS might be re-
garded as the remaining—potentially treatable—cause of
morbidity and mortality in contemporary neurocritical
care medicine.

2. Pathophysiology of Cerebral Vasospasm

Several mechanisms are identified causing acute as well
as prolonged vascular spasm and are outlined below
(Figure 1). Endothelin-1 (ET-1) is a major vasoconstric-
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Figure 1. Humoral and molecular mechanisms of cerebral vasospasm in patients with SAH.
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tor that induces cerebral vasospasm following SAH. The
impact on ET-1-induced arterial narrowing, however, has
not been determined. In addition, the concentrations of
ET-1 that induce ischemia in experiments are by magni-
tudes higher than those measured in SAH patients [26,
27]. It may suggest that ET-1 is potentiated by other fac-
tors playing a consistent pathophysiological role in the
development of vasospasm [27]. However, another plau-
sible explanation is that not only the level of ET-1 but
also an increase in the vascular density of ET and 5-hy-
droxytryptamine 1B (SHT1B) receptors underlie vascular
narrowing after SAH [28]. The levels of ET-1 nearly
equivalent to physiological levels are sufficient to induce
submaximal contraction of cerebral arteries excised from
rats after SAH. It is also known that ischemia upregulates
endothelin receptors in the brain [29].

In the acute phase, cerebral vascular spasm occurs
through a calcium-dependent mechanism. In response to
hemoglobin exposure, the intracellular level of calcium
increases and drives myosin light chain kinase (MLCK)
to phosphorylate the myosin light chains, which produces
transient contraction. However, the mechanism of the
prolonged phase of vasospasm is largely calcium-inde-
pendent. Near resting levels of calcium were detected
during protracted vasospasm. This phenomenon can be
caused by calcium sensitization mediated by several
kinases acting in concert with ET-1 released by endothe-
lial cells, astrocytes, and leukocytes in response to he-
moglobin and acute cerebral ischemia [31]. ET-1 in gen-
eral produces lasting receptor stimulation. Hirata et al.
[32] first demonstrated that ET-1 can occupy its recep-
tors for up to 48 h. The major involvement of Rho A
kinase in the process of prolonged contraction has been
also postulated [33]. ET-1 activates Rho A, which in turn
activates Rho kinase. The activated Rho kinase enhances
myosin light chain (MLC) phosphorylation through the
inhibition of myosin phosphatase targeting subunit
(MYPT1) of the myosin light chain phosphatase (MLCP)
[34]. The increased phosphorylation of MLC is the key
event which results in prolonged contraction without
elevation in intracellular calcium [35]. Kikkawa et al.
demonstrated the mechanism which potentiates the Ca*"
sensitization after SAH. The increased expression of pro-
tein kinase C (PKC), Rho-associated protein kinase
(ROCK), PKC-potentiated phosphatase inhibitor of 17
kDa (CPI-17) and Myosin phosphatase target subunit 1
(MYPT1) as well the upregulation of ET(A) receptor
expression are suggested to underlie the enhanced and
prolonged Ca(2+) sensitization induced by ET-1 [36].
While vascular smooth muscle contraction normally in-
volves phosphorylation of the MLC at Serl9, diohos-
phorylation at Ser19 and Thrl8 has been observed in a
canine model of cerebral vasospasm [37]. Indeed, di-
phosphorylation has been observed in association with
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several instances of pathological hypercotractility [38].
Diphosphorylation has been shown to reduce the rates of
myosin dephosphorylation and relaxation, which could
explain the prolonged contraction in response to certain
physiological contractile stimuli under pathological con-
ditions of cerebral vasospasm, intimal hyparplasia and
hypertension [39]. The following diagram based on sev-
eral relevant review articles of the literature, includes the
signal transduction pathways to protein kinase in Ca*'-
induced contractions and Ca®" sensitization of contrac-
tion and relaxation [40-42] (Figure 2).

The reactive oxygen species (ROS) produced from
enzymatic sources and formed during hemoglobin auto-
xidation constitute a major etiologic factor underlying the
development of cerebral vasospasm after SAH (Figure 3).

Concordantly, antioxidants have been shown to at-
tenuate arterial narrowing in experimental SAH produced
by autologous blood injection [43,44]. There have been
several mechanisms proposed to explain how ROS may
contribute to cerebral vasospasm after SAH. ROS oxi-
dize bilirubin to bilirubin oxidation products (BOXes)
[42]. BOXes inhibit eNOS and, due to the reduced avai-
lability of NO, impair vasodilation mechanism. Nitric
oxide is a major vasodilator produced principally by en-
dothelial cells and acts through the stimulation of guanyl
cyclase that produces cyclic guanosine monophosphate
(cGMP). The relaxing effect of these compounds in-
volves the activation of cGMP-dependent protein kinases
(cGKI) with subsequent dephosphorylation of myosin
light chains [45]. Therefore, the endothelial dysfunction
and, more so, injury resulting in the reduction of NO
level may contribute to vascular constriction after SAH.
In addition, reactive oxygen species, together with
thrombin and clotting cascade components, stimulate the
production of 20-hydroxy-eicosatetraenoic acid, a vaso-
constrictor metabolite of arachidonic acid which blocks
calcium-activated potassium channels, thereby leading to
a decrease in cerebral blood flow after SAH [46]. One of
the major sources of free radicals after subarachnoid
bleeding is NADPH oxidaseproducing superoxide. The
superoxide radical can combine with nitric oxide to form
peroxynitrite, which targets nitric oxide synthase (NOS)
[47]. Hyperbaric oxygen (2.8 ATA for 2 h) has been
shown to inhibit NADPH oxidase activity/expression and
reduce the level of lipid peroxidation products in the
cerebral tissues after SAH [48]. The pharmacological
inhibitors of NADPH oxidase, diphenyleneiodonium and
apocynin, potently reduced cerebral vasospasm in the rat
model of SAH [49,50].

The reduced bioavailability of NO can be also caused
by the negative regulation of NOS by PKC activated af-
ter SAH [51]. Furthermore, the depletion of nitric oxide
occurs due to scavenging by hemoglobin (sink effect)
and the damage of nitric oxide-secreting cells in the vas-
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Figure 2. Signal transduction pathways leading to smooth muscle contraction. Abbreviations: cGKI: cGMP-dependent pro-
tein kinases, cGMP: cyclic guanosine monophosphate, ET-1: endothelin-1, 5-HT: 5-hydroxytryptamine (serotonin), GAP:
GTPase activating proteins, GEF: guanine nucleotide exchange factors, Gg/11:members of the Gg/111 subfamily of hetero-
trimeric G proteins with a, g, y subunits, IP3: inositol 1,4,5-triphosphate, MLCK: myosin light chain kinase, MLCP: myosin
light chain phosphatase, MYPT-1: myosin phosphatase target subunit 1, PIP2: phosphatidylinositol 4,5-bisphosphatase,
PLCg: phospholipase Cp isoform, PS19: phosphoserine at position 19 of LC20.

cular adventitia. pase-3 and the presence of DNA strand breaks have been
SAH triggers a cascade of molecular events leading to detected in endothelial cells of spastic cerebral arteries
endothelial apoptosis [50]. The expression of active cas- after experimental SAH [50]. Electron microscopic in-
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Figure 3: Extracellular processes leading to vasospasm by production of reactive oxygen species (ROS) and elevation of in-
tracellular calcium level in smooth muscle cells. Abbreviations: ADMA, asymmetric dimethylarginine; Box, bilirubin oxida-
tion products; DAG, diacylglycerol; eNOS, endothelial nitric oxide synthase; ETA, endothelin receptor, type A; ETB, endo-
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cells.

vestigations revealed apoptotic changes in endothelial
cells of cerebral arteries collected from a patient who
died after suffering severe CVS caused by aneurysm
rupture [51]. The loss of endothelial cells producing ni-
tric oxide can affect the fragile balance between vaso-
constrictors and vasodilators acting on the vascular wall.
Studies have shown that the endothelial injury after SAH
is associated with inflammatory mediators. Tumor ne-
crosis factor a (TNF-a) and interleukin-14 (IL-15) have
been shown to exert a pro-apoptotic effect on cultured
cerebral microvascular endothelial cells [52]. In the ex-
perimental settings, caspase inhibitors have been shown
to attenuate CVS after SAH and to reduce levels of in-
flammatory mediators including IL-1f [53]. Other stud-
ies further corroborated these results by showing that
treatment with a broad caspase inhibitor decreased TNF-
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o expression in arterial wall and attenuated CV'S [50].

When the layer of endothelial cells is damaged, the
underlying vascular smooth muscle cells are exposed to
intraluminally acting spasmogens like ET-1. In addition,
ET-1 released by invading mononuclear leukocytes may
exert a potent vasoconstrictive effect abluminally.

Brain inflammation plays an important role in the de-
velopment of cerebral vasospasm after SAH [54-56]. The
extravasated blood induces local inflammatory reaction
in the closest vicinity of cerebral arteries. In this setting,
cerebral vasospasm develops in response to spasmogens
such as ET-1 released from invading leukocytes [57] or
thromboxane A2 and serotonin, both released from
platelets [58,59]. It has been demonstrated that SAH in-
creases the tissue expression of several inflammatory
mediators, including intercellular adhesion molecule 1
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(ICAM-1) and TNFa, in proximity to extravasated blood
[60]. E-selectin , a soluble cell adhesion molecule plays a
principal role in the development of cerebral vasospasm.
Other proteins participating in cell adhesion that have
been implicated in the mechanisms of CVS include
ICAM-1, CD18, and L-selectin, all found elevated after
SAH [61,62].

It has been postulated that the severity of the acute
brain injury will have a profound impact on delayed va-
sospasm and long-term outcomes after subarachnoid
hemorrhage. Several MAPK—including ERK1/2, JNK,
and p38, with known roles in the development of vaso-
spasm—were found activated in both brain parenchyma
and cerebral vascular tissues acutely after SAH. One
study found activated JNK in the cerebral vessels both on
days 1 and 7 after SAH [40]. These findings may indicate
that JNK activation is required but alone is not sufficient
for the development of arterial spasm, which usually
does not occur on day 1. Treatment with JNK inhibitor
SP600125 reduced angiographic and morphological va-
sospasm after SAH [40].

Except for minor leaks, SAH has a profound ischemic
impact on the brain [63-65]. It has been clinically dem-
onstrated that SAH decreases brain tissue oxygen pres-
sure and pH [66]. The acute cerebral ischemia after SAH
has a protective aspect as it can reduce bleeding into the
subarachnoid space. However, if the ischemia is pro-
longed beyond several minutes, it can trigger an injurious
cascade of molecular events orchestrated by hypoxia
inducible factor-1 (HIF-1) [67]. HIF-1 consists of regu-
latory a-subunit and constitutively expressed f-subunit
(aka aryl hydrocarbon receptor nuclear translocator) [68].
The excessive activation of HIF-1 results in the overex-
pression of its target genes such as vascular endothelial
growth factor (VEGF), responsible for increased BBB
permeability, or BCL2/adenovirus E1B 19-kDa protein-
interacting protein 3 (BNIP3) and Nip3-like protein X,
both mediating apoptosis [69]. Thus, the hypoxic brain
injury at the onset of SAH can induce apoptosis of endo-
thelial cells in large arteries by the activation of HIF-1a
and BNIP3 [70]. In addition, the pro-apoptotic p53 pro-
tein, known to be stabilized by HIF-1a, has been found
upregulated after SAH [71]. Since p53 was found ele-
vated in the vasospastic basilar arteries, it has been sug-
gested that p53 may play an important role in the eti-
ology of vasospasm with relation to SAH [63]. The re-
sults of other studies may also lend support to the hy-
pothesis that HIF-la plays an important role in CVS
mechanisms. Rats treated with the HIF-la inhibitor,
2-methoxyestradiol (2ME2), showed reduced expression
of VEGF, BNIP3, and proliferating cell nuclear antigen
in the basilar arteries. This change was associated with
attenuation of vasospasm in the basilar artery after SAH
[72]. The same group showed that cerebral vasospasm
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can also be reduced through pharmacological inhibition
of p53 [73].

The aggravation of ischemic brain injury after SAH
can occur due to cortical spreading depression (CSD)
characterized by periodically generated waves of cortical
depolarization accompanied by decreases in CBF. The
presence of both events has been detected after SAH [73].
Their propagation in the cerebral cortex may exacerbate
ischemic lesions formed as a result of arterial narrowing.
The microarterial spasm and cell necrosis caused by CSD
may further aggravate the neurological status of SAH
patients [74]. Several factors inducing CSD have been
identified in experimental studies including ET-1, oxy-
hemoglobin, and potassium ions [75]. In addition, one of
the major triggers for CSD is a decrease in activity of
Na'/K'-ATPase. It has been demonstrated that even its
incomplete functional inactivation can cause SD-like
anoxic depolarization in the hippocampus [76]. Interest-
ingly, SAH decreases Na'/K'-ATPase activity in the sy-
naptosomal membranes, collected 2 h after the induction
of subarachnoid hemorrhage [77]. In an attempt to pre-
serve the enzymatic activity of Na'/K'-ATPase in ex-
perimental SAH, Yufu et al. [77] used HBO at 2 ATA
for 1 h, started at 30 min after hemorrhage induction.
HBO significantly ameliorated a decrease in Na'/K'-
ATPase activity, which allowed authors to suggest that
HBO may be considered as a beneficial treatment for
subarachnoid hemorrhage.

The treatment options which fall into the following
categories are presented in detail.

3. Protection of CNS from Ischemic Injury
3.1. Calcium Channel Blockers

Calcium channel blockers also known as calcium an-
tagonists block the “slow channel” of calcium influx
which reduces the contraction of smooth and cardiac
muscle, but does not affect skeletal muscle. It is thus
theorized that the abnormal contraction of vascular
smooth muscle that may contribute to vasospasm may be
mitigated by the administration of calcium channel
blockers. Oral nimodipine, a dihydropyridine calcium
channel blocker, is the only drug to reduce the incidence
of DCI and the risk of poor outcome in an evidence
based manner (class I, level of evidence A) [7,10].
Nicardipine is another dihydropyridine calcium antago-
nist that displays regional selectivity on vascular smooth
muscle. However, both showed a reduction of DCI
without clear effect on CVS. Calcium channel blockers
are more beneficial in neuroprotection than in preventing
vasospasm. Results of the British aneurysm nimodipine
trial demonstrated a reduction from 33% to 22% in the
occurrence of cerebral infarction in patients treated with
nimodipine, and a 40% reduction in poor outcomes [78,
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79]. In a metaanalysis of nimodipine treatment after SAH,
Barker and Ogilvy [80] demonstrated that the prophylac-
tic use of this drug is effective in increasing the odds of a
good outcome after SAH. This efficacy was both statis-
tically and clinically significant. In addition, in a retro-
spective analysis comparing cost of treatment with in-
crease in life expectancy it was shown that nimodipine is
extremely cost-effective and is associated with minimal
adverse effects [81]. Their beneficial impact derives from
the fact that the red blood cell deformability and thus
blood rheology is improved, calcium entry in ischemic
cells and thus cerebral infarction is prevented [82]. Other
possible effects may be an anti-platelet aggregation [83]
and dilatation of collateral leptomeningeal arteries [84].
Therefore, a marked shift to new concepts for treatment
and/or prophylaxis can be observed, rather addressing
DCI than focusing on CVS.

3.2. NMDA Receptor Antagonists

N-methyl-D-aspartic acid (NMDA) antagonists address
cortical spreading depolarization. NMDA is an amino
acid derivative which acts as a specific agonist at the
NMDA receptor mimicking the action of glutamate, the
neurotransmitter which normally acts at that receptor.
Unlike glutamate, NMDA only binds to and regulates the
NMDA receptor and has no effect on other glutamate
receptors (such as those for AMPA and kainate). The
role of spreading depression, spreading depolarization
and spreading ischemia is an emerging research field in
the context of DCI [16,17]. One major factor contribut-
ing to neuronal death in penumbra is thought to be
spreading depression (SD) waves, which are accompa-
nied by depolarization of both astrocytes and neurons,
collapsed ionic gradients and impaired ATP generation.
Recently, seizure and brain ischemia [16] were reported
to induce Cyclooxygenase-2 (COX-2) mRNA or protein.
COX-2 is a key enzyme in conversion of arachidonic
acid to prostaglandins and thromboxanes. The induction
is reduced by NMDA receptor antagonists that block SD
waves. Currently there is a multicenter diagnostic phase
IIT single-arm study underway to determine the correla-
tion of spreading depolarization and DCI: depolarisations
in ischemia after subarachnoid hemorrhage 1 (DIS-
CHARGE-1) [16]. In theory, other potential approaches
for the suppression of cortical spreading depression in-
clude correction of cerebral glucose and hyperoxia [17].

3.3. Free Radical Scavengers

Free radical induced lipid peroxidation has been identi-
fied as a potentially important contributor to both the
arterial narrowing of vasospasm and the final cascade of
ischemic cell death. The 21-aminosteroid tirilazad mesy-
late was developed as a potent inhibitor of lipid peroxi-
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dation. Indeed, in experimental models of SAH and focal
cerebral ischemia tirilazad has been shown to ameliorate
vasospasm and improve cerebral blood flow as well as
reduce the size of cerebral infarction. In addition, pre-
liminary studies with this drug have shown it to be safe
and unassociated with side effects such as hypotension,
mental status changes or glucocorticoid toxicities. Tiri-
lazad mesylate is a nonglucocorticoid 21-aminosteroid
that exerts its anti-lipid peroxidation action through co-
operative mechanisms: a radical scavenging action (i.e.,
chemocal antioxidant effect) and a physicochemical in-
teraction with the cell membrane that serves to decrease
membrane fluidity (i.e., membrane stabilization). Several
multicenter, randomized, double-blind, vehicle-controled
clinical trials have been organized throughout the world
to test the efficacy of tirilazad mesylate in patients with
aneurysmal SAH—including a North American study.
The primary hypothesis to be tested was whether treat-
ment with tirilazad reduced symptomatic vasospasm and
improved overall outcome 3 months after SAH. Kassell
et al. showed in this trial a reduction in symptomatic va-
sospasm in the group that received 6 mg/kg per day of
tirilazad. However, the difference was not statistically
significant and the benefits were predominantly shown in
men rather than than in women. The lack of statistical
significance and the less benefit in women may be ex-
plained by increased clearance of tirilazad in middle-
aged women (as compared to men) as well as use of
phenytoin (administration of phenytoin or Dilantin with
tirilazad increases clearance to approximately 50% in
healthy male volunteers). Thus, additional phase III
studies should be done to evaluate the efficacy of higher
doses of tirilazad in the treatment of SAH. As a further
support of the potential beneficial role of tirilazad, it has
been shown to be of benefit in other forms of brain injury
(which may involve lipid peroxidation) including trau-
matic brain injury. Results from a rabbit subarachnoid
haemorrhage model have indicated that free radical reac-
tions mediated by oxyHb may play an important role in
the pathogenesis of cerebral vasospasm through the ex-
pression of Rho-kinase and this experimental technique
looks promising for future application [86].

4. Direct Pharmacological Arterial
Dilatation

4.1. ETA Antagonists (Clazosentan) and ETA/B
Antagonists

Endothelin-1 has been the primary suspect in the patho-
genesis of CVS [1]. The interplay between ET and NO is
critical to the maintenance of cerebral vascular dilation.
Endothelin-1 is an extremely potent vasoconstrictor, and
investigators have demonstrated a close correlation be-
tween cerebral vasospasm and increasing levels of ET-1
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in CSF and plasma. Human cerebral arteries express two
types of ET-1 recep tors, ETA and ETB [87] Activation
of the smooth-muscle ETA receptor induces vasocon-
striction, whereas a release of NO resulting in vasodila-
tion is mediated by the ETB receptor located on the en-
dothelium. Therefore, the use of Clazosentan (Actelion
Pharmaceuticals, Allschwil, Switzerland), a selective en-
dothelin-1A receptor antagonist has been in the focus of
research. Clazosentan to overcome neurological ischemia
and infarction occurring after subarachnoid hemorrhage
1 (CONSCIOUS-1), a randomized placebo-controlled
phase Ila study, demonstrated a convincing and signifi-
cant reduction of angiographic CVS in a dose-dependent
manner. However, the reduction in the number of DCI
was insignificant. A trend toward better clinical outcome
could only be found after modifications implemented in
the posthoc analysis [1,10,88,89]. Two phase III trials
(CONSCIOUS-2 and CONSCIOUS-3) have been con-
secutively carried out in patients treated with aneurysm
clipping and coiling, respectively. In the CONSCIOUS-2
trial, patients were randomly assigned to Clazosentan (5
mg/h) or placebo for up to 14 days [88,89]. The results
showed that Clazosentan had no significant effect on
mortality or CVS-related morbidity 6 weeks after SAH
(primary endpoint). Clazosentan was only associated
with an insignificant 17% relative risk reduction in the
primary endpoint, in terms of a reduction in use of rescue
therapy for angiographic CVS. There was no significant
effect on poor functional outcome at week 12, defined as
extended Glasgow outcome scale (GOS) at least four
(secondary endpoint). As of adverse events, lung com-
plications, anemia and hypotension were described [88].
The authors pointed out that the lack of improvement
might have occurred because processes other than CVS
contribute to DCI and consecutive poor outcome, which
are not improved by prevention of CVS. Although the
results of the CONSCIOUS-3 trial are not published yet,
the results of CONSCIOUS-1 and CONSCIOUS-2 de-
finitively called the importance of CVS in DCI and out-
come into question and underlined the need for a para-
digm shift.

4.2. Intraarterial Agents (Papaverine,
Nimodipine)

The effects of intraarterial drug injections are considered
as short-lived and either repeated several times, requiring
multiple arterial catheterizations, or performed in com-
bination with angioplasty, which in the hand of experi-
enced interventional neuroradiologists, may have more
profound effects. Papaverine is a nonspecific phosphodi-
esterase (PDE) inhibitor that has also been applied topi-
cally during surgery. When given intra-arterially, it ef-
fectively dilates the spastic arteries. However, the effect
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is short-lived and vasospasm usually recurs. Angio-
graphic resolution of diameter reduction and angiogra-
phically assessed capillary blood flow together differed
not significantly between papaverine and nimodipine
treated groups. Papaverine infusion dilated all angiogra-
phic demonstrable vessels while nimodipine infusion was
ineffective in 16% of the patients [90]. Capillary flow on
pre- and post-infusion angiographies was not different
between these two groups. The clinical implications re-
main to be established. A multimodal approach, perhaps
combining different agents for intraarterial infusion in
SAH patients, needs to be evaluated.

Endovascular treatment with the phosphodiesterase 111
inhibitor milrinone was studied in several non-random-
ized trials and demonstrated an efficacy to reverse cere-
bral vasospasm [91,92]. Phosphodiesterase III inhibitors
combine vasodilating and inotropic properties, resulting
from the increase in cAMP in the cytosol of vascular
smooth muscle cells and cardiomyocytes. Among these
agents, milrinone is widely used to treat patients with
acute heart failure. The combination of potent vasodilata-
tion with reinforcement of inotropy is also very attractive
to treat aSAH. Milrinone should be compared randomly
and blindly to another vasodilator such as nimodipidine
in large trials to evaluate which drug is the best for
chemical angioplasty in aSAH patients.

4.3. Intrathecal Thrombolytics

A consistently demonstrated risk factor for the prediction
of CVS is the amount of subarachnoid blood, visualized
in computed tomography [7,10,93]. Therefore, there is a
strong rationale for interventions aimed at the clearance
of blood. A very recent meta-analysis of five randomized
controlled trials, enrolling 465 patients showed signifi-
cant reductions in the development of poor outcome, DCI
and CVS without any increment in haemorrhagic or in-
fectious complications [93]. Either tissue plasminogen
activator or urokinase was applied. However, due to the
wide variation of the methodology, the results should be
interpreted with caution. A routine use is currently not
recommended [10,93].

4.4. Intracisternal Agents (NPRIs)

Local pharmacological therapies, in terms of direct in-
trathecal application, are promising. However, there is a
risk of infection and the need of a surgical access. As
systemic administration of vasoactive drugs has been
associated with significant side effects and insufficient
efficacy, intrathecal administration of nicardipine pro-
longed-release implants (NPRI) has been developed. In-
traoperative implantation of nicardipine pro-longed-re-
lease implants, so-called pellets, into the basal cistern in
close contact to the proximal cerebral vasculature has
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been reported to reduce the occurrence of CVS [94,95].
These nicardipine-loaded polymers release the drug over
14 days at a high and constant concentration. In a ran-
domized, double-blind phase Ila study, the reduction in
occurrence of CVS and cerebral infarction, as well as
improvement in clinical outcome has been shown [94].
The disadvantage is that patients treated with endovas-
cular coiling cannot profit from this therapy. The recently
reported feasibility of intraventricular use of nicardipine
prolonged-release implants might be a possibility to
overcome this problem [96]. Further studies using ni-
cardipine prolonged-release implants are warranted.

4.5. Sympatholytics

The cerebral vasculature, in particular the pial vessels, is
densely supplied with noradrenergic sympathetic nerve
fibers mainly originating in the superior cervical gan-
glion, accompanying the carotid artery, and projecting
into the ipsilateral hemisphere. Intracerebral vessels con-
strict in response to cervical sympathetic stimulation and
dilate when these fibers are interrupted. Activation of the
sympathetic system leading to an elevation in circulating
catecholamines has been well documented in patients
after SAH [97]. This activation has been implicated in
the development of cerebral vasospasm, yet there is no
unequivocal linking evidence. Percutaneous blockade of
the sympathetic chain at the superior cervical ganglion
interrupts the innervation of adrenergic cerebral nerve
fibers and can exclude any potential detrimental effect
sympathetic hyperactivity may have in the occurrence
and evolution of vasospasm. Cervical sympathectomy
may contribute to improve cerebral perfusion when used
as an adjunct to standard procedures or when standard
procedures are not applicable or contraindicated [97]. A
larger-scale trial that includes a control group compari-
son is not yet undertaken to firmly establish the value of
the cervical block.

4.6. Inhibition of Inflammatory Reactions

The pathogenesis of cerebral vasospasm is closely asso-
ciated with inflammation and immune response in arte-
rial walls. In a n experimental research study, the perox-
isome proliferator-activated receptor (PPAR) gamma
agonist Rosiglitazone suppressed the SAH-induced in-
flammatory responses in basilar arteries by inhibiting the
Toll-like receptor (TLR)4 signalling. Furthermore, rosig-
litazone could attenuate cerebral vasospasm following
SAH. Therefore, the authors suggested that PPAR-gam-
ma agonists may be potential therapeutic agents for cere-
bral vasospasm [98]. Many animal studies claim reduced
vasospasm in subarachnoid hemorrhage with the use of
anti-inflammatory agents, radical scavengers, lipid per-
oxidation inhibitors, iron chelators, NSAIDs, glucocorti-
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coids, and serine protease inhibitors, but these effects are
not yet confirmed in human trials, where symptomatic
vasospasm and outcome are the major endpoints [99].
Despite recent work on penetrating vessel constriction,
there is a paucity of studies on inflammatory markers in
the microcirculation [99].

4.7. Nitric Oxide Donors

The alteration in nitric oxide production is an undoubt-
edly important mechanism in the pathophysiology of
CVS and DCI. The reduced availability of endovascular
and perivascular nitric oxide has been shown to contrib-
ute to development of CVS in terms of deficient vessel
relaxation [7,10,100]. In theory, there is a strong ration-
ale for treatment with nitric oxide donors, and experi-
mental studies showed promising results. However, the
short half-life of nitric oxide demands its therapeutic
substitution via nitric oxide donors. Classic nitric oxide
donors such as sodium nitroprusside or nitroglycerin are
challenging in the clinical setting due to their undesirable
side effects, most notably their induction of hypotension
[7,10,100]. Different modes of application have been
tested, transdermal, i.v., intra-arterial, inhalational and
intrathecal, with some promising results [7,10,100]. Cur-
rently, there is no evidence suggesting routine use of
nitric oxide donors. If routine use would be required,
sodium nitrite (NaNO,) could be a possible candidate.
NaNO2 has been shown to prevent and more recently to
reverse CVS, both in a primate SAH model [101]. Fur-
thermore, the safety and feasibility of long-term i.v.
NaNO, infusion has been reported in healthy volunteers
[102]. The latter result calls for a clinical trial in near
future.

4.8. Inhibitors of Rho-Associated Kinase
(ROCK)

The identification of Rho-associated kinase (ROCK) as a
mediator of inflammation and oxidative stress provides
insight into the development of new therapies. There are
two isoforms of Rho-kinase, ROCK1 and ROCK2, and
they have different functions with ROCK1 for circulating
inflammatory cells and ROCK2 for vascular smooth
muscle cells. Accumulating evidence suggests that
ROCK inhibitors are useful for the treatmment of several
cardiovascular diseases in humans [103]. The activity
and the expression of ROCKs are enhanced at the in-
flammatory/arteriosclerotic coronary lesions. ROCK in-
hibitors significantly reduce cyclophilin A secretion from
vascular smooth muscle cells in animals. Blocking the
malignant cycle that augments oxygen ions and perox-
ides through cyclophilin A secretion may be partially
involved in the beneficial effect of ROCK inhibitors
[104]. Fasudil, the best known ROCK inhibitor has been
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reported to reduce CVS [105], however, without any
effect on clinical outcome [10]. Recent animal studies
suggest that Hydroxyfasudil, an active metabolite of
Fasudil, is a selective ROCK inhibitor and contributes to
the potency of fasudil as a therapeutic agent against
cerebral vasospasm and hyperviscosity [106]. Velat ef al.
reviwed the RCTs and meta-analyses in the literature
regarding the treatment and prevention of cerebral vaso-
spasm following aneurysmal SAH and concluded that as
far as the effectiveness of fasudil is conserned, further

multicenter RCTs need to be performed [107]. Zhao ef al.

conducted a randomized, open trial to compare the effi-
cacy and safety of vasudil compared with nimodipine.
The results of this study suggested that fasudil was
equally safe and eequally or more effective than ni-
modipine for the prevention of cerebral vasospasm and
subsuquent ischemic injury in patients undergoing sur-
gery for SAH [108]. Nakamura et al. showed that the
selective intra-arterial infusion of fasudil was signiffi-
cantly effective for the treatment of delayed vasospasm

and more beneficial than the nonselective treatment [109].

A very recent meta-analysis, analyzing eight eligible
studies with a total of 843 patients, found a significant
reduction in the occurrence of CVS and cerebral infarc-
tion as well as an improvement in clinical outcome as
assessed by GOS [110]. However, the results should be
interpreted with caution, as the impact of combined
medications in those trials was not considered, and the
number of trials and samples were quite limited. Fur-
ther-more, there is a considerable risk of bias. More po-
tent and selective ROCK inhibitors, e.g. Y-27632, have
emerged more recently [103], which may prove more
useful therapeutically as ROCK may also be involved in
the central mechanisms of sympathetic nerve activity
[104].

5. Indirect Arterial Dilatation through
Hyperdynamic Therapy

At present, the mainstay of medical treatment of cerebral
vasospasm, alongside calcium channel blockers, is hy-
perdynamic or triple-H therapy, referring to hypervole-
mia, hypertension, and hemodilution. The rationale be-
hind this treatment is that maintenance of high circulat-
ing blood volume, increased perfusion pressures, and
decreased blood viscosity will enhance CBF in the set-
ting of vasoconstriction. Triple H therapy has been
widely used in the management of CVS. On the basis of
the current knowledge, there is insufficient evidence for
the effectiveness of prophylactic triple H. In particular
hypervolemia and hemodilution might not produce a net
benefit and there is evidence of harm using aggressive
hydration [7,111]. There is an accumulating body of evi-
dence against the utility of hemodilution in management
of CVS [112,113]. Induced hypertension is strongly
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recommended in case of suspected DCI, as anecdotal
reports linked induced hypertension with neurologic im-
provement, however, the evidence is moderate [112].
Another concern is the optimal hemoglobin concentra-
tion in patients with high risk for CVS and/or DCI.
Higher hemoglobin has been associated with better out-
come, whereas packed red blood cell transfusions with
worse outcome [113]. Naidech et al. [114] performed a
prospective pilot trial of higher goal hemoglobin. The
preliminary results showed higher goal hemoglobin in
patients with SAH to be well tolerated and feasible. A
phase II study is currently recruiting patients (Clinical-
Trials.gov identi-fier NCT00968227). Mechanical hemo-
dynamic support may be an additional tool to improve
cerebral hypoperfusion. The use of NeuroFlo (CoAxia
Inc., Maple Grove, Minnesota, USA) has been proposed
recently [115]. By inflation of two balloons in the aorta,
35% - 50% of the blood flow is redirected to the brain.
Although the feasibility and technical safety has been
reported, the impact on outcome is unknown.

6. Drugs with Rheologic Properties

The improvement of rheologic properties of intravascular
blood to enhance perfusion of ischemic zones is a gener-
ally accepted concept. Mannitol, low molecular weight
dextran, albumin and perfluorocarbons are some of the
drugs included to achieve volume expansion. Mannitol
has been widely accepted by treating physicians in help-
ing control elevated intracranial pressure (ICP), and con-
trol of ICP has been shown to improve outcome. Manni-
tol is the most commonly utilized agent for this indica-
tion. It is widely available, effective, and has a low
side-effect profile. Large doses for long term periods
have been shown to be safe, but its usefulness is limited
by elevation of serum osmolarity and potential alteration
in renal function, and its efficacy seems to diminish with
repeated doses. Rebound intracranial hypertension has
been reported after discontinuation of large doses. The
maintainance of the circulation volume might have a
therapeutic effect in order prevent cerebral vasospasm.
Mori et al. have focused on maintaining the circulation
volume in order to prevent cerebral vasospasm. But to
maintain the central venous pressure, huge infusion
volume was required, and hyponatremia was frequently
observed due to natriuresis and osmotic diuresis. Exces-
sive natriuresis and diuresis cannot be managed through
sodium and water replacement, since sodium replace-
ment induces further natriuresis and diuresis (desalina-
tion), and water replacement induces hyponatremia. They
therefore administered fludrocortisone and hydrocorti-
sone to inhibit excessive natriuresis and diuresis. The
efficacy of sodium reabsorption therapy was extremely
high to maintain the circulation volume [116].
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7. Novel Agents
7.1. Magnesium Sulphate

As magnesium (Mg”") is the fourth most common cation
in the body and the second most common intracellular
cation after potassium, it has a fundamental role as a
co-factor in numerous enzymatic reactions involving
energy metabolism and nucleic acid synthesis. It is also
involved in several processes including hormone receptor
binding, gating of calcium channels, transmebrane ion
flux and regulation of adenylate cyclase; muscle contrac-
tion; neuronal activity; control of vasomotor tone; car-
diac excitability and neurotransmitter release. In many of
its actions has been likened to a physiological calcium
antagonist [117]. Magnesium sulphate has been consid-
ered to reduce the incidence of CVS and DCI, as shown
in animal studies [7,10,118]. Phase I studies have estab-
lished the feasibility of continuous intravenous (i.v.)
MgSO, infusion, and a couple of randomized phase II
studies showed potential benefits [7,10,118,119]. Never-
theless, their interpretation and comparison had its limi-
tation due to small sample size, different primary out-
come measures and different dosage regimens [118]. In
the first phase III trial, the intra-venous magnesium sul-
fate for aneurysmal subarachnoid hemorrhage (IMASH)
study, patients were randomly assigned to MgSO, infu-
sion titrated to a serum Mg”" concentration twice the
baseline or to a placebo for 10 - 14 days [119]. The pri-
mary outcome analysis showed no significant difference
in the number of patients with favorable outcome at 6
months, defined as extended GOS five to eight. Secon-
dary outcome analyses—based on modified Rankin scale,
Barthel index, short form 36 and clinical CVS—did not
show any significant differences either. The most recent
meta-analysis with six eligible studies and a total of 875
patients could not lend support to a beneficial effect
[118]. Thus, current evidence does not support the rou-
tine use of continuous i.v. MgSO, infusion [112,118].
The results from another phase III study, the magnesium
in aneurysmal subarachnoid hemorrhage II (MASH-II)
study are expected soon. In this study, MgSO, 64
mmol/day or placebo is continuously administered until
day 20 after hemorrhage [120]. The latter study might
shed more light on the efficacy of i.v. MgSO;, infusion.
As of possible side effects, hypo-tension, hypocalcaemia
and bradycardia have been discussed [7,10,118].

An interesting approach in the future might be the di-
rect intrathecal administration of MgSQy,, as one possible
explanation for the lack of action could be the low cere-
brospinal fluid penetration of peripherally infused MgSO,
[119]. Animal studies using intracisternal MgSO, therapy
showed promising results [121].

7.2. Statins

The use of statins in the acute phase after SAH has been
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proposed, as statins might ameliorate glutamate-mediated
excitotoxicity, attenuate production of reactive oxygen
species, upregulate endothelial nitric oxide synthase, and
diminish inflammatory reaction by modulation of the
cytokine response. The possibility that statins could act
via prevention of geranylgeralnylation of the small
GTPase RhoA (which is required for RhoA to activate
ROCK) should be considered. Two small, randomized
phase II trials treated by simvastatin and pravastatin, re-
spectively, could show a reduction of CVS and occur-
rence of DCI, though subsequent studies could not re-
produce the results [7,10]. A very recent meta-analysis
including six randomized controlled trials reported a sig-
nificant reduction in DCI with statins, whereas the effect
on CVS was more difficult to determine, due to differ-
ences in definitions used among those studies. Analyzing
only the four high-quality trials, treatment with statins
reduced DCI as well as mortality [122]. As of side effects,
asymptomatic elevation in liver function has been re-
ported, though these side effects were not significantly
different compared with the placebo group. On the basis
of the current evidence, immediate statins therapy ap-
pears to be well tolerated, with some beneficial evidence
[112,122]. There are no results of a phase III trial avail-
able yet. One phase III trial is currently under-way: The
simvastatin in aneurysmal subarachnoid hemorrhage
(STASH) trial assesses the effects of simvastatin given at
a 40 mg dose for 21 days versus placebo (http://www.sta-
shtrial.com) [7,10].

7.3. Sildenafil Citrate

Nitric oxide (NO) is a primary endogenous vasodilator
that affects smooth muscle relaxation. NO regulates the
relaxation of vascular smooth muscle cells through acti-
vation of soluble guanylate cyclase. The cyclase converts
guanosine triphosphate to cyclic guanosine monophos-
phate (cGMP) in the cells of cerebral arteries. Accumula-
tion of cGMP relaxes the smooth muscles and its reduc-
tion leads to vasoconstriction. On the contrary, selective
Phosphodiesterase (PDE) inhibitors prevent the hydroly-
sis of cGMP and thereby mediate vasodilatationThus, the
amount of cGMP in the vascular smooth muscle cells is
influenced by both NO and PDE. Currently, 11 families
of PDEs have been identified in humans. PDE1 and
PDES are present in vascular smooth muscle cells. Brain
tissue has PDE1, PDE2, PDE4, and PDE10 [123]. Silde-
nafil has good selectivity for PDES, but the selectivity is
not exclusive as it has some action on PDE1, PDE2, and
PDE4. The selectivity ratio for PDES to PDEIL, PDE2,
and PDE4 is 1:80:19,000:2057, respectively [124]. Sil-
danefil was originally used for angina and later for erec-
tile dysfunction. It has been used in pulmonary hyperten-
sion, Raynaud’s phenomenon and vertebrobasilar insuf-
ficiency [123]. The mechanism of action of sildenafil

OJMN



E. ARCHAVLIS ET AL. 83

may be more complex. Rats administered sildenafil in the
lateral ventricles had remarkable tachycardia without
significant change in basal arterial pressure [124]. Silde-
nafil elicited an increase in sympathetic nerve activity
that is not baroreflex mediated, suggesting that this drug
is able to elicit an autonomic imbalance of central origin.
It has been shown that inhibitors of PDE2, PDE4, PDES5,
PDE9, and PDEI0 improve a wide range of cognitive
processes, including information processing, attention,
learning, memory, executive functioning, and response
inhibition, in various behavioral models within different
species. It is argued that it is unlikely that blood flow is
the mechanism underlying these procognitive effects. It
is felt that long-term potentiation appears to be a better
substrate for the cognition-enhancing properties of PDE
inhibitors [123]. Nitrates, which increase cGMP by in-
creasing NO, have been used in cerebral vasospasm by
intrathecal and intraventricular routes [123]. The ap-
proach is invasive with accompanying complications and
infection. Administering oral PDE inhibitor in the form
of sildenafil is a novel approach. It is easier to administer
with less side effects. Sildenafil citrate is documented to
be useful to treat cerebral vasospasm in animal studies
[124]. The initial results of oral sildenafil in human sub-
jects showed that it can be useful in severe refractory
vasospasm. But, this study lacks outcome measures and
there is no control group. Larger studies should be car-
ried out to find out the efficacy of sildenafil in refractory
vasospasm.

8. Established Methods and Other
Treatments

8.1. Lumbar Drainage

Another approach to address the clotting of the su-
barachnoid blood is the early application of a lumbar
drainage. Preliminary studies showed a markedly dimin-
ished incidence of CVS and improvement in clinical
outcome [7,125]. One hypothesis claims that the likeli-
hood of angiographic vasospasm to occur is related to the
amount of blood in the basal cisterns. According to this
consideration, one prophylactic strategy is to remove as
much of this blood as early as possible. If clipping of the
aneurysm is performed this can be achieved intraopera-
tively by opening the terminal lamina and irrigating the
blood from the basal cisterns. Albeit promising, studies
addressing the efficacy of this measure show inconclu-
sive results [126]. This approach is not feasible if the
aneurysm is secured using an endovascular approach.
Excess removal of cerebral spinal fluid (CSF) via an ex-
ternal ventricular drain fails to prevent vasospasm and
may lead to a higher incidence of posthemorrhagic shunt
dependency [127]. Supposedly this is because after
aneurysmal SAH, the blood settles and clots in the basal
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cisterns and therefore only CSF, being more lightweight,
is removed via the ventricular drain. Application of a
lumbar drain has been proposed as an alternative ap-
proach to address clotting of the blood in the basal cis-
terns. In two retrospective studies in patients after aneu-
rysmal SAH, the safety of this approach was shown
[7,125]. One of these studies addressed the radiologic
and clinical outcome after surgical clipping, while the
other addressed the outcome after endovascular coiling.
Both studies led to a markedly diminished incidence of
angiographic vasospasm and improvement in clinical
outcome measured by the Glasgow Outcome Scale (GOS).
Therefore two prospective randomized studies addressing
the efficacy of this approach are currently in progress:
lumbar drainage in subarachnoid hemorrhage (LUMAS)
(ClinicalTrials.gov identifier NCT00842049) and early
lumbar cerebrospinal fluid drainage in aneurysmal su-
barachnoid hemorrhage (EARLYDRAIN) [125].

8.2. Direct Mechanical Vasodilatation
(Angioplasty)

Anecdotal reports described a potential benefit from en-
dovascular therapy in treating CVS [7,128-130]. These
include intraarterial papaverine, verapamil or nicardipine
administration (among others) and balloon angioplasty.
On the basis of the recent literature review, endovascular
intervention is recommended in CVS refractory to medi-
cal management only, however, the level of evidence is
low [7,128-130]. A controlled randomized study is near
completion that compares invasive endovascular therapy
with conventional therapy after proof of perfusion rele-
vant CVS: invasive diagnostic and therapeutic manage-
ment of cerebral vasospasm after aneurysmatic su-
barachnoid hemorrhage (IMCVS) (ClinicalTrials.gov
identifier NCT01400360). As of novel treatment strate-
gies, Albanese et al. [131] reported about a prolonged
intraarterial verapamil infusion through an indwelling
microcatheter. This strategy might overcome the com-
mon problem of the transient nature of endovascular
therapies. Concerning balloon angioplasty, controversy
regarding the best balloon (compliant versus noncompli-
ant) has been reported. A recent study could not find any
difference between compliant and noncompliant balloons
for therapeutic angioplasty in preventing recurrence or
need for repetitive angioplasty in patients with CVS
[132]. The constant development and improvement in
balloon technology might influence the success of bal-
loon angioplasty.

8.3. Surgical and Endovascular Aneurysm
Treatments

It is still controversial if the selection of treatment mo-
dality (clipping or coiling) affects cerebral vasospasm
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development following aSAH. Although several recent
studies have suggested that the incidence of vasospasm
after aSAH is lower in patients undergoing coiling as
compared with clipping [133], other studies have had
conflicting results, showing no influence on the inci-
dence or duration of vasospasm and no significant dif-
ference in outcome at discharge or follow up [134,135].
The concept that coiling, as a less invasive form of
treatment, can protect against vasospasm, has not a justi-
fied level of evidence. As a matter of fact, vasospasm
does not only develop on the arterial territories from
aneurysmatic compromised arteries, but also on neigh-
bouring and even on far away located areas (Figure 4).

Particularly in cases with additional mass occupying
hematomas, the initial surgical treatment not only re-
duces the increased intracranial pressure, but also in
many cases prevents the development of vasospasm (Fig-
ure 5).

8.4. Kinetic Therapy

As mentioned before, there is a strong rationale for in-
terventions aimed at the clearance of subarachnoid blood.
A kinetic therapy using a head shaker or lateral rotational
therapy in combination with local thrombolytic therapy
has been described [7,136,137]. A recent analysis of
three randomized studies, including a combination of
thrombolytic and kinetic treatment, revealed a decrease
in DCI, CVS and better clinical outcome in two studies
[136,137]. No further progress in this therapy concept
was reported recently.

8.5. Other Treatments

Other systemic drug therapies recently evaluated or cur-
rently in evaluation, include dantrolene [138], erythro-

poietin [10,139] and complementary Chinese herbs [140].

Although microthrombosis and increase of procoagulant
factors have been discussed as additional factors contrib-
uting to DCI, preliminary clinical trials that target the
coagulation system could not show a clear benefit. A
systemic review in the Cochrane Database showed a
trend toward better outcome. It has been discussed that
hemorrhagic complications of these drugs might have
counterbalanced the beneficial effects [7,10]. Therefore,
more specific strategies are required. No novel treatment
modalities addressing the coagulation system have been
evaluated more recently. The inflammatory response
with expression of cytokines, in particular interleukin 6
and leukocyte adhesion molecules, has been discussed to
be involved in the pathogenesis of DCI and CVS
[15,18,21]. Blocking or antagonizing cytokines and/or
adhesion molecules might be promising treatment con-
cepts, which need to be evaluated [19]. Signal transduc-
tion components mediating vasoconstrictor receptor
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Figure 4. We present a 45 years old patient with two acute
coiled aneurysms on the anterior communicating artery
ACOA and pericallosal artery (a). Despite the intensive care
management, the patient developed delayed neurological
deficits accompanied by multiple cerebral infarctions fol-
lowing vasospasm (b). This case illustrates that vasospasm
occurs even on non compromised arterial territories, free of
aneurysm. In this case, a decompressive craniotomy was
still necessary to reduce the increased intracranial pressure

(c).

upregulation might be another pharmacological target
[21].
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(b)

Figure 5. A 52 years old patient was admitted in the clinic
with massive headaches and onfusion. The CT scan pre-
sented a massive intraventricular bleeding, a mass occupy-
ing interhemispheric hematoma and a diffuse SAH in a
patient with a ruptured pericallosal aneurysm (a). The DSA
(b) identified the aneurysm on the left pericallosal artery.
The clipping of the aneurysm, the suction of the hematoma
and the additional decompressive craniotomie allowed a
satisfactory patient’s evolution. The angiographic pictures
(c) confirm the complete aneurysm occlusion, without asso-
ciated cerebral vasospasm.

9. Treatment of Non SAH Vasospasm

Cerebral vasospasm not associated with SAH is com-
monly described in the literature as reversible cerebral
vasoconstriction syndrome (RCVS) [141]. It may be as-
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sociated with the post partum period [142], many
vasoactive and other drugs [143], sexual activity, and
noumerous other conditions including pheochromocy-
toma and porphyria [141]. But frequently no cause can
be identified [144]. The pathophysiology of RCVS re-
mains unknown. There is evidence to suggest that many
factors associated with vasospasm from aneurysmal SAH
may underly in similar clinico-radiological mechanisms
for RCVS [145]. The pathophysiology of RCVS and the
disturbance in the control of cerebrovascular tone is
likely to be multifactorial, dependent on vascular recep-
tor activity and sensitivity. This may explain the strong
association to sensory afferents from the first division of
the trigeminal nerve, cervical root (C2), female sex hor-
mones and autonomic nervous system especially when it
is exposed to vasoactive drugs [146]. Patients tend to be
middle-aged women but reports of all age groups are
present in the literature. The primary clinical manifesta-
tion is a thunderclap headache which tends to recur daily
and last for a period of around 2 weeks, often accopmpa-
nied by nausea, vomoting, photophobia, confusion and
blurred vision [145]. Most patients with RCVS recover
without sequelae; however, relapse has been reported in a
small proportion of patients [145]. The potential compli-
cations of RCVS include seizures, posterior reversible
leukoencephalopathy, hemorrhagic events whithin the
first week as localized convexity nonaneurysmal SAH,
intracerebral hemorrhage and ischemic events during the
second week including transient ischemic attacks and
cerebral infarction [147]. Magnetic resonance imaging
including angiography and venography and lumbar
punctures are the studies of choise, whereas catheter an-
giography should not be implemented routinely [147].
Transcranial ultrasound should be used to follow the
course of cerebral arerial vasospasm [148]. Patients with
a flow velocity of the middle cerebral artery greater than
120 cm/s have a greater risk of ischemic complications
than those without. Open-label trials showed calcium
channel blockers, such as nimodipine may be an effective
treatment in prevention of thunderclap headache attacks
[149]. A commonly reported regimen consists of an ini-
tial intravenous administration of nimodipine at a rate of
1 - 2 mg/h, followed by an oral regimen (30 - 60 mg
every 4 h) tapered over the course of several weeks. The
optimal duration of treatment is unclear. In severe cases,
intra-arterial therapy may be considered. The use of in-
tra-arterial nimodipine, papaverine or the phosphodi-
esterase inhibitore milrinone has been reported with
googd results, although experience is limited to case re-
ports [150-152].

10. Recomendations and Conclusion

On the basis of the review of the most recent literature,
there is increasing evidence that treatment of CVS alone
does not prevent DCI and consecutive poor outcome.
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Despite the considerable number of studies, a convincing
breakthrough has not been achieved. Oral nimodipine
remains the only evidence-based pharmacological treat-
ment. The most important recent findings are the nega-
tive results of the CONSCIOUS studies underlining the
fact that prophylaxis and treatment of morphologic CVS
alone might not be sufficient. A couple of newer treat-
ment concepts are in evaluation. Further understanding
and therapeutic approaches addressing mechanisms of

endothelial dysfunction, microcirculation dysfunction,
inflammation, platelet activation and microthrombi for-
mation are warranted. Promising agents in trials are cur-
rently, nicardipine prolonged release implants placed
intra-op in the cisterns, the selective endothelin 1A re-
ceptor antagonist clazosentan and the routine use of stat-
ins (simvastatin 80 mg/d, pravastatin 40 mg/d). Consid-
ering the numerous treatments and the extensive litera-
ture about different agents and techniques that were

Table 1. Reference guide for the management of vasospasm in patients with SAH. Abbreviations: CCB: Calcium channel
blockers, CI: cardiac index, DIND: delayed ischemic neurologic deficit, NS: normalsaline, PCWP: pulmonary capillary
wedge pressure, SBP: systolic blood pressure, SVP: systemic venous pressure, TCD: trancranial Doppler.

Condition

Management

No vasospasm
Clinically intact
Normal TCD

Normotension SBP >120 mmHg or 30% above baseline

Post clipping/coiling

Untreated aneurysma

Subclinical vasospasm
No DIND
High TCDs (>200 cm/sec)

Radiographic evidence

Post clipping/coiling

Untreated aneurysma

Clinical Vasospasm
DIND

High TCDs

Radiographic vasospasm

Post clipping/coiling

Normal SVP (8 - 14 cm H20)
Fluid: NS 200 ml/hr
CCB: nimodipine 60 mg po q 4hrs
or 30 pg/kg/h
Normotension SBP 120 - 140 mmHg
SVP 6 - 10 cm H20
CCB as above

Tripple-H Therapy
Maintain SBP 160 - 180 mmHg
PCWP 12 - 14 mmHg
CI 5 L/min/m’

Fluid: NS + colloid 200 - 250 ml/h
Het 30% - 35%

CCB
Maintain SBP 120 - 140 mmHg
PCWP 10 - 14 mmHg
CI3.5- 4.5 L/min/m’
CCB

Tripple-H Therapy
Increase SBP to reverse DIND
PCWP 12 - 16 mmHg

Refractory cases: consider angioplasty with or without intraarterial agents

Untreated aneurysma

CCB
Maintain SBP 120 - 140 mmHg
PCWP 12 - 14 mmHg
CI 3.5 - 4.5 L/min/m’
CCB

Copyright © 2013 SciRes.
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studied until now in the literature we created the follow-
ing reference guide about the recommended management
of vasospasm after aneurysmatic SAH (Table 1).
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