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Abstract

Objectives: Cerebral vasospasm is one of the leading causes of morbi-mortality following
aneurysmal subarachnoid hemorrhage. The aim of this article is to discuss the current status
of vasospasm therapy with emphasis on endovascular treatment. Methods: A comprehensive
review of the literature obtained by a PubMed search. The most relevant articles related to
medical, endovascular and alternative therapies were selected for discussion. Results: Current
accepted medical options include the oral nimodipine and ‘triple-H' therapy (hypertension,
hypervolemia and hemodilution). Nimodipine remains the only modality proven to reduce the
incidence of infarction. Although widely used, ‘triple-H’ therapy has not been demonstrated
to significantly change overall outcome after cerebral vasospasm. Indeed, both induced hy-
pervolemia and hemodilution may have deleterious effects, and more recent physiologic data
favor normovolemia with induced hypertension or optimization of cardiac output. Endovas-
cular options include percutaneous transluminal balloon angioplasty (PTA) and intra-arterial
(IA) infusion of vasodilators. Multiple case reports and case series have been encountered in
the literature using different drug regimens with diverse mechanisms of action. Compared
with PTA, IA drug infusion has the advantages of distal penetration and a better safety profile.
Its main disadvantages are the more frequent need for repeat treatments and its systemic
hemodynamic repercussions. Alternative options using intraventricular/cisternal drug therapy
and flow augmentation strategies have also shown possible benefits; however, their use is not
yet as well established. Conclusion: Blood pressure or cardiac output optimization should be
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the mainstay of hyperdynamic therapy. Endovascular treatment appears to have a positive
impact on neurological outcome compared with the natural history of the disease. The role
of intraventricular therapy and flow augmentation strategies in association with medical and
endovascular treatment may, in the future, play a growing role in the management of patients
with severe refractory vasospasm. © 2013 S. Karger AG, Basel

Introduction

Cerebral vasospasm is a delayed and self-limited condition that may occur when cerebral
vessels are exposed to blood in the subarachnoid space (subarachnoid hemorrhage, SAH),
usually after aneurysmal rupture. It typically occurs 4-14 days after the SAH, with a peak
incidence between 6 and 10 days. Given that the vast majority of intracranial aneurysms are
located in the circle of Willis, the large proximal vessels are the ones most frequently affected
by vasospasm. The volume, density and prolonged presence of subarachnoid blood are
important predictors of vasospasm [1, 2]. The concept of cerebral vasospasm after SAH was
first introduced in 1951 by Ecker and Riemenschneider [3]. Along with the intravascular
volume depletion and impaired cerebral autoregulation commonly seen after aneurysmal
SAH (aSAH), vasospasm contributes to decreasing cerebral blood flow (CBF), resulting in
delayed ischemic injury. Indeed, vasospasm constitutes one of the most common treatable
causes of morbidity and mortality following aSAH. Approximately 70% of aSAH patients will
demonstrate angiographic evidence of vasospasm; however, only 40% will have clinical
symptoms, and approximately 30% will have delayed ischemic injury. Up to 20% of patients
will die or have severe deficits as a result of vasospasm [1, 2, 4-28].

Pathological Findings in SAH-Induced Cerebral Vasospasm

In the setting of SAH, the term ‘vasospasm’ implies a complex condition that evolves way
beyond the simple constriction of the pial vessels. Pathological specimens have demonstrated
smooth muscle and myofibroblast proliferation with cellular necrosis and remodeling. Intimal
hyperplasia, collagen deposition and fibrosis have also been described. In addition, intralu-
minal platelet aggregation with microthrombus formation, arterial thrombosis and distal
embolization may be encountered [29-32].

Medical Therapy in SAH-Induced Cerebral Vasospasm

The primary aim of prophylactic and therapeutic vasospasm management is to optimize
CBF in order to prevent delayed cerebral ischemia. Current accepted options include the oral
calcium channel blocker nimodipine and hyperdynamic therapy.

‘Triple-H’ Therapy and the Novel Concepts of Hyperdynamic Therapy

Although widely used, ‘triple-H’ therapy (hypertension, hypervolemia and hemodilution)
has not yet been demonstrated to significantly change the overall prognosis for cerebral vaso-
spasm. Moreover, there is no good evidence from randomized controlled studies of a benefit
of ‘triple-H’ or its separate components to support any improvement in either CBF or clinical
outcomes in SAH patients [33, 34]. Egge et al. [35] randomized 32 aSAH patients to receive
either normovolemia (n = 16), defined as neutral fluid balance without any hypertensive
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therapy, or ‘triple-H’ therapy (n=16), defined as a central venous pressure (CVP) goal of 8-12
cm H;0, a venous hematocrit of 30-35%, and a mean arterial pressure (MAP) >20 mm Hg
higher than preoperative values. Significant differences were achieved for MAP, CVP and
hematocrit. There were no differences in the incidence of clinical or transcranial Doppler
(TCD) vasospasm, CBF (SPECT) measurements, or long-term outcomes (Glasgow Outcome
Scale score at 1 year) between the two groups. However, the hospitalization costs were higher
and complications were more frequent for the ‘triple-H’ therapy group.

Hypervolemia

In a small randomized controlled trial, Lennihan et al. [36] randomly assigned 82 patients
to receive isotonic crystalloid and 5% albumin solution every 2 h to maintain either normal
(n = 41) or elevated (n = 41) cardiac filling pressures from the day after aneurysm clipping
until SAH day 14. CBF (33Xe clearance) was measured before randomization and approxi-
mately every 3 days thereafter. There was no difference in mean global CBF or minimum
regional CBF between the two treatment groups. Symptomatic vasospasm occurred in 20% of
the patients in each group. The authors concluded that prophylactic hypervolemia therapy is
unlikely to confer an additional benefit over euvolemia [36]. More recent data also suggest that
induced hypervolemia is an ineffective approach and may actually be detrimental [34, 35, 37].

Hemodilution

Despite the theoretical advantages related to its beneficial rheologic effect on CBF, hemo-
dilution appears to be detrimental and has been shown to reduce oxygen delivery capacity
and increase the volume of ischemic areas in the brain [38]. Conversely, higher hemoglobin
levels have been shown to be associated with decreased rates of cerebral infarction, poor
outcome and death after SAH [39]. Notably, blood transfusion has been associated with
increased rates of angiographic vasospasm, cerebral ischemia and worse functional outcomes
in SAH patients [39, 40].

Hypertension

Raabe et al. [41] performed a retrospective review of 45 patients with periods of hyper-
volemia, moderate induced hypertension or aggressive hypervolemic hypertension. Hyper-
volemia was associated with increase in brain oxygenation during 3/25 intervals (12%) and
complications in 9 patients (53%). Aggressive hypervolemic hypertension was associated
withincrease in brain oxygenation during 6/10 intervals (60%) and complicationsin 5 patients
(50%). Moderate induced hypertension was associated with increase in brain oxygenation in
50/55 periods (90%), with complications occurring in 3 patients (8%) [41]. Muench et al. [42]
performed a prospective observational study on 10 Fisher III SAH patients treated with
surgical clipping for anterior circulation aneurysms. Patients with heart failure, electrocar-
diogram abnormalities, pulmonary complications and renal insufficiency were excluded. The
patients received external ventriculostomy and microprobes to measure subcortical regional
CBF and brain tissue oxygenation into the vascular territory at risk for developing vasospasm.
Stable xenon CT was performed to validate the regional CBF measurements. Vasospasm was
screened by TCD and confirmed by xenon CT and angiography. Induced hypertension and
hypervolemia had a statistically significant impact on intracranial pressure (ICP). However,
ICP elevation was clinically not relevant, since it could be treated by cerebrospinal fluid (CSF)
drainage. Cerebral perfusion pressure increased as MAP was elevated by vasopressors. Signif-
icantincreases in CBF were seen with both normovolemic induced hypertension and ‘triple-H’,
but not with hypervolemic hemodilution. However, patients undergoing normovolemic
induced hypertension were the only ones to show a significant increase in brain tissue oxygen-
ation [42]. These data suggest that moderate hypertension (cerebral perfusion pressure
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80-120 mm Hg) in a normovolemic patient is an effective method of improving cerebral
oxygenation and is associated with a lower complication rate as compared with hypervolemia
or aggressive hypervolemic hypertensive therapy. Notably, the prophylactic use of induced
hypertension has been associated with development of vasospasm in SAH patients [43].
Therefore, induced hypertension should probably only be instituted once the diagnosis of
vasospasm has been made by clinical, sonographic or imaging criteria.

Cardiac Output Augmentation

Cardiac output optimization with dobutamine has been shown to reverse flow deficits
from SAH-induced vasospasm independent of blood pressure, and this approach may be safer
and better tolerated than induced hypervolemia or pharmacological blood pressure augmen-
tation with phenylephrine. Joseph et al. [44] studied 16 patients with SAH-induced vaso-
spasm who were treated with hypervolemia, phenylephrine to increase MAP, or dobutamine
to increase cardiac output. Only one variable (CVP, MAP or cardiac output) was manipulated
in each patient. Direct CBF measurements were obtained by xenon CT before and after
treatment. Phenylephrine was associated with an increase in mean MAP from 102.4 to 132.1
mm Hg and an increase in mean CBF in the vasospasm area from 19.2 to 33.7 ml/100 g/min.
Dobutamine was associated with an increase in mean cardiac index from 4.1 to 6.0 1/min/m?
and an increase in mean CBF in the vasospasm area from 24.8 to 35.4 ml/100 g/min. Hyper-
volemia was associated with an increase in mean CVP from 5.4 to 7.3 cm H,0 and no changes
in mean CBF [44]. Kim et al. [45] retrospectively compared 174 SAH patients treated with
hypervolemia (CVP goal: >8 mm Hg) and hypertension (MAP goal: 110-130 mm Hg) with 279
patients treated with normovolemic (wedge pressure: 10-14 mm Hg) optimization of cardiac
output (index: >4.5 1/min/m?) and moderate blood pressure elevation (MAP >100 mm Hg).
Statistically significantly lower rates of pulmonary edema (14 vs. 6%), sepsis (14 vs. 6%) and
mortality (34 vs. 29%) were seen in the cardiac output augmentation group [45].

In summary, ‘triple-H’ therapy is associated with significant risks including cardiac failure,
electrolyte abnormalities, cerebral edema, bleeding diathesis from dilution of clotting factors,
and other unknown risks such as the potential rupture of unsecured unruptured aneurysmes.
Therefore, prophylactic hemodynamic therapy needs further study before it can be routinely
advocated [46]. There is a paucity of well-designed studies regarding the safety and efficacy of
hyperdynamic therapy, but emerging physiologic data suggest that the institution of normo-
volemic induced hypertension or cardiac output augmentation while avoiding hypervolemic
hemodilution may be the best and safest approach to increase CBF after SAH [34].

Pharmacological Therapy

Nimodipine is the only treatment modality that has been shown systematically to improve
outcome in aSAH patients. However, oral nimodipine only reduces the incidence of vaso-
spasm-induced cerebral infarction by 34% and the rate of poor outcomes in aSAH by 40%
[47]. A randomized trial has shown that continuous intravenous infusion of high-dose nicar-
dipine (0.15 mg/kg/h) significantly decreases the incidence of symptomatic, angiographic
and TCD vasospasm. However, the overall efficacy of this regimen has been limited by
prolonged hypotension, pulmonary edema and renal dysfunction, and a positive impact on
SAH outcomes could not be established [48]. A subsequent randomized trial showed that
low-dose nicardipine (0.075 mg/kg/h) treatment is associated with a virtually equivalent
benefit in terms of vasospasm prevention but with fewer side effects [49]. Another placebo-
controlled double-blind trial has demonstrated that intravenous fasudil, a protein kinase
inhibitor, results in a significant reduction in the incidence of angiographic vasospasm, CT
hypodensities associated with vasospasm, and symptomatic vasospasm, as well as in the
number of patients with a poor clinical outcome associated with vasospasm without any

KARGER

33



Intervent Neurol 2013;2:30-51

DOI: 10.1159/000354755 © 2013 S. Karger AG, Basel
www.karger.com/ine

Dabus et al.: Current Options for the Management of Aneurysmal Subarachnoid
Hemorrhage-Induced Cerebral Vasospasm: A Comprehensive Review of the Literature

serious adverse events [50]. Initial trials with intravenous infusion of magnesium sulfate [51]
and endothelin receptor antagonists [52] showed promising results. However, more recent
data from larger phase III randomized trials do not support the use of either approach [53,
54]. Statin therapy has been used in many centers; however, the beneficial effect of statins on
patients with aneurysmal SAH remains largely controversial [55]. Early clot removal [56],
lumbar CSF drainage [57] and cisternal irrigation with vasodilators and/or thrombolytics
[58, 59] have also been proposed.

Endovascular Therapy in SAH-Induced Cerebral Vasospasm

Medical treatment is usually the initial step when clinical vasospasm is suspected. It is
usually performed by administration of intravenous fluids, albumin, inotropic agents and
vasopressors. Unfortunately, however, vasospasm is often refractory to these interventions.
Moreover, many patients do not tolerate ‘triple-H’ therapy, usually due to cardiac and
pulmonary complications including myocardial ischemia, congestive heart failure and
pulmonary edema. For these patients, early endovascular treatment appears to be the best
alternative [17, 18, 36, 60-62]. The most common modalities used in the endovascular
treatment of cerebral vasospasm are mechanical dilatation with balloon angioplasty, phar-
macological dilatation with intra-arterial (IA) drug infusion, or a combination of both.

Percutaneous Transluminal Balloon Angioplasty

Treatment of vasospastic vessels by percutaneous transluminal balloon angioplasty
(PTA) was first introduced in 1984 by Zubkov et al. [63]. The adoption of this technique has
steadily increased over the last decades with the advent of improved balloon technology and
the growth of interventional neuroradiology as a specialty. Multiple case series have now
been published demonstrating the efficacy and safety of balloon angioplasty. Although this
treatment modality has never been subjected to controlled randomized trials, the reported
neurological improvementrates have been as high as 90%, which is far better than the natural
history of the disease.

The effects of transluminal angioplasty on CBF have been studied with xenon-enhanced
CT. In this series, all patients had an improvement on CBF after angioplasty, and 92% demon-
strated neurological improvement [64]. Although the ideal timing for the treatment of patients
with symptomatic vasospasm still remains a matter of debate, there is a strong indication that
the sooner these patients are aggressively treated, the better the chances for improved
outcome. Rosenwasser et al. [65] studied 93 patients who underwent endovascular
management of clinical vasospasm that was medically refractory. They observed that the
group that underwent endovascular management within a 2-hour window after the devel-
opment of symptoms demonstrated sustained clinical improvement compared with the
group treated after a 2-hour window. The authors then concluded that a 2-hour window may
exist for restoration of blood flow to ultimately improve a patient’s outcome [65].

The exact mechanisms underlying the responses to PTA in humans remain to be fully
defined. Indeed, most of the current understanding about the pathophysiology of PTA in
cerebral vasospasm is derived from animal models of SAH. Canine models have demonstrated
complex morphological changes in the dilated vessels, including: flattening of the endothelial
cells; straightening, thinning and occasional rupturing of the internal elastic lamina; and
straightening and crowding of smooth muscle cells in the tunica media. In addition, an imme-
diate functional impairment of vascular smooth muscle has been documented via impaired
responses to pharmacological agents. These functional and morphological changes are mostly
resolved 3 weeks after transluminal balloon angioplasty [66, 67]. A primate model of experi-
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mental cerebral vasospasm has shown similar morphological changes after PTA, including:
endothelium denudation with platelet coverage; stretching and focal dehiscence of internal
elastic lamina; and deformed and irregularly arranged myocytes in media [68]. Human post-
mortem studies after treatment with PTA for aSAH-induced vasospasm have shown
compression of the connective tissue, stretching of the internal elastic lamina, and a combi-
nation of compression and stretching of the smooth muscle of the dilated arteries [69, 70].
Torn and thinned areas of the wall and intramural hemorrhages have also been documented
and were theoretically caused by overinflation [70]. Thus, the main mechanism underlying
the long-lasting effects of PTA appears to be related to the stretching and disruption of both
the degenerative muscle and the proliferative nonmuscle components, mainly in the media
of the vasospastic arteries.

Balloon angioplasty is usually limited to the proximal vessels (>2-3 mm), predominantly
the supraclinoid internal carotid artery, the M1 and proximal M2 segments of the middle
cerebral artery, the A1 segment of the anterior cerebral artery, the P1 segment of the posterior
cerebral artery, and the basilar artery. Distal vessel balloon angioplasty is typically not
feasible. Vessel tortuosity, averting endovascular navigation, is another potential limitation.
The results of balloon angioplasty tend to be more durable than those seen with pharmaco-
logical treatment; however, angioplasty is associated with several potential complications
such as reperfusion injury, embolism, thrombosis, displacement of surgical clips and vessel
rupture. In a review by Hoh and Ogilvy [74], balloon angioplasty had an approximately 5%
risk of major complication, including an approximate 1% risk of vessel perforation/rupture,
which is usually fatal [17, 18, 63, 71-76]. Recently, some authors described the occurrence of
delayed stenosis after angioplasty [77, 78]. Although uncommon, recurrence of vasospasm
after angioplasty may also occur [79].

Jestaedt et al. [80] studied the efficacy of PTA for the treatment of severe angiographic
vasospasm in 38 patients (>70% vessel narrowing). In their analysis, infarction after PTA
occurred in only 4/57 middle cerebral artery territories (7%) that had been treated with PTA
as compared with 23/61 (38%) anterior cerebral artery territories not subjected to PTA (p <
0.001). There were 3 procedure-related complications (1 asymptomatic) including 1
dissection and 2 temporary vessel occlusions [80].

Another recent analysis of a prospective database of 75 patients treated with 85 PTA
procedures demonstrated favorable safety data with no vessel rupture or perforation.
However, thromboembolic complications occurred in 4/85 procedures (4.7%). The technical
success rate by vessel treated was: distal internal carotid arteries, 100%; proximal middle
cerebral arteries, 94%; vertebral arteries, 73%; basilar arteries, 88%; and anterior cerebral
arteries, 34%. Follow-up angiography showed severe recurrent vasospasm in only 15 (13%)
of 116 vessels studied after PTA [79].

The Balloon Prophylaxis of Aneurysmal Vasospasm study [81] was a phase Il multicenter,
randomized clinical trial comprising 170 Fisher grade III SAH patients who underwent 1:1
randomization to PTA within 96 h after ictus. Incidence rates of delayed ischemic neurologic
deficits were lower in the PTA group, although this did not reach statistical significance (p =
0.30). The authors also claimed that PTA resulted in an absolute risk reduction of 5.9% and a
relative risk reduction of 10.4% in unfavorable outcomes, but again this was not statistically
significant (p = 0.54). The length of stay in intensive care units and hospitals was similar in both
groups. Four patients had procedure-related vessel perforations, of which 3 patients died [81].

[A Pharmacological Therapy

Pharmacological dilatation with IA drug infusion has the advantages of more distal pene-
tration in the cerebral arterial system and a better safety profile. In addition, it is easier to
perform, and in many cases drug administration can be performed through a diagnostic
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catheter positioned in the internal carotid or vertebral arteries. Since the final effect of these
drugs is vascular relaxation and vasodilatation, hypotension and increase in ICP are important
potential drawbacks of this treatment modality. Recurrent vasospasm with the necessity of
multiple treatments is another important disadvantage.

We now discuss the rationale, indications and potential complications of endovascular
pharmacological treatment of cerebral vasospasm as well as the medications used, their
mechanisms of action and the results available in the literature.

Papaverine

A papaverine infusion was first described as a treatment modality for cerebral vaso-
spasm in 1992 [82, 83]. Papaverine is a benzylisoquinoline alkaloid derived from opium. It is
a potent nonselective vasodilator and its effect is believed to result from inhibition of cyclic
adenosine monophosphate (cAMP) and cyclic guanosine monophosphate phosphodies-
terases in the smooth muscle, as well as from blockage of calcium ion channels in the cell
membrane, resulting in vasodilation by inhibition of smooth muscle contraction. The active
half-life of papaverine in humans has not been clearly defined; however, in canine vasospasm
models it has been shown to be <1 h [18, 82-84].

Multiple series have suggested that IA papaverine reverses cerebral vasospasm angio-
graphically, on TCD as well as clinically. In this setting, papaverine has also been shown to
improve CBF, cerebral circulation time and cerebral oxygenation [8,10, 17, 18, 72, 82-95]. Kaku
etal. [82] performed superselective I1A infusion of 0.2% papaverine hydrochloride in 37 vascular
territories of 10 patients with symptomatic vasospasm. Thirty-four of the 37 vascular terri-
tories were successfully dilated, and 8/10 patients showed improvement in neurological
function after the procedure. There were no serious side effects. Kassell et al. [83] reported a
series of 12 patients who were treated with IA papaverine. Eight patients had marked angio-
graphic reversal of the arterial narrowing following papaverine infusion. Four patients showed
dramatic reversal of profound neurological deficits. Two patients demonstrated severe
recurrent vasospasm. Two patients developed focal neurological deficits during papaverine
infusion, which resolved spontaneously over several hours after cessation of the infusion. In a
literature review performed by Hoh and Ogilvy [74], transient clinical improvement was found
in 43% of the patients treated. Vajkoczy et al. [8] prospectively studied the regional CBF during
and after IA papaverine infusion by quantitative, bedside thermal diffusion flowmetry on 8
patients with vasospasm after aSAH. Reversal of cerebral hypoperfusion was demonstrated;
however, it only lasted approximately 3 h. This short-term effect associated with recurrent
vasospasm often requires many repeat treatments. Firlik et al. [96] analyzed 15 consecutive
patients with aSAH in whom papaverine was employed for the treatment of symptomatic vaso-
spasm. All patients exhibited delayed ischemic neurologic deficits, focal cerebral hypoperfusion
on stable xenon-enhanced CT CBF studies, and angiographically defined arterial narrowing.
The vessel caliber improved immediately following treatment on 18/23 occasions. The asso-
ciated clinical improvement was major on 6 occasions, and either minor or nonexistent on 17.
Theauthors concluded that, although IA papaverineresultedin the reversal of arterial narrowing
in the majority of cases (78%), this angiographic improvement was associated with CBF
augmentation in only 46% of the cases and with major clinical improvement in only 26% [96].
The concentration of the infusion may also influence its response. Sawada et al. [97] evaluated
the effect of intra-arterially infused papaverine solutions of various concentrations on cerebral
vasospasm following SAH. In a group of patients who received a 0.4% (80 mg/20 ml) IA papav-
erine infusion overa 10-min period, 24 vascular territories (80%) were successfully dilated and
7 patients (44%) showed a marked reversal of neurological deficits, suggesting that this was a
beneficial regimen. Conversely, transient focal neurological deficits were seen in 44% of the
patients who received a high-concentration (0.8-2%) IA papaverine infusion [97].
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Increases in ICP are well reported with IA infusion of papaverine [7, 10, 17, 72, 86, 92].
Sustained ICP elevation following papaverine administration may be associated with poor
outcome [7]. This side effect is likely related to increase in CBF and venous capacitance from
diffuse vasodilatation. ICP monitoring is therefore recommended. Cross et al. [86] demon-
strated that patients with a baseline ICP below 15 mm Hg were less likely to have a significant
increase in ICP with papaverine treatment. Interestingly, Elsayed et al. [10] reported an
increase in intracranial venous diameters following IA papaverine, but it did not correlate
with changes in ICP. Other reported complications include cardiac side effects, thrombocyto-
penia, hypotension, neurological deficits, loss of visual acuity, mydriasis and paradoxical
worsening of vasospasm. Papaverine crystals may also precipitate when mixed with contrast
or heparin, increasing the risk of distal embolism [84, 85, 87, 92, 98, 99]. Smith et al. [9]
published on a series of 5 patients with angiographic vasospasm who experienced sustained
neurological deterioration and selective diffusion-weighted MRI changes in the gray matter
following chlorobutanol-preserved papaverine infusion. The authors postulate that these
changes more likely represent a direct and permanent neurotoxic effect of papaverine than
of chlorobutanol. A recent report suggests that papaverine disrupts the blood-brain barrier,
resulting in contrast extravasation and possibly facilitating brain damage [100]. With the
advent of newer medications, carrying a better side effect profile and presumably improved
efficacy, the use of papaverine has largely declined over recent years.

Amrinone

Amrinone is a cAMP phosphodiesterase-specific inhibitor (phosphodiesterase III
isoenzyme) and, as aresult, itincreases the level of intracellular cAMP. It has positive inotropic
and vasodilatory activity, being used for congestive heart failure management. Its IA use for
treatment of cerebral vasospasm was reported by Yoshida et al. [13] in 1996. They reported
2 cases of symptomatic vasospasm refractory to 1A infusion of papaverine. Both patients had
neurological improvement immediately after the procedure. An increase in CBF was demon-
strated by xenon CT in both cases. Transient hypotension requiring dopamine infusion
occurred in 1 patient.

Milrinone

Milrinone is a bipyridine methyl carbonitrile analog to amrinone with positive inotropic
and direct vasodilatory activity. It selectively inhibits cAMP-specific phosphodiesterase III
isoenzyme in the cardiac and vascular muscle [14]. Vasodilatation occurs due to an increase
in cAMP levels in the smooth muscle, facilitating calcium uptake into the sarcoplasmatic
reticulum, reducing the amount of calcium available for contraction and thereby reducing
vascular tone [14, 101]. Milrinone has a half-life of approximately 50 min [14]. It has been
used effectively for prevention of chronic cerebral vasospasm in a canine model [102].

Arakawa et al. [14] reviewed 7 patients with symptomatic vasospasm on whom IA and
subsequently intravenous administration of milrinone was performed. Milrinone was admin-
istered intra-arterially at a concentration of 0.25 mg/ml and at a rate of 1 ml/min to a total
dose that ranged from 5 to 15 mg. An intravenous infusion was then started at 0.5 or 0.75 pg/
kg/min and kept for up to 2 weeks from the onset of SAH. Satisfactory dilatation was achieved
in all patients, with a mean increase in vessel diameter of up to 78%. Ipsi- and contralateral
increases in CBF were noted. Three patients had recurrent vasospasm despite continuous
intravenous milrinone infusion. There was no significant change in blood pressure or heart
rate. Neurological improvement was seen in 58.3% of the patients after treatment [14].

Recently, two studies have also shown that IA milrinone appears to be safe and effective
in the treatment of SAH-induced vasospasm [103, 104]. Fraticelli et al. [103] studied the
effects of IA milrinone (8-24 mg) followed by intravenous milrinone infusion in 22 patients

KARGER

37



Intervent Neurol 2013;2:30-51

DOI: 10.1159/000354755 © 2013 S. Karger AG, Basel
www.karger.com/ine

Dabus et al.: Current Options for the Management of Aneurysmal Subarachnoid
Hemorrhage-Induced Cerebral Vasospasm: A Comprehensive Review of the Literature

a N

—
v

Fig. 1. Angiograms of a 53-year-old gentleman who developed acute neurological symptoms (mental status
changes and right hemiparesis) on post-SAH day 6 after a left posterior communicating artery aneurysm
rupture. a A left internal carotid artery angiogram was performed, demonstrating severe proximal and distal
vasospasm in the middle cerebral, anterior cerebral and posterior communicating arteries (arrows). IA ni-
cardipine infusion was started and 15 mg of nicardipine were administered through the guide catheter. How-
ever, the patient developed refractory hypotension and the nicardipine was stopped; 5 mg of milrinone was

then infused intra-arterially to complete the treatment. b Posttreatment image demonstrating near-com-
plete reversal of the angiographic vasospasm (arrows).

with cerebral vasospasm. The results showed a significant increase in vessel caliber and
moderate increase in heart rate with no significant change in arterial pressure. Further
treatment was necessary in 5 patients due to vasospasm recurrence within 48 h after the
initial procedure. Notably, continuous cisternal irrigation of milrinone has also been success-
fully used in the prevention of aSAH-induced vasospasm [105].

Milrinone has been used in our department to treat patients with poor tolerability to [A
nicardipine (fig. 1). We also found that the combination of nicardipine and milrinone is well
tolerated and appears to have a synergistic effect, since these medications have different
mechanisms of actions [106].

Verapamil

Verapamil is a phenylalkylamine (non-dihydropyridine) calcium channel blocker that
acts in the smooth muscle cells reducing the influx of calcium producing vasodilation. It is
known to suppress automaticity in the sinoatrial node and conduction in the atrioventricular
node. Of note, verapamil also has negative cardiac inotropic effects, which is an untoward
effect in patients with cerebral vasospasm [17, 18, 44].

Low-dose IA verapamil infusion has been successfully used to treat coronary vasospasm
refractory to nitroglycerin treatment [107]. Verapamil has also been advocated for the
treatment/prevention of mechanically induced vasospasm [11]. Joshi et al. [108] demon-
strated that IA administration of verapamil increases CBF as a linear function of cerebral
artery pressure. The authors postulated that IA infusion of vasodilators may augment CBF
during acute cerebral hypotension. Experiments in animal models suggest that the vasodi-
latory response to verapamil is dose dependent, stabilizing after 15-30 min [109].

Feng et al. [11] conducted a retrospective review of 34 procedures on 29 patients who
received IA verapamil infusion for the treatment of aSAH-induced vasospasm. Verapamil was
administered in three settings: (1) before balloon angioplasty to prevent catheter-induced
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vasospasm; (2) for treatment of mild vasospasm; and (3) for treatment of moderate-to-severe
vasospasm that could not be treated by angioplasty. In the first two settings, up to 2 mg of
verapamil were infused intra-arterially. In the third setting, the patients received higher doses
of verapamil. The average dose of verapamil per patient was 3 mg. No significant changes in
blood pressure or heart rate were observed. The patients showed no signs of increased ICP by
hemodynamic parameters, neurologic examination or CT of the head; however, direct ICP
monitoring was not performed in this study. Four patients with severe vasospasm received
4-8 mg of verapamil infused through the internal carotid artery over 30 min. These 4 patients
did not experience any precipitous changes in hemodynamics or signs of elevated ICP,
suggesting that higher doses could be safe. Angiographic assessment of IA verapamil infusion
was performed on only 10 occasions and showed an approximately 44% increase in vessel
diameter in the spastic segment. Neurologic improvement was noted after 5/17 procedures
when verapamil was used as the sole treatment [11]. Mazumdar et al. [12] studied the change
in intracranial arterial diameters following IA verapamil infusion as vasospasm treatment.
Eighteen treatments were examined in 15 patients. Baseline arterial measurements were
made on each patient’s initial angiogram and on the angiogram demonstrating spasm prior to
endovascular therapy. The doses of verapamil ranged from 2.5 to 10 mg (mean: 7.4 mg) and
administration time from 5 to 10 min. From the time of the initial angiogram to the time of
vasospasm treatment there was a 21.6% decrease in proximal artery diameter, a 47.1%
decrease in intermediate artery diameter, and a 12.4% decrease in distal artery diameter.
After 1A verapamil infusion, the proximal vessels showed a 1.1% decrease in diameter, the
intermediate vessels showed a 9.4% increase, and the distal vessels showed a 3.3% decrease.
Six of the 15 patients demonstrated neurological improvement within 24 h. There were no
significant changes in blood pressure or ICP in relation to the treatment in 14 /15 patients. One
patient had systemic hypotension that resolved after the verapamil infusion was stopped [12].
Higher doses of verapamil have also been safely used [110, 111]. Keuskamp etal. [111] studied
10 patients who underwent 12 procedures in which 20 mg or more of 1A verapamil was used,
and they demonstrated no statistically significant changes in MAP, ICP or heart rate but signif-
icant improvement in the degree of vasospasm. Recently, Albanese et al. [110] reported the
use of extremely high doses of 1A verapamil (average dose per vessel: 164 mg; range of total
dose per treatment: 70-720 mg). The results showed that changes in blood pressure and ICP
were transient and reversible within minutes after stopping the infusion. It has also been our
experience that patients tolerate higher doses of IA verapamil (20-50 mg total dose) with a
mild and rapidly reversible decrease in blood pressure and a minimal increase in ICP.

Nimodipine

Nimodipine is a dihydropyridine calcium channel antagonist that blocks the influx of
extracellular calcium into L-type voltage-gated calcium channels. Nimodipine appears to
reduce smooth muscle contraction and decrease the release of vasoactive substances from
the endothelium and platelets. It is also thought to have neuroprotective effects, preventing
calcium overload in ischemic neurons [4, 6, 112]. Potential complications include hypo-
tension, bradycardia, rash and diarrhea. Rare cases of refractory hypotension leading to
death have been reported with the intravenous use of nimodipine [113].

Both oral and intravenous nimodipine have been shown to decrease the incidence of
cerebral infarction and improve outcomes after aneurysmal and traumatic SAH [26, 61, 114,
115]. An experimental SAH model suggested that IA nimodipine might be more effective than
IA papaverine in promoting reversal of vasospasm [5]. Biondi et al. [6] studied the efficacy of
[Animodipine in preventing infarcts in 25 consecutive patients with symptomatic vasospasm.
Nimodipine was infused intra-arterially through a diagnostic catheter at a rate of 0.1 mg/min.
Overall, 30 procedures were performed with an intraprocedural mean decrease in systolic
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blood pressure of 18 mm Hg. Postprocedural clinical improvement and favorable outcomes
(modified Rankin Scale scores of 0-2) were seen in 76 and 72% of the patients, respectively
[6]. Of note, significant vessel dilatation was observed in only 43% of the cases, suggesting a
possible underlying effect in terms of neuroprotection and/or microcirculation. Hui and Lau
[4] studied another 9 patients who received 1A nimodipine for cerebral vasospasm treatment.
The average dose of nimodipine was 3.3 mg per vessel. The mean increase in diameter of the
vasospasticsegmentwas 66.6%. Eight patients had immediate clinical improvement following
treatment. Follow-up at 2 months demonstrated that 7 patients had sustained clinical
improvement. No significant changes in blood pressure or heart rate were noted. In a recent
study by Hanggi et al. [116], 26 patients received doses of IA nimodipine ranging from 0.8 to
3.6 mg. No angiographic improvement was seen in 8 patients; 6 patients experienced a tran-
sient reversible moderate decrease in blood pressure. There was 1 death 24 h after the
procedure due to an increase in ICP. The pooled results of perfusion for this group of patients
showed improved time to peak and mean transit time 1 day after the intervention; however,
the results were transient and 61% of the patients suffered additional infarct.

Nicardipine

Nicardipine is a dihydropyridine calcium antagonist that, similarly to nimodipine, blocks the
L-type voltage-gated calcium channels preventing the influx of extracellular calcium, which
would eventfully lead to muscle contraction. Nicardipine demonstrates more selectivity for
vascular smooth muscle cells than for cardiac muscle. Its half-life is approximately 40 min [16].
Unlike nimodipine, nicardipine has the advantage of parenteral administration in North America.

Initial dose escalation studies demonstrated that intravenous nicardipine resulted in
notable improvement in angiographic and symptomatic vasospasm ata dose of 0.15 mg/kg/h
[117]. A subsequent, prospective, multicenter, randomized, double-blind, placebo-controlled
study was conducted to determine the efficacy of high-dose intravenous nicardipine in the
prevention of vasospasm. Results from this and a second study with low-dose intravenous
nicardipine (0.075 mg/kg/h) demonstrated that the nicardipine-treated groups had a signif-
icantly lower incidence of symptomatic, angiographic and TCD vasospasm; however, this did
not translate into better outcomes [48, 49, 118]. Furthermore, each of these dosing schedules
was limited by prolonged hypotension, pulmonary edema and renal dysfunction.

More recent studies involving surgically implanted prolonged-release nicardipine pellets
[119] as well as cisternal [58] nicardipine infusion have shown promising results in the
prevention/treatment of SAH-induced vasospasm.

Badjatia et al. [16] reported their prospective experience with IA nicardipine in the
treatment of SAH-induced vasospasm. Forty-four vessels were treated in 18 patients.
Clinical, angiographic, TCD, blood pressure and ICP data were collected. All vessels treated
demonstrated angiographic improvement in the degree of vasospasm. The vessels that
were scanned by TCD demonstrated significant decreases in peak systolic velocity after
treatment. Neurological improvement was seen in approximately 42% of the patients after
treatment. ICP was transiently elevated in 5 patients and persistently elevated in 1 patient
(although this was likely the result of intraparenchymal hemorrhage from external
ventricular drain placement). There were no significant changes in blood pressure or signs
of pulmonary edema or renal dysfunction. Tejada et al. [120] used IA nicardipine (doses
ranging from 10 to 40 mg) to treat 11 patients (20 cases). The authors noted significant
clinical improvementin 10 of the 11 patients. Complications were seen in 4 cases, including
thromboembolism in 3 cases. A systolic blood pressure drop of >21% was observed in 50%
of the 8 cases for whom the systolic blood pressure was documented. No increase in ICP
was noted in this patient population. Linfante et al. [121] demonstrated results of signif-
icant improvement in vessel diameter (p < 0.001) following IA administration of nicar-
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dipine. The hemodynamic changes were apparently not related to the dose used. No change
in ICP was noted.

Hemodynamic changes following IA infusion of nicardipine, including significant decrease
in blood pressure and tachycardia, have frequently been seen [120-122]. In cases where
hemodynamic instability is a matter of concern, anesthesia support is usually necessary. In our
department, nicardipine is the medication of choice for the treatment of vasospasm. We can
currently draw on an experience of more than 200 patients treated. In our protocol, nicardipine
is mixed with normal sodium chloride solution (0.9% NacCl) to a concentration of 0.1 mg/ml
and infused intra-arterially through the diagnostic catheter after selective catheterization of
the internal carotid artery or vertebral artery. We reserve microcatheterization for anterior-
circulation cases where there is more selective vasospasm (e.g. severe middle cerebral artery
vasospasm without significant involvement of the anterior cerebral arterial vessels and vice
versa) or when there is a robust posterior communicating artery. The rationale for this
approach is to avoid unnecessary delivery of the drug to an unaffected territory. Total doses
of 10-30 mg are commonly used. We typically treat our patients with the support of an anes-
thesiologist for blood pressure management, and a ventriculostomy catheter is placed in all
cases for continuous ICP monitoring and optimization of cerebral perfusion pressure. In our
anecdotal experience, we have not had any significant and sustained ICP increases during the
procedure. Reflex tachycardia has been seen in some cases. The decrease in systolic blood
pressure is usually well controlled with vasopressors and very responsive when the infusion
is interrupted. Some patients with refractory hypotension, however, cannot tolerate increases
in vasopressor doses. In these cases, the nicardipine infusion is stopped and, if there still is
significant vasospasm seen, IA infusion of milrinone is considered. Balloon angioplasty is
another option in cases of proximal vasospasm. Even though nicardipine is a safe and effective
treatment, vasospasm recurrence requiring further treatment is not uncommon (fig. 2).

To further evaluate the efficacy of this treatment, we performed first-pass quantitative
cine-CT perfusion on 6 patients with aSAH and symptomatic vasospasm, immediately prior
to and then following IA administration of nicardipine [123]. In 5 of the 6 patients, both CBF
(p=0.00004) and mean transit time (mean decrease: 29%; p = 0.002) improved significantly
in the affected regions in response to nicardipine therapy. In 1 patient, we were unable to
quantify the improvement in flow parameters, due to slice selection differences between the
pre- and posttreatment examinations.

Fasudil Hydrochloride

Fasudil hydrochloride [hexahydro-1-(5-isoquinolinesulfonyl)-1H-1,4-diazepine hydro-
chloride] is a potent vasodilator with relative specificity for the cerebral arteries. In contrast
to nimodipine and nicardipine, which are calcium entry blockers, fasudil inhibits the action
of the free intracellular calcium ion. Fasudil also inhibits myosin light-chain kinase, the final
common pathway of smooth muscle contraction, as well as protein kinase C, which increases
blood vessel contraction by activating actin through phosphorylation of calponin. Fasudil and
its active metabolite, hydroxyfasudil, effectively inhibit Rho kinase, which has been shown to
be involved in the development of cerebral vasospasm [20, 21, 50]. A significant reduction in
angiographic (38vs. 61%) and symptomatic vasospasm (35vs.50%) as wellasin CT hypoden-
sities (16 vs. 38%) and poor clinical outcome (12 vs. 26%) was seen in a prospective double-
blind trial in which 267 patients with aSAH were randomized to receiving intravenous fasudil
versus placebo for 14 days following surgical treatment [50].

Tachibana et al. [20] performed a pilot study to evaluate the safety of A infusion of fasudil
in 10 patients with angiographic vasospasm. Three of them were symptomatic. Overall 15 proce-
dures were performed and 24 arterial systems treated. One patient was treated 3 times and 2
patients were treated twice. The maximum dose used per procedure was 60 mg. Diffuse dila-
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Fig. 2. A 48-year-old lady who presented with Fisher grade III SAH (a). A CT angiogram was also performed,
showing the baseline right middle cerebral artery (MCA) caliber (b). The patient developed a very subtle left
pronator drift associated with an increase in TCD velocities in the right MCA on post-SAH day 4. A cerebral
angiogram was performed, demonstrating severe vasospasm (c). She was treated with IA infusion of 15 mg
of nicardipine through the right internal carotid artery, resulting in near-complete reversal of the vasospasm
(d). The following day the patient was neurologically intact, but the TCD value was again markedly elevated
in the right MCA territory. A CT angiogram and CT perfusion were performed, demonstrating a significant
recurrent vasospasm in the right MCA with an increased mean transit time in its territory (e, f). The patient
underwent a new angiogram, confirming severe vasospasm (g). She was successfully retreated with nicar-
dipine and milrinone (h). The patient remained asymptomatic in the following days and was discharged with
intact neurological and cognitive functions.

tation was seen in almost 60% of the cases. There was no difference in the degree of dilatation
between symptomatic and asymptomatic patients. Two of the 3 symptomatic patients had
neurological improvement; however, the third one progressed with a large stroke. There were
no embolic complications. The decrease in blood pressure was never greater than 20 mm Hg.

More recently, Tanaka et al. [21] reported their results on 23 patients that underwent IA
fasudil infusion for the treatment of symptomatic vasospasm. Thirty-four procedures were
performed. The doses used ranged from 15 to 45 mg (mean: 22.9 mg). The medication was
diluted in 20 ml of saline and infused at a rate of 1.5 mg/min. Angiographic improvement was
seen in all cases, but only 11.8% had complete dilatation. Neurological improvement was seen
in 44.1% ofthe cases immediately after treatment. At the 3-month follow-up, 15 patients (65.2%)
had good recovery or moderate disability on the Glasgow Outcome Scale. Six patients had a blood
pressure drop of >20 mm Hg and 2 patients developed transient mental status changes after the
treatment. Increases in ICP ranging from 1.1 to 5.2 mm Hg (mean: 2.4 mm Hg) were also observed.
Iwabuchi et al. [124] also demonstrated results with favorable hemodynamic changes after the
[A administration of fasudil in 20 patients with angiographic vasospasm after SAH.

Colforsin Daropate Hydrochloride

Colforsin daropate hydrochloride is a water-soluble forskolin derivate that directly acti-
vates adenylate cyclase, resulting in elevation of the intracellular concentration of cAMP. It is
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a white crystal that can be dissolved in saline or contrast media and is hard to crystallize.
Colforsin has positive chronotropic, inotropic and vasodilatory effects [19].

Suzuki et al. [19] reported the use of IA colforsin daropate to treat 2 patients with symp-
tomatic vasospasm. Three milligrams of colforsin were diluted in 100 ml of normal saline and
injected in the internal carotid artery at a rate of 5 ml/min. Both patients demonstrated
clinical and angiographic responses. A SPECT study was performed on one of the patients
demonstratingincreased CBF inthe treated territory. More recently, the same group published
its experience with IA colforsin in a retrospective study of 29 patients who were also treated
with intravenous infusion of fasudil [125]. Angiographic and clinical improvement rates were
high (100 and 86%, respectively) in symptomatic patients. Transient changes in heart rate
and blood pressure were observed. There was no clinical evidence of increased ICP. Despite
good initial response, 16 of the 29 patients required multiple IA treatments.

Novel and Alternative Therapies for SAH-Induced Cerebral Vasospasm

Flow Augmentation Strategies

NeuroFlo Catheter

The NeuroFlo device (CoAxia, Maple Grove, Minn., USA) is a dual-balloon catheter
uniquely designed to augment CBF via partial occlusion (approx. 70%) of the aorta above and
below the origin of the renal arteries. This device appears to work through mechanical flow
diversion from the high-resistance lower body to the lower-resistance cerebral circulation.
Neurohumoral mechanisms may play a role. Lylyk et al. [126] reported on 24 patients with
symptomatic vasospasm who were treated with the NeuroFlo device. The authors docu-
mented favorable clinical (National Institutes of Health Stroke Scale score drop of >2 points
in 20/24 patients), TCD (increase in mean flow velocities over 15%) and angiographic (more
robust parenchymal opacification) responses to treatment with a good safety profile [126].
The NeuroFlo catheter has been approved by the FDA for the treatment of SAH-induced
cerebral vasospasm. A newer version of the device will allow the coaxial use of a guiding
catheter that can be employed to simultaneously deliver 1A vasodilators and perform PTA.

BrainsGate

The BrainsGate system consists of an implantable device designed to deliver electrical
stimulation to the sphenopalatine ganglion (SPG). The device is inserted into the palatine
canal through the greater palatine foramen near the third molar via arelatively simple bedside
procedure. The SPG is the source of parasympathetic innervation to most of the anterior
portion of the cerebral vasculature. Experimental studies have shown that stimulation of the
SPG induces vasodilation of the ipsilateral intradural arteries of the anterior circle of Willis.
In addition, SPG stimulation in rats has been shown not only to increase CBF within the
normal brain, but also to acutely preserve the diffusion-perfusion mismatch and to reduce
infarct size in a rat permanent-suture model [127]. SPG stimulation has also been shown to
reverse vasospasm in a canine model of SAH [128]. The safety of this device was established
in a pilot trial (ImpACT-1) where 98 patients with acute ischemic stroke underwent SPG stim-
ulation within 24 h of stroke onset. At this point, the use of the BrainsGate system remains
purely investigational and no human use in cerebral vasospasm has yet been reported.

Intra-Aortic Balloon Pump Counterpulsation

The intra-aortic balloon pump has been successfully used to treat patients with symp-
tomatic vasospasm who cannot tolerate or are refractory to ‘triple-H’ therapy [129-132]. In
1 patient, CBF improvement ranging from 33 to 161% (average: 69.3%) above the baseline
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could be documented by serial measurements on xenon-enhanced CT [130]. At this point, use
of the intra-aortic balloon pump has only been reported in a few small case series and should
only be considered for a select group of patients with refractory vasospasm who do not
respond to the more traditional therapeutic modalities.

Intrathecal Therapies

The safety and efficacy of intrathecal nicardipine for the prevention and treatment of SAH-
induced vasospasm has been clearly demonstrated in the clinical setting [58, 119, 133-140].
Shibuya et al. [135] reported the effects of prophylactic serial administration of intrathecal
nicardipine on vasospasm in 50 Fisher grade III SAH patients. All aneurysms were clipped
within 3 days of SAH. Following placement of a cisternal drain, 2 mg of nicardipine was injected
3 times each day for an average of 10 days. The control group consisted of 91 similar patients
with cisternal drainage not treated with nicardipine. Intrathecal administration of nicardipine
decreased the incidence of symptomatic vasospasm by 26% and of angiographic vasospasm
by 20%, and it increased good clinical outcome 1 month after the hemorrhage by 15%. Post-
operative angiograms revealed that patients in the nicardipine group showed less vasospasm
of major cerebral arteries near the tip of a drain in the basal cistern, but vasospasm in the A2
and M2 segments was not decreased. Radioisotope cisternography suggested that nicardipine
might not reach the subarachnoid space around the A2 and M2 segments. Nine patients
complained ofheadache probably secondary tonicardipine-induced vasodilation. Two patients
suffered from meningitis, both were successfully treated. Intrathecal administration of nicar-
dipine through a cisternal catheter was also studied by Susuki et al. [58]. These authors
analyzed a consecutive series of 177 patients with SAH (Hunt-Hess grades 1-3; Fisher grade
[1I) who underwent aneurysmal clipping and placement of cisternal drainage within 48 h of
the hemorrhage. Intrathecal administration of 4 mg of nicardipine was performed every 12 h
on postoperative days 3-14. Twenty patients (11.3%) showed angiographic vasospasm, and
10 of those (5.7%) showed symptomatic vasospasm. This reflects an approximately 4- to
6-fold reduction in the overall incidence of vasospasm. Good outcome defined as good recovery
and moderate disability 6 months after onset was seen in 89.2% of the patients. Thirty-three
patients (18.6%) required shunt operation and 11 patients (6.2%) had intracranial infection.
The authors reported that most of the cases of vasospasm happened in peripheral arteries (M2
and A2). They postulated that packed clots in the peripheral CSF space caused this phenomenon
and suggestthe use of intrathecal fibrinolysis as a possible solution. Kasuya etal. [140] reported
that angiographic vasospasm is prevented in arteries with the placement of nicardipine
prolonged-release implants at the time of surgery, potentially decreasing the incidence of
delayed ischemic neurological deficits. In a series of 97 consecutive patients with SAH who
were surgically treated within 72 h, 69 patients were treated with nicardipine prolonged-
release implants and 28 were not. The authors noted that the incidence of delayed ischemic
neurological deficits was 6% in the group treated with nicardipine prolonged-release implants
and 11% in the control group, and that, in their statistical analysis, current smoking (p =
0.0088) and intraventricular hemorrhage on admission CT scans (p = 0.0077) were correlated
with delayed ischemic neurological deficits [140]. However, the effectiveness of this type of
intrathecal administration is limited by rates of diffusion and appears to prevent vasospasm
only in the arteries adjacent to the implants. Continuous infusion of intrathecal nicardipine
was described by Fujiwara et al. [136]. Five Hunt and Kosnic grade III or IV /Fisher grade III
SAH patients underwent continuous cisternal infusion of nicardipine at a daily dose of 8 mg
(12 ml) for 14 days. Postoperative angiography was performed in 3/5 cases 1 week after
surgery. No angiographic vasospasm was observed in any of these cases. Symptomatic vaso-
spasm was observed in 1 case of right posterior communicating artery aneurysm as a transient
aphasia and right hemiplegia, which recovered within several hours of induced hypervolemia
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and hypertension therapy. One case of mild meningitis was seen at 14 days with improvement
within a few days after the cisternal tube had been removed. Three-month outcome was good
in all of the 5 cases. Intraventricular nicardipine has also been shown to be associated with a
significant and sustained reduction in middle cerebral artery velocity as well as mean CBF
velocity as measured by TCD when used in the treatment of cerebral vasospasm following
aSAH [137,139].

Studies have shown that cisternal infusion of tissue plasminogen activator or urokinase
reduces the incidence of vasospasm in aSAH patients [59, 141-143]. Furthermore, this
strategy may facilitate the diffusion of other medications to more distal areas in the
subarachnoid space. Sasaki et al. [59] evaluated the effects of cisternal irrigation therapy with
urokinase (to dissolve and wash out the subarachnoid clot) and ascorbic acid (to degenerate
oxyhemoglobin, one of the strongest spasmogenic substances, into verdoheme-like products,
which are nonspasmogenic) in 217 consecutive Fisher grade III SAH patients. All patients
underwent surgery within 72 h from the onset of SAH. Irrigation tubes were then placed in
the sylvian fissure (inlet) unilaterally or bilaterally, and in the prepontine or chiasmal cistern
(outlet). Lactated Ringer’s solution with urokinase (120 IU/ml) and ascorbic acid (4 mg/ml)
was infused at a rate of 30 ml/h per side for approximately 10 days. Symptomatic vasospasm
was observed in only 6 cases (2.8%), 2 of which had permanent sequelae (0.9%). Complica-
tions occurred in only 8 patients. Two patients (0.9%) experienced seizures due to occlusion
of the drainage tube in the subdural space. Two patients (0.9%) developed meningitis with
complete recovery after intrathecal antibiotics. Four patients (1.9%) had an intracranial
hemorrhage likely due to minor local trauma to the brain and small vessels near the irrigation
tube. All of these patients recovered without neurological deficits.

Arakawa et al. [105] evaluated the preventive effect of cisternal irrigation with milrinone
against vasospasm in 12 high-grade SAH patients (World Federation of Neurosurgeons Scale
grade IV or V; Fisher grade III or IV). All aneurysms were clipped or embolized within 72 h of
SAH onset. Inlet and outlet tubes were placed in the supratentorial cisternal space, lateral
ventricle or spinal subarachnoid space. Lactated Ringer’s solution containing urokinase (120
[U/ml), ascorbic acid (3.5 mg/ml) and milrinone (3.6 pg/ml) was continuously infused at 30
ml/h foraslong as 2 weeks. Angiographic vasospasm was detected in only 2 of the 11 patients
who received milrinone irrigation and underwent postoperative angiography. Vasospasm
likely resulted from irrigation obstruction associated with pneumocephalus in one patient
and clotin the sylvian fissure in the other patient. The outcome of milrinone irrigation therapy
was significantly better than that of conventional therapy.

Lumbar cisternal drainage appears to remove blood from the basal subarachnoid spaces
more effectively than an external ventricular drain. In a study comparing patients who
received no form of CSF drainage or who were treated solely with an external ventricular
drain, patients treated with a lumbar drain had a statistically significant reduction in the inci-
dence of clinical vasospasm (from 51 to 17%), need for angioplasty (from 45 to 17%) and
occurrence of vasospastic infarction (from 27 to 7%). Moreover, these patients were more
likely to be discharged home (54 vs. 25%) and to have a Glasgow Outcome Scale score of 5 at
follow-up (71 vs. 35%) [57].

Conclusion
Blood pressure or cardiac output optimization should be the mainstay of hyperdynamic
therapy and should be the initial treatment for patients with symptomatic vasospasm. The best

approach to treating medically refractory vasospasm has not yet been defined. Endovascular
treatment appears to have a positive impact on neurological outcome compared with the
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natural history of the disease. Multiple case reports and case series have been encountered in
the literature using many different drug regimens with diverse mechanisms of action. The vast
majority of these articles demonstrate that this approach is feasible and safe, and that it appears
to have a positive impact on neurological outcome. Intrathecal therapy and flow augmentation
strategies in association with medical and endovascular treatment may, in the future, play a role
in the management of patients with severe refractory vasospasm. Unfortunately, at this point
the lack of prospective randomized controlled studies limits any definite conclusions.
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