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Summary: Rapid advances in the field of interventional neu-
rology and the development of minimally invasive techniques
have resulted in a great expansion of potential therapeutic
applications. We discuss therapeutic interventional neurology
as applied in clinical practice in one of the two possible ways:
1) embolization leading to occlusion of blood vessels; and 2)
revascularization leading to reopening of blood vessels. These
procedures can be applied to a broad range of cerebrovascular

diseases. In the first section of this review, we will explore the
evolution of these interventions to occlude aneurysms, arterio-
venous malformations, neurovascular tumors, and injuries. In
the second section, revascularization in acute ischemic stroke,
stenosis, and dural venous thrombosis will be discussed. Key
Words: Interventional neuroimaging, ischemic stroke, intra-
cranial aneurysm, cerebral vasospasm, arteriovenous malfor-
mation, cerebral venous thrombosis, embolization.

SECTION I: EMBOLIZATION

Intracranial aneurysms
Subarachnoid hemorrhage (SAH) is a common and

often devastating occurrence. Each year approximately
30,000 Americans experience a nontraumatic aneurys-
mal subarachnoid hemorrhage.1,2 Intracranial aneurysms
constitute an important health problem worldwide, af-
fecting about 2% of the population.3

The first reported endovascular attempt at approaching
an aneurysm was reported in 1941, when Werner and
colleagues inserted silver wires via transorbital approach
to prevent rupture of a susceptible wall of an aneurysm
from the stress of pulsatile blood.4 Subsequently, place-
ment of particles and other agents including platinum
coils was attempted.5 By the late 1980s, platinum coils
had been introduced. These were attached to a steel
delivery wire system that could be delivered through a
microcatheter to aneurysmal sac.6 Subsequently, an elec-
trical current applied to the wire attached to the coil was
used to detach the stainless steel wire from the platinum
coil. The protection provided by the coil inside the an-
eurysm was thought to be due to immediate hemody-
namic changes and redirection of the blood flow through

the proper vessel. An eventual thrombus formed within
the aneurysm that protects the osteal neck of the aneu-
rysm and eventually fills the inner cavity with connective
tissue.7

Endovascular treatment is usually performed under
general anesthesia. In a very selective group of patients,
it may be done in the awake state.8 The endovascular
coils are placed in the aneurysmal sac either with the
assistance of a balloon, stent, another microcatheter or
with support of the original microcatheter itself. Better
coil designs have improved the ability to obliterate the
aneurysmal sacs. A liquid embolic agent such as ethyl
vinyl alcohol polymer may also be used in conjunction
with intravascular stents to obliterate complex aneu-
rysms.9

Initially, endovascular treatment was reserved for pa-
tients who were regarded as poor candidates for surgical
clipping. It included patients who were elderly10; those
with poor Hunt-Hess grades IV or V11; those whose
aneurysms are located in the posterior circulation12 or
were located in cavernous segment of internal carotid
artery13; and had active cerebrovasospasm.14

With the improvement in clinical experience and coil
design, embolization has been attempted for patients re-
ferred for treatment with conventional surgical clipping
in the past.15 Investigators from Finland compared en-
dovascular treatment of ruptured aneurysms with surgi-
cal clipping confirming the effectiveness and safety pro-
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file of coil embolization.16 The mortality-related
technique of coiling was comparable to the surgical
group. There was no difference in short-term clinical
outcome between the two major treatment methods. An-
giographic outcome in the anterior circulation was better
in the surgical group, whereas endovascular treatment
fared better in the posterior circulation. This was a phase
II trial with 57 patients in the surgical clipping arm and
52 patients in embolization arm. Patients were recruited
within 72 h of aneurysmal subarachnoid hemorrhage.
The technique-related mortality rate was 4% in the sur-
gical group and 2% in the endovascular group.16

A recently concluded, larger randomized multicenter
phase III trial (International Subarachnoid Aneurysm
Trial [ISAT]),17 compared the safety and efficacy of
embolization with neurosurgical clipping. ISAT enrolled
2143 patients with ruptured aneurysms who were con-
sidered suitable for either treatment. The neurosurgical
clipping group had 1070 patients and the group receiving
endovascular treatment by detachable platinum coils had
1073 patients. The clinical outcomes were assessed at 2
months and at 1 year with interim ascertainment of re-
bleeds and death. Of the 801 patients allocated to endo-
vascular treatment, 190 (23.7%) became dependent or
died at 1 year compared with 243 (30.6%) of 793 allo-
cated to neurosurgical treatment (p � 0.0019). The risk
of rebleeding from ruptured aneurysms after 1 year was
two per 1276 and zero per 1081 patients allocated to
endovascular and neurosurgical treatment, respectively.
It was concluded that the outcomes in terms of survival
free of disability at one year was significantly better with
endovascular coiling.17 Long-term follow-up in the pa-
tients enrolled in ISAT study will hopefully add more
information about long-term durability of coiling in pa-
tients with ruptured aneurysms. A similar direct compar-
ison between endovascular and surgical treatment for
unruptured aneurysms is not available.
Hospital outcomes with unruptured intracranial aneu-

rysms have improved since the introduction of detach-
able coils. A retrospective analysis of outcomes of sur-
gery versus embolization of unruptured aneurysms using
data from 60 university medical centers was published
by Johnston et al. in 1999.18 Factors such as age, sex,
race, mode of admission to the hospital, and year of
treatment were taken into account. Endovascular coil
embolization resulted in fewer adverse outcomes in sur-
gery or unruptured cerebral aneurysms. Rates of in-hos-
pital mortality, adverse outcomes defined by subsequent
discharge to rehabilitation institution or nursing homes,
length of stay, and cause of treatment were all substan-
tially greater for surgical patients compared with endo-
vascular coiling. Several studies examining uncontrolled
series of patients have been published demonstrating the
safety and effectiveness of embolization of cerebral an-
eurysms.

Considerable advances have been made in the ability
to use coils for endovascular treatment of intracranial
aneurysms in situations that might have appeared unsuit-
able a few years ago. The new designs of coils, including
the three- and two-dimensional configurations, have im-
proved results. Focusing on the anatomy of the aneurysm
and on the neck and dome ratio, as well as its packing
with coils in a step-wise manner, has led to remarkable
success in coiling of aneurysms previously considered to
be difficult.
Development of techniques, particularly temporary

balloons and permanently placed stents, especially de-
signed for intracranial vessels such as the Neuroform
stent (SMART Therapeutics, Inc., San Leandro, CA),
have helped with reconstruction techniques for coiled
stabilization within intracranial aneurysms.19 The future
of interventional techniques for aneurysm embolization
is exciting, with higher standards for devices and avail-
ability of therapeutic options, substantiated with results
from future randomized trials. Figure 1 illustrates an
example of coiling in a relatively large symptomatic
carotid aneurysm.

Arteriovenous malformations
CNS arteriovenous malformations (AVMs) occur in

approximately 0.15% of the United States population. Of
these, 90% are supratentorial in location.20,21 There is a
rate of approximately 4% hemorrhagic conversion per
year for cerebral AVMs. They carry a combined mor-
bidity and mortality rate of 2.7% per year.21 AVMs can
cause headaches, seizures, and ischemia. The treatment
of AVMs is challenging and multifaceted. They pose a
unique problem and often require a combination of ther-
apeutic modalities.20 Embolization of cerebral AVMs on
its own is curative in fewer than one-quarter of le-
sions.22,23

Embolization has been used for the following purpose:
1) adjunct to surgery; 2) reduction of size before radia-
tion; 3) palliation; and 4) embolization alone for cure. To
understand the role of endovascular treatment in AVM
management, a brief overview of other modalities is
presented.
The efficacy of microvascular AVM resection for pre-

venting hemorrhage and reducing seizures in patients
who present with epilepsy has been24 and is widely prac-
ticed. Although the feasibility of surgical resection has
been significantly advanced, it is also clear that certain
AVMs are associated with unacceptably high surgical
risks. The Spetzler-Martin scale attempts to quantify this
differential risk by analyzing three AVM factors includ-
ing size, venous drainage, and eloquence of the involved
cortex (Table 1). A larger AVM with deep venous drain-
age and eloquent cortex has been associated with poor
surgical outcomes.

ADVANCES IN INTERVENTIONAL NEUROLOGY 305

NeuroRx�, Vol. 2, No. 2, 2005



Embolization is performed using a microcatheter
placed in a distal arterial feeder that supplies the AVM
nidus exclusively. The nidus of the AVM is the focus of
the embolization procedure. Any abnormal branches are
excluded on the basis of assessment of vessel architec-
ture and at times physiological testing by injection of
short-acting amobarbital sodium and lidocaine through a
microcatheter25 (technique is explained in detail in Sec-
tion II). There are different embolic materials available.
Solid embolic agents consist of polyvinyl alcohol parti-
cles, fibers, micro-coils, and micro-balloons. Liquid em-

bolic agents consist of cyanoacrylate monomers and
polymer solutions such as ethyl vinyl alcohol polymer.
The usual goal of presurgical embolization is to de-

crease the nidus size and prevent perioperative blood loss
associated with AVM resection. Hence, this enhances the
safety and ease of operative neurological intervention.
Embolized AVM vessels can also serve as a road map
during surgical intervention. Because AVM emboliza-
tion carries a certain amount of risk, AVMs that would
significantly benefit from embolization before surgery
should undergo this treatment. For example, a small
AVM in the right frontal lobe with easily accessible
arterial feeders may not warrant embolization before sur-
gery. Also, radiosurgery has emerged as a relatively safe
way to treat small AVMs.26 Two indirect comparisons
have suggested that embolization before surgery can
shorten operative time reducing intraoperative blood loss
and can improve neurological outcomes in patients with
complex AVMs such that they are comparable to those
with less complex lesions.27 In a randomized trial com-
paring N-butyl-2-cyanoacrylate (NBCA) and polyvinyl
alcohol for presurgical embolization of AVMs, emboli-
zation was not possible for technical reasons in three of
52 randomized patients, and there were two crossovers.
The final lesion reduction after embolization was approx-
imately 79% for patients given NBCA, and 87% for
those given polyvinyl alcohol. The rate of good neuro-
logical recovery after embolization was 96% and 93%,
respectively, for NBCA and polyvinyl alcohol group.
There were no significant differences in intraoperative
time and blood loss.28 The usual goal of embolization is
to reduce the nidus of the AVM to less than 3 cm and
obliterate intranidal or venous aneurysm before radiosur-
gery or open surgical intervention.29 In the same study,

FIG. 1. A: Case illustration of a symptomatic 8.5 � 8 mm ruptured intracranial carotid aneurysm. B: GDCs being deployed. C: Final
result with minimal residual flow in the aneurysm but excellent patency of the parent vessel.

TABLE 1. Spetzler Martin Grading Scale and Incidence
of Postoperative Deficit in Relation to the Spetzler Martin
Grading Scale

Grade Feature Points

Size
Small �3 cm 1
Medium 3–6 cm 2
Large �6 cm 3

Eloquence of adjacent brain
Noneloquent 0
Eloquent 1

Pattern of venous drainage
Superficial 0
Deep 1

Grade Minor Deficit % Major Deficit %

I 0 0
II 5 0
III 12 4
IV 20 7
V 19 12

Adding points on the scale constitutes a total Grade.
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angiographic follow-up of the AVMs, embolized with
cyanoacrylate, demonstrated a 12% recanalization rate
within 1 year.29 Dural arteriovenous fistulas derive from
meningeal arteries and drain into dural sinuses or men-
ingeal veins and can have retrograde drainage into sub-
arachnoid veins.30 Treatment options include a combina-
tion of transarterial and transvenous or separate
endovascular intervention. In patients with fistulas re-
lated to venous hypertension, recanalization with angio-
plasty or stents may be effective.31 Palliative emboliza-
tion is reserved for patients with large, inoperable
cortical and subcortical AVMs presenting with seizures
refractory to medical management with progressive neu-
rological deficits thought to be secondary to venous hy-
pertension and/or arterial steal.32 The general consensus
for endovascular treatment is to use Spetzler-Martin
grade 2 or 3 lesions for presurgical or radiosurgical em-
bolization. Grade 4 or 5 lesions are generally not embo-
lized unless this is in conjunction with other treatment
modalities such as surgery or radiosurgery for the goal of
complete cure. The exception to this rule may be a grade
4 or 5 lesion with a venous outflow obstruction.32 Figure
2 shows an example of an AVM associated with intrac-
table seizures.

Traumatic neurovascular injury
Transcatheter occlusion of traumatically injured ves-

sels to control life-threatening bleeding represents some
of the earliest endovascular procedures.33,34 Penetrating
injury to the arteries of the head and neck may lead to
dissection and pseudoaneurysm formation with the
dreaded consequence of high-pressure arterial hemor-
rhage. Endovascular stenting of dissected intimal flaps
aids in tacking down the affected vessel wall and pre-
venting downstream dissection. This has been well de-
scribed for injuries to the carotid, vertebral, and subcla-
vian arteries.35,36

Aside from endovascular stenting, coil embolization of
traumatically induced bleeding fistulas and pseudoaneu-
rysms of the head and neck may also be performed to
achieve vessel hemostasis. This is performed using liquid
embolic agents such as coils (Bernstein liquid coils),
particles (polyvinyl alcohol), or glue (NBCA).37 Detach-
able balloons as well as Guglielmi detachable coils may
also be used.37–39

The approach to brachiocervical vessels involves a
routine transfemoral arterial approach to the subclavian,
carotid, or vertebral arteries. However, if trauma in-
volves the skull, with resultant intracranial vascular in-
jury, endovascular navigation becomes more compli-
cated. Head and facial injuries may result in petrous or
cavernous carotid dissection and fistula formation, and
may require a transvenous approach to the arterial side.40

Head and neck tumors
Previously restricted to treatment by oncologists and

surgeons, tumors of the head and neck are now also
being treated by those skilled in endovascular neurolog-
ical techniques. Recent endovascular intervention has
involved clinical trials aimed at delivering chemothera-
peutic agents directly to the tumor region, with the hy-
pothesis that intra-arterial (IA) delivery would increase
the concentration of the medication at the tumor site
while minimizing side effects of systemic administration.
Many of these trials showed no benefit for intra-arterial
chemotherapy instillation, but trials are ongoing.41,42

More importantly endovascular neurointervention offers
a means for preoperative embolization of highly vascular
tumors, thus reducing the complexity and complications
of blood loss during surgery. In addition to neurovascular
tumors that may benefit from embolization, hemangio-
mas, vascular malformations, and lymphovenous malfor-
mations of the head and neck may also benefit from
endovascular therapy.

FIG. 2. A case illustration of an AVM. A: AVM before intervention. B: AVM after staged embolization. C: AVM after surgery. A staged
embolization was performed. A large amount of shunting is seen with decreased transit times and early venous filling in panel A.
Predominant flow toward the anterior cerebral artery in panel A was converted into a smaller AVM after staged embolizations in panel
B. Also, note that there is robust filling of the middle cerebral artery and no diversion in the venous sinuses in B. The postsurgical results
are excellent with almost no flow into the nidus of the AVM (C).
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The earliest experience of endovascular treatment of
head and neck tumors dates to 1904 when Dawbarn
performed transcarotid paraffin and petroleum emboliza-
tion of a facial sarcoma.43 In 1972 Heckster et al.44,45

reported that preoperative tumor embolization aided sur-
gical resection, findings that were reiterated in 1976 by
Pandya and Nagpal in India.45,46 In 2001, guidelines
regarding head, neck, and brain tumor embolization were
published as part of a policy statement written for the
Accreditation Council of Graduate Medical Education.
They set eight criteria as indications for CNS tumor
embolization: 1) achieving control of surgically inacces-
sible arterial feeders; 2) decreasing surgical morbidity by
reducing operative blood loss; 3) shortening operative
procedural time; 4) improving the likelihood of complete
surgical resection; 5) decreasing the risk of damage to
the adjacent normal tissue; 6) relieving intractable pain;
7) decreasing tumor recurrence; and 8) allowing better
visualization of the surgical field, thereby reducing sur-
gical complications.47

With the exception of the goal of reducing pain, en-
dovascular intervention is largely adjuvant therapy to
more definitive surgical management. Yet some patients
are poor candidates for surgical treatment because of
medical comorbidities, advanced cancer, or surgically
inaccessible or inoperable lesions such as brainstem tu-
mors. In these patients, endovascular therapy offers pal-
liation of tumor burden and its associated consequences.
With recent advances in endovascular techniques, there
have been sporadic reports that such therapy may even
be curative for intracranial tumors.48 In addition, endo-
vascular tumor embolization must sometimes be under-
taken on an emergent basis to control intractable, life-
threatening tumor hemorrhage. This is particularly
important for oropharyngeal and laryngeal tumors,
treated primarily by otolaryngologists, similar to intrac-
table epistaxis, also treated endovascularly.
Hypervascular neurovascular tumors suitable for en-

dovascular treatment include hemangioblastomas, me-
ningiomas, hemangiopericytomas, schwannomas and
other neurogenic tumors, paragangliomas, juvenile naso-
pharyngeal angiofibromas, hemangiomas, esthesioneuro-
blastomas, bone tumors, and intra- and extracranial met-
astatic tumors.47 Of these, meningiomas, which
constitute 13–18% of all primary intracranial tumors,45

likely represent the most common tumor for which
preoperative embolization is considered standard prac-
tice. In 1978, Brismar and Conqvist reported the use of
Gelfoam (Upjohn, Kalamazoo, MI) to embolize me-
ningiomas among four patients.45,49 Two larger series
of patients who underwent preoperative meningioma
embolization have since been published. Both advo-
cated an interim of 5–7 days between embolization
and surgery.45,50,51

In routine practice, meningioma, and other tumor em-

bolization, when performed on an elective basis, is often
planned 1–2 days before surgery. Tumor necrosis begins
within 24 h after embolization and may peak at 4 days, as
seen by magnetic resonance spectroscopy (MRS).52

Whether this is advantageous or deleterious during sub-
sequent surgery has not been studied in clinical trials.
The large series of Menalfe et al. also identified menin-
gioma features particularly amenable to endovascular
therapy including pure or predominant external carotid
artery (ECA) blood supply (e.g., convexity, skull base,
middle fossa or paracavernous meningiomas) and para-
sagittal tumors supplied by the contralateral middle men-
ingeal artery.45,51

More recent series have included small clinical trials
comparing patients undergoing surgery for meningioma
resection who underwent preoperative embolization with
those who did not. Reduction of intraoperative bleeding
was demonstrated among patients who received endo-
vascular treatment.45,53 Of note, embolization was per-
formed 24–48 h before surgery in these patients.
Methods of embolization involve a standard angio-

graphic transfemoral approach to the cranial vasculature.
Though embolization is usually restricted to the external
carotid artery (ECA) system, the internal carotid artery
(ICA) is often studied to assess important orbital anas-
tomoses between the ECA and ICA. Superselective cath-
eterization using microcatheters is then undertaken to
localize the territory targeted for treatment. Embolization
is then performed using 150–250 �m polyvinyl alcohol
particles, Gelfoam powder or strips, or ethanol.42,45 Fol-
low-up angiography of the ECA and ICA is then per-
formed to assess the reduction in tumor blush and assess
for interruption in orbital blood supply. Direct injection
of absolute alcohol (dehydrated alcohol, 98% ethylalco-
hol), or sodium tetradecyl sulfate for the treatment of
superficially accessible lesions such as hemangiomas,
vascular malformations, and lymphovenous malforma-
tions of the head and neck may be performed.
Early studies of intracarotid injection of carmustine

did not show greatly improved outcomes among endo-
vascularly-treated patients in treating glial malignan-
cies.41,42 Increased rates of side-effects including leu-
koencephalopathy and visual loss were reported among
the group receiving IA therapy. Modification of delivery,
involving multiple target vessels, has improved tolerance
to IA carmustine administration in subsequent studies.
Ongoing trials for IA lobradimil, a bradykinin analog,
and carboplatin are in their second phase of safety anal-
ysis.42,54,55

SECTION II: REVASCULARIZATION

Acute ischemic stroke
There has been improvement in outcome of stroke

after the advent of intravenous (IV) recombinant tissue
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plasminogen activator (rtPA) for the treatment of acute
ischemic stroke. Conversely, there are still many patients
(57–58%) who die or become dependent despite receiv-
ing IV rtPA.42,56–58 This has prompted the search for
better drugs and better ways of delivery to the site of
interest to achieve higher rates of recanalization within a
shorter time frame with minimal risk to the patient. In
2002, a new grading system was proposed by Qureshi for
assessing pretreatment of vascular occlusion that corre-
lates better with 7-day outcome when compared with the
thrombolysis in myocardial infarction (TIMI) grading
scheme used for evaluation of cardiac cases.59 This new
system takes into consideration collateral circulation. It
consists of six grades of classification, summarized in
Table 2. The IA approach is believed to have the advan-
tage of delivering thrombolytic agents to the thrombus in
high concentrations locally. Theoretically, this allows
lower systemic dose and assumed lower hemorrhagic
complication rates; it also allows the simultaneous use of
mechanical disruption to facilitate thrombolysis.60–62

Furthermore, it reduces the dose of thrombolytics to
which the patient is exposed, which helps minimize the
neurotoxic deleterious effects of these agents.63 Pro-
urokinase was mainly studied for IA thrombolysis in the
mid-1990s. The Prolyse in Acute Cerebral Thromboem-
bolism (PROACT) trial evaluated IA pro-urokinase (6
mg) versus placebo for the treatment of middle cerebral
artery (MCA) occlusion within 6 h of symptom onset.64

There was a 10–12% absolute increase in excellent neu-
rological outcome at 90 days in patients who received
pro-urokinase compared with placebo. The rate of symp-
tomatic hemorrhages within the first 24 h was 15.4% in
the pro-urokinase group versus 7.1% in the placebo
group. Later, a phase III multicenter study was per-
formed; the PROACT II trial compared patients who
received IA infusion of pro-urokinase (9 mg) and low-

dose heparin versus low-dose heparin for treatment of an
angiographically proven MCA occlusion in the 6-h win-
dow of onset.65 It was found that there was a 15%
absolute increase in favorable outcome with IA pro-
urokinase use, translating to a number needed to treat of
seven to achieve benefit for one patient. The rate of
symptomatic hemorrhagic transformation within 24 h
was 10% in the pro-urokinase patients versus 2% in the
control group.
The potential time delay required to obtain the cerebral

angiography and place the microcatheter in proper posi-
tion to administer the thrombolytic agent is a disadvan-
tage of this modality; hence, the idea of combining IV
thrombolysis with the IA approach. The Emergency
Management of Stroke (EMS) Bridging trial was a ran-
domized, double-blind, placebo-control study which
demonstrated a higher recanalization rate (53%) in the
combined IV/IA alteplase treatment group versus the IA
alteplase group (28%).66 No clear difference was ob-
served in clinical outcomes between the two groups, nor
was there any significant difference in the rate of symp-
tomatic intracranial hemorrhage (ICH). This suggested
the feasibility of the approach. Bridging is favored in a
subset of patients who are expected to have a limited
response to IV treatment such as those with severe neu-
rological deficits, presentation between 3 and 6 h of
symptom onset, history of major surgery within the last
14 days, and occlusion of major cervical or intracranial
vessels with a high National Institute of Health stroke
scale (NIHSS) score.42

The mechanical devices used for treatment of stroke
can be classified in two main groups: 1) mechanical
disruption devices such as snares, balloon-mounted
stents, Mitsui & Co. Venture Partners, Inc./MicroLysUS
infusion catheters (EKOS Corp., Tokyo, Japan),67 An-

TABLE 2. Qureshi Grading Scheme for Stratification of Patients with Acute Ischemic Stroke Based on Initial Site of
Occlusion and Collateral Supply

Grade Comment

0 No occlusion
1 MCA occlusion

(M3 segment)
ACA occlusion (A2 or distal segments) One BA/VA branch occlusion

2 MCA occlusion
(M2 segment)

ACA occlusion (A1 and A2 segments) Two or more BA/VA branch occlusions

3 MCA occlusion (M1 segment)
3A Lenticulostriate arteries spared and/or leptomeningeal collaterals visualized
3B No sparing of lenticulostriate arteries nor leptomeningeal collaterals visualized
4 ICA occlusion (collaterals present) BA occlusion (partial filling directly or via collaterals)
4A Collaterals fill the MCA predominant Anterograde filling
4B Collaterals fill the ACA predominant Retrograde filling
5 ICA occlusion (no collaterals) BA occlusion (no collaterals)

ACA-anterior cerebral artery; BA-basilar artery; VA-vertebral artery. The interobserver variability and correlation with recanalization and
short-term favorable outcome and mortality have been described in patients with acute ischemic stroke undergoing intra-arterial thrombolysis
previously.
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giojets,68 and Neurojets; and 2) mechanical clot retrieval
devices such as the Merci Retrieval System (FIG. 3).69

The snare device is a microwire with a distal coil loop
and a nitinol shaft shaped at 90 degrees.70 It is available
in various sizes and lengths and can be used for disrupt-
ing the clot mechanically, or in some instances for re-
trieving the clot. Kerber et al.71 reported that the snare
device offers additional or alternative therapy for stroke
patients who do not respond to pharmacological throm-
bolysis either IV or IA and suggested that immediate
removal of a clot could reduce the total time of brain
ischemia more rapidly than administration of thrombo-
lytics.
Stents are metallic structures that help maintain the

patency of the vessel. Stents were named after an English
dentist who invented this device in the late 19th century;
the name was later used by plastic surgeons for support
in molding of tissues.72 A group of investigators from
Buffalo, NY. reported the use of intracranial balloon-
mounted stents for acute ischemic stroke treatment in
four patients.73 The site of occlusion in three of four
patients was the MCA—the other was in the basilar
artery; ages ranged from 46–88 years of age. A TIMI
grade III recanalization was achieved in three patients;
the fourth patient had a TIMI grade II. It should be
emphasized that when resorting to this method of treat-
ment, patients should be preoperatively treated with as-
pirin and clopidogrel, or alternatively with IV abciximab,
to counteract the thrombogenicity of the stent. The same
group recently reported emergency stent placement in
the setting of an acute carotid artery occlusion after
endarterectomy. The authors concluded that using stents
is an alternative method for treatment of acute carotid
artery occlusion or dissection after carotid endarterecto-
my.74

Stent placement may lead to a robust cellular response,
and intimal hyperplasia 63,75 that may result in restenosis
of the affected area. This was seen in about 30% of
coronary percutaneous interventions.76 Therefore, much
effort has focused on developing drug-eluting stents ca-

pable of decreasing the incidence of restenosis and
thrombosis.63 Materials used to coat the stents include
polytetrafluoroethylene, titanium-nitride-oxide, rapamy-
cin (sirolimus; Wyeth-Ayerst, Princeton, NJ), taxol (pac-
litaxel; Bristol-Myers Squibb, New York, NY), and
phosphorylcholine.63 Rapamycin-coated stents are effec-
tive in reducing in-stent stenosis. Rapamycin forms a
complex at the tacrolimus-binding protein which results
in inhibition of protein synthesis and receptor signal-
ing.77,78 Paclitaxel inhibits proliferation by affecting mi-
crotubule formation.63

Possis Angiojet (Possis Medical, Inc., Minneapolis,
MN) is a small rheolytic microcatheter device that frag-
ments clots by using high-pressure, pulsed saline to cre-
ate a low-pressure venturi effect. Suctioning of debris is
achieved through the catheter lumen.63 The Angiojet
device has been used with success in coronary interven-
tions for acute myocardial infarction associated with ex-
tensive intracoronary thrombus.79,80 Bellon et al.68 pub-
lished their experience in treating three patients with
large thrombi of the ICA using a rheolytic thrombectomy
device. The authors concluded that it was a promising
modality for treatment of such cases allowing expedient
access to the intracranial circulation for additional
thrombolytic therapy. Neurojet is a modified version of
Angiojet.81

The EKOS MicroLysUS (Mitsui & Co. Venture Part-
ners, Inc./Ekos Corp.) catheter is a 2.5 French standard
infusion microcatheter with a 2 mm, and a 2.1-MHz ring
sonography transducer at its distal end.67 It generates a
360-degree circumferential pulse wave around the tip
and delivers IA thrombolytics in conjunction with ultra-
sound energy at the site of the clot. The use of this device
was reported by Mahon et al. on 14 patients with anterior
or posterior circulation cerebral ischemia 3–6 or 4–13 h
after symptom onset, respectively. Simultaneous IA
thrombolysis and sonographic transmission were used. A
TIMI grade 2–3 flow was achieved in 8 of 14 patients
studied, with no adverse reactions related to the catheter.
It was concluded that use of the EKOS MicroLysUS
catheter in the treatment of acute embolic stroke ap-
peared to be safe and effective. A large-scale clinical trial
seems warranted.
The Merci Retrieval System (Concentric Medical, Inc.,

Mountain View, CA) has three main parts: 1) the Merci
Retriever; 2) the Merci Balloon Guide Catheter (BGC);
and 3) the Merci microcatheter.69 The Merci Retriever, a
tapered wire with five helical loops of decreasing diam-
eter at its distal end, utilizes the superelastic property of
previously shaped nitinol. The Retriever is advanced
through the microcatheter in a straight configuration and
resumes its helical shape once it is delivered into the
occluded artery where it captures the clot. In a recently
published study, 28 acute ischemic stroke patients were
treated with the device within an 8-h window from

FIG. 3. Mechanical devices for treatment of acute ischemic
stroke could be broadly categorized into mechanical disruption
and retrieval devices. The figure outlines a few of the available
devices categorized in two broad classes. Note that the snare
device could be used for either and is probably the most popular
device for acute ischemic stroke intervention.
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symptom onset. Successful recanalization was achieved
in 43% of patients. Eight patients received IA tissue
plasminogen activator after mechanical recanalization
efforts failed. The combined use of mechanical clot re-
trieval with pharmacological thrombolysis increased the
number of patients with successful recanalization to 18
(64%) patients. No symptomatic intracranial hemor-
rhages were reported. This study showed that the Merci
device was safe and beneficial for embolectomy in a
significant number of patients, even when performed in
an extended 8-h window.69

The Endovascular Photo Acoustic Recanalization
(EPAR) laser system (EndoVasix, Inc., Belmont, CA)
converts photonic energy into acoustic energy at the
fiberoptic tip; the acoustic energy then emulsifies the
thrombus inside the tip of the catheter and the contents
are subsequently discharged as minute particles that are
subcapillary in size.82 A prospective, nonrandomized
trial conducted in six centers within the United States,
Canada, and Germany enrolled 34 stroke patients pre-
senting within 6 h from projected EPAR system treat-
ment in the anterior circulation, and within 24 h in the
posterior circulation.82 Ten of these patients had ICA
occlusion, 12 had MCA occlusion, 11 had vertebrobasi-
lar occlusion, and one had posterior cerebral artery oc-
clusion. The recanalization rate was approximately 41%,
and symptomatic ICH occurred in 5.9% of the patients.
Thirteen patients had additional treatment with IA rtPA.
This new technique appears to be safe and may provide
an alternative treatment for acute ischemic stroke.

Carotid stenosis
Accumulating evidence that has shown the benefit of

carotid endarterectomy in reducing the risk of stroke and
death in patients with moderate-to-severe symptomatic
(greater than 50%) or asymptomatic (greater than or
equal to 60%) carotid artery stenosis.83,84 A randomized
trial of endarterectomy for recently symptomatic carotid
stenosis, the European Carotid Surgery Trial (ECST),
proved beneficial.85,86

Selective surgical trials were conducted with compar-
ison to best medical therapy in a controlled manner.
Inclusion and exclusion criteria were such that high-risk
patients were omitted from the study population. Since
carotid endarterectomy has become widely practiced in
the United States, high-risk patients have been received
surgery. Perioperative complication rates have exceeded
the potential benefits in general practice. This is espe-
cially true in patients with unfavorable clinical and ana-
tomical characteristics.87–91

Dotter and Judkins92 initiated percutaneous revascu-
larization procedures in 1964. Almost a decade later, the
Gruntzig balloon catheter was successfully developed for
peripheral balloon angioplasty.93 By 1980, Mullan et
al.94 used the Gruntzig balloon catheter to perform one of

the first successful carotid angioplasties on a patient with
fibromuscular dysplasia. During the 1980s, a series of
papers was published with a small number of subjects.
During that time, it was felt that carotid endarterectomy
was being overused as treatment for carotid disease. The
principal reason was the popularity and evidence to show
that surgical endarterectomy was helpful for the treat-
ment of carotid disease. Carotid angioplasty with stent
placement (CAS) was resurrected as an alternative treat-
ment for revascularization of carotid artery stenosis in
high-risk surgical candidates.95 More recently, several
nonrandomized studies and randomized comparisons
with carotid endarterectomy have increased the popular-
ity of CAS. These studies have focused on the safety and
effectiveness of CAS. With improving devices and tech-
niques, CAS has become safer than and at least as ef-
fective as surgical treatment.96,97 Studies have strongly
advocated the use of a distal protection device in high-
risk surgical patients.
In the Study of Angioplasty with Protection in Patients

at High Risk for Endarterectomy (SAPPHIRE), 307
high-risk patients were allocated to carotid endarterec-
tomy or CAS. In this study, 402 patients were considered
unsuitable for carotid endarterectomy and were directly
involved in a stent registry. The 30-day follow-up
showed a combined rate of death, stroke, or myocardial
infarction was significantly lower for patients who had
CAS and distal protection (6%) compared with patients
who received carotid endarterectomy (13%). The com-
bined rate of death, stroke or myocardial infarction was
8% in patients enrolled in the stent registry. At 1 year,
ipsilateral stroke was 3.8% for the patients receiving
CAS and 5.3% for patients receiving endarterectomy.
Overall, 6.9% of the patients who received CAS and
12.6% of those who received an endarterectomy had died
by the first year.
A nonrandomized Acculink for Revascularization of

Carotids in High-Risk Patients study97 had a rate of 8%
for combined endpoint death, stroke, or myocardial in-
farction at 30 days in high-risk patients included in the
study. In total, there were 437 patients recruited. The
subset analysis revealed that patients with restenosis can
be treated with a minimal risk of stroke or death (less
than 1%).
Progressive improvements in technology and increas-

ing operator experience and encouraging results from
clinical trials have led to a broader acceptance of CAS
even in patients not considered high risk for carotid
endarterectomy. In a multicenter randomized Carotid
and Vertebral Artery Transluminal Angioplasty Study
(CAVATAS), 251 patients randomly assigned to endo-
vascular treatment had a rate of stroke or death which
was almost the same as that of 253 patients allocated to
carotid endarterectomy (6% vs 6%). In the CAS group, a
higher rate of restenosis was seen at 1 year (18%) then
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after carotid endarterectomy (5%, p � 0.001).98 There
was a high risk of complications including cranial neu-
ropathies and major neck hematomas in patients assigned
to carotid endarterectomy.
The National Institute for Neurological Disorders and

Stroke in collaboration with private pharmaceutical
groups sponsored the Carotid Revascularization Endar-
terectomy Versus Stent Trial (CREST).99 CREST com-
pared the efficacy of CAS with carotid endarterectomy in
a lead-in phase which was set up to do 20 CAS proce-
dures for the four randomizing patients. The review of
169 patients treated in the lead-in phase reported a com-
bined rate of death, stroke, or myocardial infarction
within 30 days after the procedure of 4%, suggesting
equivalence for patients undergoing carotid endarterec-
tomy. The lead-in phase data showed that the complica-
tion rate was high in octogenarians and therefore the age
limit was lowered to below 75 years for enrollment.
CREST plans to compare the efficacy of CAS with ca-
rotid endarterectomy in 2,500 patients with symptomatic
stenosis and patients who are not considered a high sur-
gical risk.99

Technique and medication use. Patients receive clo-
pidogrel 75 mg orally once daily for 5 days before the
procedure; alternatively, the patient could be on ticlopi-
dine 250 mg twice daily also for 5 days. This is given in
combination with aspirin 325 mg orally for 5 days before
the procedure. These medications were continued up to 1
month after the procedure. The data supporting the use of
these medications are mainly derived from coronary in-
tervention. Heparinization during the procedure to
achieve Activated Clotting Time (ACT) of approxi-
mately 300 s or above is done before undertaking CAS.
IA papaverine (50–100 mg) and/or nitroglycerin (200–
400 �g) may be administered in the target artery to
reduce arterial spasm before and during angioplasty. Pa-
paverine should not be used in an awake patient partic-
ularly in the posterior circulation. Patients who are on
�-blockers before their procedure and those who have a
localized bulb plaque may be given glycopyrolate, atro-
pine or scopolamine to offset bradycardia and
hypotension.100

The delivery and access for balloon angioplasty and
stents are undertaken through a guide sheath placed in
the common carotid artery proximal to the stenosis either
through the femoral route or through the radial route.
There are two classes of stents used.101 The balloon
expandable stents are usually made of stainless steel,
whereas the self-expanding stents are stainless steel or a
thermal expansion alloy commonly known as nitinol.
At present other than the use of medications outlined

above, the adjuvant use of platelet glycoprotein IIb/IIIa
inhibitors in the perioperative and immediate postopera-
tive period is controversial.102 A recently published
small trial did not show any reduction in perioperative

ischemic events during CAS when comparing abciximab
to standard antithrombotic treatment (19% vs 8%,
respectively).103

Distal protection device. It is well known that pa-
tients undergoing CAS have small embolic showers oc-
curring frequently during the procedure that can persist
with increased frequency compared with baseline for
hours or days after the angioplasty. This has been shown
using intraprocedural transcranial Doppler imaging
(TCD).104,105 It is also known that these microemboli are
composed of thrombotic and plaque substances.106 Mag-
netic resonance imaging (MRI) had suggested that about
15% of patients developed new ischemic lesions based
on diffusion-related abnormalities in the brain after this
procedure.107 A similar study suggests that almost half of
these patients remain asymptomatic. From previous data
on carotid endarterectomy, it appears that the rate of new
brain lesions is higher in CAS than the rate reported for
endarterectomy at 5%.108 This underlies the importance
of using a distal protection device to prevent the micro-
emboli from being released into cerebral circulation dur-
ing carotid angioplasty and stenting.
The techniques for distal protection during CAS were

pioneered by Theron and others.109 The techniques vary
but usually involve either a parallel or coaxial catheter
system. One catheter system occludes or filters the distal
artery and the other performs the angioplasty. Resulting
debris from the procedure is flushed or aspirated from the
ICA proximal to the protective balloon before deflation.
There are ongoing trials looking at role of distal protec-
tion as an adjunct to carotid angioplasty and stenting.
Investigators have reported a substantial reduction in
embolic and other complication rates during CAS using
protection devices and techniques.96,97,110–113

Distal protection devices include occlusive balloons,
filter devices, and flow reversal devices (FIG. 4). The
low-pressure occlusion balloon is placed distal to the site
of CAS to trap the blood flow and the embolic material
before entering the intracranial circulation. Filtration de-
vices work similarly and are placed intravascularly distal
to the site of intervention to filter the blood and retain any
embolic debris. The third system consists of a guiding
catheter with an occlusion balloon that induces reversal
of intracranial fluid to prevent intracranial flow of em-
boli. Figures 5 and 6 demonstrate the use of distal pro-
tection devices for the posterior circulation (FIG. 5) and
anterior circulation (FIG. 6). Figure 6F also shows the
emboli captured by the device.

Intracranial and vertebral artery stenosis
Intracranial stenosis is responsible for 8–10% of all

ischemic strokes.102,114 There is an astoundingly high
yearly rate of recurrent strokes in patients with intracra-
nial stenosis that has been estimated at approximately
8–12%.115,116 For those patients not responding to anti-
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thrombotic treatment, the rate of recurrent ischemic
stroke events can be even higher and has been estimated
at 52%.117 Patients with symptomatic vertebrobasilar ste-
nosis had a low stroke-free survival rate of 76% at 12
months and 48% at 5 years.102

The diagnostic evaluation of patients with intracranial
stenosis presenting with symptoms of ischemic stroke is
highly dependent on the technological capabilities at in-
dividual centers. With continuing advancement of TCD,
MRI, and computerized tomography, there is better vi-
sualization of intracranial vasculature. The greatest dis-
parity between MRI and conventional angiography oc-
curs in lesions in the proximal vertebral artery.118

Velocities may possibly be accelerated in TCD depend-
ing on the nature and anatomy of the stenosis and the
vasculature. Some studies have reported high false-pos-
itive rates of 20% for symptomatic and 41% for asymp-
tomatic lesions using with neurosonology criteria alone.
The rate remains high even when combined with MRI
for carotid artery stenosis measurement when compared
with cerebral angiography.119 As less invasive means of
identifying intracranial and vertebral artery stenosis con-
tinue to improve, the need for angiography may be ob-
viated in select cases. However, at this point, for accurate
measurement of posterior circulation stenosis and intra-
cranial stenosis, cerebral angiography is still considered
the gold standard.

Percutaneous transluminal angioplasty. Percutane-
ous transluminal angioplasty (PTA) with possible stent
placement has been recommended for treatment of intra-
cranial stenosis especially for patients not responding to

antithrombotic treatment. Also, the patients who have
vertebrobasilar stenosis of extracranial vessels and fall
into the same category would be eligible for consider-
ation of transluminal angioplasty with stent place-
ment.120 Small patient series have shown the feasibility
of stent placement with angioplasty for symptomatic in-
tracranial stenosis, with major complication rates of less
than 5%.121–123 The long-term follow-up has suggested
ipsilateral stroke prevention of up to 96% for the first
year and approximately 87% for up to the third year after
interventional treatment.121

The prospective multicenter Stenting in Symptomatic
Atherosclerotic Lesions of Vertebral Intracranial Arter-
ies (SSYLVIA) study120 assessed 43 patients with intra-
cranial stenosis and 18 with extracranial vertebral artery
stenosis. The technical success rate was 95% with
1-month postprocedural stroke rate of 7%. At 6 months,
recurrent stenosis of greater than 50% was reported in
30% of the intracranial arteries. Of the 42 patients with
12-month follow-up, four suffered a stroke after 30 days
that was related to the target lesion.

Restenosis and stent improvements. Restenosis, par-
ticularly in the small caliber blood vessels including
intracranial vessels and extracranial vertebral arteries,
remains a problem. Drug-eluting stents have been devel-
oped for coronary intervention and have been shown to
reduce rates of restenosis.124,125 The drug-eluting stents
are designed to target intimal proliferation and subse-
quent restenosis by delivery of an anti-inflammatory
and/or antimitotic agent. There are two commercially
available stents that have successfully prevented coro-
nary restenosis.126 Cypher (Cordis Corp., Miami, FL)
elutes sirolimus, a combination of an anti-inflammatory
and an antimitotic agent.127 The other stent is Taxus
(Boston Scientific Corp., Natick, MA) that elutes a drug
paclitaxel, an antimitotic agent.63

The recent improvement in stent designs and delivery
of coated agents has reduced neointimal proliferation and
restenosis.126 There have been similar problems of reste-
nosis in intracranial atherosclerotic disease and vertebral
artery disease. The rate of restenosis seems to be directly
dependent on the diameter of the blood vessel. Recently,
there have been case reports on the use of intracranial
drug-eluting stents.
Future developments such as intracranial balloons and

stents specific for atherosclerotic lesions with greater
radial force such as the Wingspan (Boston Scientific)
angioplasty and stent system could also further advance
intracranial angioplasty and stenting. It is expected that
in the future a combination of mechanical protection
devices and better designed stent delivery systems, as
well as drug-coated stents, should help to reduce periop-
erative and postoperative complication rates. Examples
of successful neurological applications are demonstrated

FIG. 4. Examples of distal protection devices for the prevention
of embolic debris causing distal vasculature strokes. The figure
also depicts the cartoons depicting the mechanism for each type
of filter.
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in Figures 5 (Cypher stent system) and 8 (Taxol stent
system).

Dural sinus thrombosis
Dural sinus thrombosis (DST) is an infrequent but

important disorder that must be recognized and promptly
treated.128 The mortality rate associated with this condi-
tion is high, ranging from 5–30%. DST also includes
thrombosis of cortical and deep cerebral veins.129 The
clinical features of DST are nonspecific, varying from
mild headache and focal neurological signs to a cata-
strophic progressive increase in intracranial pressure
leading to neurological deterioration and death.128,129

The interruption of outflow in the brain circulation leads
to augmentation in the pressure of the entire system with
venous hypertension, intracranial hypertension, and
hemorrhagic events.
Several conditions predispose to DST: trauma, neo-

plasms, and other mass lesions can cause vascular com-
pression and altered hemodynamics, leading to DST.
Hypercoagulable states like malignancies, lupus, and

other conditions are also associated with DST.130 Infec-
tion may induce sinus thrombosis.
Usually, the outcome is closely related to initial clin-

ical picture. Patients presenting with headache and pap-
illedema alone have good prognoses.131 Underlying
cause may also influence the outcome.132 Smith et al.133

described rapidity of onset, early reduced Glasgow out-
come scale, focal neurological signs, seizures, and con-
comitant infection as indicators of a poor prognosis. Due
to its relative rarity and variable clinical and imaging
features,129 the key for the diagnosis is a high level of
suspicion.
The treatment of choice for DST remains controver-

sial. The main goal of the treatment of DST should be the
recanalization of venous drainage system with complete
reestablishment of normal brain circulation.128,130 In
most centers, including ours, the treatment of choice is
IV anticoagulation followed by local thrombolysis where
indicated. A nonrandomized study130 of 40 consecutive
patients studied the safety and efficacy of two treatments

FIG. 5. A case illustration of vertebral origin stenting through a radial route using a distal protection device. A: Vertebral artery origin
stenosis. B: Deployed distal protection device (EpiFilter wire) and stent is seen in unsubtracted digital angiography. C: Flow of contrast
post-angioplasty and stent. The distal protection device is eventually recaptured using a 4 French multipurpose catheter.
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FIG. 6. Case illustration depicting carotid angioplasty and stenting using a distal protection device. A: Near-occlusive high grade
stenosis of the right internal carotid artery at its origin. B: Angioplasty balloon across the lesion with a distal protection device in place
for the angioplasty. C: Stent across the lesion. D: Deployment of the stent. E: Frame of an angiogram run after stenting and angioplasty
and final results with a residual stenosis of less than 15%. F: Demonstration of debris collected by the EpiFilter device.
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for superior sagittal sinus (SSS) thrombosis. The Throm-
bolysis Group (n � 20) received local urokinase into the
SSS followed by IV heparin anticoagulation. The Hep-
arin Group (n � 20) received IV heparin anticoagulation
only. Neurologic outcome at discharge from the hospital
was better in the Thrombolysis Group (p � 0.019). Hem-
orrhagic complications were 10% (n� 2) with urokinase
(subdural hematoma, retroperitoneal hemorrhage) and
none with heparin alone (p � 0.49). Three of the heparin
patients but none of the urokinase patients developed

complications of the underlying disease. The authors
concluded that local thrombolysis with urokinase was
fairly well tolerated and may be more effective than
systemic heparin anticoagulation alone in treating DST.
Fink et al.134 reported their experience with heparin,
showing the safety of this drug even in cases presenting
with intracerebral hemorrhage. Even though their series
represents a small, nonrandomized, retrospective sample,
this study is consistent with several prior reports and
supports the safety of treatment of patients with cere-
brovenous thrombosis with IV heparin, even in the pres-
ence of large ICH located in the temporal lobe. In our
institution, we reserve the endovascular approach for
patients who demonstrate clinical worsening despite ad-
equate IV anticoagulation and treatment of the underly-
ing etiology. Those patients presenting with a contrain-
dication for systemic anticoagulation should also be
considered for local thrombolysis.
The endovascular route used is transvenous through

the femoral vein, navigating the catheter into the venous
circulation and final placement in the matrix of throm-
bus. The thrombolytics are infused over a period of hours
for a better recanalization. The rate of recanalization
(partial and total) ranges from 70–95%.130,135–140 There
is a low risk of ICH complications in published series.
Small case series have documented the use of mechan-

ical devices to facilitate the thrombolytic process. Cha-
loupka et al.138 described the use of microballoon trans-
luminal angioplasty in a case of SSS occlusion resistant
to urokinase. Malek et al.139 reported the use of angio-
plasty and stenting in a case of pansinus thrombosis

FIG. 7. Case illustration of vertebral artery origin stenting in a patient who had an atretic contralateral vertebral artery and has continued
to have transient posterior circulation ischemic events despite best medical therapy. A: Extent of stenosis. B: Stent across the area of
stenosis. C: Results after angioplasty and stenting.

FIG. 8. This is an example of a drug (paclitaxel) eluting stent in
the middle cerebral artery of a patient with recurrent ischemic
symptoms despite best medical therapy. The patient was symp-
tom free at 3 months of follow-up with a normal neurologic
exam. A high-grade stenosis seen in the trunk (M1) of the middle
cerebral artery (A) (highlighted by a black circle) was successfully
angioplastied and stented to get the results seen (B). Inset b:
Unsubtracted angiogram and the struts of the stent within the
confines of orbital ridges as highlighted by the white circle.
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refractory to anticoagulant therapy, which led to sus-
tained venous outflow. A rheolytic thrombectomy cath-
eter, Angiojet (Possis Medical, Minneapolis, MN), has
been described as a useful adjuvant to IA pharmacolog-
ical intervention in some cases.141,142 Figure 9 illustrates
a case of acute ischemic stroke where recanalization was
achieved using a combination of thrombolytics and snare
device. The snare was able to retrieve a fresh clot that is
also illustrated in the inset of Figure 9.

Cerebral vasospasm
Despite considerable advances in diagnostic, surgical,

endovascular and anesthetic techniques, as well as peri-
operative management, the outcome for patients with
SAH remains poor, with overall mortality rates of 25%
and significant morbidity among approximately 50% of
survivors.1,2

Despite all therapeutic possibilities, a large number of
patients develop angiographic or clinical vasospasm re-
sponsible for high morbidity and mortality. Early aneu-
rysm surgery followed by hypervolemic, hypertensive
therapy has been the treatment of choice to prevent and
treat this clinical and neuroimaging entity. Pharmacolog-
ical treatment with calcium channel blockers has been
shown to improve the final outcome.143 In 1987, the
Cooperative Aneurysm Study reported an incidence of
angiographic vasospasm of more than 50%, with symp-
tomatic vasospasm of 32% in 1378 patients with SAH at
71 centers.144 These values have remained consistent
with contemporary retrospective reviews.145,146

In a small subset of patients, early vasospasm can be
seen immediately after SAH. Usually the vasospasm is
delayed and has a typical temporal course, with onset
3–5 days after the hemorrhage, maximal narrowing at
5–14 days, and gradual resolution over 2–4 weeks. In
about half the patients, vasospasm is manifested by the
occurrence of a delayed neurological ischemic deficit

which can lead to stroke, disability and death. In con-
temporary series, 15–20% of such patients suffer stroke
or die from vasospasm despite maximal therapy.147 The
delayed ischemic neurological deficit associated with
symptomatic vasospasm usually appears shortly after the
onset of angiographic vasospasm with acute or subacute
development of focal or generalized symptoms and
signs.148 Progression to cerebral infarction occurs in ap-
proximately 50% of symptomatic cases; recovery with-
out deficit in the remaining individuals may occur de-
spite the persistence of angiographic vasospasm.
Endovascular therapy offers an additional treatment

for patients who continue to experience delayed ischemic
neurological deficits despite optimal medical therapy. It
is preceded by a neuroimaging study to ensure that no
large hemorrhage, hydrocephalus, or recent infarction is
present. Close monitoring of intracranial and cardiac he-
modynamics is performed. Once transferred to the an-
giography suite, heparinization is performed and main-
tained during the procedure. Presently, the most
commonly employed treatments are PTA and/or intra-
arterial vasodilation with nicardipine, verapamil, nimo-
dipine, amrinone, or milrinone.149

Percutaneous transluminal angioplasty. With the
availability of smaller balloons and more navigable cathe-
ters almost all vessels can undergo PTA. The mechanism of
action of balloon angioplasty is poorly understood. At the
cellular level, it is thought that fragmentation of collagen
fibers and myocytes results in permanent restoration of
vessel diameter.146 Because the effects of PTA seem to be
more sustained, this is the preferred treatment. It is, how-
ever more effective in treating larger proximal segments of
vessels. Balloon angioplasty has been associated with com-
plications including aneurysm rupture if incompletely oblit-
erated, vessel rupture or thrombosis, and reperfusion hem-
orrhage.147 An example is shown in Figure 10.

Intra-arterial papaverine. Papaverine injection is
achieved with small repeated injections after superselec-
tive catheterization with a microcatheter positioned just
proximal to the affected area of the vessel.148 Papaverine
hydrochloride is an alkaloid manufactured synthetically.
It acts on the smooth muscle cells through inhibition of
cAMP phosphodiesterase activity, thereby increasing the
levels of cAMP. It may also act by blocking calcium
channels.
The results of endovascular papaverine therapy are de-

rived from case series. Papaverine is usually reserved for
the treatment of vessel segments inaccessible to PTA and
when it is desirable to dilate distal segments of the vessels.
The effect of papaverine is usually not sustained and a high
rate of recurrence of vasospasm is observed.149–151

Use of papverine has been associated with a transient
rise in intracranial pressure, and therefore it has been
recommended to use intracranial pressure monitoring
during infusion. Other reported complications include

FIG. 9. This is a case illustration of a snare device able to
disrupt and ultimately retrieve part of a presumably very large
clot in this elderly woman with a large middle cerebral artery
(MCA) stroke. The angiographic results are shown before (A) and
after (B). B: Superior division of MCA is open. Inset b: Actual clot
is shown hanging from tip of the snare device.
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the possible formation of crystal emboli causing monoc-
ular blindness, brainstem dysfunction with respiratory
and hemodynamic compromise, and other focal neuro-
logical deficits that are usually transient.152

Improvements in neurointensive care monitoring and
diagnostic studies have allowed rapid identification of
patients who reach critical reductions in cerebral blood
flow. The effect of endovascular treatment has been lim-
ited to documentation of improvement of vessel diame-
ter, improvement of cerebral blood flow, and reversal of
neurological deficits. With further experience and newer
devices the complications related to treatment have de-
creased. A more rigorous assessment of the effects of the
interventional approach for cerebral vasospasm in pa-
tients with SAH would require further trials.152

Intracarotid amobarbital administration (Wada
testing)
Induced anesthesia of cerebral hemispheres is per-

formed as a precursor to surgery for tumor or AVM
resection or epilepsy treatment, to predict the risk for
postoperative language and memory deficits. In 1948,
Juhn Wada first described intracarotid injection of so-
dium amobarbital (IAT) for lateralization of language
dominance, with his first reports appearing in the English
literature in 1960.153,154 Since then, intracarotid Wada
testing has been the standard for determining memory
adequacy as well as language dominance.154,155 The ra-
tionale for this procedure involves the use of short-acting
barbiturates, such as amobarbital or methohexital,156 that
temporarily anesthetize the perfused region, thus isolat-
ing the contralateral hemisphere in performing cortical
functions of language and memory. Angiographic tech-

niques to catheterize the ICA are performed with subse-
quent instillation of 70–160 mg of barbiturate. Neuro-
psychological testing is then performed to assess
language and memory function. Electroencephalography
is often concurrently employed to assess cerebral activity
before, during, and after anesthetization as another
marker for absence and return of unilateral hemispheric
function.
Whereas IAT is considered an integral element of ep-

ilepsy surgery planning, it has recently been criticized on
an anatomic vascular basis as well as for having clini-
cally inconsistent postoperative results.157 Sixteen years
ago, to better predict potential postoperative memory
deficits after temporal lobectomy, Jack et al. 158 per-
formed selective injections of sodium amobarbital into
the posterior cerebral artery (PAT). Successful posterior
cerebral artery (PCA) catheterization was performed in
38 of 45 patients (84%) with one major complication
(2%).159 Subsequent reports of this technique have de-
clined since that time, likely due in part to fear of com-
plications. Since Jack’s initial series, neuroendovascular
materials and techniques have advanced considerably
and we believe superselective PAT can be performed
with minimal increased risk compared with IAT. A re-
cent series of 14 patients again highlights the feasibility
of superselective catheterization of the PCA for IA so-
dium amobarbital testing.160

Although amobarbital achieves good suppression of
the gray matter, its effect on subcortical white matter
tracts may be less profound. Fitzsimmons et al.161 re-
ported superselective Wada testing of en passage blood
vessels to AVM nidi using IA lidocaine, which sup-
presses white matter tracts, in addition to amobarbital.
Limitations to superselective Wada testing during AVM
embolization include the amount of time involved, de-
tailed neuropsychological testing, and inability to per-
form such testing under general anesthesia, which is
often requisite for entry into and embolization of tortu-
ous and friable AVM vessels. However, a staged ap-
proach with preprocedural Wada testing followed by
endovascular AVM treatment at a later date, similar to
epilepsy surgery planning, is a feasible option.

Future directions
Endovascular therapy for acute and chronic cerebro-

vascular diseases and interventional neuroimaging is
evolving at a rapid pace. The safety and efficacy of
endovascular procedures is expected to improve with
new technologies. New applications such as IA delivery
of stem cells derived from bone marrow in autologous or
transplanted stem cell delivery may help repair damaged
regions of the brain. Although advances are constantly
being made, further developments are needed to enhance
techniques for cerebral protection during arterial recan-
alization. Techniques for preventing restenosis with the

FIG. 10. Case illustration of 28-year-old man with subarachnoid
hemorrhage; Hunt and Hess grade 3 and Fisher grade 3 at day
7. A: Cerebral vasospasm of the right middle cerebral artery and
anterior cerebral artery after clinical deterioration. B: Improve-
ment after emergent angioplasty, which led to clinical improve-
ment.
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advent of drug eluting stents have already advanced at a
rapid pace, and further developments in stent design
would help to address the issue of restenosis in smaller
diameter blood vessels. Further designs of devices for
aneurysm obliteration and newer intracranial supportive
stents might help for a more durable approach to aneu-
rysm coiling. Biopolymer coated coils have been sug-
gested to increase clot maturation and enhance intra-
aneurysmal fibrosis and thereby potentially decrease
recanalization rates. A clinical trial comparing Guglielmi
detachable platinum coils and biopolymer-coated plati-
num coils is being planned and might help better define
the added benefit of coated coils to plain platinum coils.
A combination of endovascular surgery in AVM treat-
ment with rapidly advancing radiosurgery might make it
possible for most AVMs to be treated in a minimally
invasive manner in the near future. Improvement in
AVM embolization may be possible with the develop-
ment of liquid embolic agents.
Endovascular procedures are rapidly expanding as

treatment options for cerebrovascular diseases and neo-
plasms and are becoming less invasive but more effec-
tive. It is essential to understand the scientific basis of
treatment rationale based on advancing new neuroimag-
ing techniques to better serve our patients.
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