
MULTIMODALITY TREATMENT OF BRAIN
ARTERIOVENOUS MALFORMATIONS WITH
MICROSURGERY AFTER EMBOLIZATION WITH ONYX:
SINGLE-CENTER EXPERIENCE AND TECHNICAL NUANCES

OBJECTIVE: To report our experience with the treatment of brain arteriovenous mal-
formations (AVM) with microsurgical resection after embolization with Onyx liquid
embolic agent (eV3, Irvine, CA).
METHODS: Between August 2005 and December 2006, 28 patients were treated by the
same surgical-endovascular team. Twenty-eight AVMs were embolized preoperatively in
55 sessions (71 pedicles) with Onyx. We analyzed the AVM size, volume, number of
embolization sessions, degree of preoperative obliteration, time to embolization and
resection after the bleed, intraprocedural complications, intraoperative blood loss, other
complications, and postoperative outcome at 6 months. Technical nuances of the emboliza-
tion and surgical resection of the embolized AVMs are illustrated in illustrative cases.
RESULTS: The average size and volume of AVMs treated with Onyx were 3.56 cm
(largest, 7.6 cm), and 13.03 ml, respectively. The average Spetzler-Martin grade was
2.75. The average preoperative volumetric obliteration was 74.1%. The average blood
loss during resection of embolized AVMs was 348 ml. Complications related to emboliza-
tion were stuck microcatheter (two patients), proximal vessel perforation (one patient),
and anterior choroidal territory stroke (one patient). Surgical complications included
wound infection (one patient), residual AVM nidus (one patient), normal pressure per-
fusion breakthrough with worsening of neurological deficit caused by embolization
(one patient), and new-onset motor deficits in five patients. At the time of the 6-month
follow-up examination, four patients with new-onset motor deficits had recovered com-
pletely or nearly completely, and one patient was disabled. One patient died, never
recovering from the initial poor condition due to the bleed. Pathological examination
of resected AVMs showed angionecrosis in 42.9%, foreign body giant cells in 39.3%,
and evidence of recanalization of Onyx-embolized vessels in 14.3% of specimens.
CONCLUSION: Multimodality treatment with microsurgery is safe and effective after
embolization with Onyx. High occlusion rates and low complication rates were observed
after Onyx embolization and were comparable to those in previous reports. Superselective
intranidal or perinidal catheter positions and slow, controlled injections that protect
the draining veins make the therapy safe even in complex AVMs and critical locations.
We recommend resection of the AVM despite apparently complete embolization with
Onyx. Team work and coordination between the surgeon and the interventional neu-
roradiologist are important to achieve a good outcome.
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Modern treatment of arteriovenous malformations
(AVM) of the brain includes the following interven-
tions alone or in combination: endovascular emboliza-

tion, microsurgical resection, and radiosurgery (6, 15, 23, 30, 35,

42). Microsurgical resection is preferred for treatment of AVMs
in resectable areas (6, 30, 36). Radiosurgical treatment of small
(�3 cm) AVMs has also shown good obliteration rates at 3
years (41). Embolization is mainly used to reduce the size of a



large AVM, to enhance the safety of surgery, or to make the
AVM amenable to radiosurgery (10, 11, 18, 45). Some small
AVMs have been reported to have been cured by embolization
alone (5, 10, 28, 29, 54, 55). Resection of AVMs, especially large
ones and those in or around critical regions, requires consider-
able technical expertise even after embolization. Before 2005,
the most commonly used embolic agent for AVM treatment
was the fast polymerizing liquid adhesive n-butylcyanoacrylate
(NBCA; Cordis Neurovascular, Inc., Miami, FL). The use of
NBCA in brain AVMs requires experience and skill because
intranidal flow and polymerization of NBCA are quick and
largely unpredictable (21, 28, 51). Recently, a new liquid
embolic agent has become available: Onyx liquid embolic sys-
tem (eV3, Irvine, CA). Onyx is less adhesive, polymerizes
slowly, and has advantages over NBCA. In this article, we out-
line the technical aspects of Onyx embolization and microsur-
gical resection of AVMs. We describe our experience with
microsurgical resection of AVMs after Onyx embolization.
Technical nuances of the embolization and surgical resection of
the embolized AVMs are illustrated with illustrative cases.

PATIENTS AND METHODS

Between August 2005 and December 2006, 28 patients with AVMs
(14 with acute hemorrhage) were managed by the cerebrovascular serv-
ice (LNS, GWB, BG) at the University of Washington Harborview
Medical Center by embolization and microsurgical resection (does not
include radiosurgical cases). The clinical data were collected and ana-
lyzed by a single surgeon (SKN). Twenty-eight AVMs were embolized
preoperatively in 55 sessions with Onyx and subsequently resected.
The following data were collected: admission World Federation of
Neurological Societies (WFNS) grade, AVM diameter, volume, number
of embolization sessions, degree of preoperative obliteration, time to
embolization after the bleed, time to surgical resection after the bleed,
intraprocedural complications, intraoperative blood loss, other compli-
cations, and postoperative outcome (modified Rankin Scale [mRS]
score) at 6 months. The postoperative outcomes were verified by tele-
phone interviews conducted by a single author (SKN). AVM size was
obtained from the angiographic images, and AVM volume was calcu-
lated retrospectively by the method described by Pasqualin et al. (V �
width � height � length � 0.52) (38).

Treatment Strategy for AVMs
The treatment strategy for AVMs was decided after joint evaluation

of the magnetic resonance imaging (MRI) and angiography studies by
the neurosurgeons and endovascular neuroradiologists. AVM size
was measured from MRI and angiography, and all AVMs were clas-
sified according to the Spetzler-Martin grading system. AVM factors
considered important in the evaluation process by the treating physi-
cians included size, deep feeders, eloquent or deep location, compact
versus racemose nidus, and aneurysms (distant or intranidal). When
treatment was considered to be clinically indicated, AVMs larger than
3 cm and those in surgically accessible areas were preferentially man-
aged by microsurgical resection after staged embolization. Radio-
surgery was preferentially used for small (�3 cm) AVMs in surgically
inaccessible areas and in some cases of Spetzler-Martin Grade IV and
V AVMs considered to be inappropriate for surgical resection. In
patients undergoing preoperative embolization, Onyx was used to
decrease the arterial blood supply of the AVM and to facilitate intra-

operative localization in AVMs, particularly near eloquent areas.
Embolization was not used as the only treatment modality.

Onyx Liquid Embolic Agent
Onyx is a less adhesive liquid embolic agent and is supplied in

ready-to-use vials. Each vial contains ethylene vinyl alcohol copolymer
mixed with tantalum and dimethyl sulfoxide (DMSO) as a solvent for
the ethylene vinyl alcohol. Ethylene vinyl alcohol copolymer is formed
of 48 mol/L ethylene and 52 mol/L vinyl alcohol. Micronized tantalum
powder (35% wt/vol) is added for radiopacity. The vials are kept on a
shaker (Vortex Genie; Scientific Industries, Bohemia, NY) for at least 20
minutes to ensure proper mixing of the tantalum powder. The lower
the concentration of the copolymer, the less viscous the agent and the
more distal the penetration that can be achieved. The polymer is dis-
solved in DMSO and is prepared in two different concentrations: 6.0
and 8.0% (Onyx 18 and Onyx 34) (viscosity 18 and 34 cP [centipoise,
unit of viscosity], respectively). Generally, Onyx 18 is used for
embolization of a plexiform nidus, and Onyx 34 is used for emboliza-
tion of large arteriovenous shunts in the AVM. DMSO is potentially
angiotoxic, but this effect is considered negligible if used at the recom-
mended infusion rates (1). When Onyx comes into contact with water-
containing liquids such as blood, precipitation of the polymer is initi-
ated by diffusion of DMSO. This process begins on the surface while
the core is still liquid, resulting in a soft, nonadherent mass. Therefore,
Onyx has a lava-like flow pattern within blood vessels without any
fragmentation during the injection. Due to these properties and
because Onyx is not absorbable, it is capable of producing occlusion of
the nidus of the AVM (33). In addition, prolonged injections of the
embolic agent into the feeding artery can be performed, and the Onyx
flows along newer areas of the AVM around areas of previous solidifi-
cation. It can also flow backward (reflux into the artery) and block
important branch arteries.

Catheterization of Nidus and Assessment
of AVM for Onyx

All embolization procedures were performed with the patient under
general anesthesia in a biplane angiographic unit. Systolic blood pres-
sure during the procedure was controlled at less than 120 mmHg.
Postembolization, the blood pressure was kept 10% lower than the base-
line systolic pressure in children or less than 120 mmHg in adults after
the procedure for 24 hours. Catheterization was performed by a trans-
femoral approach using standard coaxial techniques. The patient was
heparinized before embolization to maintain activated clotting time at
300 seconds. The heparin was not reversed at the end of the procedure
unless there was intraoperative perforation of the vessel or rupture of
AVM. The guiding catheter was constantly flushed via a pressure bag
with saline containing 5 U of heparin/ml. A DMSO-compatible micro-
catheter (Marathon 1.3 F; eV3) was navigated to the nidus of the AVM
with aid of a 0.008-inch microguidewire (Mirage; eV3). Once micro-
catheterization as close as possible to the nidus was achieved, an
angiogram was obtained to check the position of the microcatheter. The
course of the microcatheter within the vasculature (redundancy released
by withdrawing the catheter), the caliber of the feeders, the distance
from the catheter tip to the nidus (in case of perinidal catheterization),
and origin of normal brain-supplying vessels were assessed. Depending
on the morphological features of the superselective contrast injection
described above, the most appropriate Onyx type was selected for
embolization, and the maximum possible reflux to avoid embolization
of normal brain vessels was estimated. (It is important to have the
microcatheter tip as close to the nidus as possible and to have a good
distance between the catheter tip and any normal branch proximal to it

1214 | VOLUME 62 | NUMBER 6 | JUNE 2008 www.neurosurgery-online.com

NATARAJAN ET AL.



[reflux distance] [Figs. 1 and 2]). The guidewire was then pulled out, and
a biplane supraselective arteriogram to analyze the anatomy of the
nidus segment was obtained via the microcatheter.

Technical Nuances of Onyx Injection
(see video at web site)

First Penetration
Before Onyx injection, a blank road map (subtracted fluoroscopy)

was obtained. Oblique views were obtained to see the tip of the
catheter clearly, so that the reflux could be appreciated readily. We
needed to decide ahead of time the safe distance of reflux that could be
allowed during injection. Once the microcatheter tip was in the desired
position, the injection of Onyx was carried out as follows: the micro-
catheter was flushed with 10 ml of normal saline; 0.23 ml DMSO was

injected into the Marathon microcatheter to fill the dead space. DMSO
was also used to wash the hub of the syringe to avoid the polymeriza-
tion of Onyx (when it comes in contact with water). Onyx was aspi-
rated into a 1-ml syringe. Meniscus-to-meniscus connection was made
between the Onyx (in the syringe) and the DMSO (in the catheter hub).
Onyx was injected slowly at a flow rate of 0.1 ml/s to fill the micro-
catheter and replace the DMSO in the dead space. The embolic agent
was released at the tip of the microcatheter under free-flow conditions
and filled the directly dependent nidus compartment antegradely, and
subsequently refluxed into the feeding artery beyond the tip of the
microcatheter (first penetration). The goal was to form a cast of Onyx
around the tip of the microcatheter over a short distance, so that when
Onyx was injected, it would flow forward into the AVM and not retro-
grade into the feeding vessel. The injection procedure was then inter-
rupted for as long as 1 minute to allow the cast to form, and small vol-
umes of the Onyx were injected per cycle until there was enough reflux
to form an attenuated cast for a second penetration of the nidus. The
maximum safe distance of reflux was usually approximately 2 cm back
or at least 1 cm distal to a cortical branch of the feeding artery.

Monitoring Onyx Penetration
One must have a good idea of the perimeter of the AVM by angiog-

raphy; angiograms in two views were stored in the monitor for
repeated viewing. Repeated biplanar angiography was performed via
the guiding catheter during injection of Onyx to look for remnants of
the nidus (Fig. 3). Intermittent new road maps (with the previous Onyx
cast subtracted) were obtained to observe where subsequent Onyx dep-
osition occurred. When reflux occurred in other feeding arteries of the
AVM or in normal brain areas, the injection was stopped for a minute
and started again to avoid these areas. Avoiding venous embolization
is very important. When passing through a vein, Onyx tends to lami-
nate initially along the venous wall. Venous deposition was suspected
if there was pooling of Onyx or if Onyx traveled in a straight line with-
out branching. The operator must also have a good understanding of
where the veins are inside the AVM and in its periphery to identify and
avoid venous embolization.
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FIGURE 1. Position of the microcatheter for Onyx (eV3, Irvine, CA)
embolization. Note the reflux of Onyx around the tip of the microcatheter
to form a plug.

FIGURE 2. Patterns for identifying nidal injection and venous injection
during Onyx injection.

FIGURE 3. The direct feeder with the longest possible reflux distance
should be preferably chosen for Onyx injection.



When to Stop?
When to end an embolization session is a matter of great importance

and individual judgment. Typically with large AVMs, we decided how
much and which portions were to be embolized in each session. The
considerations were to embolize large AVMs (�3 cm) in a staged fash-
ion to achieve maximal but safe reduction of the AVM volume and to
embolize areas that were surgically difficult. We always started with
direct feeders to the AVM (not en passage feeders) and progressed to
more surgically difficult areas. Initial embolization was usually per-
formed through one pedicle, chosen for direct nidal access with a pos-
sibility of maximum reflux distance (greatest distance from normal
branches) (Fig. 1). In subsequent sessions, the focus was on areas of the
AVM that were difficult for surgical resection, such as perimotor or
deep-seated areas. In the final session 2 to 3 days before surgical exci-
sion, a larger volume of the AVM was usually embolized, and the
patient remained in the hospital until the surgical resection. Although it
was our goal, we found it difficult to embolize the apex of the AVM in
most cases. The embolization session was stopped when: 1) the desired
volume of embolization had been reached, 2) there was repeated opaci-
fication of draining veins, 3) the maximum safe distance for reflux was
exceeded, or 4) despite a moderate injection pressure, there was no for-
ward flow of Onyx.

Microcatheter Removal
The microcatheter was then removed at the end of the procedure as

follows: after aspirating with the Onyx syringe, the microcatheter was
pulled back slowly, increasing the tension on the tip during with-
drawal, holding the tension for a few seconds, and repeating this
maneuver a few times until the microcatheter pulled out of the cast of
Onyx around it. We have observed that it is easier to withdraw the
catheter if it is not steam-shaped. Catheter retrieval was performed in
all but two patients (one with a steam-shaped catheter and one with-
out a steam-shaped catheter). Both were subsequently removed at sur-
gery. During retrieval, the anesthetist kept protamine ready for rever-
sal of anticoagulation should an accidental rupture occur, but we never
had to use it in our series of patients. Immediately after retrieval of the
microcatheter, the position of the guiding catheter must be checked
because it may migrate cranially. The guiding catheter should be thor-
oughly aspirated to remove any clots before performing postproce-
dural angiography.

Management of Vessel Perforation
Perforation of a vessel by the microguidewire or the microcatheter

may occur during the initial catheterization. It may be recognized by
an unexplained position (from the arterial anatomy) of the wire or
catheter and in extreme cases, by changes in the patient’s vital signs.
It can be confirmed by a small-volume contrast injection through the
microcatheter or by angiography through the guiding catheter. If a
perforation is identified, the anesthesiologist should immediately
reverse the heparin with protamine. The microcatheter is left in place
through the perforation while the protamine is reversed, and a small
amount of Onyx is injected through the catheter as it is withdrawn to
seal the perforation and the perforated artery. If the feeding artery is
well sealed and the extravasation is minimal, then embolization can be
continued through another feeding vessel. If a large extravasation is
noticed or there are changes in vital signs, then the procedure should
be stopped. In patients who were in poor condition after hemorrhage
from the AVM, we frequently performed early embolization followed
by surgical resection (average length from bleed to first embolization,
15 d; 7 of 14 [50%] were performed within 1 wk) rather than wait for
the clot to clear.

Technical Nuances of Surgical Resection

Timing of Surgery, Anesthesia, and
Intraoperative Monitoring

After Onyx embolization, the surgery was frequently performed within
a few days after the last embolization session because a much greater
AVM volume was embolized and there was concern about the prospect
of hemorrhage from the AVM while awaiting surgery. Total intravenous
anesthesia was used for the AVM surgery to allow the monitoring of
motor evoked potentials. A slack brain, mild hypotension during AVM
resection, and adequate replacement of blood or blood products were
important elements for the anesthesia. Somatosensory and motor evoked
potentials were usually monitored during the surgery. Direct electrode
localization of the sensorimotor areas was also used in some patients.

Craniotomy and Localization of AVM
While planning the craniotomy, the surgeon should pay careful atten-

tion to which areas have been completely embolized and which areas
remain unembolized. The exposure of the AVM takes into account the
entire AVM as well as the important feeding arteries. This review should
also include evaluation of the original angiogram (before embolization)
to fully understand the extent of the AVM. This is important because
Onyx embolization may fragment areas of an AVM such that a small
region of active AVM still lies outside an angiographically well-
embolized area. However, after Onyx embolization, the surgeon can
focus attention on areas of the AVM that are still active. In some patients
with hemispheric AVMs who still have a major supply from a deep
artery, one may expose the artery by an additional basal approach, if it
is practical. A temporary clip is placed on that vessel with the benefit of
somatosensory evoked and motor evoked potentials monitoring. At the
conclusion of AVM resection, the temporary clip is removed or replaced
with a permanent clip. With small AVMs, frameless stereotactic guid-
ance is frequently used to locate the AVM. The presence of Onyx in the
perinidal arteries also helps in localization of small AVMs.

Dissection of the AVM
Resection of the AVM was performed as follows (37). After exposing

the AVM, arachnoidal dissection was performed circumferentially.
Temporary clips were placed on the feeding arteries. The AVM was dis-
connected circumferentially. Small vessels entering or exiting the AVM
were interrupted by low power (nonsticking or irrigating) bipolar
cautery or small clips. The dissection proceeded circumferentially
around the AVM, going from superficial to deep, keeping the field dry
at all times. The black color of the Onyx-embolized vessels and the firm
consistency of the embolized AVM assist in identifying the plane of
resection. One must cut through feeding arteries that have an Onyx
cast. This can be done easily, and these arteries are left behind (they will
be visible in postoperative studies). When the nidus is diffuse or race-
mose, we recommend that the resection margin be somewhat away
from the main nidus, if this is possible. This is also true of areas of neo-
vascularization. Although Onyx embolization is advantageous in gen-
eral, extensive embolization does make it difficult to shrink and retract
the AVM, in contrast to cases in which no embolization is performed.

Retractors are rarely placed on the brain, but rather on the AVM if
necessary. As always, the most difficult area of AVM resection is near the
apex. The most important draining vein is ligated at the end of AVM
disconnection, only after it turns blue. Troublesome bleeding from an
area usually indicates residual AVM in that region. Most AVMs extend
into the ventricle or the periventricular region. Bleeding may occur from
arterialized periventricular veins until the deep blood supply is inter-
rupted. Sometimes small feeding arteries may lie deep to a large drain-

1216 | VOLUME 62 | NUMBER 6 | JUNE 2008 www.neurosurgery-online.com

NATARAJAN ET AL.



ing vein and may be a source of persistent bleeding from an AVM after
the remaining part of the AVM is disconnected. Intraoperative angiog-
raphy is usually performed to verify the AVM resection. Occasionally,
intraprocedural angiography may be necessary to see whether there is
a remaining major feeding vessel or a nidus in case of persisting redness
of the draining vein.

Collaboration between the Surgeon and Interventionist
Close collaboration between the surgeon and interventionist was

maintained in all our patients’ cases. The neurosurgeon either per-
formed or was present during all embolization procedures. The inter-
ventional neuroradiologist was frequently present during some aspects
of the AVM resection to observe the ease or difficulty of resection. This
process allowed the team to learn from the experience.

Pathological Examination
The specimens of resected AVMs were examined. Resected speci-

mens were fixed in 10% buffered formalin and embedded in paraffin
in a standard fashion. Sections from the specimens were prepared
for histological examination with hematoxylin and eosin stain and
Verhoeff–van Gieson stain. Specimens were evaluated for the pres-
ence of Onyx, inflammation, angionecrosis, and evidence of recanal-
ization (endothelium-lined spaces within a fibrosed Onyx cast) by a
neuropathologist.

RESULTS

Patient Characteristics
Twenty-eight patients with brain AVMs were managed by

microsurgical excision after preoperative Onyx embolization
from July 2005 to December 2006 (Table 1). Fourteen AVMs
(50%) were located in eloquent brain regions. The average age
was 45.6 years and the male-to-female ratio was 4:3. The most
common presentation was hemorrhage (50% of patients).
Fourteen patients were managed after an acute bleed. The
average AVM diameter was 3.56 � 5.25 cm and the average
volume was 13.03 � 13.81 ml. Ten AVMs treated were larger
than 4 cm, of which four were larger than 6 cm. The largest
AVM was 7.6 cm in diameter. The average Spetzler-Martin
Grade was 2.75 � 1.04. There were seven patients with
Spetzler-Martin Grade IV and V. Fifteen (53.6%) patients with
deep venous drainage were treated. Seven (25%) patients had
associated arterial or venous aneurysms; five had venous
aneurysms, two patients had distant arterial aneurysms man-
aged by clipping, one had an intranidal aneurysm, and one
had a feeding artery aneurysm coiled before embolization.

Embolization
Seventy-one arterial pedicles were embolized in 28 patients in

55 sessions. The average bleed-to-embolization time was 29.2 �
27.6 days (range, 1–63 d). The average time from bleed to first
embolization was 15 days. The average injection time with a sin-
gle intranidal catheterization was 16 minutes. The average final
percentage of preoperative nidal obliteration was 74.11 � 18.21%.
Six (21.4%) AVMs (2.0, 2.1, 3.0, 3.1, 3.5, and 4.8 cm) could be oblit-
erated completely with Onyx by angiographic criteria. All these
AVMs were resected after embolization and were found to have

active remnants (the draining vein was red) during surgery, even
though the angiograms showed complete obliteration.

Complications of Embolization
There were four complications after embolization. One

patient had left-sided hemiplegia 8 hours after embolization of
a Spetzler-Martin Grade V AVM in the occipitotemporal region
through feeders from the anterior choroidal artery. She had an
infarct in the right occipitoparietal and thalamic region on MRI.
A second patient had an arterial perforation by the microgu-
idewire that was managed by immediate reversal of heparin
with protamine and termination of the procedure. She was suc-
cessfully embolized the next day and had complete microsur-
gical resection after 2 more days. She had no neurological
deficits. Two patients had stuck microcatheters after the
embolizations that were left in situ (Fig. 4); they were identified
intraoperatively and were extracted in both cases.

Surgery
All 28 patients had surgical resection after embolization. The

average blood loss was 348 ml. In one patient, persistent intraop-
erative bleeding from the AVM led to intraoperative angiography
and identification of a remaining feeding artery. After this ves-
sel was occluded, the remaining AVM was excised. One patient
with a Spetzler-Martin Grade V AVM had normal pressure per-
fusion breakthrough bleeding at the end of the AVM resection.
After Gelfoam (Pfizer, Inc., New York, New York) hemostasis,
removal of the bone flap, and sedation with systolic blood pres-
sure less than 110 mmHg for 5 days, her condition stabilized.
One patient with a premotor AVM (who did not have intraop-
erative angiography performed because of logistical reasons)
was found to have a residual AVM nidus. He underwent reop-
eration, and the AVM was removed completely without deficit.

Six patients had new motor deficits after embolization fol-
lowed by surgery (one after embolization and five after sur-
gery). Five of these six patients had complete recovery of motor
function within 6 months. One patient who had an anterior
choroidal territory stroke and hemiplegia after embolization
has been recovering but has permanent hemiparesis and
requires assistance with walking and activities of daily living.

Immediate postoperative angiography (in addition to intra-
operative angiography) and 6 months postoperative angiogra-
phy were performed in all patients. In two patients, the postop-
erative angiogram showed some vessels suggesting abnormal
arteries or residual AVM. On 6-month angiography, these ves-
sels had disappeared in one patient. In a second patient, a few
vessels persisted, and this patient was treated with radio-
surgery. One patient experienced wound infection and another
had pneumonia and hydrocephalus postoperatively.

Pathology
Angionecrosis was observed in the specimens of 12 of the 28

(42.9%) Onyx-embolized patients, presumably owing to the sol-
vent DMSO. Chronic foreign body giant cells were seen in 11 of
the 28 (39.3%) specimens. There was evidence of recanalization
(endothelium-lined spaces within a fibrosed Onyx cast) in Onyx-
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embolized vessels in four of the 28 (14.3%) specimens resected
42, 46, 70, and 81 days after the first embolization session.

Outcomes
Outcomes were measured by 6-month mRS score (Table 1).

Twenty-one patients had Spetzler-Martin Grade I to III AVMs.
Of these, one had new motor deficit after surgery but recovered
completely within 3 days. Twelve had an mRS score of 0, and
eight had an mRS score of 1 at 6 months. One patient who was
in poor neurological condition from the initial hemorrhage
remained unchanged after the AVM resection. The family
decided to withdraw supportive care 2 weeks after surgery, and
the patient died. One patient had transient reversible alopecia of
the scalp, probably due to higher radiation exposure.

Four patients had Spetzler-Martin Grade IV AVMs. Of these
four, three had new motor deficits after surgery but recovered
completely within 6 months. One had an mRS score of 2
because of severe cognitive dysfunction, and the other three
recovered, with mRS scores of 0 or 1.

Three patients had Spetzler-Martin Grade V AVMs. Two had
motor deficits after treatment, one after embolization and

another after surgery. The
patient who had hemiparesis
after surgery recovered nearly
completely (power 4+/5)
within 6 months and has an
mRS score of 1. The second
patient who had hemiparesis
after embolization is improv-
ing but has not completely
recovered and has an mRS
score of 4 (power 2/5 in upper
limb and 4/5 in lower limb,
able to walk with assistance).
This patient had an occipi-
totemporal AVM and had
hemiplegia secondary to
embolization of the anterior
choroidal artery and, sub-
sequently, normal pressure
perfusion breakthrough phe-
nomenon. Six months after
surgery, the patient has nor-
mal cognition and speech, is
able to walk with assistance,
but has minimal recovery of
left upper limb function. The
third patient had no motor
deficits and has an mRS score
of 0 at the time of a recent fol-
low-up examination.

Illustrative Cases

(see video at web site)

Patient 1: Feeder to the Apex Could Not Be Embolized;
Operative Approach Modified to Occlude the Feeder

A 17-year-old boy presented with disabling headaches and vertigo
and was diagnosed as having a Spetzler-Martin Grade IV AVM meas-
uring 5.5 � 3.5 � 2.0 cm in size in the mesial frontal lobe bordering
the ventricle (Fig. 5). The AVM was supplied predominantly by the
right anterior cerebral artery, both the callosomarginal and perical-
losal vessels. In addition, there was a very large lenticulostriate per-
forator that was recurrent and was supplying the apex of the AVM.
Preoperative embolization of the patient’s AVM was performed in
three stages using Onyx. However, we were unable to catheterize the
lenticulostriate recurrent vessel and the apex of the AVM could not be
embolized (Fig. 6). A frontal craniotomy up to the midline was per-
formed to expose the AVM, but a frontotemporal craniotomy and a
transsylvian approach was added to expose the feeding artery (Video
2). The lenticulostriate feeding artery was temporarily occluded, and
we looked for any changes in motor evoked potentials. When none
was observed for more than 15 minutes, the vessel was permanently
occluded. The AVM was removed completely (Fig. 7). Postoperatively,
the patient had mild left hemiparesis, more so on the lower limb. He
was discharged to rehabilitation, recovered completely from the
hemiparesis in 3 months, and returned to school with normal per-
formance (mRS score, 0).
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FIGURE 4. Histological examination with hematoxylin and eosin stain showing angionecrosis (arrow) in a vessel
filled with Onyx intermixed with blood and fibrin (A) and foreign body giant cells (arrow) in an Onyx cast (B). C,
cut section of a catheter stuck (arrow) in the Onyx plug (unfilled spaces in these vessels represent blood/fibrin lost
during tissue processing and not recanalization). D, histological examination with Verhoeff–van Gieson stain show-
ing a partly recanalized vessel filled with Onyx embedded in a fibrosed thrombus interspersed with a proliferation of
new vessels (endothelium-lined spaces) with blood cells (arrows and inset). Original magnification, �20 (A and B),
�10 (C and D), and �60 (insets in D).
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Patient 2: Young Girl with a Large AVM
Bordering the Motor Area

(see video at web site)
An 8-year-old girl presented with recurrent tingling sensations on the

left side of the body and weakness of the left arm and leg. She was
found to have a Spetzler-Martin Grade V AVM measuring 7.0 � 4.5 �

2.8 cm in size, involving the motor area (Fig. 8). Embolization was aimed
at parts of the AVM that were more difficult to manage with surgery: the
apex and the posterior part bordering the sensorimotor cortex. Onyx
embolization was performed in four sessions over 3 weeks (Fig. 9). The
posterior portion of AVM bordering the rolandic fissure was embolized,
but the apex could not be embolized. Resection was elected after mul-
tiple discussions with the parents and the patient and other treating
physicians because of her young age, which has a  greater potential for
cerebral plasticity. The AVM was excised completely 4 days after the last
stage of embolization. Surgery was still quite difficult, taking approxi-
mately 12 hours (Video 3). During the procedure, an intraoperative
angiogram was obtained because the surgeon could not be sure about
a persisting feeder from a branch of the anterior cerebral artery and the
apical vessels supplying the AVM. She had significant left hemiparesis
postoperatively. The postoperative angiogram showed a questionable
remnant/neovascularization (Fig. 10A). We decided to observe this. She
received postoperative rehabilitation, and at follow-up examination 9
months after the surgery, angiography showed complete removal of
the AVM (Fig. 10, B and C) with regression of the questionable arteries.

Power in her left arm and leg was 4+/5. She had returned to school and
to normal activities including sports (mRS score, 1).

Patient 3: Large AVM in the Basal Ganglia 
and Deep Frontal Lobe

(see video at web site)
A 52-year-old woman presented with recurrent severe headaches.

She was found to have a Spetzler-Martin Grade IV AVM in the right
sylvian fissure, the basal ganglia, and the frontal lobe (Figs. 11 and 12).
Embolization was performed with Onyx in four sessions over 4 weeks,
aiming at the medial portion of the AVM in the basal ganglia (Fig. 13).
Surgery was performed 2 days after the last embolization, and the
AVM was removed completely (Video 4). The patient had left hemipare-
sis postoperatively and had inpatient rehabilitation. At a follow-up
examination 8 months after surgery, power in all four limbs was nor-
mal, and she had returned to her normal activities and work (mRS
score, 1). Angiography 8 months after surgery showed complete oblit-
eration of the AVM (Fig. 14).
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FIGURE 6. Patient 1. Angio-
grams showing the embolized
Onyx cast of the AVM. The lentic-
ulostriate feeders could not be
catheterized, and the apex of the
AVM could not be embolized.

FIGURE 7. Patient 1. Angiograms obtained at the time of the follow-up
examination showing complete obliteration of the AVM.

FIGURE 5. Patient 1. T2- (A) and T1-weighted (B) magnetic resonance
imaging (MRI) scans showing a Spetzler-Martin Grade IV arteriovenous
malformation (AVM) in the mesial frontal lobe bordering the ventricle.
Lateral (C) and oblique (D) angiograms showing feeders predominantly
from the anterior cerebral branches and a recurrent lenticulostriate vessel.
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DISCUSSION

Treatment Decisions
The principal goal of AVM treatment is the elimination of

bleeding risk. Improvement of other symptoms such as
headache or seizures is also an additional benefit. Treatment
results have to be considered in comparison with the natural

history of AVMs and have to take into account the results of
the entire AVM management, including embolization and
microsurgery or radiosurgery. In this series of patients, 53% of
the patients presented with hemorrhage. The indications for
treatment were self-evident in most patients. However, the
philosophy for treatment of Grade IV and V AVMs is contro-
versial (2, 13, 14, 19, 20). Several authors believe that the risks
of treatment outweigh those of the natural history. In our
series, we treated four Grade IV and two Grade V AVMs. In all
but one Grade V AVM, the outcome was excellent or good. The
two patients with a Grade V AVM were not treated, as they
were young and, in one, the AVM was located in the temporo-
occipital region.

Advantages of Embolization before Surgery
The goal of embolization in a patient who is to undergo sur-

gical resection is to make the surgery easier. This may be
achieved by reduction of intraoperative time or bleeding or by
the elimination of difficult surgical areas such as perimotor/
sensory and apical regions. By the gradual reduction of the
AVM nidus, embolization is also thought to reduce the risk of
normal pressure perfusion breakthrough (22, 25, 27, 33, 39, 45,
56). Elimination of difficult areas of the AVM by embolization
allows the surgeon to focus on other regions. However, the ideal
goal of embolizing the apical regions of the AVM was not
achieved in most cases.

Advantages and Disadvantages of Onyx Embolization
Multimodality therapy with Onyx embolization and

microsurgical excision allowed us to safely treat large AVMs.
The slow-flowing characteristic of Onyx and the surgeon-
interventionist collaboration allowed more specific areas of an
AVM to be treated. Superselective intranidal or perinidal
catheter positions and slow, controlled injections that protect
the draining veins make the therapy safe in complex AVMs
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FIGURE 8. Patient 2. A, MRI scan showing a 7-cm AVM in the frontal
lobe bordering the sensorimotor cortex. B, angiograms showing a Spetzler-
Martin Grade V AVM.

FIGURE 9. Patient 2. Angiograms showing Onyx cast obliterating the
posterior portion of the AVM bordering the rolandic fissure.

FIGURE 10. Patient 2. Immedi-
ate postoperative angiogram (A)
showing questionable remnant of
the AVM/neovascularization. B
and C, angiograms at 9 months
showing complete removal of the
AVM.

A B

C
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and critical locations, even in less experienced hands. In our
series, the bleed to embolization time was much shorter than
previously described. This difference may be attributable to a
change in the treating physician’s philosophy or to the ability
to perform safer embolization earlier after a bleed. The senior
author (LNS) believes that there is no advantage during surgi-
cal resection after Onyx when compared with NBCA, except
that it helps to localize the AVM and identify the brain-AVM
interface better. There was no difference in the handling char-
acteristic of Onyx when compared with other embolic agents.
A partially obliterated AVM has the same dimensions from the
perspective of the surgeon, and the process of resection after
Onyx embolization is still complex.

Embolization of intracranial AVMs with ethylene vinyl
alcohol-containing embolic agents was first described by Taki
et al. (46) and Terada et al. (48) in the early 1990s. The previous
reports of treatment of AVMs with Onyx (Table 2) show that our
clinical complication and mortality rates are comparable.

The disadvantage of Onyx is the potential for angiotoxicity of
DMSO, which is dangerous and sometimes lethal. There was
evidence of angiotoxicity in the pathological analysis of our
specimens. The potential for dangerous or lethal angiotoxicity
is less if the volume of DMSO injected in milliliters is less than
half the weight of the patient in kilograms and the speed of
DMSO injection is kept at less than 0.1 ml/min. There are
potential complications of longer exposure to radiation due to
longer injection times. One patient in our group had transient
alopecia after Onyx embolization.
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FIGURE 13. Patient 3.
Angiograms (A and B)
and plain x-ray (C) show-
ing the obliteration of the
medial portion of the AVM
by Onyx cast.

A B

FIGURE 14. Patient 3. Angiograms obtained at the time of follow-up
showing complete obliteration of the AVM nidus.

C

FIGURE 11. Patient 3. MRI scans showing an AVM in the right sylvian
fissure and frontal lobe.

FIGURE 12. Patient 3.
Angiograms showing a
Spetzler-Martin Grade IV
AVM with deep venous
drainage.



Complete Obliteration of the AVM Nidus with Onyx
Embolization: Is Surgical Resection Necessary?

Although some interventionists in Europe believe that
AVMs can be cured by using Onyx, this agent is not approved
for such use in the United States. In our series, six patients
had complete obliteration of the AVM nidus after emboliza-
tion by angiographic criteria. All six patients had their AVMs
surgically removed, and the AVMs were found to have resid-
ual filling during surgery. This implies that we are overesti-
mating the efficacy of embolization and that AVMs that
appear cured on angiography may still require resection.
There have been recent series (32, 51, 54) from Europe in
which Onyx was the only modality for curative emboliza-
tions. In one short-term series (54) with Onyx, two recurrences
shown on angiography were evident at the 3-month follow-
up examination. Recanalization after embolization with
acrylics (4, 8, 11, 28, 33, 54) has been described at the time of
long-term follow-up evaluations. Because of lack of long-term
follow-up data, no conclusions can be drawn regarding the
permanence of occlusion using Onyx. No long-term studies
have been performed with regard to toxicity or carcinogenic-
ity of Onyx.

In our pathological study, there was evidence of chronic for-
eign body giant cells and angionecrosis in 39 and 43% of spec-
imens, respectively, suggesting that Onyx is not inert. There
was evidence of recanalization in 18% of specimens, suggesting
that there may be angiographic evidence of recurrence if these
patients had been followed without surgical resection. Because
of these factors, we recommend resection of an AVM despite an
apparently complete embolization.

Complications of AVM Embolization
Immediate postembolization complications occurred in four

of 55 (7.3%) embolization sessions (four of 28 [14.3%] patients).
Three patients had vascular complications with no neurologi-

cal deficit, and one patient had a permanent neurological
deficit. Other investigators (3, 9, 15, 16, 21, 24, 26, 31, 34, 35, 44,
47, 49, 50, 53) have reported that death occurred in 0 to 3% and
permanent disability in 2 to 20% of patients undergoing
embolization. Comparing our own experience with emboliza-
tion using NBCA, embolization using Onyx has comparable
complication rates but allows more controlled embolization
of the AVM, even in less experienced hands.

Complications of Multimodality Treatment of AVMs
The complication rate of multimodality treatment of surgery

followed by embolization was eight of 28 (28.6%) patients. Of
these, five patients had new neurological deficits after surgery
and one patient had worsening of deficit caused by emboliza-
tion (six of 28 [21.4%]). At the time of the 6-month follow-up
examination, one patient (3.6%) had a severe deficit and five
patients (17.9%) had recovered completely or nearly com-
pletely. The mortality rate was one in 34 (3%), and it was attrib-
utable to the insult of the initial hemorrhage. In reviewing the
literature (3, 4, 7, 12, 21, 26, 31, 35, 51–53) on AVMs, we found
a complication rate for a severe deficit of 5.5% and a mortality
rate of 2.3% after embolization and surgical resection.

CONCLUSION

With knowledge of the morphological characteristics of
AVMs, high occlusion rates and low complication rates are fea-
sible with Onyx and comparable with those of other previous
embolic agents. Superselective intranidal or perinidal catheter
positions and slow, controlled injections that protect the drain-
ing veins make the therapy safe in complex AVMs and critical
locations, even in less experienced hands. Large AVMs can be
adequately reduced in size for surgical treatment. We recom-
mend resection of an AVM despite apparently complete
embolization with Onyx.
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TABLE 2. Previously reported series of Onyx/ethylene vinyl alcohol for embolization of arteriovenous malformationsa

Embolizing Angiographic Permanent neurological Mortality,
Series (ref. no.) Patients

agent cure, no. (%) deficit, no. (%) no. (%)

Hamada et al., 2002 (12) 57 EVOH � alcohol 0 3 (5.3) 0

Simonetti et al., 2001 (40) 2 Onyx 1 (50) NA NA

Florio et al., 2003 (7) 10 Onyx 2 (20) 1 (10) NA

Song et al., 2004 (43) 3 Onyx 0 1 (33.3) 0

He et al., 2005 (17) 22 Onyx 3 (13.6) 0 0

Jahan et al., 2001 (21) 23 Onyx 0 9 (4) 0

van Rooij et al., 2007 (51) 44 Onyx 7 (16) 2 (4.6) 1 (2.3)

Weber et al., 2007 (54) 94 Onyx 19 (20); 2 recur- 9 (9) 0
rences in 3 mo

Mounayer et al., 2007 (32) 53 Onyx � NBCA 26 (49) 5 (8.5) 3 (5.7)

Current study 28 Onyx 6 (21.4) 1 (3.6) 0

a EVOH, ethylene vinyl alcohol; NA, not available; NBCA, n-butylcyanoacrylate.



Multimodality treatment with microsurgery appears to be safe
and feasible after Onyx. Despite treatment of large AVMs in deep
locations, the outcomes and complication rates are low and com-
parable with those reported in previous series. Teamwork and
coordination between the surgeon and the interventional neuro-
radiologist are important to plan strategies and to have good
outcomes with fewer complications in these complex lesions.
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COMMENTS

Natarajan et al. report on a series of 28 patients treated by endovas-
cular occlusion with Onyx followed by surgical excision. In the 28

patients, they had four complications related to the endovascular pro-
cedure, with one patient being left with a left-sided hemiplegia. Two
patients experienced adherence of the microcatheters to the cerebral
vessel, which were left in situ and identified intraoperatively and
extruded at the time of the surgery.

What I am surprised about is that all patients had surgery despite
angiographic obliteration. In 21% of their series, or six patients,
endovascular therapy resulted in angiographic occlusion; despite this,
the patients underwent surgical resection. I submit that it is very rea-
sonable to bring the patient back in 4 to 6 weeks to repeat the
angiogram, and if there is shunting, then certainly surgery or radiation

can be contemplated. I see no rationale for operating on all patients
despite angiographic cure. Clearly, if these patients were cured angio-
graphically, perhaps the overall management outcome would have
even been better than in the current series.

There is no question that Onyx is a relatively safe embolic material
and that it does not require the skill and experience as is needed for the
use of other liquid acrylic agents. It clearly has gained a role in the
armamentarium of multimodality management of brain arteriovenous
malformations (AVMs).

Robert H. Rosenwasser
Philadelphia, Pennsylvania

Natarajan et al. present a consecutive series of 28 patients with cere-
bral AVMs treated with preoperative Onyx embolization and sur-

gical resection. Their series includes four Grade IV AVMs and two
Grade V AVMs. Patients in this series did extremely well: there were
four transient and one permanent neurological deficit and a wound
infection. Six lesions were completely obliterated angiographically after
Onyx embolization; although intraoperatively, all lesions were found to
have residual filling.

This series contributes to the growing body of evidence supporting
the safety and efficacy of Onyx embolization for AVMs. At our institu-
tion, we too have found that the slow-flow characteristics of Onyx
allow our endovascular team to be more aggressive in embolizing large
AVMs, thereby making subsequent resections safer. Moreover, we agree
with the authors in underscoring the fact that angiographic obliteration
with Onyx embolization is not equivalent to a cure and that surgical
resection may still be necessary. More studies with longer follow-up are
necessary to further clarify this issue.

Brendan Killory
Robert F. Spetzler
Phoenix, Arizona

Natarajan et al. present a single center series of cerebral AVMs that
were adjunctively embolized with Onyx before surgical resection.

Twenty-eight lesions were embolized in 55 sessions with a complica-
tion rate of 7.3%. Permanent endovascular morbidity was 1.8%. The
surgical morbidity was 3.6% at 6 months.

The strength of the article is the emphasis on a multidisciplinary
approach, morbidities comparable with those in other studies, the sur-
gical evaluation of “angiographically occult” lesions, and the patholog-
ical evaluations of resected lesions. At our center, we have also adopted
Onyx as a first-line adjunctive therapy. We have also produced some
angiographic “cures.” The comments of Natarajan et al. on the need to
resect “angiographically occult” lesions are well timed and supported
by the presence of “red veins” during surgical evaluation. A point to
discuss is the effect of angiographic cures on those patients who pres-
ent only with seizures.

Although the outcomes reported are comparable with those of other
Onyx series, it would be helpful to read a similar report from the same
center on lesions treated with n-butylcyanoacrylate. It is important to
realize that Onyx is yet another tool and not a replacement for other
treatment modalities in the adjunctive therapy of AVMs.

Babu G. Welch
Duke S. Samson
Dallas, Texas

Natarajan et al. report their experience with 28 patients who had
intracranial AVMs treated by preoperative embolization with

Onyx followed by microsurgical resection. A total of 71 pedicles were
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embolized in 55 sessions. The average final AVM nidus obliteration was
74.11%, and total angiographic obliteration was achieved in six
patients. Surgical resection was performed in all patients, and an AVM
remnant could be identified in each. Complications related to emboliza-
tion were found in four patients, one of which was caused by emboliza-
tion of the anterior choroidal artery and resulted in a permanent neu-
rological deficit, one was caused by arterial perforation, and two were
caused by a stuck catheter. Complications related to surgery included
five temporary neurological deficits, which resolved completely. At 6
months follow-up, 86% of the patients had a modified Rankin Scale
(mRS) score of 0 or 1, 7% had a mRS score of 2, and 3.5% had an mRS
score of 4. One patient died.

The authors concluded that preoperative embolization with Onyx
allows for safe treatment of large AVMs by effectively reducing nidal
size and, thus, intraoperative bleeding. This result is provided by the
flow characteristics of Onyx, which permit embolization of a more
intricate vascular network. They point out the angiotoxicity that might
be caused by dimethyl sulfoxide with the use of Onyx and a greater
exposure to radiation because of increased injection times. On the other
hand, the authors advocate surgical resection of an AVM despite evi-
dence of complete angiographic obliteration after preoperative
embolization. Stated reasons include evidence of residual filling during
surgery in six of the patients who had complete angiographic obliter-
ation and the potential for recanalization reported in some studies, the
lack of adequate follow-up data after embolization with Onyx, and the
potential for angiotoxicity demonstrated in this study.

Although this work should not be solely relied on to change treat-
ment paradigms, it does seem to add to a growing number of reports
about Onyx, demonstrating that it is safe and effective. The application
of Onyx to higher Spetzler-Martin Grade AVMs may also allow for the
treatment of some AVMs previously considered untreatable. There are
some drawbacks, as the authors point out, such as increased emboliza-
tion sessions and radiation exposure. Only through more controlled sci-
entific inquiry can we be certain that this material is safe and effective
in the long-term for AVM embolization.

An important part of this work is the discussion of the need for, and
benefit of, surgeon-interventionalist collaboration. This cannot be
overemphasized. Considering that AVM embolization, regardless of
the material used, does carry significant risks and that these risks cor-
respond to the number of sessions, number of pedicles embolized, and
overall aggressiveness of the approach, only through close collabora-
tion of the members of the neurovascular team can the specific goals of
the embolization be realized at the lowest possible risk.

Ziad Hage
Daniel Surdell
H. Hunt Batjer
Chicago, Illinois

This report describes the use of Onyx in the multimodality manage-
ment of 28 patients with brain AVMs. Those of us who use this

embolic agent are generally excited about its performance, but several
cautionary comments are in order.

First, this article suggests that Onyx embolization reduces AVM
size and makes surgical resection easier. However, an AVM nidus
that is nearly obliterated by Onyx still has the same anatomical
dimensions as without embolization, and microsurgical dissection
must progress through the same tissue planes. Furthermore, there
are many other important factors besides size that influence the safety
and ease of resection, including AVM location, eloquence, deep per-

forating artery supply, hemorrhagic presentation, margins (compact
versus diffuse), and patient age. Onyx embolization has no impact on
these other factors either.

Second, although not stated explicitly, this article suggests that Onyx
embolization will enable us to tackle tougher AVMs and still achieve
excellent clinical outcomes. Seven AVMs (25%) in this series were high-
grade lesions (Spetzler-Martin Grade IV or V), and only one of these
patients had a poor outcome (mRS score <2). However, Onyx is no
substitute for surgical skill. The outstanding results in this report reflect
the expertise of Dr. Sekhar rather than the properties of Onyx. Even in
his skilled hands, five of the seven patients with high-grade AVMs had
new, significant deficits resulting from treatment. The recovery
observed in these patients was equally significant, but in three patients
some treatment-related neurological symptoms remained (mRS score 1
or 2). It is worth considering these results to emphasize the fact that no
matter how good the neurosurgeon or how injected the nidus, high-
grade AVMs are associated with significant surgical morbidity that
may not be counted in our calculus of outcome reporting but leaves
patients who were neurologically normal at the beginning of treatment
less than normal afterwards. I think it is advisable to treat high-grade
AVMs conservatively, even as our embolic agents improve.

Finally, for AVM surgeons who feared that Onyx would put an end
to AVM surgery, this report demonstrates that angiography overesti-
mates the efficacy of embolization. All six AVMs deemed to be
occluded completely had residual filling at the time of surgical resec-
tion. In addition, AVMs embolized with Onyx had a recanalization rate
of 14%, on the basis of pathological evidence in four specimens.
Therefore, no matter how impressive the postembolization angiograms
look, we should operate and finish the job, even with endovascularly
“cured” AVMs.

Michael T. Lawton
San Francisco, California

This is a single center study in which the senior author reviews his
experience with 28 patients treated with Onyx and subsequent sur-

gical resection. Natarajan et al. do an admirable job of evaluating the
AVMs on the basis of size, volume, number of embolizations, percent
obliteration by embolization, the timing of all procedures, and intrapro-
cedural complications, blood loss, and complications related to the sur-
gery at 6 months. The important points to be raised include the lack of
any difference between complication rates when n-butylcyanoacrylate
or Onyx is used. We all recognize that Onyx is a more user-friendly
agent. In addition to this, the complication rate after treatment with
Onyx versus n-butylcyanoacrylate and surgical manipulation is also
quite similar. Therefore, it remains unclear as to whether Onyx is an
agent superior to those used previously. The authors do an excellent job
of describing their treatment strategy, which in most cases is standard
therapy. The authors also review several patients with Grade IV and V
AVMs. This is obviously a controversial topic, which should be
addressed at centers that deal with large numbers of AVMs.

Overall, the authors’ results are excellent. This article emphasizes the
need for an organized team of physicians including endovascular sur-
geons, neurosurgeons, neurologists, intensivists, and anesthesiologists,
all playing an equal part in the diagnosis, decision to treat, and man-
agement of the patient perioperatively. It is clear that the best out-
comes occur in institutions that have organized teams such as the one
in this article treating a high volume of patients.

Philip E. Stieg
New York, New York
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