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OBJECTIVE: In this study, we developed an a priori system to stratify surgical inter-
vention of perisylvian arteriovenous malformations (AVMs) in 20 patients. We strati-
fied the patients into three categories based on preoperative functional magnetic
resonance imaging (fMRI) language activation pattern and relative location of the
AVM.
METHODS: In Group I (minimal risk), the AVM was at least one gyrus removed from
language activation, and patients subsequently underwent asleep resection. In Group
II (high risk), the AVM and language activation were intimately associated. Because the
risk of postoperative language deficit was high, these patients were then referred to
radiosurgery. In Group III (indeterminate risk), the AVM and language were adjacent
to each other. The risk of language deficit could not be predicted on the basis of the
fMRI alone. These patients underwent awake craniotomy with electrocortical stimu-
lation mapping and optical imaging of intrinsic signals for language mapping.
RESULTS: All patients from Group I (minimal risk) underwent asleep resection without
deficit. All Group II (high-risk) patients tolerated radiosurgery without complication. In
Group III (indeterminate risk), three patients underwent successful resection, whereas
two underwent aborted resection after intracranial mapping.
CONCLUSION: We advocate the use of fMRI to assist in the preoperative determina-
tion of operability by asleep versus awake craniotomy versus radiosurgery referral. In
addition, we advocate the use of all three functional mapping (fMRI, electrocortical
stimulation mapping, and optical imaging of intrinsic signals) techniques to clarify the
eloquence score of the Spetzler-Martin system before definitive treatment (anesthe-
tized resection versus radiosurgery versus intraoperative resection versus intraopera-
tive closure and radiosurgery referral).

KEY WORDS: Arteriovenous malformations, Brain mapping, Broca’s area, Functional magnetic resonance
imaging, Language, Neurosurgery, Optical imaging of intrinsic signals, Sylvian
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Dominant-hemisphere perisylvian arte-
riovenous malformations (AVMs)
present a challenging diagnostic and

therapeutic obstacle because of their proxim-
ity to eloquent cortex (3, 16, 22, 38). Indeed,
the Spetzler-Martin grading system (for corti-
cal AVMs) provides additional scoring for
those malformations in close proximity to
these areas (30). In such patients, preoperative
diagnostic studies focus on the anatomic rela-
tionship of the AVM to eloquent cortex and
primarily to speech areas (Broca’s, Wernicke’s,
and orofacial sensorimotor cortices). Anatom-

ically, however, electrocortical stimulation
mapping (ESM) during awake craniotomy has
shown great variability in speech center loca-
tion (Broca’s and/or Wernicke’s areas). The
prediction of iatrogenic deficit or even the
feasibility of surgery is therefore difficult to
determine (25).

The “gold standard” for localization of lan-
guage has been the awake craniotomy with
intraoperative ESM (13, 25). In many in-
stances, patients undergo surgery (with the
attendant risks of craniotomy); however, ESM
reveals the intimate association of the AVM
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and eloquent cortex. The AVM is therefore unresectable (be-
cause of proximity to eloquent cortex), and surgical resection
is aborted (3). Recent reports have discussed the usefulness
and reliability of functional magnetic resonance imaging
(fMRI) in the anatomic localization of language function (17,
23, 29, 31, 37). Others have sought to develop novel tech-
niques, such as optical imaging of intrinsic signals (OIS), to
measure cortical activity (by imaging changes in cortical light
reflectance with activation; see References 5 and 29 for re-
views). In an effort to develop an a priori determination of the
location of language function in relation to AVM, we have
used fMRI to help classify which AVMs would benefit from
awake craniotomy with ESM mapping of language. We then
used ESM and OIS to verify language localization and find a
basis for decisions regarding resectability.

In this study, we evaluated 20 patients who presented to the
University of California, Los Angeles (UCLA) Division of
Neurosurgery with perisylvian AVMs. Patients were evalu-
ated preoperatively by traditional anatomic studies (MRI and
angiogram) as well as fMRI and linguistic testing. Patients
were then stratified into three groups: I) minimal risk, II) high
risk, and III) indeterminate risk. When fMRI revealed close
proximity (one gyrus or less) of language function and AVM
nidus, patients underwent hemispheric, selective, and super-

selective intra-arterial Amytal (amobarbital sodium; Eli Lilly
and Co., Indianapolis, IN) (IAA) injection (Wada test). Those
patients who met the criteria for attempted “asleep-awake-
asleep” surgical resection (i.e., Group III, indeterminate risk)
were then assessed intraoperatively by ESM and OIS map-
ping. The selection algorithm, mapping findings, and statisti-
cal results are reviewed in terms of maximizing clinical out-
come without iatrogenic deficit.

PATIENTS AND METHODS

Twenty patients with dominant-hemisphere perisylvian
AVMs were evaluated at UCLA Medical Center. Patients were
assessed according to the classification of Sugita et al. (32) and
the Spetzler-Martin (30) grading system (Table 1). All patients
received routine MRI and four-vessel angiographic evalua-
tion. Informed consent was obtained before enrollment in the
study. When the patients were found to have AVMs in the
dominant-hemisphere perisylvian area, they were referred to
UCLA Center for Brain Mapping for fMRI mapping of lan-
guage function. When fMRI revealed close proximity of lan-
guage function and AVM nidus, patients underwent hemi-
spheric, selective, and superselective IAA injection (Wada
test). On the basis of the fMRI findings, patients were then

TABLE 1. Patient demographicsa

Patient no. Age (yr)/sex AVM location Class/grade Size (cm) Drainage

Group I
1 47/M Angular gyrus L, III 1.5 Surface
2 29/M Left frontal M, IV 5 Surface and deep
3 40/F Inferior central sulcus P, III 2.5 Surface and deep
4 26/F Left temporal L, III 2 Surface and deep
5 36/M Left frontal M, IV 3 Deep
6 33/M Left frontal M, III 2.5 Surface and deep
7 40/M Left temporal L, IV 4 Surface
8 40/F Left temporal L, III 1.5 Surface
9 22/M Left frontal M, III 2.5 Deep

10 34/M Left frontal M, III 3 Surface

Group II
1 28/F Left temporoparietal L, III 3 Surface
2 26/M Left temporal L, II 1.5 Surface
3 35/F Left frontal M, V 6.5 Deep
4 28/M Left frontal M, IV 3 Surface and deep
5 31/M Left frontal M, III 3 Surface

Group III
1 54/M Left temporal L, II to I 2 Surface
2 21/F Left frontal M, IV to III 3 Surface and deep
3 31/F Left temporoparietal P, III to II 1.5 Deep
4 36/F Left temporoparietal L, II 1.5 Surface
5 32/M Left frontal M, III 3 Surface

a AVM, arteriovenous malformation. Class/grade indicates Sugita classification (L, lateral; M, medial; P, pure); grade is Spetzler-Martin Grade (I–V).
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stratified and treated accordingly (Groups I–III; see below). In
addition, all subjects underwent preoperative linguistic test-
ing before surgery (using the Boston Diagnostic Aphasia Test
[11]) to assess baseline language function. None of the patients
demonstrated an underlying language deficit before surgery.

Stratification Paradigm

On the basis of the language activation pattern and the
relative location of the AVM, we identified three groups of
patients (Table 2). In Group I (the minimal-risk group), the
AVM was at least one gyrus removed from areas of language
activation. The risk of postoperative language deficit was pre-
dicted to be low, awake language mapping was unnecessary,
and the likelihood of resection was high. In Group II (the
high-risk group), the AVM and language activation were in-
timately associated (i.e., no intervening tissue between AVM
and fMRI activation with partial overlap). The risk of postop-
erative language deficit was hypothesized to be high. Because
the likelihood of neurological deficit outweighed the benefit of
surgery, these patients were referred to radiosurgery. In
Group III (nidus and fMRI activation less than one gyrus away
without overlap), AVM and language were adjacent to each
other. The risk of iatrogenic language deficit could not be
predicted on the basis of the fMRI alone. These patients were
recommended to undergo awake craniotomy with ESM for
speech mapping. In addition, these patients underwent intra-
operative OIS (iOIS) mapping as an adjunctive cortical map-
ping technique. On the basis of the ESM and iOIS data, resect-
ability was determined intraoperatively.

Human fMRI

Preoperative fMRI was performed on a 3-T GE scanner
(General Electric, Milwaukee, WI) approximately 1 to 2 weeks
before surgery. Multislice echo-planar imaging (modifications
by Advanced NMR Systems, Woburn, MA) was used with a
gradient echo spin sequence (TR � 2500 ms, TE � 45 ms, flip
angle � 90 degrees, 64 � 64 pixels, field of view 20 � 20 cm),
yielding an in-plane resolution of 3.1 mm and slice thickness
of 4 mm (1-mm interslice gap). Seventeen axial slices were
acquired through the brain, covering the perisylvian region.

Each experimental trial began and ended with 30 seconds of
rest to establish and assess baseline magnetic resonance signal.
See below for testing paradigms. During fMRI scans, the sub-
ject’s head is stabilized posteriorly by a deformable cushion
and anteriorly by adhesive tape. Residual movement artifacts
were corrected after acquisition by use of automatic image
registration algorithms (36). Specifically, to minimize move-
ment artifact accumulation throughout a trial, image data
were registered to respective slices at the beginning of each
activation period.

The fMRI images were reconstructed, analyzed, and dis-
played as original slice data. To analyze the data, paradigms
were convolved with a model of hemodynamic response func-
tion developed at our institution (4, 6, 29). The magnetic
resonance signal intensity was then correlated (Pearson’s cor-
relation coefficient) at every pixel (within the field of view)
with the resulting input-response function (the convolved
boxcar function of task versus rest, as above). To identify
consistently activated regions, we used a conjunction proce-
dure that identified all voxels in the brain exceeding the
statistical threshold in two separate functional maps. This
procedure greatly reduced the risk of false-positive results
(29). In this case, the probability of a chance activation on a
single image was 0.063, and the corresponding joint probabil-
ity (according to Bayes’ theorem) across two images was 0.004
(Pearson r � 0.2). Resultant pixels were then registered to the
echo-planar imaging coplanar high-resolution images using
automated image registration algorithms to provide accurate
colocalization.

Intra-arterial Amytal Injection (Wada Test)

Preoperatively, Wada testing was performed when the
fMRI data revealed close proximity between language func-
tion and AVM nidus. This was defined as one gyrus or less
between fMRI activations and nidus. Only 4 of 10 patients
from Group I and all patients from Groups II and III received
Wada injections. Hemispheric, selective, and superselective
injections were performed by use of standard clinical tech-
niques in the presence of a neurologist and a neuroradiologist.

TABLE 2. Classification of arteriovenous malformationsa

Group AVM and language location Resectability Risk of language deficit
Awake craniotomy

and mapping

I AVM at least one gyrus removed from areas of
language activation

Yes Low No

II AVM and language activation intimately
associated

No High No

III AVM and language activation are adjacent Unknown Indeterminate Yes

a AVM, arteriovenous malformation.
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Electrocortical Stimulation Mapping

Intraoperatively, during awake craniotomy, critical lan-
guage areas were first identified by use of standardized clin-
ical procedures for ESM. After craniotomy and reflection of
the dura, the patient was awakened under the care of the
operating room anesthesiologist. Language testing then fol-
lowed, using ESM via a bipolar electrode and Grass Instru-
ments stimulator (Grass Instruments, Quincy, MA). While the
patients performed language and motor tasks, the cortical
surface was stimulated via the electrode and stimulator. Five-
second trains of stimulation were used, beginning at 4 mA,
increasing in 2-mA increments to a maximum of 16 mA. Sites
were identified with numerical labels, and cortical regions
throughout the open flap were stimulated at 1-cm intervals.
Every stimulation was accompanied by continuous intracra-
nial electrocorticography to monitor for the presence of any
after-discharge activity. All labeled sites were defined at stim-
ulation voltages that did not produce after-discharge activity.
Cortical sites were thereby identified as either nonessential
(cortical stimulation had no effect) or essential (disruption of
both object naming and/or orofacial movement). Stimulation
locations were recorded by use of frameless stereotaxis for
postoperative registration with slice data.

Intraoperative Optical Imaging of Intrinsic Signals

iOIS was performed to observe functionally active brain
regions in awake craniotomy patients after ESM mapping. We
used methods similar to those in previous publications (4, 5,
29, 33). The iOIS used a slow-scan charge-coupled device
camera (Model TE/CCD-576EFT, Princeton Instruments,
Trenton, NJ) mounted via a custom adapter onto the video
monitor port of the operating microscope. Images were ac-
quired through a transmission filter at 610 nm (600–620 nm)
(Corion Corp., Holliston, MA). Circular polarizer filters were
placed under the main objective of the operating microscope
to reduce glare artifacts from the cortical surface. White-light
illumination was provided by the operating microscope light
source via a fiberoptic illuminator. iOIS acquisitions consisted
of cortical measurements during a control state (no task per-
formance) followed by a subsequent stimulated state (see
below for language paradigms). Ten seconds of nonstimula-
tion, rest-state acquisitions (silent) preceded and followed ex-
perimental trials to establish a baseline. Control and experi-
mental trials were interleaved. All baseline images were
obtained during a silent rest state. To prevent cortical drying,
the craniotomy exposure was irrigated generously between
imaging sessions.

Images were acquired at 610 nm (range, 600–620 nm) to
maximize oxyhemoglobin/deoxyhemoglobin contrast. Opti-
cal spectroscopy (24) and oxygen-sensitive fluorescent dyes
(35) have shown that 600-nm optical responses correlate well
with deoxyhemoglobin changes associated with neuronal ac-
tivation. Additional human multimodality studies have dem-
onstrated that 610-nm optical responses most closely resemble
fMRI activations (4, 29). Although AVMs often disturb local

hemodynamics, the sensitivity and specificity of fMRI to de-
tect functional activity near AVMs have been calculated to be
near 96% and 66%, respectively (29).

Images were coregistered postoperatively by use of nonlin-
ear automated image registration algorithms to correct for
most cortical movements (5, 36). Optical reflectance images
were then analyzed by pixel-by-pixel subtraction of a control
trial and a stimulation trial. This subtracted image was then
divided by the control image to normalize for differences
between subjects and trials. These ratios thus represent pro-
portional changes from baseline. Ratio images were averaged
across trials at each time epoch to increase the signal-to-noise
ratio. No other digital image processing was performed.

Paradigms

During both fMRI and OIS, patients were asked to perform
up to four tasks: a visual object-naming task, an auditory
word/nonword discrimination task, an auditory responsive
naming task, and/or word generation. Patients also were
asked to perform orofacial movements without vocalization.
fMRI paradigms were performed in interleaved 30-second
activation/rest block paradigms. Awake language paradigms
were performed in block paradigms (20-s activation blocks
with 10 s of rest). During object naming, subjects are presented
with line drawings of concrete objects from the Boston Nam-
ing Test (a standardized test of object naming with well-
established norms [11]). Object presentation rate varied de-
pending on the ability of the patient but was approximately
0.5 to 1.0 Hz. During word discrimination, the experimenter
read aloud 1- to 2-syllable words or nonsense words generated
by changing either an initial or terminal phoneme from a real
word. Words were presented near 0.75 to 1.0 Hz. The subjects
determined whether they heard a word or a nonword by
making a thumb movement (e.g., thumb up for word, down
for nonword). During auditory responsive naming (2), sub-
jects hear a three-word description of concrete nouns (e.g.,
“tall pink bird”) and have to generate a corresponding label or
descriptor (“flamingo”). The auditory presentation rate varied
depending on the ability of the patient; however, it was ap-
proximately 0.5 to 1.0 Hz. During word generation, patients
were asked to generate lists of words beginning with a specific
letter or within a specified category.

RESULTS

There were 10 patients in the minimal-risk group (Group I)
who underwent direct surgical excision of the AVMs solely on
the basis of the fMRI map. Figure 1 illustrates the language
activation pattern for visual object naming and word genera-
tion in relation to AVM location. Functional activity was ob-
served in the visual and auditory cortices bilaterally as well as
the left frontal and left temporal regions. Language areas were
sufficiently far from the nidus (superior and posterior) that
direct surgical excision was thought to carry a low risk of
postoperative deficit. In 4 of 10 Group I patients (40%), pre-
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operative Wada testing was performed. Wada testing con-
firmed hemispheric dominance; however, a combination of
hemispheric, selective, and superselective Amytal injections
were needed to determine hemispheric dominance. Wada test-
ing was unable to demarcate AVM feeders from language
cortex supply. Group I represented 50% of the patients eval-
uated in this study. All patients underwent complete resection
without postsurgical deficit (Table 2).

In the high-risk group (Group II), five patients (25% of all
patients) were evaluated and referred for radiosurgery. Figure
2 shows language activation seen in areas immediately adja-
cent to and within the AVM (fMRI signal anterior, posterior,
inferior, and superior to AVM; Fig. 2, arrows). Surgical re-
moval was not possible because of the high likelihood of
iatrogenic damage to the neighboring functional cortex. No
patients experienced language deficit from their radiosurgery
treatment (Table 3). Three patients (Patients II:1, II:2, and II:5)
had radiographic resolution of their AVMs, whereas two oth-
ers (Patients II:3 and II:4) had interval decreases in the AVM
nidus (�50% and �25%, respectively). To date, one of these
patients (Patient II:3) had undergone a second radiosurgery

treatment (mean follow-up to date, 42 mo). All patients in this
group underwent Wada testing. Although testing (hemi-
spheric, selective, and superselective) confirmed hemispheric
dominance, language cortex feeders were distinguished from
AVM in only one subject.

The indeterminate-risk group (Group III) represented the final
25% of patients in our study (n � 5). fMRI identified cortical
language areas too close (less than 1 gyrus between fMRI activity
and AVM nidus without intimate association) to the AVM nidus
to allow estimation of iatrogenic risk. All Group III patients
underwent Wada testing (hemispheric, selective, and superselec-
tive) without selective delineation of language cortex. Figure 3

FIGURE 1. fMRI studies showing language activation in a Group I
(minimal-risk) patient. fMRI activations (red) are at a correlation coeffi-
cient threshold of 0.3 (P � 0.01) for visual object-naming and word gener-
ation tasks. fMRI activations were observed in the left frontal, left tem-
poroparietal, and visual cortices. None of the activation paradigms
demonstrate activation closer than one gyrus to the AVM (left frontal).
The patient underwent direct (asleep) excision of the AVM.

FIGURE 2. fMRI studies showing language activation in a Group II
(high-risk) patient. fMRI activations during an object-naming and word
generation task (P � 0.01) revealed significant activations throughout
multiple slices surrounding the AVM. Arrows indicate responses ante-
rior, posterior, and deep to the AVM nidus. Activations are also observed
within the AVM nidus. Because the fMRI signals were intimately
involved with the AVM, this patient was referred and treated successfully
with radiosurgery (radiographic resolution of AVM).

TABLE 3. Complication rates for perisylvian arteriovenous
malformations near eloquent cortexa

AVM
Location

No. of
patients (%)

Postoperative
deficit at

1 mo 3 mo

Group I 10 (50%) 0 0

Group II 5 (25%) 0 0

Group IIIA 3 (15%) 2 0

Group IIIB 2 (10%) 0 0

a AVM, arteriovenous malformation.
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shows results from a patient who underwent successful resection
after intraoperative awake language mapping. Figure 3A reveals
fMRI results in which language function was adjacent to the
AVM. An auditory naming task revealed significant fMRI acti-
vation in the left temporal/parietal region as well as primary
auditory cortex (bilateral activation). Figure 3C reveals intraoper-
ative ESM results in relation to a patients’ nidus. Figure 3D shows
OIS language activation well removed from the nidus. Three of
five patients (Patients III:1, III:2, and III:3) (who underwent both
ESM and OIS, 60%) were found to have resectable lesions intra-
operatively. Postoperatively, two of these patients (Patients III:2
and III:3) had word generation deficits at 1 month. These deficits
were transient and had resolved by 3 months after surgery (Table
3). The two remaining patients (Patients III:4 and III:5) (10% of
total patients) were deemed unresectable at surgery. Figure 4
shows results from a patient who underwent awake intracranial
mapping and aborted resection. fMRI revealed activations
anterior/inferior and posterior/superior to the nidus; however,
ESM and OIS revealed the AVM nidus to be surrounded by areas
of language function. ESM single digits overlie areas of speech
arrest secondary to orofacial sensation or movement. Double
digits reveal areas of speech arrest/aphasia during the object-
naming task. iOIS of the cortical surface revealed language acti-
vation surrounding the AVM nidus and undermining the nidus
(in the vicinity of site 10). After intraoperative mapping in these
two patients, the resections were aborted. Neither patient expe-
rienced a postoperative deficit from the aborted surgery. Postop-

eratively, these patients were re-
ferred for radiosurgery. Patient III:4
had radiographic resolution of the
AVM, whereas the other patient (Pa-
tient III:5) underwent two radiosur-
gery treatments (with a 1-cm incre-
mental decrease in AVM size).
Unfortunately, this patient experi-
enced a hemorrhagic event 1 month
after the second treatment (46 mo
after the initial treatment).

Postintervention analysis revealed
that 13 patients (65%) underwent
successful surgical resection; how-
ever, three of them (23%) required
awake craniotomy mapping. Seven
patients (35%) were referred for ra-
diosurgery; however, two (29%) of
these seven patients underwent
awake craniotomy mapping before
radiosurgery referral.

DISCUSSION

Perisylvian AVMs in the domi-
nant hemisphere are among the
most challenging intracranial le-
sions to treat because of their prox-
imity to eloquent cortex. Rational-

izing surgery requires that the risk of morbidity and mortality
from an untreated AVM (because of repeat hemorrhage or
neurological deficit from vascular steal) outweigh the risk of
postsurgical iatrogenic deficit. In this study, we approached
the evaluation, Spetzler-Martin grading, and treatment of
dominant-hemisphere perisylvian AVMs in a systemic fashion
using multimodality mapping.

Functional Mapping (IAA, fMRI, ESM, and iOIS)

Although we applied IAA injection (hemispheric, selective,
and superselective), IAA provided no additional prognostic
information. Four of 10 Group I subjects (40%) (whose AVMs
were in close proximity to eloquent cortex) underwent Wada
testing, in addition to all Group II and III patients. In all
patients, hemispheric dominance was confirmed; however,
superselective Amytal injections could resolve eloquent cortex
from AVM nidus/feeders in only one patient. In this single
patient (with significant vascular steal), injection of the left
anterior cerebral artery resulted in language deficit. Vascular
steal (observed by angiogram) from the AVM affected both
the dose of Amytal required to elicit language and electroen-
cephalographic changes as well as quality of the observed
transient language deficit. Solely on the basis of Wada testing,
the delineation of Group III from Group II in this study would
not be possible. These patients would therefore be referred as
a group to radiosurgery (eliminating the successful resection

FIGURE 3. fMRI, angiogram, ESM, and OIS studies showing language activation in a Group III (indeterminate-
risk) patient who underwent successful resection after awake intraoperative mapping. A, fMRI (red; P � 0.01)
revealed consistently activated brain areas across all productive language tasks (i.e., visual object naming and auditory
responsive naming). Significant comprehension activations are observed near the AVM in some slices (posterior and
inferior). Activations were in the left frontal and left temporoparietal cortices, in addition to bilateral activation of
auditory cortex. Note, no fMRI activations are observed superior or anterior/superior to the AVM. ESM stimulation
locations are designated on the cortex (10-mm stimulation site, yellow, A and B). B, angiogram; C, ESM markers
A and B consistently caused error during object naming and auditory responsive naming; numbers represent areas
that, when stimulated, caused motor movements. The major vein is in the sylvian fissure. D, OIS showing activity
(red color) over A and B; some vascular artifact is also seen overlying the feeding and draining vessels of the AVM.
Scale bar � 1 cm.
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of Group III patients, 3/10, or 30%, of IAA-tested patients) or
to asleep-awake-asleep craniotomy (resulting in 7/10, or 70%,
aborted resection). These findings are consistent with previous
reports demonstrating poor concordance between IAA and
fMRI (37). In contrast, fMRI provided the additional informa-
tion to distinguish these two groups and allowed a more
selective clinical course.

fMRI therefore serves as a noninvasive diagnostic test to
determine which patients would benefit from awake operative
procedure and intraoperative (ESM and iOIS) mapping. Using
this classification scheme, we were able to avoid awake map-
ping in 15 of 20 patients (or 75%) with perisylvian AVM. After
awake craniotomy and mapping of the remaining patients,
10% (2/20) were unresectable, in contrast to the 25% (5/20)
found preoperatively to be unresectable. Given the risks of
awake craniotomy (hemorrhage, extracranial herniation, anes-
thesia, infection, stroke, etc.), sparing the patient a noncurative
operation is beneficial.

The limitations of fMRI for neurosurgical planning have
been well documented (5, 17, 23, 29, 37). Several sources of
error exist that limit the accuracy of fMRI imaging for local-
izing functional areas of brain or correlation with ESM. These
sources of error include patient motion during fMRI imaging,
brain deformation because of relaxation and cerebrospinal
fluid removal, differential patterns of activation depending on
the language paradigm and statistical analysis used, and vari-
ance in the venous drainage patterns of eloquent cortex (29). In
addition, in our study, fMRI had varying ability to detect
function directly bordering or within an AVM. In Figure 2,

fMRI signal is clearly seen within
the AVM nidus. In Figure 4, how-
ever, no such fMRI activation is
seen within the nidal region, de-
spite ESM and iOIS data confirm-
ing activity. Although AVMs often
shift cortex because of mass effect
and cortical plasticity, AVMs may
also involve and envelop neuronal
tissue. The presence of functional
signals may be a result of activity
within an AVM or closely neigh-
boring cortex. Alternatively, be-
cause of the venous nature of the
fMRI signal, differences in the lo-
cation of venous structures may
shift the area of activation toward
or away from the AVM nidus, de-
pending on flow characteristics (4,
29). Thus, neighboring cortical ac-
tivation may appear to be within
the nidus or draining vessels on
fMRI. Aberrant signals bordering
or within an AVM also may occur
because of magnetic susceptibility
artifacts associated with hyperdy-
namic flow. As a result, intraoper-

ative ESM still remains the “gold standard” in cortical lan-
guage localization and should be applied in those patients in
whom surgical resection is uncertain (13, 25).

In 25% of the patients we evaluated (indeterminate-risk
group, Group III), we could not determine the operative risk
to language solely by fMRI. Although the number of subjects
is small (n � 5), the resectability of these lesions (after ESM
and iOIS) was roughly equally split into successful resection
(15%) versus aborted procedure (10%). Bimodal intraoperative
ESM and OIS mapping allowed stringent mapping of these
regions by overcoming the limitations inherent to each
technique.

Although ESM of language cortices is the “gold standard”
for intraoperative mapping, the technique does have signifi-
cant limitations. During ESM, the patient must perform lan-
guage tasks with sufficient baseline for evaluation. The patient
also must undergo cortical stimulation without afterdischarge
activity confounding the resultant maps. In addition, ESM
uses bipolar electrodes (spacing near 1 cm), limiting the reso-
lution of the technique and requiring interpolation across
multiple cortical applications. OIS compliments ESM mapping
by imaging continuous high-resolution (100-�m) maps not
biased by correctness of response. OIS is a noncontact method
providing physiological cortical activity (not disruption) maps
and is therefore not limited by after-discharge activity. Finally,
OIS is easily interpretable, given its pictorial form. OIS and
ESM were used in conjunction to determine significant iatro-
genic risk for the patients in Figures 3 and 4. In Figure 4, optical
responses extended directly to the AVM nidus, as well as

FIGURE 4. fMRI, angiogram, ESM, and OIS studies showing language activation in a Group III
(indeterminate-risk) patient who underwent aborted resection after awake intraoperative mapping. A, fMRI
of areas consistently activated across all language tasks showing areas directly anterior and inferior to the
AVM (object-naming and word generation tasks). Note, no fMRI activations are observed anterior or
anterior/superior to the AVM. ESM stimulation locations are designated on the cortex (10-mm stimulation
site, yellow; 1–5, motor; 10–16, language). B, angiogram; C, ESM with double-digit markers causing
anomia/aphasia when stimulated. Single-digit numbers were areas that, when stimulated, caused motor devi-
ations. The AVM is completely surrounded by eloquent cortex. D, OIS of object-naming matching with
ESM map, with activations undermining the AVM nidus (near site 10, anterior and superior). Schematic
provides OIS field of view. Scale bar � 1 cm. Color bar indicates decrease in reflectance for OIS (10�3).
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beneath the vascular channels. ESM confirmed these sites to be
essential, and the patient was referred for radiosurgery.

Radiosurgery and Embolization

Stereotactic radiosurgery has been successful primarily
with small AVMs with a nidus smaller than 3 cm3. The cure
rates for AVMs smaller than 3 cm3 has been reported to be
87%; 3 to 10 cm3, 64%; and greater than 10 cm3, 25% (12).
Clearly, the efficiency of the technique decreases substantially
with increasing AVM size. The risks of radiosurgery include
pain from the pins of the frame, cranial fracture, intracranial
hemorrhage, seizure, and radiation necrosis. In our study,
radiation necrosis was most relevant, given the eloquent na-
ture of the surrounding brain tissue (see Reference 8 for re-
view). Fractionated treatments or partial treatment may de-
crease this risk of radiation necrosis and allow treatment of
larger volumes of tissue, but the technique remains unproven.
In our study, four patients (Patients II:1, II:2, II:3, and III:4) had
radiographic resolution of the AVM, whereas two (Patients
II:3 and III:5) had additional radiotherapy.

In contrast to open surgery, stereotactic radiosurgery does
not provide immediate protection from rehemorrhage. The
risk of rebleeding from an AVM after radiosurgery has been
estimated at 3 to 4% per year with 1% mortality (10, 27). Risk
factors for a higher rate of rebleeding include the presence of
an arterial aneurysm, venous aneurysm, venous outflow ob-
struction, periventricular location, previous embolization, and
partial surgical removal (20, 27, 34). In addition, partial throm-
bosis of the AVM does not confer any reduction in the rate of
rehemorrhage compared with the untreated individual (28). In
our study, one subject (Patient III:5) hemorrhaged 46 months
and 1 month after stereotactic radiosurgery (with an interval
nidus decrease of 1 cm). At the time of presentation (after
rehemorrhage), the patient was aphasic and required emer-
gent evacuation (and AVM resection).

Some centers have advocated embolization to treat AVMs in
surgically challenging areas. A 10% morbidity (primarily
stroke) and a 1% mortality are associated with the emboliza-
tion procedure (34). The rates for complete occlusion of the
nidus range from 0 to 40% (9, 15, 34), depending on the
complexity of the lesion and neurointerventional expertise.
Despite complete obliteration of the nidus, the rate of recan-
nulation is high. Long-term cure rates are near 14%, despite
high initial “total embolization” rates of up to 95% (9). Most
studies, however, advocate the use of embolization in a mul-
tidisciplinary approach, followed by microsurgery or radio-
surgery (9, 18, 21, 34). Specifically, with regard to our study,
because of the perisylvian location of the nidus, embolization
is often impossible because of collateral flow to eloquent areas
of the brain.

Grading and Conclusions

The Spetzler-Martin grading system was proposed to grade
and predict morbidity and mortality of operative intervention.
The classification scores 0 or 1 for eloquence of cortex but for

simplicity does not incorporate the use of functional (specifi-
cally, Wada or electrophysiological) studies. Eloquence is de-
termined by the normal anatomic position of the eloquent
regions. Language cortices, however, are highly variable
within these normal anatomic locations (25). We favor the use
of fMRI to assess the iatrogenic risk of surgical intervention in
perisylvian AVMs. With respect to Spetzler-Martin grading,
our study Group I could then be scored 0 for eloquence,
Group III scored 1 for eloquence, and Group II scored as
inoperable secondary to eloquence. fMRI is therefore an im-
portant preoperative tool for assessing operative morbidity in
perisylvian AVMs. In addition, those patients who undergo
intraoperative mapping (Group III) could reveal lower peri-
operative Spetzler-Martin grades and increase the possibility
of resection without deficit (Patients III:1, III:2, and III:3; Table
1). Extensive analysis of Grade IV and V AVMs has questioned
treatment of these lesions (14); however, downgrading a
Grade IV lesion to Grade III on the basis of preoperative
(Group I) or intraoperative study (for example, Patient III:2)
may change the risk/benefit ratio in favor of
resection/treatment.

In determining the Spetzler-Martin grade of a perisylvian
AVM, all functions around the sylvian region should be as-
sessed. In this study, we focused on the classic language
centers; however, motor, somatosensory, auditory, secondary
somatosensory, and insular cortices should be considered, in
addition to Broca’s and Wernicke’s areas. In our fMRI activa-
tion paradigms, we often test finger and orofacial movements
together with language tasks. Our auditory responsive nam-
ing paradigm also provides robust activity in the bilateral
auditory cortices (Fig. 3). Although deficits of these regions are
well characterized, iatrogenic lesions of secondary somatosen-
sory and insular cortices are less well defined. Secondary
somatosensory lesions may lead to deficits of tactile discrim-
ination (despite bilateral thalamic input), whereas lesions in
insular cortex may provide deficits in thermal sensations,
pain, and taste. Recent fMRI studies have published para-
digms for mapping these regions (7, 26) and should be applied
if iatrogenic deficits are foreseen.

In this study, we identified three groups of patients on the
basis of the fMRI language activation pattern and the relative
location of the AVM. We are advocating the use of fMRI for
determination of operability by asleep versus awake craniotomy
versus radiosurgery referral. In addition, we advocate the use of
all three functional mapping (fMRI, ESM, and OIS) techniques to
clarify the exact Spetzler-Martin grade of each AVM before de-
finitive treatment (asleep resection versus awake resection versus
immediate radiosurgery referral versus delayed radiosurgery
referral [after awake operative mapping]).
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COMMENTS

There are some operations that represent true challenges to
the neurosurgeon, principally when the pathological pro-

cesses are intimately associated with eloquent cortex. When
some of these areas (for example, those that control speech)
are considered to have anatomic variations, the grade of re-
sponsibility is still greater. Then, the development of refined
functional diagnostic tests is generated by the necessity of
identifying the real anatomic cortical language localization,
permitting the construction of a preoperative and intraopera-
tive strategy, and avoiding postsurgical iatrogenic deficits.

Cannestra et al. defend the use of functional mapping tests
(functional magnetic resonance imaging [fMRI], electrocortical
stimulation mapping, and optical imaging of intrinsic signals)
as complementary methods to the eloquence score of the
Spetzler-Martin grading system. They stratified patients with
dominant hemisphere perisylvian arteriovenous malforma-
tions (AVMs) into three groups (minimal, high, and indeter-
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minate risk) to establish the most appropriate kind of treat-
ment (asleep resection versus awake resection versus
immediate or delayed radiosurgery referral), with the hope of
achieving the best clinical outcome. The article increases our
knowledge about AVMs and permits us to plan our ap-
proaches better and perform safer operations, minimizing the
risk of permanent deficits when lesions are inoperable (1, 2).

Pedro Augustto de Santana, Jr.
Evandro de Oliveira
São Paulo, Brazil

1. Leblanc R, Levesque M, Comair Y, Ethier R: Magnetic resonance imaging of
cerebral arteriovenous malformations. Neurosurgery 21:15–20, 1987.

2. Sugita K, Takemae T, Kobayashi S: Sylvian fissure arteriovenous malforma-
tions. Neurosurgery 21:7–14, 1987.

This article presents a modified treatment paradigm for
difficult perisylvian AVMs. The authors used fMRI to de-

termine preoperative risk based on the location of functional
language areas.

On the basis of extensive analysis, it has been recommended
that Grade IV and V AVMs not be treated except in extreme
circumstances, such as progressive neurological deficit related
to steal or cases with associated intranidal aneurysms. Using
fMRI analysis, the authors successfully treated four patients
(Group 1) with Grade IV AVMs.

This finding is of significant interest to neurovascular sur-
geons. This stratification system and imaging technology help
identify patients whose AVMs would be rated Grade IV based
on MRI and angiographic studies but who are functionally
Grade III by “downgrading the eloquence rating” and thus
making them amenable to surgical resection. As the authors
appropriately point out in their discussion, the location of the
language cortices is highly variable.

In the authors’ intermediate Group III, Patient 2 had a
Grade IV AVM that “functionally” was Grade III. The lesion
was resected successfully in a patient who might not have
undergone resection at our institution. Conversely, Patient 5
likely would have undergone surgical resection based on
grade alone as opposed to radiosurgery. As suggested, this
patient ultimately experienced a hemorrhage after radiosurgi-
cal treatment. The number of patients in Group III is limited,
thus making inferences about management strategies difficult
to interpret. We look forward to seeing more patients treated
according to the authors’ paradigm to learn whether outcomes
can be improved for these difficult lesions.

Jonathan S. Hott
Robert F. Spetzler
Phoenix, Arizona

In this report, the authors classified dominant hemisphere
perisylvian AVMs into three groups, according to their spa-

tial relationships between the AVM and the language activa-
tion area, as determined by fMRI. Direct surgery with or
without intraoperative functional mapping or radiosurgery

was applied in each group, and overall outcome of the treat-
ment was good.

Because AVMs should be removed in an all-or-none man-
ner, surgical strategies before resection are critical. The im-
provement of multiple methods of brain functional mapping
has brought better spatial resolution in “eloquent areas,” lead-
ing to new operative indications for various brain diseases. It
is worthwhile to note that Spetzler-Martin grades may be
downgraded in some perisylvian AVMs by using fMRI. Func-
tional mapping with various methods would elucidate not
only spatial relationships but also physiological mechanisms
between AVMs and the surrounding cortex. However, the
limitations of these noninvasive methods should be taken into
account. Activated cortex depends on the paradigm, and ve-
nous flow of AVM may affect the spatiotemporal resolution of
fMRI. Intraoperative functional mapping is necessary not only
to verify the result of preoperative evaluation, but also to
establish the physiological significance of each method. Sub-
cortical fibers associated with language function also should
be considered. Tractography on high-resolution MRI would
be useful for knowing the precise location of the nidus and its
anatomic relationship to functional cortex and subcortical
fibers.

Nobuhiro Mikuni
Nobuo Hashimoto
Kyoto, Japan

This is an important article concerning the evaluation, de-
cision analysis, and treatment of patients with perirolandic

AVMs. Traditional evaluation methodologies, including some
of the contemporary grading scales, have relied on classic
neuroanatomy to determine whether or not the malformation
was eloquent. As we have found with many congenital lesions
of the brain, the biological plasticity of the brain allows dis-
placement of function, often to the lateral hemisphere. Thus,
traditional measures to establish the five eloquent areas may
be quite misleading. It is also an important footnote that
traditionally, these have been thought to harbor no important
brain tissue within their substance. Our experience, as well as
the authors’, suggests that this is simply an accurate represen-
tation of the disease process. It is possible for important tissue
to reside within an AVM, particularly if it is of the angioma-
tous type.

The methodology used by the authors includes several fea-
tures in an attempt to refine our ability to detect the eloquence
of color: traditional neuroanatomic landmarks, functional
magnetic resonance imaging (fMRI), selective and superselec-
tive Wada testing, cortical stimulation with mapping, and
optical imaging. As several groups have noted previously, the
authors clearly illustrate that intraoperative amobarbital can
be effective at hemispheric localization but it lacks the sensi-
tivity to determine intimate relationships of structure and
function. Thus, there is poor concordance between superselec-
tive Wada testing and fMRI and functional neuroanatomy.
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The important feature of this article concerns those patients
illustrated in the authors’ Group III. These patients were
found by fMRI to have language cortex less than one gyrus
removed from the malformation. In these patients, intraoper-
ative mapping and optical imaging were used as adjuncts to
suggest either that resection would be safe or that abortion of
the procedure and referral for radiosurgery would be the
appropriate strategy.

This study represents a clear advance in the way we manage
patients with this type of intracranial vascular disease. We are still

limited, however, in our ability to “see” beneath the cortex to deter-
mine whether any white matter tracts run intimately around or
actually penetrate the malformation. This level of technology will
represent the next important advance in patient selection.

H. Hunt Batjer
Richard Parkinson
Joshua Rosenow
Gary Blasdel
Chicago, Illinois

Newlyweds (fresco, ca. 1st century AD, unknown artist). Prominent Pompeii couple. The woman holds a wax tablet, and the
man holds a roll of parchment. (Courtesy of National Archeological Museum, Naples.)
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