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ABSTRACT

Motor cortex activity was localized with positron emission tomog-
raphy (PET) in 4 patients with large arteriovenous malformations
adjacent to or undercutting the left primary motor cortex. Rela-
tive cerebral blood flow responses were measured during execu-
tion of a visually guided motor tracking task performed with the
right index finger, hand, great toe, tongue, or eyes alone (con-
trol) and mapped onto each patient’s corresponding magnetic
resonance imaging (MRI) scan. The relative cerebral blood flow
responses in the contralateral precentral gyrus, adjacent to each
arteriovenous malformation, demonstrated a normal somatotopic
distribution, similar to that in a control population. In the 3 pa-
tients with preserved motor function, responses were also pres-
ent in the ipsilateral primary motor cortex, bilateral supplemen-
tary motor area, and ipsilateral anterior cerebellum, similar in
location to those of a control population. In the fourth patient
with a hemiparesis, responses were attenuated in the primary
motor cortex, increased in the supplementary motor area, and
absent in the cerebellum. The results demonstrate that PET cere-
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bral blood flow mapping can localize motor cortex despite the
presence of significant blood flow abnormalities in adjacent arte-
riovenous malformations. The method, particularly when com-
bined with MRI, may be used in the planning of surgical, radia-
tion, or embolization therapy.

Grafton ST, Martin NA, Mazziotta JC, Woods RP, Vinuela F,
Phelps ME. Localization of motor areas adjacent to arteriovenous
malformations: a positron emission tomographic study.

J Neuroimag 1994,4:97-103

The risk of mortality or neurological morbidity from arte-
riovenous malformation (AVM) rupture is substantial {1].
Therefore it has been recommended that all patients with
AVMs be evaluated for possible surgical treatment [1-3]. A
key factor in determining the risk of neurological morbidity
is the anatomical relationship of the malformation to func-
tionally important regions of the cortex [2]. The integrity
and functional significance of the adjacent cortex can be
assessed by a number of invasive methods [4]. For example,
intraoperative cortical stimulation has been used to map lan-
guage, motor, and sensory areas in awake patients [5, 6]. In
anesthetized patients, electrical potentials of the postcentral
gyrus can be monitored during peripheral sensory stimula-
tion [6, 7]. Nevertheless, these techniques do not provide a
noninvasive method that can be employed preoperatively for
the prediction of surgical risk.

Preoperatively, superselective angiography combined
with amobarbital (Amytal) infusion and neurobehavioral
testing provides an alternative technique for assessing awake
patients [8, 9]. Although this is more precise than hemi-
spheric amobarbital (Wada) testing, the vascular territory
evaluated may still be too broad to permit precise functional
localization. Furthermore, false-negative results are possible
when the amobarbital shunts through the AVM and does not
reach the adjacent parenchyma. Magnetic resonance imag-
ing (MRI) has been used to identify the central sulcus and
adjacent precentral gyrus (primary motor cortex) [10]. This
localizing technique may be difficult to use when the sulcal
anatomy is distorted or obscured by a large cortical AVM.
Alternatively, positron emission tomography (PET) has been
used to map the somatosensory cortex in a patient with a
perirolandic AVM [11]. In that patient, vibrotactile stimu-
lation was used to define the postcentral gyrus located in
proximity to a frontoparietal AVM.

This report describes a preoperative PET method for non-
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invasive functional mapping of motor areas. Four patients
with AVMs adjacent to or undercutting the left precentral
gyrus were examined. Each performed a series of motor
tracking tasks with either the right index finger, arm, leg,
tongue, or eyes alone (control) during PET imaging. This
technique allows selective mapping of primary motor areas
controlling specific movements, and of secondary motor
areas.

Methods and Subjects

Imaging: Serial images of relative (rel) cerebral blood flow
(CBF) were obtained with PET in 12 normal subjects and 4
patients with AVMs while they each performed a set of mo-
tor tracking tasks. Each subject received from three to six
sequential intravenous bolus injections of 50 mCi of radio-
active water (H,'*O) commensurate with dynamic PET im-
aging with the Siemens/CTI 831 tomograph (Siemens, Hoff-
man Estate, IL). The tomograph collects 15 continuous
planes of 6.75-mm thickness and with an in-plane resolution
of 6 mm. Final image resolution after reconstruction was
smoothed to 13-mm of full width at half maximum. Emis-
sion images were corrected for attenuation using a trans-
mission ring source of germanium 68 collected in the same
head position. Head immobilization was maintained with a
custom foam mold (Smithers, Akron, OH).

Estimates of relCBF were based on a modified autoradio-
graphic method [12, 13]. Five-second scan frames were col-
lected for 2 minutes. Data from 70 seconds of these frames
were summed, beginning with the first frame showing the
tracer arrival in the brain, to generate relCBF images. Ar-
terial blood sampling was not performed so that the subjects
would have an untethered arm to perform the motor tasks.
Therefore, the final images represented relative images of
tissue activity rather than absolute estimates of regional
blood flow. Images such as these demonstrate a near linear
relationship to actual CBF in normal subjects and provide a
reasonable estimate of local CBF [14, 15]. It was assumed
that a similar relationship exists in patients with AVMs,
based on findings from a previous quantitative study [16].

Subjects: All patients and normal volunteers were studied
after giving informed consent in accordance with the Uni-
versity of California, Los Angeles (UCLA) Human Subject
Protection Committee. Twelve normal subjects (mean age,
23 yr {standard deviation, 1.5]; 11 male, 1 female; 10 right-
handed, 2 left-handed) were studied as previously described
[17, 18]. All were drug free, were without any history of
nervous system disease or injury, and demonstrated normal
findings on examination. Four patients with large (>5 cm
in diameter) AVMs situated adjacent to the left motor cortex
were examined. Five of the normal subjects and all 4 patients
also underwent MRI with an inversion recovery protocol
(TR 1275/TE 30/TI 300) that generated 15 to 30 contiguous
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planes of data with an interslice distance of 4.4 mm and in-
plane resolution of 1 mm (Fonar Systems, 0.35 T, Melville,
NY; or General Electric Signa, 1.5 T, Milwaukee, WI).

Patient Histories: Patient 1 was a 22-year-old right-handed
man with a left frontal AVM located anterior to the precen-
tral gyrus (Fig 1A). The patient had no motor deficit. PET
scans were obtained prior to selective embolization, intra-
operative mapping of sensory motor cortex using cortical
recording of somatosensory evoked potentials (SSEPs), and
complete resection of the malformation. Postoperatively, the
patient developed transient language deficit and right hemi-
paresis, which resolved completely over 4 weeks.

Patient 2, a 28-year-old right-handed man, had a deep
AVM undercutting the middle and superior portions of the
left precentral gyrus (see Fig 1B). The patient was normal
on neurological examination. PET scans were obtained prior
to any intervention. Superselective angiography and amo-
barbital injection in the area of the AVM demonstrated im-
pairment of hand motor function when the AVM was per-
fused. Because of the apparent proximity of the AVM to
primary motor cortex as demonstrated by MRI and the re-
sults of the amobarbital injection, the patient was treated
with stereotaxic radiosurgery using a linear accelerator. At
the time of writing, the patient remained normal neurologi-
cally.

Patient 3, a 21-year-old left-handed woman, had a left
frontal AVM located within the dorsal precentral gyrus and
extending into the frontal lobe (see Fig 1C). She had a grad-
ually progressive, mild spastic weakness involving the right
leg. The patient underwent intraoperative cortical recording
of SSEPs to localize sensory motor cortex. Because the
AVM involved primary motor cortex, intraoperative embo-
lization rather than excision was elected. After the procedure
the patient had transient worsening of the leg weakness,
which gradually returned to baseline status. Stereotaxic ra-
diosurgery is planned to treat the residual malformation.
Postoperative PET scans were obtained after return to base-
line status.

Patient 4, a 22-year-old right-handed woman, had an ex-
tensive left frontal AVM located within the dorsal precentral
gyrus extending inferior to the insula and inferior left frontal
lobe (see Fig 1D). She had a gradually progressive right
hemiparesis affecting the arm more than the leg. In addition,
she had recurrent episodes of transient right arm weakness,
greater than at baseline, that were hypothesized to be sec-
ondary to a steal phenomenon associated with the AVM.
PET was performed prior to any intervention and during a
period of significant arm weakness. Because of the prox-
imity of the AVM to motor and language cortex, only pal-
liative embolization to reduce steal was recommended.

Tasks: Subjects performed a set of motor tasks in response
to a simple target stimulus presented on a 13-in video mon-



itor (Macintosh II cx, Apple Computers, Cupertino, CA).
The monitor was placed directly in front of the subject so
that it could be touched comfortably with an outstretched
arm. The target was 0.5 cm in diameter and moved randomly
within a fixed window of 6 X 8 cm. Target velocity was 6
cm/sec and changed direction on average 200 times/min. For
control studies, the subject was instructed to follow the
movement of the target with their eyes only. Peripheral vi-
sion was shielded to eliminate visual distraction.

Fig 1.
patients with arteriovenous malformations. Note: Disc electrodes
used for monitoring during embolization or superselective amo-
barbital testing are visible. (A) Patient 1. (B) Patient 2, after intra-
operative embolization. (C) Patient 3. (D) Patient 4.

Left internal carotid angiogram, lateral projection in 4

For index finger tracking, the subjects were instructed to
track the moving target with the index finger of the dominant
hand. The axis of rotation was about the first metacarpo-
phalangeal joint. For this task the video monitor was lightly
touched. The subjects practiced the tracking until only the
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first finger slid gently over the target and without any jump-
ing movement. Normal subjects used the dominant hand (10
right-handed, 2 left-handed) whereas all 4 AVM patients
used the right hand, contralateral to the AVM (Patients 1, 2,
and 4 with dominant right hand and Patient 3 with nondom-
inant right hand).

Some of the subjects performed other somatotopic tasks.
In an arm tracking task, the dominant hand was held lightly
in a fist and pointed at the same target. The axis of rotation
during target tracking was at the shoulder. In a third motor
paradigm the subject followed the moving target with the
great toe of the dominant side. The leg was completely re-
laxed at the hip and knee and lay in extension. Dorsiflexion
of the toe and rotation at the ankle allowed for accurate
tracking. In the last tracking test, the subjects followed the
target with their tongue extended. They were coached not to
use their lips, face, or limbs in concert with the tongue move-
ment.

Each task was performed for 2 minutes beginning with
the injection of radioactive water and simultaneous dynamic
PET. Subjects were monitored by visual inspection for any
axial or appendicular movements other than those of the
designated limb or digit.

Image Analysis: First, errors secondary to image misalign-
ment because of head movement occurring between scans
were removed with an automated algorithm [19]. In the
AVM patients, the relative counts within the AVM that were
greater than those in the normal cortex were masked digi-
tally. Then, edited images from each subject were normal-
ized to a common global value so that the AVM flow values
would not affect the normalization calculation. Pixel by
pixel subtractions of the edited and normalized images were
then calculated. The percent change in relCBF images was
evaluated using the Sun 4/60 computer (Sun Microsystems,
Cupertino, CA) and the Analyze program (Mayo Clinic,
Rochester, MN). The spatial location and magnitude of the
maximum response in the right and left primary motor cor-
tices, supplementary motor area (SMA), and right ipsilateral
anterior superior cerebellum were measured for each task in
each individual. The magnitude of a relCBF response was
assumed to be proportional to the local neuronal activity
[20]. In two previous studies we showed the above sites to
demonstrate consistent, significant responses both within
and across subjects during visually guided motor tracking
tasks [17, 18]. From previous reproducibility studies, the
within-subject coefficient of variation for the magnitude of
response in the primary motor cortex, cerebellum, and SMA
was determined to be 9%. The variability of the spatial lo-
cation of the motor cortex peak response in normal subjects
was measured after correction for any head movements and
was found to be less than 3 mm (2 pixels) in any direction.

Response localization was determined with respect to two
anatomical references. In the first, the PET and MRI scans
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were matched and registered in a standardized fashion as
previously described [17, 18]. The PET percent change im-
ages were then superimposed on MRIs to confirm response
site localization.

In the second anatomical reference, each percent change
image was resliced to generate a 2.5-cm-thick coronal sec-
tion that passed through the dorsal to ventral extent of the
central fissure as previously described [17]. From this sec-
tion, a midline point at the roof of the third ventricle was
identified. A radial from this point to each maximum in the
motor cortex was generated. The solid angle that this radial
formed, relative to the midline, could then be determined
and compared with that of a normal population.

Results from the 2 left-handed control subjects were re-
versed so that the greatest relCBF response, contralateral to
the performing limb, would be located in the left side of the
brain. Thus, results for all control subjects would be greatest
in the left hemisphere to facilitate comparison with the 4
AVM patients.

Results

Three of the 4 patients demonstrated well-defined relCBF
responses in the bilateral primary motor cortices, SMA, and
ipsilateral anterior cerebellum, similar in location to those
of the normal control population. In the only subject with a
significant right arm paresis (Patient 4), there was an atten-
uation of the relCBF response in the left primary motor cor-
tex and an absence of a response in the cerebellum. In all of
the patients, the augmentation of blood flow in the contra-
lateral primary motor cortex, adjacent to each AVM, could
be clearly distinguished from the blood flow of the malfor-
mation itself, as demonstrated in Figure 2. Localization in
the motor cortex followed the classic homuncular represen-
tation that was identified in a normal subject using the same
methodology [17]. There were no novel foci of relCBF in
the primary motor cortex to suggest an unusual redistribu-
tion of somatotopy. Two patients (Patients 1, 3) had also
undergone intraoperative cortical mapping of the postcentral
gyrus hand area with median nerve somatosensory stimu-
lation. With both intraoperative photographs and angio-
grams, location of the somatosensory hand area was esti-
mated by determining the distance along the primary fissure
from the interhemispheric fissure to the site of maximal
physiological response. There was approximate concor-
dance across the central fissure between the physiological
estimate of the sensory hand area derived from median nerve
stimulation and the motor hand area determined by the site
of maximal relCBF response measured with PET.

The site of each primary motor cortex response was also
examined in the coronal perspective. The angular displace-
ment for which a response was located relative to the third
ventricle is demonstrated in Figure 3. The patient with the
largest frontal AVM (Patient 1) demonstrated displacements
of finger, arm, and tongue responses that were superior to



A D

Fig 2. Functional localization of PET responses during right in-
dex finger tracking in 4 patients with arteriovenous malformations
(AVMs). Patients 1 through 4 are shown in order in images (A)
through (D). In each, positive PET relative cerebral blood flow
(relCBF) responses of more than 5% (in white) have been super-
imposed on the same subject’s MRI. Axial sections at the level of
the hand area in the primary cortex are shown. Each shows a left
primary motor cortex on the right side of the image and supple-
mentary motor area response near the midline. Note the close
proximity of the left primary motor cortex relCBF response adjacent
to the AVM in each patient. The right primary motor cortex re-
sponse, of lesser magnitude, is also visible in Patients 2 and 3. In
Patients 1 and 4 it was located on another section and is not visible
in this plane.

Fig 3. Solid angles representing a 95% confidence interval (Cl)
within which the maximal site of activation of the primary motor
cortex would be expected to occur for movements of the contra-
lateral toe (mean: 83.5; 95% Cl: 80.7-86.3), contralateral tongue
(mean: 14.8; 95% Cl: 14.0-15.6), ipsilateral tongue (mean: 16.8;
95% Cl: 12.0-21.7), and contralateral finger (mean: 53.0; 95%
Cl: 49.4-56.6). Angles from the population have been projected
onto a coronal section from one of the normal subjects that passes
through the primary motor cortex. Responses from the 4 patients
with arteriovenous malformations have been superimposed. Solid
circles = Patient 1; squares = Patient 2; triangle = Patient 3; open
C circle = Patient 4.
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those of the control population. This abnormality could be
accounted for by the large size of the AVM and associated
distortion of global brain anatomy. The remaining 3 patients
demonstrated responses in a normal location.

The magnitude of re]lCBF responses in the 4 patients with
AVMs are summarized in the Table. For 3 patients (Patients
1-3), responses in the contralateral motor cortex, adjacent
to the AVM, were within normal limits. RelCBF responses
in the primary motor cortex ipsilateral to the performing
limb were significantly increased as they were outside the
95% confidence interval for inclusion in the control group.
The contralateral motor cortex response was below normal
in 1 patient (Patient 4) who had a right arm paresis. All 4
AVM patients also demonstrated augmentation of relCBF in
the SMA that was greater than expected based on the control
population estimates. Responses in the cerebellum were nor-
mal for Patients 1 and 3, increased in Patient 2, and absent
in Patient 4.

Discussion
This study demonstrated that the functional anatomy of the
human motor system can be noninvasively mapped by PET
in patients who have large AVMs adjacent to the motor strip.
The PET images are straightforward to acquire, analyze, and
coregister with MRI structural information. The location of
the relCBF responses within the primary motor cortex is
concordant with the known somatotopic organization of the
precentral gyrus. In addition, there was approximate agree-
ment in the location of the precentral motor hand area as
determined by PET and the postcentral sensory hand areas
located by direct cortical mapping in Patients 1 and 3. These
results are complementary to those from a previously re-
ported PET mapping strategy that defined the hand area of
the postcentral gyrus using passive vibrotactile stimulation
in a single individual {11]. In that patient, the CBF response
in the sensory cortex matched the site localized by direct
cortical mapping. From these two different studies it can be
concluded that PET mapping can be tailored to individual
patients to map either the sensory or the motor systems, con-
tingent on the exact location of an AVM relative to the cen-
tral sulcus.

It is important to note that in these 4 patients, the results
of functional mapping by PET were not primarily used to

decide on a recommendation for treatment. Management de-
cision making was based on the results of conventional im-
aging studies. In each subject the results of PET motor cortex
localization were consistent with and reinforced the results
of the standard techniques. The results of this study suggest
that superimposition of the PET response sites on matching
MRIs provides an accurate, detailed functional localization
map that can be used to select among and plan for a variety
of management choices. These would include surgical re-
section, embolization, stereotaxic radiosurgery, and conser-
vative therapy [3, 21].

Despite the presence of an AVM adjacent to the motor
cortex, significant redistribution of the motor cortex re-
sponses was not observed. That is, there was no measurable
evidence for relocation of the CBF response for the hand
area within the primary motor cortex to suggest massive
(>1 cm) somatotopic reorganization. Although the image
resolution of the PET CBF images was higher than 13 mm,
the ability to detect a shift in the location of a solitary CBF
response in the percent change image is proportional to the
image pixel size of 1.75 mm. Thus, even with moderately
low-resolution images it can be possible to detect very small
shifts in the location of the maximum of a solitary response
[22]. Large-scale reorganization was demonstrated in the
primary sensory cortex of nonhuman primates after long-
term peripheral deafferentation [23]. However, operative ex-
perience in humans would suggest that spatial reorganization
may not occur until the cortex is directly involved. The lack
of relocation in the present study may be due to insufficient
disruption of the motor cortex projections by the AVMs.

Other components of the motor system that are active in
normal subjects were also active in the 3 AVM patients with
preserved motor function of the arm. Within this system,
there was an increase of re]lCBF noted in the SMA and the
primary motor cortex ipsilateral to the hand performing the
task in all 4 AVM patients. A strategy of using PET changes
of absolute CBF was previously used to identify cerebral
adaptation in patients recovering from stroke [24]. In that
study, the principal finding was an augmentation of CBF in
the opposite (uninjured) motor cortex after functional recov-
ery. One interpretation of this phenomenon is that the in-
creased activity in the ipsilateral hemisphere might represent
cerebral plasticity. Changes in the AVM patients might also

Relative Cerebral Blood Flow (CBF) Responses During Right Index Finger Tracking?

Patient Motor Cortex
No. Left Right Supplementary Motor Area Anterior Cerebellum (Right)
1 45 340 250 31
2 41 350 220 50
3 38 24 22v 31
4 26 18 22 Absent
Normals® 35 (2942) 17 (12-22) 16 (12-19) 33 (26-39)

* Values are peak percent increase of relative CBF during right index finger movements compared to a control scan of eye movements.

® Value is outside of 95% confidence interval for inclusion in control group.

¢ 95% confidence interval for control group.
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represent cerebral plasticity; however, the results should be
considered as preliminary given the small number of sub-
jects and the methodological assumptions that were em-
ployed. A larger series of AVM subjects with absolute mea-
sures of CBF will be required to use a similar strategy to
identify adaptation based on changes of CBF magnitude.
Only in Patient 4, who alone had impaired right arm move-
ments, was the CBF response of the left motor cortex below
normal. This may be due to neuronal dropout in motor cortex
from compressive or ischemic damage caused by the AVM,
or to an abnormality in the behavior-induced vascular re-
sponse secondary to the hemodynamic effect (‘‘steal’’) of
the AVM [16]. This patient also failed to show augmentation
of activity in the right motor cortex and anterior cerebellum.
This AVM may be interrupting corticopontocerebellar path-
ways in addition to corticospinal tracts.

The present results reveal that patients with large AVMs
and preserved motor function continue to maintain typical
vascular responses in adjacent functional cortex despite the
presence of a profound focal blood flow disturbance in the
nidus of a vascular malformation. Because of this preser-
vation of local CBF responses, PET can be used as a valu-
able adjunct for the mapping of viable cortical function in
the region of the central sulcus. The magnitude of the CBF
response is robust, raising the possibility of mapping the
motor cortex with new nonradioactive imaging techniques
such as functional MRI. Further developments in the design
of PET neurobehavioral paradigms may provide a complete
repertoire of tasks for determining the functional integrity of
neocortex in any part of the cerebrum disrupted by an AVM.

This work was supported in part by Department of Energy coop-
erative agreement DE-FC03-87ER60615 and National Institute of
Mental Health grant RO1-MH-37916.

The authors wish to acknowledge D. K. Mahoney, O. Ratib, G.
Porenta, and W. Kuhle for software development, and to Lee Gris-
wold for preparation of illustrations.
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