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PURPOSE: To evaluate the spatial specificity of functional MR imaging by comparing it with
intraoperative electrocortical mapping. METHODS: Functional MR imaging was performed in 28
patients before awake craniotomy and intraoperative electrocortical mapping. Activation was
mapped for finger movement, lip movement, tongue movement, word generation, and counting
paradigms. During surgery, finger movement, lip movement, tongue movement, counting, and/or
speaking were mapped. The functional images and the photographic recordings of the brain
functions mapped during surgery were converted to bit maps and coregistered by a computer
program. The distance between the intraoperatively mapped function site and the MR activation
site for a comparable function was measured. RESULTS: Forty-six functions were recorded on MR
images and intraoperative maps. In 100% of correlations, the intraoperative site and the MR
activation site were within 20 mm; in 87% of correlations they were within 10 mm. For each
paradigm, 67% or more of the intraoperative stimulation maps correlated within 10 mm of the MR
activation site. CONCLUSIONS: For the tasks used in this study, the activation site on functional
MR images correlated well with the site at which intraoperative stimulation identified function.
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The spatial specificity of functional magnetic
resonance (MR) imaging warrants additional
validation. One method of validating functional
MR imaging is by direct comparison with intra-
operative mapping, which is used routinely dur-
ing craniotomy to identify brain regions neces-
sary for language function and voluntary
movements (1, 2). One intraoperative mapping
method to which we intended to compare func-
tional MR imaging is electrocortical stimulation,
by which the sensorimotor cortex and the fron-
tal lobe language regions are identified. Electri-
cal stimulation of the sensorimotor cortex pro-
duces either movement, which an observer
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monitors, or sensation, which the patient re-
ports. By eliciting movement of the tongue, lips,
or fingers, or by producing sensation in these
regions, the surgeon can identify the appropri-
ate area of the sensorimotor cortex through
stimulation of the cerebral surface. To identify
language areas, the surgeon stimulates the ce-
rebral surface while the patient is counting or
speaking. Electrical stimulation of a specific re-
gion in the inferior frontal or precentral gyri in-
terrupts the counting or speaking, because the
stimulation produces a “temporary lesion” (3).

The purpose of this study was to compare the
activation in the frontal lobe caused by counting
or word generation with the site at which elec-
trocortical stimulation produces speech or
counting arrest and to compare the activation
from finger movement or tactile stimulation of
the hand with the site at which electrocortical
stimulation identifies the sensorimotor cortex. A
few correlations between intraoperative func-
tion imaging and functional MR imaging have
been reported previously (4, 5).
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Subjects and Methods
A consecutive series of patients underwent functional

MR imaging prior to craniotomy and intraoperative elec-
trocortical stimulation mapping. The locations of activa-
tion on the MR images and functions on the intraoperative
stimulation maps were compared by coregistering the MR
images and the intraoperative maps.

Patient Selection

Patients scheduled for intraoperative stimulation map-
ping in conjunction with a tailored lobectomy for the treat-
ment of seizures or the resection of a tumor near the motor
strip were screened. Subjects who were willing and able to
cooperate, English speaking, and not claustrophobic were
asked to participate. Patients with a contraindication to MR
imaging were excluded. Candidates for the studies were
informed about the experimental procedure and asked to
sign a consent form.

Functional MR Imaging Data Acquisition and Image
Processing

After inserting ear plugs, the subject was positioned in a
1.5-T imager equipped with a three-axis gradient coil and
end-capped bird cage receiver coil. A series of seven par-
allel sagittal anatomic spin-echo MR images was obtained
with parameters of 600/20 (repetition time/echo time) and
10-mm section thickness to encompass the hemisphere
on which surgery was anticipated. The series was pro-
grammed with the first image adjacent to the midline. In
the same planes as the anatomic images, a series of 140
gradient-echo echo-planar images was acquired at a rate
of one per second. The technical factors for each image
included 1000/40, 1-cm section thickness, 64 3 64 ma-
trix, and 24-cm field of view. During the acquisitions, 20-
second periods of rest and task were alternated. The time
course of the signal intensity in each pixel over 140 sec-
onds was plotted and compared with a reference function
by means of a cross-correlation program (6). A modified
square wave with a period of 40 seconds was used as the
reference function. The first 5 seconds of the time course
and the first 5 seconds of each rest and task period were
disregarded in the cross-correlation calculation. The cor-
relation coefficients were calculated for each pixel. Pixels
that exceeded a correlation coefficient of 0.6 were defined
as activated pixels. The activated pixels in the functional
images were then overlaid on the exactly corresponding
anatomic reference images by means of an image pro-
cessing program (6). The paradigms used during the task
period included silent word generation (7), which typically
produces activation in the left inferior frontal and precen-
tral gyri; counting by twos, which produces activation in
the same locations as the word generation task; finger
tapping (8), which produces activation ventral and dorsal
to the central sulcus; and pursing of the lips and movement
of the tongue, both of which produce activation in the
subcentral gyrus. The word generation task consisted of
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the subject’s thinking of words beginning with a letter
supplied by the investigator for the 20-second task period
(7). A different letter was supplied for each task period.
During the rest periods, the subject was instructed to lie
still and not to move or to think about moving any parts of
the body. For counting by twos, the subject was instructed
to begin counting when cued and then to count forward to
20 and backward to 0 until instructed to stop. For the
finger-tapping task, the subject apposed the thumb and
fingers repeatedly at a self-paced rate when cued (8, 9).
For the tongue or lip movement, the subject was instructed
to purse the lips repeatedly or to move the tongue repeat-
edly when cued without opening the mouth or moving the
head. A series of sagittal images was acquired in the same
planes as the anatomic images with a spoiled gradient-
echo sequence, 50/9, a flip angle of 50°, and flow com-
pensation to provide a map of the venous anatomy of the
convexity.

Surgical Methods

For the intraoperative stimulation mapping, the patient
was premedicated and sedated. With the patient under
local anesthesia, the scalp was reflected. After administra-
tion of a short-acting intravenous barbiturate to achieve a
light transient anesthesia, a craniotomy was performed to
expose portions of the inferior frontal, inferior parietal, and
superior parietal lobes. For the 15 minutes immediately
preceding the cortical stimulation, no anesthetic was
given. In the surgical field, vascular and gyral landmarks
were identified. To identify the sensorimotor cortex, se-
lected locations of the cortex were stimulated by means of
a bipolar electrical probe 5 mm in diameter with an alter-
nating current of 10 mA. The response of the patient to
each stimulation was carefully monitored by a trained ob-
server who could see the patient’s hands, fingers, and face
and could query the patient regarding sensation felt in the
hand, fingers, face, or tongue. Objective signs or subjec-
tive experiences temporally related to stimulation of a
location were recorded. To identify the frontal lobe location
of language function, the patient was asked to count or to
recite sentences while the brain surface was stimulated
intermittently with the electrode. A location in which stim-
ulation reproducibly interrupted speech or counting was
recorded as the site of a speech function. A numbered
marker was placed on the surface of the brain at each
stimulation site and the correlated response recorded. The
mapping was performed intraoperatively at the discretion
of the surgeon. At the conclusion of the stimulation map-
ping procedure, the marker placement was recorded pho-
tographically with the camera positioned so as to minimize
parallax and distortion.

Graphic Methods for Comparing Functional MR Images
and Intraoperative Maps

Distance was calculated between functional MR imag-
ing activation and intraoperative mapping of a similar
function. For this purpose, functional MR imaging activa-
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Fig 1. Comparison of a photographic recording of intraoperative mapping (A) and a functional MR image (B’) in a patient with
epilepsy. The sylvian fissure is evident in both. In the photograph, 12, 13, and 14 represent locations at which stimulation interrupted the
patient’s speaking. In the functional MR image, the cortical activation from the silent word generation task is shown. After scaling (B) the
functional MR image and superimposing it on the photograph, the location of activation is seen to overlap markers 12 and 13.
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tion caused by counting or word generation was consid-
ered a language function and was compared with the in-
traoperative mapping site at which stimulation interrupted
speaking or counting. Functional MR imaging activation
produced by apposing the first finger and thumb was com-
pared with the mapping site at which stimulation caused
the contralateral hand or any finger to move. Activation
caused by the lip pursing task was compared with the
intraoperative site at which stimulation caused the lips to
twitch or move in any way. Activation caused by the
tongue movement task was compared with the intraoper-
ative site at which stimulation produced any tongue move-
ment or sensation of movement.

The photograph of the surgical site and the most super-
ficial functional MR image that showed activation (usually
No. 7) were converted to bit maps (Fig 1). The bit maps
were adjusted to the same scale by using a centimeter
scale on the photograph and the matrix and field-of-view
dimensions on the functional MR image. The images were
coregistered by using a commercial graphics program
(Adobe Photoshop, Adobe Systems Inc, San Jose, Calif).
For this purpose, the sulci and the veins visible in the
photograph were superimposed as precisely as possible
on the corresponding veins and sulci visible in the func-
tional MR image. The coregistration was performed to
maximize the closeness of the fit of the anatomic land-
marks in the region of the activation. The spoiled gradient-
echo images were used to help identify the location of the
larger convexity veins in the functional MR image. The
distance between the center of the cortical stimulation site
for a specific function and the center of the nearest acti-
vation site for the function was measured with the graphics
software. For activation from the language tasks with mul-
tiple activated pixels that were not contiguous, the dis-
tance between the closest activated pixel and intraopera-
tive site was measured. The distances were grouped into
categories of less than 1 cm, 1 to 2 cm, and 2 cm or
greater.

Results

Twenty-eight patients had functional MR im-
aging and intraoperative mapping. In all cases
activation was obtained from finger movement
and from word generation or counting. The pa-



tients had chronic epilepsy (n 5 22), cerebral
tumors (n 5 5), and an arteriovenous malfor-
mation (n 5 1). The left hemisphere was
mapped intraoperatively in 20 patients and the
right in eight. Intraoperative mapping was per-
formed as needed in the portions of the tempo-
ral, inferior frontal, and parietal lobes that were
exposed at surgery.

In the 28 patients, 43 comparisons were ob-
tained between an intraoperatively mapped
function and a function mapped at MR imaging.
Comparisons included the word generation task
in 13 patients, the counting task in 13 patients,
the finger movement task in eight patients, the
lip movement task in six patients, and the
tongue movement task in three patients. Of the
comparisons made for word generation, 12
were made in the left hemisphere and one in the
right hemisphere; of the counting tasks com-
pared, 10 were in the left hemisphere and three
in the right hemisphere.

Technically satisfactory functional MR imag-
ing maps were obtained for the 43 comparisons.
In all 28 patients, the counting and word gener-
ation tasks activated predominantly the inferior
frontal gyral regions; the finger, lip, and tongue
motor tasks activated a region at the frontopa-
rietal junction. The finger movement task acti-
vated primarily the hemisphere contralateral to
the finger moved, while the tongue and lip
movement tasks activated regions in both
hemispheres.

For all the comparisons, the area of activa-
tion on the functional image was 20 mm or less
from the intraoperative measurement; in 37
(86%) of the 43 comparisons, it was within 10
mm. Word generation, finger movement, hand
movement, and tongue movement tended to
map more closely to the intraoperative mea-
surement; counting and lip movement tended to
map less closely. However, the differences be-
tween any of the tasks and the average for the
group were not significant (within the 95% con-
fidence limit for the group average). Of the five
instances in which both counting and word gen-
eration were compared in the same person, the
distances were the same in three and differed by
10 mm or less in two.

The activations that were not within 10 mm
included two from the lip movement task (15
and 20 mm, respectively), two from the count-
ing task (20 mm), one from the word generation
task (15 mm), and one from the finger move-
ment task (15 mm). In one of the two patients in

1314 YETKIN
whom the right hemisphere was mapped intra-
operatively, activation on the functional MR im-
age was 20 mm from the site at which electrical
stimulation interrupted counting. One counting
activation in the right hemisphere was 20 mm
from the site mapped during surgery. The one
comparison in the right hemisphere between
activation from word generation and an intraop-
erative speech location was within 10 mm.

Discussion

This study shows that in a series of 28 pa-
tients, the area of activation on a functional MR
image produced by performance of a task and
the site mapped intraoperatively during perfor-
mance of a similar task were within 2 cm. Good
correlations have also been reported in previous
studies. In one study, the location of activation
caused by hand motion was compared with in-
traoperative stimulation mapping of the cere-
bral cortex at craniotomy in six patients (4).
Activation detected with fast low-angle shot im-
ages acquired during rest and hand movement
was found in a “diffuse area” in the postcentral
and precentral gyri, where intraoperative map-
ping demonstrated function. In another study of
two patients, activation for hand, foot, and face
was recorded with a spoiled gradient-echo ac-
quisition at 1.5 T. In one patient, the activation
was compared with motor function mapped by
means of subdural electrodes and in the other
by evoked potentials recorded on the brain sur-
face after median nerve stimulation. Results of
functional MR imaging and cortical mapping
matched in these two cases (5). Our study in-
cludes activation from word generation, count-
ing, and motor tasks, correlated with intraoper-
ative mapping of comparable functions.

The accuracy of the functional MR imaging
activation compares well with the estimates of
precision for functional MR imaging and of in-
traoperative mapping. The pixels in the func-
tional images for this experiment measured
10 3 3.75 3 3.75 mm. Distortion in the echo-
planar images was estimated to reach one pixel.
Reproducibility studies of functional MR imag-
ing indicate that while the first and second iter-
ation of a task produced a similar number of
activated pixels in a similar location, 50% to
80% of the pixels are common to both activa-
tions (10). On the basis of these observations,
activation is estimated to locate the neuronal
activity with a precision of about 5 mm. While
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the intraoperative stimulation method is consid-
ered the standard of reference for functional
mapping, its precision, because of the spread of
current through the cerebral cortex, is about 10
mm (11). Therefore, the accuracy of distance
measurements between the functional MR im-
aging activation and the intraoperative location
is limited to 15 to 20 mm. The six instances in
which the functional MR imaging and the intra-
operative localization were 2 cm distant from
each other may represent the cumulative inac-
curacies in the measurements.

The methodological problems in comparing
functional MR imaging activation and intraoper-
ative mapping are significant. The task para-
digm necessary for good activation is repetitive
performance of a task, whereas the effect of
stimulating the cerebral cortex is a single event.
Furthermore, the movement produced by stim-
ulation does not replicate exactly the task par-
adigm used for functional MR imaging. Intraop-
erative mapping may show a single site for
function or multiple overlapping sites for indi-
vidual wrist and finger movements (12). Intra-
operative cortical stimulation identifies only
those eloquent brain regions that are on the
surface of the brain (11), whereas functional MR
imaging maps both superficial and deep regions
of activation. Generally, only one hemisphere is
studied with cortical stimulation mapping, al-
though activation from some tasks may be bi-
lateral. In our study, right hemisphere language
localization was studied without reference to
possible left hemisphere contributions, since
only one hemisphere is exposed for intraopera-
tive mapping. When a function has bilateral rep-
resentation, the cortical stimulation mapping
may less reliably produce a “temporary lesion”
(12).

This study helps to confirm the spatial accu-
racy of functional MR imaging. The region of
activation shown on functional MR images is
presumed to represent a region in which blood
flow increases as the result of neuronal activity.
To what degree the blood flow changes corre-
late spatially with the active neurons is not
known. In principle, some of the signal intensity
changes detected on functional MR images may
occur in draining veins some distance from the
site of activity. While additional studies are
needed to verify the spatial specificity of the
functional MR imaging activation, our data sug-
gest that the regions of activation on functional
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MR images correspond to regions of significant
neuronal activity demonstrated by intraopera-
tive mapping techniques.

Although functional MR imaging is not being
evaluated as a replacement for intraoperative
mapping, it may have applications in preoper-
ative evaluation if it correlates well with intraop-
erative mapping. Whether activation from word
generation or counting identifies all the frontal
lobe regions necessary for language function is
not known. For the sensorimotor cortex, func-
tional MR imaging identifies activation that is
deep in the central sulcus that may not be de-
tected with stimulation of the brain surface.
Nevertheless, functional MR imaging represents
a noninvasive means of anticipating the results
of cortical mapping and of determining the
probable margin between the eloquent brain re-
gion and the portion of the brain to be resected.
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