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Transcranial magnetic stimulation with a focal coil
was used to map the cortical representation of a hand
muscle in four healthy subjects. In each subject, the
three-dimensional locations of the magnetic stimula-
tion positions and about 400 positions on the surface
of the head were digitized. The amplitude-weighted
center of gravity of each subject’s map was found, and
a line perpendicular to the local head surface was pro-
jected inward. The digitized heads were registered
with the subjects’ MRIs using the scalp contours. The
coordinate transformations yielded by this process
were used to map the stimulation positions and the
perpendicular line into the MRIs. Brain areas imaged
with positron emission tomography (PET) and 15O-
labeled water, activated by movement of the same
muscle, were registered with the MRIs using the brain
contours. In all cases, the magnetic stimulation lines
encountered the surface of the brain at the anterior lip
of the central sulcus and ran along the precentral gy-
rus a few millimeters anterior to the central sulcus,
coming within 5–22 mm of all the PET activation max-
ima. This technique demonstrates the accuracy of
transcranial magnetic stimulation for locating the pri-
mary motor area. © 1996 Academic Press, Inc.

INTRODUCTION

Localization of motor representations in the human
cerebral cortex began with the work of Penfield and
colleagues (1937, 1954), who mapped the motor cortex
by stimulating the cortical surface in conscious pa-

tients who were undergoing surgical procedures. These
and subsequent experiments by Woolsey et al. (1952,
1979) showed significant interindividual differences,
but suggested the presence of a motor homunculus in
the area of the precentral gyrus, whose lower extremity
fell on the mesial surface of the hemisphere and whose
head lay at the lateral extreme of the gyrus, near the
sylvian fissure. Modern work with intracortical mi-
crostimulation has shown the fine detail of the homun-
culus to be more of a discontinuous patchwork (Waters
et al., 1990), but with clustering of microregions repre-
senting movements of specific body parts that lie in
roughly the classic somatotopic order.
Activation studies performed with positron emission

tomography (PET) also have been used to identify mo-
tor representations in the brain. Many investigators
(Ingvar and Philipson, 1977; Lauritzen et al., 1981; Ro-
land, 1984; Mazziotta et al., 1985a,b) have reported
that focal increases in cerebral blood flow and oxygen
and glucose metabolism occur during various motor
tasks. Further, Colebatch et al. (1991) described soma-
totopic differences in blood flow in motor areas during
movement of upper limb joints. Using PET with 15O-
labeled water, with the images registered to MRIs,
Grafton et al. (1991) found that areas in primary motor
cortex where blood flow increased during movements of
the tongue, finger, and toe were somatotopically lo-
cated.
Transcranial magnetic stimulation (TMS) provides a

noninvasive means of stimulating the cortex (Barker et
al., 1985). Refinement of the stimulating coil’s shape
(Cohen et al., 1990b) has improved the focality of stim-
ulation. Motor representations that activate muscles at
different joints of the upper extremity can be distin-
guished on the scalp and are shown to fall in the pre-
dicted somatotopic pattern (Wassermann et al., 1992),
and the representations of adjacent fingers may be re-
solved (Wilson et al., 1993).
Much effort has been directed at answering the ques-
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tions of how and where TMS excites descending motor
pathways (Amassian and Cracco, 1987; Amassian et
al., 1987, 1989; Day et al., 1988, 1989; Thompson et al.,
1989; Epstein et al., 1990; Rothwell et al., 1991), and
investigators agree that the excitation of corticospinal
neurons occurs within the cortex transsynaptically or,
under some conditions, in the most superficial subcor-
tical white matter. Much less, however, is known about
where TMS impinges on the cortical surface to produce
activity in a given muscle and the extent to which cor-
tical motor maps derived by TMS agree with maps
from other methods.
Head surface digitization and three-dimensional reg-

istration algorithms have been used successfully to
map positions on the head into radiographic images
(Wang et al., 1994). In the present study, we used this
technique to project points on the scalp, identified by
TMS as corresponding to the motor representation of
the hand, into the subject’s MRI and activated PET
scans.

SUBJECTS AND METHODS

Subjects were four healthy volunteers (one woman
and three men), aged 22 to 35 years, including three of
the investigators. All subjects were right handed by
self report. The protocol was approved by the Institu-
tional Review Board, and all subjects gave their writ-
ten informed consent for the study.

Cortical TMS

During TMS, subjects lay on a comfortable examina-
tion table with the head elevated approximately 60°.
Surface EMG electrodes were applied over the first
dorsal interosseous (FDI) muscle on the right hand.
The hand was positioned in pronation at the subject’s
side. The EMG signals were recorded on a conventional
electromyograph with filter settings of 100 Hz and 1
kHz. The EMG was used to monitor the results from
individual trials of stimulation and to make on-line
averages during the experiments. Signals were fed
from the EMG machine to a desktop computer and
stored at a sampling rate of 4 kHz.
A Cadwell high-speed magnetic stimulator (Cadwell

Laboratories, Inc., Kennewick, WA), operating in sin-
gle-pulse mode, and an 8-shaped coil composed of two
loops of windings, each 4.5 cm in diameter, were used
for cortical stimulation. The characteristics of this coil,
which provides a focal magnetic stimulus at the inter-
section of the loops, are described in detail elsewhere
(Cohen et al., 1990b; Roth et al., 1991). The coil was
held tangential to the scalp with the handle pointing
posteriorly.
The approximate optimal scalp position for activat-

ing the right FDI was found by stimulating a series of
sites over the left hemisphere. Then, a 7 × 7-cm grid of

points 1 cm apart, with the optimal position at its cen-
ter, was measured and marked on the scalp. Additional
points were added during the mapping if the excitable
area extended beyond the grid. Each point was as-
signed coronal and sagittal coordinates, taking the op-
timal position as the origin.
Mapping was carried out by positioning the intersec-

tion (center) of the two loops of the coil over the points
marked on the scalp and delivering 10 stimuli about 3
s apart to each point. The stimulus intensity was ap-
proximately 1.1 times the intensity needed to produce
a motor evoked potential (MEP) in the FDI, which was
visible at a display gain of 100 mV/cm on 10 of 10 trials.
Starting near the center of the grid and working out-
ward, we stimulated the grid positions until the MEP
disappeared. The mapping sessions took less than an
hour.
The 10 trials from each scalp position were rectified

and averaged off-line. At each scalp position, the value
of the 2-ms time bin in the average that contained the
peak of the MEP was scaled as a percentage of the
largest averaged response in that subject, and this
value was assigned to the position. In a previous map-
ping study (Wassermann et al., 1992), we found that
the best measure for characterizing the center of an
amplitude map was the amplitude-weighted mean po-
sition or center of gravity. This was computed by
weighting the coronal and sagittal coordinates of each
point according to its scaled amplitude and finding the
average of all the weighted coordinates. The center of
gravity was used for projection into the brain MR im-
ages.

PET and MRI Studies

For the PET study the subject lay supine with the
arms at the sides. The subject was fitted with foam ear
plugs to reduce ambient noise and eye patches to block
patterned visual stimulation. A custom-molded ther-
moplastic face mask immobilized the subject’s head to
reduce head motion artifact. An intravenous catheter,
which was used for the delivery of 33-mCi boluses of
15O-labeled water, was placed in the left antecubital
vein. The subject’s right hand was comfortably sup-
ported, allowing free lateral movement of the right in-
dex finger.
Each subject was studied at rest and during active

finger movement. (Subjects were also scanned under
another condition: passive movement of the fingers by
the examiner, the results of which are not included in
this paper.) Under the rest condition, the subject lay
quietly with the eyes closed. Under the active move-
ment condition, the subject performed self-paced, re-
petitive abduction–adduction movements of the right
index finger at a rate of 2 Hz. The movements were
begun 30 s before injection of the tracer.
Changes in cerebral blood flow were measured by a

modified autoradiographic technique (Herscovitch et
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al., 1983; Raichle et al., 1983). Images of cerebral blood
flow were obtained by summing the activity occurring
during the 60-s period following the first detection of
an increase in cerebral radioactivity after the intrave-
nous bolus injection of the 15O-labeled water. No arte-
rial blood sampling was performed and, thus, the im-
ages collected were those of tissue activity. Tissue ac-
tivity recorded by this method is linearly related to
regional cerebral blood flow (rCBF) (Fox and Raichle,
1984; Fox and Mintun, 1989).
The PET scans were made with a 15-slice PET scan-

ner (Scanditronix Model PC2048-15B, Uppsala, Swe-
den) with 6.5-mm interslice spacing. Images of tissue
radioactivity were reconstructed using filtered back
projection (FWHM 4 6.5 mm). To allow for complete
tracer decay, scans were performed 12 min apart. Each
subject had three scans at rest and three during active
finger movement.
MR imaging was performed with a SIGNA 1.5-T

(General Electric, Milwaukee, WI) MRI machine using
an SPGR sequence that provided 124 contiguous sag-
ittal 1.5-mm slices spanning the brain. Contours of the

brain surface were drawn on each MR and PET image,
resulting in two sets of contours, representing the
brain surface as imaged in each modality. The coordi-
nate transformation needed to transform PET into
MRI coordinates was determined with the use of a sur-
face-matching algorithm that determined the transla-
tion and rotation required to bring the two surfaces
into optimal alignment (Pelizzari et al., 1989). The
CBF data were reformatted using bilinear interpola-
tion and the coordinate transformation that was deter-
mined in the previous step. This resulted in two sets of
124 coplanar images that could then be superimposed.
The rCBF was globally normalized to a mean of 100
ml/100 mg/min. Subtraction images were computed for
movement minus rest and thresholded to show regions
of activation that were more than 2 standard devia-
tions above the mean for the whole brain. The subtrac-
tion images were then superimposed on the corre-
sponding MR images. The central sulcus was identified
on axial MR sections, according to the method of
Berger et al. (1990), as the most posterior sulcus inter-
secting the midsagittal fissure.

FIG. 1. Contour maps derived from averaged responses to 10 trials of TMS at scalp sites 1 cm apart in four subjects. Open circles indicate
amplitude-weighted centers of gravity (see text). Crosses indicate sites with the highest amplitude averaged response. Contours represent
12.5 percentiles of the maximal averaged response. Scale around frames is in centimeters. Upward on the map is anterior on the head, and
left is left.
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Head Digitization and Image Registration

A three-dimensional magnetic digitizer (Polhemus,
Colchester, VT) was used to measure the coordinates of
the grid points. In addition, approximately 400 points
were sampled from each subject’s head surface (Wang
et al., 1994). The digitized head surface was aligned
with the head contours obtained from the same sub-
ject’s MRI using a surface registration algorithm (Pel-
izzari et al., 1989). The rotation and translation values
provided by the registration of the head surfaces were
used to make the coordinate transformations needed to
map scalp positions into the MRIs (Wang et al., 1994).
The precision of this mapping process was estimated as
6 mm, provided that all digitized data were obtained in
the same session. The grid of TMS positions was some-
times digitized in different sessions or on different days
from the head surface sampling. In these cases, a least-
mean-square error algorithm was used to register the
grid with the head surface. The intersession registra-
tion could add 5.7 mm to the measurement uncertainty
(Wang et al., 1994).
The digitized points were fitted by a sphere using the

modified least-mean-square error function proposed by
Lükenhöner et al. (1990). The center of this best-fitting
sphere was also mapped from the digitized head into
the corresponding MRI. The line connecting the center
of the sphere with the center of gravity was assumed to
be the perpendicular projection of the center of gravity
into the brain. The intersection of this line with each
sagittal MRI section was computed and marked on the
MRI slice by masking a region of 3 × 3 pixels with its
center at the intersection. Transaxial MRI sections
were obtained from the sagittal images using a reslice
program available as part of the MIRAGE software
developed by the Department of Nuclear Medicine at
the Warren Grant Magnussen Clinical Center, Na-
tional Institutes of Health (Bethesda, MD).

RESULTS

Magnetic Stimulation

In all subjects, stimulation of a circumscribed area of
the central scalp 5–6 cm to the left of the vertex pro-
duced MEPs in the right FDI. In all subjects except
one, TMS maps of these areas had single-amplitude
peaks located near their centers. In the other subject,
the map was more complex and irregular (Fig. 1, sub-
ject 4). The centers of gravity fell within 1 cm of the

position where stimulation produced the largest aver-
aged response in all cases. The maps tended to be elon-
gated in the sagittal plane.

Projection of TMS Points into the MRI and
Registration with PET

In all four subjects the line projecting the center of
gravity of the magnetic stimulation map into the brain
intersected the surface of the brain just anterior to the
central sulcus (Figs. 2 and 3) and maintained this po-
sition on several successive slices as it passed ventro-
medially into the brain.
In each subject, finger movement resulted in in-

creased cerebral blood flow in the sensorimotor cortex
about midway along the length of the central sulcus. In
subjects 1, 3, and 4, the TMS line passed very near or
coincided with the 2 standard deviation PET activation
area in a superficial region of the motor cortex near the
anterior lip of the central sulcus (Figs. 2 and 3). In
subject 2, the TMS line met the surface of the brain at
the anterior lip of the central sulcus but did not en-
counter the 2 standard deviation PET activation area,
which, in this case, was mostly posterior to the central
sulcus (Figs. 2 and 3). Analysis of the three-dimen-
sional images showed that the TMS line passed an av-
erage of 13 mm from the maximally activated pixel in
the motor cortex on the PET scan. The individual dis-
tances were 6 mm for subject 1, 19 mm for subject 2, 22
mm for subject 3, and 5 mm for subject 4.

DISCUSSION

Transcranial magnetic stimulation with the
8-shaped coil is able to distinguish the representations
of different upper extremity parts on the scalp in one
dimension (Cohen et al., 1990a), and, when combined
with appropriate statistical methods, in two dimen-
sions (Wassermann et al., 1992). However, the rela-
tionship of the scalp map to the underlying cortical
topography has not been explored. To determine the
site of activation on brain imaging, Epstein et al. (1990)
attempted to locate the site of stimulation for a finger
movement on the individual subject’s MRI and con-
cluded that it was at the depth of a gyral crest, or about
1.5 cm from the surface of the scalp. However, this
result may be of limited applicability because, in their
calculations, the authors treated the area of activation
as a point rather than a three-dimensional zone.

FIG. 2. Axial MRI slices 4 mm apart shown in dorsal to ventral order (left to right) from four subjects show the intersection of the TMS
line with each slice (yellow squares). Areas of >2 standard deviations of PET activation (red areas) are shown for subjects 1 and 2, in whom
the relation of the TMS line and the PET activation area were seen better in the axial plane. Slices are viewed from above, such that upward
on the figure is anterior and left is left. Arrows indicate the central sulcus. (Inset) Volume rendered image of the brain of subject 4 shows
projection of the TMS line onto the brain surface (yellow square).
FIG. 3. Sagittal slices 2–4 mm apart from four subjects in lateral to medial order (top to bottom) show areas of >2 standard deviations

of PET activation (red areas) and the intersection of the TMS line with each slice (yellow squares). Slices are viewed from the right, such that
upward on the figure is dorsal and left is posterior.
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The PET results in this study showed activation re-
lated to finger movement near the central sulcus in all
subjects. Subject 2 had a large active zone that ap-
peared to be located posterior to the central sulcus with
only a small amount of activation near the anterior
bank. This could reflect a preponderance of activation
in somatosensory areas by reafference from the moving
finger. On the other hand, the degree of accuracy of the
registration of PET and MRI scans has never been es-
tablished, and errors in this process may have caused
mismatches with the MRI. TMS appeared to locate the
central sulcus with considerable precision in all sub-
jects.
TMS and PET would be expected to identify essen-

tially the same region of cortex since near-threshold,
nonfocal TMS and liminal degrees of voluntary muscle
activation produce activity in the same spinal mo-
toneurons (Hess et al., 1987). On the other hand, the
active regions on PET may not correspond precisely to
the site of activation by TMS. Indeed, based on current
estimates of the decay of the induced electrical current
with distance from the magnetic source (Roth et al.,
1991), it is unlikely that significant stimulation can
occur deep in the central sulcus, where the bulk of PET
activation occurred in some subjects and where classic
mapping studies (Penfield and Boldrey, 1937; Penfield
and Jasper, 1954; Woolsey et al., 1979) have found the
representation of the fingers. Angular error in the TMS
trajectories caused by failure to hold the coil tangential
to the scalp or by poor fitting of the local head surface
to a sphere may also have contributed to discrepancies
between TMS and PET localization of the hand motor
area in individual subjects.
Several lines of evidence suggest that, under most

conditions, the predominant mechanism responsible
for activation of corticospinal neurons by TMS is trans-
synaptic (Amassian et al., 1987, 1989; Day et al., 1989;
Thompson et al., 1989; Rothwell et al., 1991), which
further suggests that the site where TMS acts on the
brain to activate hand muscles is not identical to the
motor representation of the hand found by direct elec-
trical stimulation. The topology of cortical folding may
be a factor in determining which cortical elements are
excited by TMS. Day et al. (1989) speculated that TMS
delivered at a moderate intensity with a large circular
coil centered at the vertex would selectively activate
intracortical elements oriented parallel to the surface
of the brain (horizontally oriented fibers would lie on
the gyral crest) rather than radially oriented descend-
ing cells or fibers running vertically in the wall of the
central sulcus. In our study, an 8-shaped coil was ap-
plied directly over the central area, but the same prin-
ciple is likely to apply. This idea is also supported by
differences between the latencies of MEPs to TMS and
transcranial electrical stimulation as well (Rothwell et
al., 1991). The rapid decay of the magnetic stimulus
with distance and the evidence for transsynaptic acti-

vation of motor pathways suggest to us that the site of
action of TMS probably lies anatomically superficial to,
and physiologically upstream from, the classic repre-
sentation of the hand as defined by cortical surface
stimulation.
In a primate study, Huntley and Jones (1991) found

prominent clustering of labeled cells a few millimeters
anterior (on the unfolded cortex) to sites where intra-
cortical microstimulation produced digit movements
after injections of a retrograde tracer at those sites.
These clusters tended to coincide with low threshold
sites for producing movements at more proximal fore-
limb joints. Such connections from sites in the primary
motor cortex, slightly anterior (superficial) to the clas-
sic hand representation, may be the first neural link in
the chain mediating activation of hand muscles by
TMS. The increased synaptic activity and blood flow
that result in the 15O signal with hand movement may
occur downstream in the dendritic field of the cortico-
spinal cells targeting the hand muscles.
One other technical factor could have caused some

apparent anterior displacement of the magnetic stim-
ulation trajectory. That factor is “brain sag,” the ten-
dency for the brain to flatten posteriorly when the sub-
ject is supine, as ours were, for MRI scanning. Since
TMS was done with the subjects at approximately 30°
of recumbency, there might have been some mismatch
of this type between the TMS and MRI data.
Our results in a limited sample suggest that the com-

bination of TMS and projection into the MRI is an ac-
curate means of locating the motor cortex noninva-
sively. The limit of spatial resolution of TMSmaps gen-
erated with multiple averaged trials, using the
8-shaped coil, has been estimated at about 5 mm (Bra-
sil-Neto et al., 1992). This is essentially the same as the
estimate given by Grafton et al. (1991) for their PET
maps. We have not estimated the accuracy of our reg-
istered PET scans, but the evidence presented here
suggests that TMS is a far more accurate means of
localizing the center of a motor representation; PET
may be better at defining its boundaries.
The use of the center of gravity, which is derived

from the results of TMS at multiple scalp positions,
decreases the vulnerability of the technique to errone-
ous readings at single locations. However, in most
cases, the location of maximum response could appar-
ently be safely substituted for the center of gravity if a
sufficient number of trials are given at each location.
Various noninvasive techniques have been used to

locate brain lesions or anatomical features. For exam-
ple, three-dimensional reconstructions of PET and
MRI scans have been used to identify the locations of
seizure foci with respect to brain and head features
(Fishman et al., 1991). Others (Orrison and Lewine,
1993; Buchner et al., 1994) have used dipole analysis of
somatosensory evoked potentials and magnetoenceph-
alography to identify the somatosensory cortex on the
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MRI. The present technique for locating the primary
motor area is considerably simpler and less expensive
than many others and is probably just as accurate. If
the accuracy of TMS mapping is borne out in a larger
number of subjects, it could be of utility in planning
brain surgery. An important use for this information
may be to enable investigators using transcranial stim-
ulation to use the motor representation of the hand as
a reliable landmark on the scalp in order to locate other
areas of the cortex.
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