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Shared Neural Substrates Controlling Hand
Movements in Human Motor Cortex

Jerome N. Sanes,* John P. Donoghue, Venkatesan Thangaraj,
Robert R. Edelman, Steven Warach

Voluntary hand movements in humans involve the primary motor cortex (M1). A func-
tional magnetic resonance imaging method that measures relative cerebral blood flow
was used to identify a distributed, overlapping pattern of hand movement represen-
tation within the posterior precentral gyrus, which contains M1. The observed pattern
resembles those reported in nonhuman primates and differs from a somatotopically
organized plan typically used to portray human motor cortex organization. Finger and
wrist movements activated a wide expanse of the posterior precentral gyrus, and
representations for different finger movements overlapped each other and the wrist
representation. Multiple sites of activation occurred in the precentral gyrus for all
movements. The overlapping representations may mediate motor and cognitive func-
tions requiring coordinated neural processing for finger and wrist actions rather than
discrete control implied by somatotopic maps.

Current knowledge about basic features of
cerebral cortical organization derives largely
from research on animals, but several re-
cently developed techniques allow investi-
gation of the fine details of human cerebral
cortical functional organization. Similar to
human cerebral cortex, M1 in monkeys has
major regions that separately represent the
leg, arm, and head in successively more
lateral positions along the precentral gyrus
(1). Converging evidence suggests that,
whereas the leg, arm, and head retain sep-
arable motor representations, the M1 arm
area of nonhuman primates contains multi-
ple, overlapping representations for arm
muscles and movements (2—4). In contrast,
an early view of human M1 organization
based on cortical surface electrical stimula-
tion placed proximal arm movement repre-
sentations medially and those for succes-
sively distal movements in discrete, non-
overlapping regions in the lateral part of the
arm representation (5). This classical plan
also holds that representations of each arm
segment have a single, contiguous focus of
representation, with, for example, the
thumb representation separated from the
wrist representation.

Recent imaging studies in humans with
positron emission tomography (PET) indi-
cated a segregation of distal and proximal
functions for peak activation but showed
overlap for entire activation zones of distal
and proximal arm representations (6).
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However, these studies did not adequately
evaluate the spatial form of M1 wrist and
finger representations in humans. Advances
in magnetic resonance imaging (MRI) al-
low a detailed spatial and temporal descrip-
tion of physiological signals that appear re-
lated to neuronal events (7, 8). The orga-
nizational pattern of human M1 can poten-
tially be resolved with these high-resolution
methods. From the results of a functional
MRI method that measures relative paren-
chymal cerebral blood flow (CBF), we now
describe precisely localized but overlapping
representations of finger and wrist move-
ments within the human precentral gyrus.

Ten normal, right-handed individuals
(9) participated in these experiments. The
participants lay supine inside the bore of a
1.5-T magnetic resonance (MR) system
(Siemens Medical Systems, Erlangen, Ger-
many) modified for echo planar imaging
(10). Functional MR images were acquired
in the horizontal plane across the frontal
lobe while participants used the right hand
to perform repetitive flexion-extension
movements of either the thumb, index fin-
ger, ring finger, or wrist or withheld arm
movements (11). During these actions, par-

s REPORTS

ticipants were requested to fix gaze and
otherwise remain motionless. For this re-
port, we analyzed hemodynamics in the
caudal half of the contralateral precentral
gyrus (12). This region largely contains the
primary motor cortex, and we will refer to
MR signal intensity as increases in M1
blood flow for a movement versus the no-
movement baseline condition.

The cortical region containing the por-
tion of M1 sampled in this experiment ex-
hibited increases of relative CBF when par-
ticipants performed contralateral hand
movements (13). Increases in MR signal
intensity along the precentral gyrus oc-
curred midway between the lateral and sag-
ittal fissures corresponding to the classically
defined arm area of Penfield and Boldrey
(5). Along the medial to lateral extent of
the left hemisphere, activated sites in the
more superior slices generally clustered from
the middle to the surface of the precentral
gyrus. In contrast, the changes in the MR
signal observed in the inferior slices oc-
curred progressively more medially; the fun-
dus of the central sulcus in all 10 partici-
pants had label in the most inferior slice
exhibiting change in MR signal intensity.
For the different movements, there was no
difference in the volume of activated tissue
(Table 1), and the significantly activated
voxels exhibited a 7.9 to 179.1% (74.1 *
41.1, mean * SD) increase in MR signal
intensity compared with that obtained dur-
ing no movement. Across participants, the
extracted voxels spanned an average of 3.8
+ 0.7 slices or 30.4 *= 5.6 mm along the
sampled extent of the precentral gyrus; this
region appeared to contain most of the M1
region activated by the tested hand move-
ments (14).

Finger and wrist movements activated
overlapping volumes of M1 (Fig. 1A). A
three-dimensional reconstruction of the ac-
tivated voxels in M1 revealed a similar
pattern of overlap of tissue activated during
performance of the different movements
(Fig. 1, B and C). The area activated by
thumb movements overlapped with 68.0 *+
11.6% of the index finger, 59.7 + 13.6% of
the ring finger, and 52.8 + 12.3% of the

Table 1. Total volume and number of spatially distinct clusters of activated voxels for each movement
representation in M1 (mean =+ SD). The proportionate size of the largest (primary) and the next largest
(secondary) aggregate of contiguous activated voxels relative to each total representation appears in the
two right columns. Values represent group means and do not necessarily add to 100. All data are based
on changes in MR signal intensity for each movement in comparison with the no-movement baseline

condition.

Move- Total volume Clusters Primary cluster Secondary cluster
ment (mm3) (@) (% total volume) (% total volume)

Thumb 1611.5 = 547.8 3.8+ 1.6 80.6 = 18.9 10.1 = 85

Index 1549.3 = 667.0 2.4 +0.8 84.6 = 20.3 9.9+ 128

Ring 1614.4 = 754.8 3.4 +£22 78.6 =229 11.6 = 13.0

Wrist 1824.5 + 849.9 3.3+13 80.7 + 18.6 10.7 = 8.9
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wrist representations (15). Relative overlap
of the remaining representations with each
other was comparable in magnitude (range:
49.4 to0 62.7%).

M1 representations of individual finger
and wrist movements were largely con-
tained within a single contiguous region,
such that 81.1 * 19.6% (range: 33.3 to
100%) of the extracted voxels grouped to-
gether. Nevertheless, movement represen-
tations for individual subjects typically had
additional sites of activation in M1 (Table
1) (16), with the second largest cluster
comprising 10.6 = 10.6% (range: 0 to
40.0%) of the extracted voxels. The re-
maining clusters were small and could con-
tain only a single extracted voxel or as
much as 22.2% of a total representation.
The change in MR signal intensity during
movement for the voxels in the largest clus-
ter was not different from that obtained
from voxels in the smaller clusters.

These findings indicate that a large ex-
panse within the human precentral gyrus,
the likely location of M1, exhibits activa-
tion during individuated finger and wrist
movements. These movements activated
multiple, overlapping sites and an equiva-
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lent cortical volume as previously found in
nonhuman primates (2—4). The results sup-
port the working hypothesis that neurons
within the M1 arm area form a distributed
and cooperative network that can simulta-
neously and optimally control collections of
arm muscles (3, 4), and these results con-
comitantly provide further evidence against
the hypothesis that the M1 arm area con-
tains single, discrete or topographically or-
ganized regions for finger or wrist control.
The current data also demonstrate the use-
fulness of functional MRI to derive detailed
spatial maps of cerebral cortical regions in-
volved in motor performance. Prior studies
with functional MRI indicated that sites
located in the vicinity of the precentral
gyrus exhibited increased signal intensity
during simple, repetitive voluntary hand
movements (7, 17). Our data confirm these
studies and provide details about the func-
tional organization of the major source of
cortical output to the spinal cord in humans.

PET investigations of motor cortical or-
ganization typically have reported a single,
contiguous representation of individual arm
segments within M1 (6, 18). In contrast,
the current data from functional MRI indi-

cate that M1 representations for finger
movements as simple as those performed
here typically have multiple foci. Represen-
tations for the different motor actions ap-
pear to share common cerebral cortical tis-
sue, presumably reflecting overlapping
functionality within the motor cortical neu-
ral network for the arm. The exact signifi-
cance of this activation pattern remains
uncertain, although similarities to emerging
theories about cortical organization in ma-
caque M1 (3, 4, 19) suggest that finger and
wrist movement representations of human
M1 share common neural circuitry with
more proximal movements. Furthermore, it
is likely that the neural elements or ensem-
bles that make up the functional processing
units continually recombine while forming
new output properties to produce normal
and adaptive motor behavior (20). Data
suggest that an overlapping and distributed
neural network represents an efficient
mechanism to code motor control variables
(21). The intermingled representation pat-
tern combined with the profuse horizontal
interconnectivity of the various M1 repre-
sentations (3) in primates may help mediate
interactions among M1 neurons to coordi-

Fig. 1. Movement representation overlap in human M1. (A) Single-slice de-
piction of MR signal changes during repetitive finger or wrist movements from
one participant. The largest aggregation of extracted voxels was commonly
located anterior to the central sulcus (dark curve indicated by yellow arrow-
heads in “‘Anatomy’’ panel) for each movement. MR signal increases in the
vicinity of the precentral and postcentral sulci and mesial frontal cortex also
occurred during the movements. The view is from the top of the head. In each
panel, anterior is down, posterior is up, lateral-is to the right, and medial is to
the left. The color scale to the right indicates the percentage change in MR
signal during movement. (B and C) Three-dimensional reconstructions of the
voxels extracted from M1 (voxels from other cortical areas are not depicted)
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also showed overlapping movement representations. The voxels extracted
from each imaging slice were positioned according to their spatial relation-
ships. The whole-brain image (lower right) indicates the region of cerebral
cortex sampled (yellow box), with the dashed lines depicting the center of
each imaging slice. Same participant as in (A). In (B) the view angle is from the
top of the head as in (A), and the central sulcus ““wraps’’ around the posterior
edge of the extracted voxels (from medial to lateral, first above and then to the
right of the geometric forms). Note the multiple, separate clusters of voxels
with significant activation. P, posterior; A, anterior; M, medial; L, lateral. In (C)
the view angle is from the nose such that medial is to the left, lateral to the right,
superior is up, and inferior is down. S, superior; |, inferior.
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nate reaching and manipulation. Further-
more, the potential for activity-dependent
synaptic plasticity among horizontal con-
nections in M1 (22) suggests that this over-
lapping movement representation forms an
adaptive and dynamic network to mediate
complex motor and cognitive phenomena,
such as planning the direction of limb mo-
tion and motor skill learning.

Note added in proof: Using functional
MRI, Rao et al. (23) describe overlap of
hand and elbow representations in a single-
slice plane through M1, in agreement with
the conclusions presented here.
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