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How Somatotopic Is the Motor Cortex Hand Area?

Marc H. Schieber* and Lyndon S. Hibbard

The primary motor cortex (M1) is thought to control movements of different body parts from
somatotopically organized cortical territories. Electrical stimulation suggests, however, that
territories controlling different fingers overlap. Such overlap might be artifactual or else
might indicate that activation of M1 to produce a finger movement occurs over a more
widespread cortical area than usually assumed. These possibilities were distinguished in
monkeys moving different fingers. Recordings showed that single M1 neurons were active
with movements of different fingers. Neuronal populations active with movements of
different fingers overlapped extensively. Control of any finger movement thus appears to
utilize a population of neurons distributed throughout the M1 hand area rather than a

somatotopically segregated population.

Tcons summarizing the somatotopy of M1,
such as Penfield’s homunculus or Woolsey’s
simiusculus, imply that spatially separate
cortical territories control the movements
of different body parts, with separate terri-
tories for each digit of the primate hand
(1). Yet these and other early investigations
demonstrated that in the hand area, where
a relatively large expanse of cortex is devot-
ed to a relatively small portion of the body,
the cortical territories where surface stimu-
lation evoked movements of different digits
overlapped considerably (I, 2). Recent
studies with intracortical microstimulation,
which provides cortical excitation more
focal than previously available, have con-
tinued to show overlap of the cortical ter-
ritories where stimulation elicits contrac-
tions of different muscles (3) or movements
of different fingers (4). Mapping M1 with
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electrical stimulation, however, may not
accurately mimic the natural neuronal ac-
tivity underlying finger movements. To dis-
tinguish whether separate or overlapping
territories are activated during movements
of different fingers (5), we studied the spa-
tial distribution of single-neuron activity in
M1 during finger movements performed by
awake monkeys.

Two rhesus monkeys were trained to
perform visually cued individuated flexion
and extension movements of each digit of
the right hand and of the right wrist (6). In
each correctly performed trial, the digit the
monkey had been instructed to move (the
instructed digit) underwent more move-
ment than any other (noninstructed) digit.
In some movements, particularly when the
monkey was instructed to flex the thumb,
noninstructed digits remained stationary; in
other movements, noninstructed digits
moved to varying degrees. Therefore, each
movement is referred to as an instructed
movement of a given digit because lesser
movement of noninstructed digits often
occurred (7-9). Nevertheless, as the in-
structed digit was varied in different trials
from the thumb to the little finger, the
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subset of digits that moved progressed sys-
tematically from the radial to the ulnar
digits.

For 136 M1 neurons in monkey K and
84 neurons in monkey S, spike discharge
data were collected during four or more
correctly performed trials of each of the 12
instructed movements (10). Of these, 115
neurons in monkey K and 61 in monkey S
were significantly and consistently related
to at least 1 of the 12 instructed movements
(11, 12). Although some neurons were
related to just one instructed movement,
many neurons were related to more than
one. The neuron shown, for example,
changed its firing frequency most with in-
structed movement 3e, but was also related
to 3f, 4f, Wf, le, 2e, 4e, 5e, and We (Fig.
1). Indeed, the majority of neurons were
related to two or more instructed move-
ments (Fig. 2). The relation of single M1
neurons to multiple instructed movements
suggested that during any given instructed
movement, active neurons would be found
over a considerable portion of the M1 hand
area.

We therefore reconstructed the Ml
hand area of each monkey to study the
spatial distribution of activity in all record-
ed neurons during each instructed move-
ment (Fig. 3) (13). M1 neurons related to
finger movements were found in the ante-
rior bank and lip of the central sulcus.
Here, according to the classic M1 simius-
culus (or homunculus), the digits should be
represented in a lateromedial sequence,
with the thumb lateral and the little finger
medial (I). This implies that neurons ac-
tive during thumb movements should be
found most lateral, neurons active during
little finger movements most medial, and
neurons active during movements of other
fingers should be arrayed sequentially in
between. But displaying the spatial distri-
bution of changes in neuronal activity dur-
ing different instructed movements demon-
strated that active neurons were distributed
throughout the hand area during each in-
structed movement (Fig. 3B). Though ac-
tivity during instructed thumb flexion (1f)
appeared more intense laterally, separate
territories of active neurons progressing
from lateral to medial as the instructed digit
was varied from thumb through little finger
were not evident for either flexion or ex-
tension movements. Moreover, though the
simiusculus suggests that wrist and digit
movements are represented separately, the
territory of neurons related to wrist move-
ments (Wf and We) appeared coextensive
with the territories for finger movements.
Similar observations were made in monkey
S (not shown). The spatial distribution of
M1 single-neuron activity during different
instructed movements was examined fur-
ther in three ways.
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Fig. 1. Activity of an M1 neuron during finger movements. The traces show activity during instructed
flexion (upper row) and during instructed extension (lower row) of each digit. In each frame, the dot
raster below shows the neuron’s discharge during 10 to 13 successful trials of the indicated
instructed movement, aligned at the onset of the instruction signal (vertical line); the peri-event
histogram above is formed from this rastered data (bin width, 10 ms). Tick marks in each raster line
indicate (i) movement onset in the instructed digit, (ii) end of movement, and (iii) reward delivery;
carat marks beneath each histogram indicate the average time of these events.

First, we displayed each neuron’s “best”
instructed digit as a sphere of radius propor-
tional to the neuron’s greatest discharge
frequency change for any of the 12 instruct-
ed movements, and of color representing the
instructed digit associated with that change
(Fig. 3C, Max). Though neurons best relat-
ed to thumb movements (red spheres) were
slightly concentrated laterally, and neurons
best related to little finger movements (blue
spheres) were slightly concentrated medi-
ally, neurons best related to instructed
movements of different digits were intermin-
gled throughout the hand area.

Second, using the data displayed in each
panel in Fig. 3B, we calculated the centroid
of activity for each instructed movement
(Fig. 3C, Cent). Though the population of
neurons in monkey K extended more than 8
mm along the central sulcus, the centroids
for the 12 instructed movements were all
clustered within 2 mm. Similarly in mon-
key S, the population extended 9 mm along
the central sulcus, yet the 12 centroids were
clustered in the central 2 mm. This cluster-
ing further indicates the spatial overlap of
neurons active during instructed move-
ments of different fingers.

Third, to evaluate systematic progres-
sion of activity lateromedially along the
central sulcus during movements of differ-
ent fingers, we correlated instructed digit
number (1 to 5) with the projected location
of the centroids along a line tangential to
the central sulcus (14). Spearman’s rank
correlation coefficient (r,) was insignificant
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Fig. 2. Plots of the number of M1 neurons (totals
in parentheses) related to different numbers of
instructed movements in monkeys K and S.

in monkey S (r, = 0.00, n = 10, P > 0.05)
but attained significance in monkey K (r, =
0.69, n = 10, P < 0.05). For monkey K we
therefore linearly regressed the centroids’

. projected locations against instructed digit

number, obtaining a slope estimate of 0.16
mm average progression along the central
sulcus per digit, an order of magnitude less
than would be predicted if each digit had a
separate representation along the 8 mm of
M1 hand region (8 mm per five digits = 1.6
mm per digit).

The present findings emphasize the spa-
tial overlap of cortical territories for move-
ments of different fingers. In part, this
overlap could reflect cortical activation ei-
ther to move or to stabilize noninstructed
digits. But the conceptually distinct,
though not necessarily operationally sepa-



rate, processes of moving the instructed
digit and of stabilizing noninstructed digits
may involve M1 simultaneously (5, 15).
Moreover, given (i) that territories where
cortical stimulation evokes movements of
different digits (1, 2, 4) or contractions of
different finger muscles (3), or where cor-
tical neurons receive afferent input from
different fingers (16), all overlap; (ii) that
many cortical neurons influence more
than one finger muscle (17); and (iii) that

widespread horizontal connections exist
throughout the M1 hand area (18), the
overlapping cortical territories active dur-
ing different finger movements cannot
simply be attributed to control of nonin-
structed digits. Rather than being specified
by a somatotopic map, each finger move-
ment, like each movement direction (19),
appears to be specified by a neuronal
population distributed throughout the M1
hand area.

SCIENCE ¢ VOL. 261 ¢ 23 JULY 1993

REPORTS

Fig. 3. Distribution of neuronal activity in M1 of
monkey K during individuated finger move-
ments. (A) Orienting views of the reconstructed
left hemisphere block. The forequarter view (Fq)
shows surface features, including the central
sulcus (CS) and arcuate sulcus (AS, arrow
points at lower limb). The view from the frontal
pole (Fr) shows the population of M1 neurons as
spheres beneath the surface convexity, with the
midline interhemispheric fissure seen to the left.
(B) Distribution of single-neuron activity during
the 12 instructed movements. Frames of (B) and
(C) all show the population in the frontal pole
orientation: surface convexity above, medial left,
lateral right. In each frame of (B), each recorded
M1 neuron is represented by a sphere centered
at the reconstructed coordinates of that neuron,
colored according to the instructed digit (red,
orange, yellow, green, blue, and violet for digits
1, 2, 3, 4, and 5 and Wrist, respectively). The
radius of each sphere is proportional to that
neuron’s change in discharge frequency during
that instructed movement. Neurons not related to
a given instructed movement are shown as
points. (C) Each sphere is sized to represent the
maximal change in discharge frequency (Max)
for that neuron during any of the 12 instructed
movements and colored to represent the in-
structed digit for that particular movement. The
centroids (Cent) for each instructed movement
are calculated from the data shown in the 12
frames of (B). White spheres in each frame
constitute a scale: Centers are 1 mm apart (in
the direction of electrode travel), and radii rep-
resent changes in firing frequency of 0, 40, 80,
120, 160, and 200 spikes per s.
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