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Graziano, Michael S. A., Tyson N. S. Aflalo, and Dylan F. Cooke.
Arm movements evoked by electrical stimulation in the motor cortex
of monkeys. J Neurophysiol 94: 4209-4223, 2005. First published
August 25, 2005; doi:10.1152/jn.01303.2004. Electrical stimulation
of the motor cortex in monkeys can evoke complex, multijoint
movements including movements of the arm and hand. In this study,
we examined these movements in detail and tested whether they
showed adaptability to differing circumstances such as to a weight
added to the hand. Electrical microstimulation was applied to motor
cortex using pulse trains of 500-ms duration (matching the approxi-
mate duration of a reach). Arm movement was measured using a
high-resolution three-dimensional tracking system. Movement laten-
cies averaged 80.2 ms. Speed profiles were typically smooth and
bell-shaped, and the peak speed covaried with movement distance.
Stimulation generally evoked a specific final hand position. The
convergence of the hand from disparate starting positions to a narrow
range of final positions was statistically significant for every site
tested (91/91). When a weight was fixed to the hand, for some
stimulation sites (74%), the evoked movement appeared to compen-
sate for the weight in that the hand was lifted to a similar final
location. For other stimulation sites (26%), the weight caused a
significant reduction in final hand height. For about one-half of the
sites (54%), the variation in movement of each joint appeared to
compensate for the variation in the other joints in a manner that
stabilized the hand in a restricted region of space. These findings
suggest that at least some of the stimulation-evoked movements
reflect relatively high-level, adaptable motor plans.

INTRODUCTION

It has long been debated whether the primate motor cortex
controls movement at a level of muscles and joints or at a
higher level of coordinated actions. Single neuron recording
studies have provided evidence for both low level and high
level encoding. Neuronal activity can be correlated with mus-
cle activity, joint rotation, direction of reach, direction of wrist
rotation, and speed of the hand (e.g., Georgopoulos et al. 1986;
Holdefer and Miller 2002; Kakei et al. 1999; Reina et al. 2001;
Scott and Kalaska 1997). Neuronal activity in motor cortex can
even be correlated with learned sequences of movements (Lu
and Ashe 2005). These studies suggest that motor cortex is
heterogeneous and probably encodes a variety of movement
parameters, perhaps reflecting the range of movements that the
animal typically makes.

Recently we found that electrical microstimulation in the
motor cortex of monkeys, when stimulation is applied on a
time scale of one-half a second, can result in complex, multi-
joint movements (Cooke and Graziano 2004a; Graziano et al.

2002a,b, 2003). These results also support the view that motor
cortex controls movement at a relatively complex level. How-
ever, the details and level of complexity of these stimulation-
evoked movements have not been examined previously. For
example, in normal voluntary movement, the hand follows a
smooth trajectory with a bell-shaped velocity profile (e.g.,
Bizzi and Mussa-Ivaldi 1989; Flash and Hogan 1985). If a
weight is fixed to the arm, the movement can show compen-
sation, adapting flexibly to the added weight. If one joint
deviates from the desired angle, other joints in the arm can
compensate, thus bringing the hand closer to the goal posi-
tion. Do the stimulation evoked movements show similar
complexities, or do they instead resemble uncoordinated mus-
cle output?

Three general issues

DETAILS OF MOVEMENT TRAJECTORIES. We measured the stim-
ulation-evoked arm movements in greater detail than had been
done previously, using a high-resolution three-dimensional
(3-D) tracking system to monitor the position of the hand and
the angles of individual arm joints.

COMPENSATION.  We fixed a weight to the wrist and tested
whether stimulation drove the hand to the same final height,
overcoming the weight, or if the added downward force caused
the hand to reach a lower final height. We also examined
whether the stimulation tended to bring the hand to a similar
final location despite trial-by-trial variability in joint angles. If
one joint varied from the optimal posture, would the other
joints vary in a compensatory fashion to stabilize the hand at a
specific location?

CORTICAL LOCALIZATION OF MOVEMENT TYPES. We examined
the clustering of movement types on the cortical surface. In our
previous publications (Cooke and Graziano 2004a,b; Graziano
et al. 2002a), we found a clustering of three types of move-
ment: hand-to-mouth movements; movements resembling de-
fensive or protective gestures; and movements resembling
manipulation of objects in central space. The mapping data in
the present experiment adds to this emerging picture of the
clustering of different types of stimulation-evoked movements.

METHODS

All husbandry, surgical, and behavioral procedures were approved
by the Princeton University Institutional Animal Care and Use Com-
mittee and the attendant veterinarian and were in accordance with
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NIH and USDA guidelines. We studied two adult male Macaca
fascicularis (4.5 and 7.0 kg).

Surgery

For each monkey, an initial surgical operation was performed under
isoflurane anesthesia and strict aseptic conditions, during which an
acrylic skullcap was fixed to the skull with bone screws. A steel bolt
for holding the head and a 2.5-cm-diam steel chamber for neuronal
recording and electrical stimulation were also imbedded in the acrylic.
The recording chamber was positioned for a vertical (dorsal-ventral)
approach to the precentral gyrus. Each animal recovered from the
surgery within 1 wk but was given 2 additional wk to allow the skull
to grow tightly around the skull screws. In a subsequent procedure,
also under deep anesthesia and aseptic conditions, the recording
chamber was opened, and a hole ~10 mm in diameter was drilled
through the layer of acrylic and the bone, exposing the dura.

Neuronal recording and stimulation

During the daily recording sessions, the monkey sat in a Lexan
primate chair with the head restrained by the head bolt. A hydraulic
microdrive (Narishige) was mounted to the top of the recording
chamber. A steel guide tube (an 18-gauge syringe needle) was
lowered through the hole in the skull and into the granulation tissue
that lay over the dura. The varnish-coated tungsten microelectrode
(impedance, 0.5-2 MOhm; Frederick Haer) was advanced from the
guide tube through the dura and into the brain. Typically an electrode
would start with an impedance of ~2 MOhm. After repeated use on
multiple days, as the insulation began to wear off near the tip, the
impedance would begin to drop. When clear single neurons were no
longer easily isolable on the electrode, a new one was used for the
next penetration.

The introduction of the electrode into the cortex was confirmed by
monitoring neuronal activity on an oscilloscope and over a loud-
speaker. The location of the top of the cortex was estimated as the
depth at which spiking neuronal activity was first found. The electrode
was typically advanced into the cortex 1-2 mm beyond that depth, and
electrical stimulation was tested. On some penetrations, multiple
depths were tested, separated by 0.5 mm. When the electrode was
advanced beyond the cortex and into the white matter, as indicated by
the drop in neuronal cellular spiking, electrical stimulation was no
longer tested, and the electrode was retracted. A systematic test of
different layers of cortex was not attempted in this experiment. In
previous experiments (Graziano et al. 2002a), we found that the
movement evoked by 500-ms stimulation is similar as the electrode is
advanced perpendicularly through cortex and that the movement
thresholds are typically lower in the deeper layers of cortex.

At each cortical site studied, stimulation was applied by an S88
stimulator and two SIU6 stimulus isolation units (Grass, West War-
wick, RI). Stimulation consisted of a train of biphasic pulses presented
at 200 Hz. In some cases, 100, 150, and 250 Hz were also tested,
causing similar effects (see RESULTS). Each stimulation pulse had a
negative followed by a positive phase; each phase was 0.2 ms in
duration. In some cases, phases of 0.4 ms were also tested. For most
movements, a 500-ms stimulation train was used.

Current was measured by the voltage drop across a 1-KOhm
resistor in series with the return lead of the stimulus isolation units.
For each site, we varied the current until an evoked movement was
observed. The threshold, the current at which any visible movement
was evoked 50% of the time, was determined by two observers. These
threshold measurements were thus approximate. The average thresh-
old measured in this fashion was 19 = 14 (SD) wA. Thresholds were
generally lowest (sometimes as low as 5 nA) in the anterior bank of
the central sulcus. For quantification of the evoked movement, the
current was usually set between 25 and 100 wA. The current level was
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adjusted until a clear, consistent, multijoint movement of the arm was
obtained, and the quantitative testing was begun.

Asanuma and Arnold (1975) found that extended trains of cathodal
pulses killed the cortical tissue around the electrode tip. With balanced
biphasic pulses, however, it is possible to stimulate for long durations
(seconds) and high currents (milliamps) without measurable damage
(e.g., Tehovnik 1996). Our stimulation parameters are within the
range for cortical stimulation studies in oculomotor, visual, and
somatosensory systems (e.g., Bruce et al. 1985; Freedman et al. 1996;
Gottlieb et al. 1993; Romo et al. 1998; Salzman et al. 1990; Tehovnik
and Lee 1993). To check whether the current damaged the brain, for
each site studied, after stimulating for many trials, we switched the
amplifier to neuronal-recording mode and confirmed that normal
neuronal spiking activity could still be obtained. Second, as Asanuma
and Arnold (1975) pointed out, electrical damage to the brain causes
the effect of the stimulation to disappear after several trials. We found
that the stimulation had a consistent effect over hundreds of trials with
no sign of degradation. Finally, in past experiments using the same
stimulation techniques (Cooke et al. 2003; Graziano et al. 2002a), on
histology we found no visible damage to the cortex associated with
the stimulation sites. These lines of evidence suggest that our trains of
biphasic pulses do not cause extensive cell death, although more
subtle damage cannot be ruled out.

Location of stimulation sites

The monkeys were not killed at the termination of this experiment,
thus the locations of the stimulation sites were reconstructed through
nonhistological means. The central and arcuate sulci were located first
by shining a bright light on the dura during the initial craniotomy
surgery. Both sulci were clearly visible through the dura. The micro-
drive was mounted to the recording chamber, and the locations of the
visualized sulci were measured with the tip of the guide tube. In this
way, the locations of the sulci were obtained in microdrive coordi-
nates. The sulcus locations shown in Fig. 10 are based on this
procedure.

After the craniotomy surgery, during the daily experiments, the
measured location of the central sulcus was confirmed to within 0.5
mm by recording and stimulating to either side of the sulcus. Just
posterior to the sulcus, in primary somatosensory cortex, we observed
the expected small tactile receptive fields on the contralateral hand
and also the expected lack of effect of electrical stimulation. Just
anterior to the sulcus, we obtained the expected low stimulation
thresholds in primary motor cortex. In monkey 2, the location of the
arcuate sulcus was confirmed by stimulating just anterior to it and
obtaining no skeletomotor movements, but instead obtaining stimula-
tion-evoked saccadic eye movements presumably in the frontal eye
fields. The locations of both the central and arcuate sulci were further
verified by using the pattern of cellular activity and silence obtained
on long electrode penetrations to reconstruct the arrangement of
cortex and white matter.

Within the precentral gyrus, the studied area encompassed the arm
and hand representation and was bracketed laterally by the face
representation and medially by a leg represention. At the most lateral
sites shown in Fig. 10, stimulation sometimes evoked movements of
the arm, hand, and mouth. Sites that were even more lateral (data not
shown) appeared to be in the orofacial region of motor cortex; no arm
or hand movements were evoked from these more lateral sites, only
facial or oral movements. At the most medial sites shown, stimulation
evoked movements of the arm, hand, and leg.

The medial-lateral, anterior-posterior, and dorsal-ventral location of
every tested site was supplied to a mapping program to construct a
3-D model of the cortical area studied. The model was flattened,
collapsing sites onto a 2-D surface and unfolding the anterior bank of
the central sulcus. The plots in Fig. 10 show these 2-D reconstruc-
tions, including the gyral surface between the arcuate and central sulci
and the unfolded anterior bank of the central sulcus.
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Measurement of limb position

To study the effect of different starting postures, stimulation was
applied while the monkey performed a simple untrained reaching task.
A small piece of fruit was held with forceps by the experimenter at
one of many possible locations around the monkey, and the monkey
reached for the fruit. On approximately two-thirds of the reaches,
stimulation was applied by the experimenter as the hand approached
the target location to within about 1 cm but before the monkey had
grasped the fruit. The purpose was to stimulate at a moment when the
hand was relatively still and at a variety of locations in the workspace
and to do so in a manner that did not entrain the monkey to particular
postures. Stimulation was also applied during the monkey’s sponta-
neous reaches that placed the hand in different locations in the
workspace, and while the monkey was sitting quietly with the arm
stationary. In this way, stimulation could be tested during a range of
initial postures of the limb. All stimulation trials, whether they took
place during a reach to a fruit reward, during spontaneous reaches, or
when the monkey was resting, were combined in the data because the
resultant stimulation-evoked movement of the arm to a final posture
was similar for all of these cases. Data were collected continuously
during a 3-min block in which an average of 25 stimulation trials were
tested. Two to three blocks were tested for each stimulation site.

The positions of points on the limb were measured by means of an
Optotrak 3020 system (Northern Digital). This system tracks the 3-D
position of infrared light emitting diodes (LEDs). Each LED could be
separately tracked to a spatial resolution of 0.1 mm. The position was
measured every 14.3 ms. To create a marker that could be detected by
the Optotrak cameras from any angle, we glued five individual LEDs
together to produce an omni-directional marker ball. A marker ball
was taped to the monkey’s forefinger on the dorsal surface where it
would not interfere with grasping; on the thumb, again on the dorsal
surface where it would not interfere with grasping; on the back of the
hand, between the knuckles of the third and fourth digits; on the lateral
aspect of the elbow; and on the shoulder. In addition, 14 individual
markers were taped in a double ring around the monkey’s wrist, with
7 markers per ring and a 1-cm spacing between the rings. A marker
was also taped to the monkey’s lower jaw to measure the opening and
closing of the mouth and to measure the relative position of the hand
and face. A marker was taped to the side of the primate chair to
calibrate the position of the monkey with respect to the chair. For the
LEDs attached to the arm and hand, the wires were taped in a bundle
to the underside of the arm and draped behind the monkey. The
monkey’s chair was open at the front and side, allowing for almost
total range of movement of the arm. The monkey’s other arm,
ipsilateral to the stimulating electrode, was not studied with Optotrak
markers. To ensure that this hand would not reach for the fruit rewards
during trials or tear off the markers taped to the measured hand, this
untested hand was fixed to the side of the chair in an arm holder.

The marker balls on the index finger and thumb were used to
measure grip aperture. The marker ball on the back of the hand was
used to measure hand position.

The double ring of 14 markers around the wrist was subject to a
rigid body computation to calculate the center point and spatial
orientation of the wrist. In this computation, for each time-point, a 3-D
rigid model of the double ring of markers was fitted to the measured
positions of the currently visible markers, using a least-squares
method of optimal fit. The orientation and position of the model could
be used to estimate the orientation and center of the wrist. The center
of the wrist was taken to be the mean position of the 14 points in the
model.

Once the orientation and position of the wrist was calculated, the
elbow position in space could be calculated by assuming that the
elbow was a certain distance from the center of the wrist in a direction
specified by the orientation of the wrist. This calculation required
knowing the distance between the elbow and the wrist markers; this
reference distance was measured each day after the ring of markers
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was put on the wrist and was typically about 12 cm. The calculated
spatial position of the elbow, derived from the wrist markers, was
consistently 1-2 cm medial to the marker that was fixed to the lateral
aspect of the elbow, as expected. The calculated position was assumed
to be closer to the actual point of rotation of the elbow, internal to the
arm. For this reason, in reconstructing the posture of the arm, this
calculated elbow position was used rather than the location of the
marker on the surface of the elbow.

The position of the shoulder in space was calculated by analyzing
the position of the elbow over time. Over many time-points, the elbow
described a portion of a sphere, the origin of which was located at the
shoulder joint. For each 3-min block of data, a shoulder position was
calculated by fitting a sphere to the data using a least-squares best-fit
algorithm and using the center of the sphere as the shoulder location.
Because the shoulder is capable of small translational movements in
addition to rotations, this method of estimating shoulder joint location
is approximate but was sufficient for the purposes of this study. When
the shoulder position was calculated multiple times over different time
segments, it varied within <3 cm. Just as for the elbow, the calculated
position of the shoulder joint was assumed to be more accurate than
the measured position of the marker ball fixed to the shoulder. The
calculated position was at the actual point of rotation, as estimated by
the best fit algorithm, whereas the marker ball was fixed to the lateral
surface of the shoulder. Thus in reconstructing the posture of the arm,
the calculated shoulder position was used.

Three shoulder angles were computed: the elevation; the azimuth;
and the “twist” or internal/external rotation of the shoulder joint. We
also calculated the flexion of the elbow; the pronation of the forearm;
the extension of the wrist; the adduction of the wrist; and the grip
aperture. In total, eight degrees of freedom were calculated for the
arm. This model of the arm was verified by applying forward kine-
matics to estimate the position of the hand. This calculated position of
the hand matched the actual, measured position of the hand to within
an accuracy of 1.5 cm.

Testing the effect of a weight on the arm

On some blocks of trials, a 90-g lead bracelet was wrapped tightly
around the contralateral wrist just proximal to the ring of Optotrak
markers. A 90-g weight represents about 2% of body weight or about
25% of arm weight (arm weight ~ 300 g). In pilot tests using heavier
weights such as 130 g, the monkey was unwilling to lift its hand, and
therefore we were not able to test different initial hand locations. In
contrast, with the 90-g weight, the monkey did reach for fruit rewards
and thus we could test a range of initial locations.

For each stimulation site, we first tested the stimulation-evoked
movement without a weight on the wrist in a 3-min block of stimu-
lation trials (typically 25 trials). Then the weight was added, and a
second block of trials was run. This alternation of unweighted and
weighted blocks was continued, typically for four to six blocks.

To help test whether the system showed any evidence of compen-
sation for the weight, we estimated the expected effect that the weight
should have if there was no compensation. To perform this calcula-
tion, we modeled the physics of the arm. The model involved two
hinged segments: an upper arm and a forearm. The shoulder had three
degrees of freedom of rotation, and the elbow had one degree of
freedom. The model incorporated the gravitational force on these
segments, a spring-like muscle force acting around each degree of
joint rotation, and a damping term for each degree of joint rotation.
Note that this type of model is deterministic; given the lengths and
weight distributions of the segments, the force of gravity, and the
spring constant, equilibrium angle, and damping force for each joint,
Newtonian mechanics fully specifies the equations of motion. We
used the Denavit-Hartenberg representation, a standard method for
simplifying the equations of a multilink arm (Denavit and Hartenberg
1955), and the recursive Newton-Euler method, a standard method to
transform between kinematic variables and dynamic variables in a
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multilink arm (Luh et al. 1980; Walker and Orin 1982). The lengths
of the arm segments were taken directly from the Optotrak measure-
ments of the arm. Each segment was approximated as a cylinder of
uniform width and density. The diameter of each segment was taken
as the approximate mean diameter of the monkey’s arm (6 cm). The
total arm weight was set to 300 g, which matched our estimate from
volumetric measures of the arm. Each degree of freedom of joint
rotation was modeled as a spring system and given a spring constant,
an equilibrium angle, and a damping term. These parameters were
different for different stimulation sites. They were determined in the
following way. For each stimulation site tested, we analyzed the data
collected from the arm on actual trials when no weight was present.
We used the joint angles, angular speed, and angular acceleration, and
applied a least-squares method of optimal fit to estimate the spring
constants, equilibrium angles, and damping terms that best character-
ized the movement for those trials. We incorporated those dynamic
terms into the model. Using the model, we were able to obtain
simulated trajectories that closely matched the real trajectories.

We ran the model with an added 90-g weight on the wrist and
obtained the calculated trajectory and final position of the hand. This
calculation showed, as expected, that the weight should have two
principal effects: because of the increased inertial mass, it should
reduce the peak acceleration of the movement, and because of the
greater downward gravitational force on the hand, it should cause the
final height of the hand to be lower. These effects predicted by the
model were always pronounced because of the fact that that weight
was concentrated at the wrist. We compared this calculated effect of
the weight to the actual data collected with the weight fixed to the
wrist. This comparison is detailed in RESULTS.

RESULTS
Stimulation-evoked hand trajectories: basic description

Hand trajectories were measured during electrical stimula-
tion of 91 sites in motor cortex. Figure 1 shows examples of
hand trajectories evoked by stimulation of 18 typical sites. In
each case, stimulation evoked a movement of the arm toward
a final posture, and thus a movement of the hand toward a final
region of space. As can be seen across the 18 examples,
stimulation of different sites in cortex drove the hand toward
different spatial regions.

Was the convergence of the hand to a location caused by the
stimulation, or was the monkey was somehow cued by the
context to perform a learned movement? While testing the
stimulation site shown in Fig. 1S, after evoking a convergence
of the hand toward a final location, we disconnected the
stimulator from the electrode and tested sham stimulation. The
results are shown in Fig. 17. The sham stimulation, just like the
actual stimulation, was applied as the hand neared a fruit
reward but before the monkey grasped the reward. Some hand
movement was observed during sham stimulation, but this
movement was minimal and was often directed in a divergent
fashion, away from central space, consistent with the hand
continuing its trajectory toward the fruit reward. The pattern
obtained during sham stimulation was therefore unlike the
pattern obtained during actual brain stimulation at that site and
unlike the pattern found at any stimulation site.

Figure 2A7 shows speed profiles for a typical stimulation
site. To calculate latency, we fit a straight line to the prestimu-
lation baseline data using a least-squares fit, fit a straight line to
the rising phase of the speed, and determined the time at which
the two lines intersected. Calculated in this fashion, the latency
was 82.4 ms. (The average latency among the 91 sites was
80.2 = 10.9 ms, with a range of 49.9-103.3 ms).

M.S.A. GRAZIANO, T.N.S. AFLALO, AND D. F. COOKE

The speed profiles were usually bell-shaped. This bell-
shaped property can be seen more clearly in Fig. 2A2. Here, the
same trials are aligned on peak speed. This example site shows
a statistically significant fit to a Gaussian curve (regression
analysis, F = 405; P < 0.0001). This fit to a Gaussian was
statistically significant for all 91 sites (significance level of
0.05, Bonferroni-adjusted for 91 tests).

Figure 2A3 shows the peak speed as a function of the
distance that the hand traveled. The relationship is roughly
linear, in which greater peak speeds occurred during longer
movements. For this example site, the data show a significant
linear trend (regression analysis, F = 235; P < 0.0001). A
significant linear trend was obtained for 90 of the 91 sites tested
(significance level of 0.05, Bonferroni-adjusted for 91 tests).

Figure 2, B and C, shows similar results for two more
example sites.

We typically tested sites using 200-Hz stimulation, a frequency
borrowed from the oculomotor literature (e.g., Robinson and
Fuchs 1969). For six cortical sites, we examined the effect of
different frequencies. Figure 3 shows the results for one site tested
with stimulation at 100, 150, 200, and 250 Hz. The movement of
the hand was similar across these different stimulation frequen-
cies. In each case, the hand converged from a range of initial
positions toward a similar final region of space. As shown in Fig.
3E, the peak speed of movement varied somewhat with stimula-
tion frequency. The lowest speeds were obtained with 100-Hz
stimulation; the highest speeds were obtained with 200- and
250-Hz stimulation. This effect of stimulation frequency on hand
speed was significant (F = 15.53; P < 0.0001). These results
suggest that similar movements can be evoked with a broad range
of stimulation frequencies, although higher frequencies tended to
evoke somewhat higher speeds.

Convergence of the hand toward a location

The most consistent feature of the stimulation-evoked move-
ments was the convergence of the arm toward a posture, and
thus the convergence of the hand toward a region of space.
This convergence can be seen in the 18 example sites depicted
in Fig. 1. Figure 4A shows this convergence in greater detail for
a typical site. The convergence of the hand is shown in each of
the three Cartesian dimensions. To study the degree of con-
vergence further, we calculated the “mean-distance-to-center”
and analyzed how this metric evolved over time during the
stimulation. The mean-distance-to-center is a measure of dis-
persion around the mean. For each time increment, we first
calculated the mean hand position across all trials. Then, for
each trial, we computed the radial distance from the hand to
that mean position. Finally, we averaged these distances across
trials to arrive at the mean-distance-to-center.

Figure 4A4 shows that, for this example site, the mean-
distance-to-center began at a high level and dropped during
stimulation. This drop in mean-distance-to-center began about
80 ms after the onset of stimulation. It is important to note that
this 80 ms is not simply the latency for the hand to move.
Rather, it is the latency with which the hand began to converge
toward a tighter cluster of locations. To determine if the degree
of convergence was statistically significant, we compared the
mean-distance-to-center at the start of stimulation and at the
end of stimulation (paired #-test). The mean-distance-to-center
was significantly reduced at the end of stimulation (¢t = 14.58;
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FIG. 1.

Examples of hand movements evoked by microstimulation in motor cortex. A: monkey drawing indicates approximate size, location, and perspective of the

monkey within the square frame. Height of frame represents 50 cm. B-S: stimulation-evoked hand movements from 18 typical stimulation sites. Each thin black line
shows path of the hand during a stimulation train. +, start of movement. Black dot indicates end of movement. In a small number of trials, tracking markers were
transiently blocked from view of the camera because of the specific posture of the limb. In these cases, the trace is interrupted. 7: result of mock stimulation in which
wires to the electrode were disconnected but all other aspects of testing were the same. Traces in S show result for this same cortical site when the wires were connected.

P < 0.0001), indicating that the stimulation caused a signifi-
cant spatial convergence.

Figure 4, B and C, shows similar results for two more
example sites. These examples are typical of the population. Of
the 91 sites tested, all 91 showed a statistically significant
degree of convergence of the hand (significance level of 0.05,
Bonferroni-adjusted for 91 tests).

Figure 4D shows the mean result for all 91 sites tested. Just
as for the individual examples, for the group data, the mean-

distance-to-center began to drop after stimulation, and the
latency of this drop was ~80 ms.

Effect of a weighted bracelet on the final stimulation-evoked
height of the hand

As shown above, for almost all cortical sites, stimulation
caused the hand to converge from any initial position toward a
final region of space. How is this final position affected by a

J Neurophysiol « VOL 94 « DECEMBER 2005 « WWW.jn.org

LT0Z ‘vZ AInC uo z'££'022°0T Aq /BioABojoisAyd-uly/:dny woly pspeojumod



http://jn.physiology.org/

4214

M.S.A. GRAZIANO, T.N.S. AFLALO, AND D. F. COOKE

. . 180
160 Aligned on 160 Aligned on .
é Stim onset é 3z . .
3120 3120 8_@140 . .:
v e .
gso T e0 xS R PO
S a O 100 . < .,
2T I 40 . . ® e
: : 60
200 -100 0 100 200 5 10 15
Time (ms) B3 Distance (cm)
250
© .
3~
Qv 200 - .
v e et v
= S50 N
[ M o o
a Jooe te
100f o
o 100 200 300 200 00 300 -200 -100 O 100 200 300 10 15 20 25 30
. Time (ms Distance (cm)
C1 Time (ms) C2 (ms) C3
250
250 .
© 200 o’
7 A 22 ek
7, P\ \150 o ° LY
S\ gE . .
77 -\ %S 100 RS
/m g 8
74 A\ , 50
0
00 200 300 00 =00 100 0 100 300 0 10 Diet 20 ) 30 40
Time (ms) Time (ms) istance (cm

FIG. 2. Speed profiles for 3 typical stimulation sites. A/: hand speed as a function of time during stimulation for 1 stimulation site. Each trace shows result for 1
stimulation trial. Speed measured in 14.3-ms increments. Thick black bar at bottom shows time of stimulation. A2: same data as in A/ but traces are aligned on time
of peak speed. A3: peak speed during stimulation-evoked movement as a function of distance that the hand traveled. B and C: similar plots for 2 more stimulation sites.

weight fixed to the arm? We tested sites by fixing a 90-g lead
bracelet to the wrist (~25% of arm weight).

WAS THE PEAK ACCELERATION SIGNIFICANTLY REDUCED BY THE
WEIGHT? Each stimulation site was analyzed in the following
manner. For each trial, we found the peak acceleration of the
hand during the stimulation-evoked movement. We averaged
across trials to obtain the mean of the peak accelerations. We
compared this mean peak acceleration between the weighted
and unweighted trials. Figure 5 shows group data for the 50
stimulation sites tested. In general, the peak acceleration was
lower when the weight was present (binomial test, P <
0.0001). This finding shows that the weight was sufficiently
large to measurably reduce the acceleration of the hand during
stimulation.

WAS THE FINAL POSITION OF THE HAND SIGNIFICANTLY LOWERED

BY THE WEIGHT?  Figure 6A shows data from one example site.
Figure 6A1 shows trials in which no weight was fixed to the

150 Hz 200 Hz

arm, and Fig. 6A2 shows interleaved blocks of trials in which
the hand was weighted with the 90-g lead bracelet. In both
conditions, the hand stabilized at a similar final height by the
end of stimulation. Thus the weight did not appear to have a
pronounced effect on the final, stimulation-evoked height of
the hand, for this particular stimulation site.

We further analyzed the results by examining how the
weight affected the position of the hand at different time-points
throughout the stimulation trial. For each time-point, we cal-
culated the mean difference in height between the weighted
condition and the unweighted condition. This time-course is
plotted in Fig. 6A3. At the start of stimulation, the mean height
of the hand was approximately the same for both weighted and
unweighted conditions (a difference of ~0). As the stimulation
progressed, the weight began to affect the hand compared with
the unweighted condition. This difference reached a maximum
about 300 ms after the start of stimulation, at which time the
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Effect of different stimulation frequencies on evoked hand movement for 1 stimulation site. A—D: movement of the hand evoked by stimulation at

100, 150, 200, and 250 Hz. See caption to Fig. 1 for details of movement traces. E: peak speed of movement vs. distance that the hand moved for the 4 different

stimulation frequencies.
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FIG. 4. Stimulation-evoked convergence of the hand. A/: height of the hand as a function of time during stimulation of a typical cortical site. Each line shows
data from 1 stimulation trial. Thick black bar at bottom indicates time of stimulation train. Height of 0 indicates height of mouth. A2: data from same stimulation
site showing side-to-side position of the hand. Mouth at 0. A3: data from same stimulation site showing front-to-back position of the hand (position along the
monkey’s line of site). Mouth at 0. Negative numbers indicate positions behind level of mouth; positive numbers indicate positions in front of level of mouth.
A4: mean-distance-to-center (measure of spatial dispersion) * SD for this same example site. B and C: similar plots for 2 more stimulation sites. D: group data

for 91 sites. Mean and SE mean-distance-to-center.

hand was on average 1.7 cm lower in the weighted condition
than in the unweighted condition. This effect of the weight
began to diminish. By the end of stimulation, the height of the
hand was once again similar for the weighted and unweighted
condition. Thus the weight did affect the movement of the
hand during the trial, but by the end of the stimulation train,
the weighted hand had reached the same height as the unweighted
hand.

We tested whether the effect of the weight on the final height
of the hand was statistically significant in the following man-
ner. We first plotted the final height of the hand (at time 500
ms, the end of stimulation) against the initial height of the hand
(at time O ms, the start of stimulation). This plot is shown in
Fig. 6A4. We then used an analysis of covariance, in which the
initial height of the hand was the covariant variable, the final
height of the hand was the dependent variable, and the pres-
ence or absence of the weight was the independent variable. In
this example, the final height of the hand was not significantly
different for the weighted and unweighted conditions (F =
0.001; P = 0.971). Thus for this particular stimulation site, the

hand moved to a similar final height regardless of whether the
weight was present or absent.

Figure 6B shows similar data from another example site for
which the weight did not significantly affect the final height of
the hand. Figure 6C shows data from a stimulation site for
which, unlike the previous two examples, the final position of
the hand was significantly reduced by the weight.

A total of 50 stimulation sites were tested with and without
a weight fixed to the wrist. For each stimulation site, we
calculated the mean distance that the hand was dragged down
by the weight at the end of the stimulation train. We calculated
whether this effect of the weight was significant using an
analysis of covariance as outlined in the examples above. We
plotted this data on a frequency histogram, shown in Fig. 6D.
Of the 50 sites, 13 (26%) showed a significant drop in hand
height caused by the weight, and 37 (74%) did not (signifi-
cance level of 0.05, Bonferroni-adjusted for 50 tests). No sites
showed a significant increase in hand height caused by the
weight. We also found that no sites showed a significant
horizontal shift of hand position because of the weight. Be-
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FIG. 5. Effect of a weighted bracelet on the acceleration of the hand. For
each stimulation-evoked movement, peak acceleration was found. Peak accel-
erations for different trials were averaged to find mean peak acceleration. Mean
for weighted condition (with 90-g lead bracelet) was plotted against mean for
unweighted condition. Each dot shows mean from 1 stimulation site. Almost
all data points are below the y = x line, indicating that acceleration was smaller
when weight was present. Thus weight was heavy enough to cause a measur-
able effect on movement of the hand.
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cause the weight adds only a vertically downward component
of force, a systematic horizontal shift in hand position was not
expected. There was no clear topography of sites that showed
an effect of the weight and sites that did not; both types of sites
were intermingled in cortex. There was also no clear distinc-
tion between the types of evoked movements that compensated
for the weight and those that did not. There was a trend for final
hand positions that were far from the body, with the arm
outstretched, to show a smaller effect of the weight (greater
compensation). This correlation between hand distance from
body and effect of the weight did not reach significance (mean
difference between weighted and unweighted final height vs.
mean final distance of the hand from the chest; » = 0.19; F =
1.82; P = 0.184).

WAS THE FINAL POSITION OF THE WEIGHTED HAND HIGHER THAN
THE PREDICTED POSITION? One potential concern with the
above test is that the weight may be too small to have a reliable
effect on the height of the hand, whether or not compensation
is present. We used a mathematical model to approximate the
expected effect of a 90-g weight on the movement of the arm,
assuming no compensation for the weight. We modeled the
physics of a two-link arm with three degrees of freedom of
shoulder rotation and one degree of freedom of elbow rotation.
The model incorporated spring-like muscle forces, damping
forces, gravitational forces, and the inertia tensor of the two-
link arm. The model is approximate; it provides a rough
estimate of the expected effect of the weight, which can be
compared with the actual effect of the weight.

Figure 7, A-D, shows the results of this analysis for one
example site. Figure 7A shows the measured, actual trajectories
of the hand when no weight was present. We used the data
from these trials including joint angle, angular speed, and
angular acceleration, and applied a least-squares method of
optimal fit to estimate the spring constants and damping terms
that best characterized the movements during these trials. We
incorporated those dynamic terms into the model. Figure 7B
shows the simulated trajectories obtained from the model,
using the same initial positions and speeds as in the actual

M.S.A. GRAZIANO, T.N.S. AFLALO, AND D. F. COOKE

trials. The model closely matched the actual data, indicating
that the fit algorithm was successful. Figure 7C shows the
measured, actual trajectories of the hand when the weight was
added to the hand. Again, the hand converged on approxi-
mately the same final height. In this case, the weight appeared
to affect the hand initially, pulling it to a slightly lower
position, but in the second half of the trial, the hand rose up to
a similar final height as without the weight. The mean final
height of the hand was 0.4 cm higher in this weighted condition
(Fig. 7C) than in the nonweighted condition (Fig. 7A). We ran
the model with an added 90-g weight on the wrist and obtained
the calculated trajectories of the hand, shown in Fig. 7D. In the
model, the hand converged to a position that was on average
5.8 cm lower than in the actual data. This site is typical in that
the model predicted a pronounced effect of the weight.

We compared the data from Fig. 7, C (measured data with
weight added) and D (simulated data with weight added), using
an analysis of covariance. The initial height of the hand was the
covariant variable, and the final height of the hand was the
dependent variable. The final height of the hand was signifi-
cantly higher in Fig.7C than in Fig. 7D (FF = 734; P <
0.0001). Thus there is evidence of an active compensation for
the weight, in that the electrical stimulation lifted the hand to
a significantly greater height than was estimated if no compen-
sation were to occur.

A total of 50 stimulation sites were tested in this fashion, and
47 (94%) showed a significant difference (significance level of
0.05, Bonferroni-adjusted for 50 tests). For these sites there
was evidence of active compensation for the weight. For three
sites (6%), however, the weighted hand was not lifted signif-
icantly higher than estimated for the case of no compensation.

Movement of individual joints

To probe the movement of the limb to a posture in greater
detail, we measured the angles of joints in the arm and the grip
aperture. Figure 8A shows the results for one stimulation site.
Eight graphs are shown, corresponding to the eight degrees of
freedom that were measured. During stimulation, the joints
rotated from a disparate range of initial angles to a more
restricted range of angles. For some joints, such as the elbow,
the rotation was to an intermediate angle. When the elbow joint
was initially flexed, stimulation caused it to extend toward the
final angle; when it was initially extended, stimulation caused
it to flex toward the final angle. For other joints, such as the
shoulder azimuth, the rotation was in one direction. For the
wrist adduction angle, relatively little range of movement was
obtained during stimulation. This wrist angle generally showed
little change compared with other joint angles, even during the
monkey’s spontaneous movements. Figure 8B shows joint
angles from another example site.

For each site, we calculated the mean stimulation-evoked
angle for each joint. Figure 8C shows a frequency histogram of
all sites. A range of angles was represented, including extreme
angles and intermediate angles.

Interaction between joints stabilizes the hand for some
stimulation sites

One hypothesis is that stimulation independently drives each
joint to a specific angle, and as a result of this aggregate of joint

J Neurophysiol « VOL 94 « DECEMBER 2005 « WWW.jn.org

LT0Z ‘vZ AInC uo z'££'022°0T Aq /BioABojoisAyd-uly/:dny woly pspeojumod



http://jn.physiology.org/

ARM MOVEMENTS EVOKED BY MICROSTIMULATION 4217

A1 Height of Hand A2 Height of Hand A3 Mean Difference in Heights A4
Unweighted Weighted (Weighted - Unweighted)
0 0 2E
-10 05 oD
-20 ' :‘E °
_ -1 T - * Unweighted
30 e T30 weig
40 15 & %5 40 *Weighted
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500 -40 -30 -20 -10 0
Time (ms) Time (ms) Time (ms) Initial Height of Hand (cm)
0 oF\———=—=-=-=-=-- = 0
-10 0.5 6’5'10 M
-1 Vo
-20 s £ T2
-1. —= ©
-30 5 E EE -30
40 = ©-40
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500 -40 -30 -20 -10 0
Time (ms) Time (ms) Time (ms) Initial Height of Hand (cm)
- 0
-
5510
[
T 'g -20 X
T30 ¥
i G -40
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500 —4Q. -30 '—20 -10 0
Time (ms) Time (ms) Time (ms) Initial Height of Hand (cm)

D

« 7 [ W Significant

£ 61 mNot Significant

6 -5 -4 3 -2 -1 0

1 2 3
Weighted hand Weighted hand

is lower is higher

Amount that final hand height
was changed by weight (cm)

FIG. 6. Effect of a weighted bracelet on height of the hand. A/: height of the hand as a function of time during stimulation for a typical site. Stimulation began
at time 0 and ended at time 500. Each trace shows data for 1 stimulation trial. No weight was fixed to the wrist on these trials. A2: data from the same cortical
site when weight was fixed to the wrist. A3: difference in mean height when weight was present and when weight was absent. Difference of 0 indicates no change
in height caused by weight. Negative difference indicates that the hand was lower when weight was present. A4: final height of the hand (at time 500) as a function
of initial height of the hand (at time 0). Final height was lower for weighted condition (red crosses) than for unweighted condition (black dots). B: similar plots
for a 2nd stimulation site. C: similar plots for a 3rd stimulation site.

angles, the hand moves to a location in space. Another a desired location. We asked whether the trial-by-trial vari-
hypothesis is that the joints move in a coordinated manner, ability in each joint might compensate for the variability in
each joint adjusting to compensate for slight deviations in  the other joints in a manner that would help to stabilize the
the other joints, to bring the hand more specifically toward hand in space.

Measured Data Simulated Data Measured Data Simulated Data
A Unweighted B C D

Unweighted Weighted Weighted

Height of Hand (cm)

0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
Time (ms)
FIG. 7. Estimating the expected effect of a weighted bracelet on height of the hand. A: data from an example site. y-axis shows height of hand relative to mouth
height; x-axis shows time during stimulation trial. Each trace shows data from 1 trial. Dotted lines show range (min and max) of final heights. B: we modeled
physics of the arm and used data from trials shown in A to find a best fit for spring constants and damping forces in the model. Graph shows calculated trajectories

for the model. C: data from the same example site as in A. On these trials, a 90-g weight was fixed to the wrist. D: calculated trajectories based on the model,
when a 90-g weight was added to the wrist in the model.
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Tracking 8 degrees of freedom in the arm during stimulation. A: results for 1 stimulation site. Each trace shows data for 1 trial. x-axis shows time

during stimulation; 0 = start of stimulation, 500 = end of stimulation. y-axis shows joint angle (degrees) or grip aperture (cm). B: data from a 2nd example site.
C: each graph is a frequency histogram showing distribution of mean final angles across 61 stimulation sites tested.

Figure 9A shows the results for one example site. For this
analysis, we concentrated on four arm angles: shoulder eleva-
tion, shoulder azimuth, shoulder internal/external rotation, and
elbow flexion. These arm angles, together with the lengths of
the arm segments, define the position of the wrist in space. For
each of the 37 trials, using the angles reached at the end of
stimulation and applying forward kinematics, we calculated the
final position of the wrist. These final wrist positions are
plotted as black dots in Fig. 9A.

We randomly “shuffled” the trials in the following manner.
A shuffled trial might contain the shoulder elevation angle
from trial 1, the elbow flexion angle from trial 16, etc. The rule
for a shuffled trial was that none of the four joint angles that
composed the shuffled trial had been collected on the same
actual trial. In this fashion, 37 randomly shuffled trials were
constructed. We used forward kinematics on these shuffled
trials to calculate final wrist positions. If the joints seek their
final angles independently, shuffling the trials in this manner
should have little effect on the result. However, if the joints
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FIG. 9. Interactions between joints stabilized hand position. A: data from 1
example site. Black dots show final hand positions for 37 stimulation trials,
calculated from measured joint angles. Open circles show final hand positions
calculated from 37 “shuffled” trials, using the same data but with joint angles
randomly shuffled across trials. B: 40,000 different shuffles of 37 trials were
tested. For each shuffle, 37 final hand positions were found through forward
kinematics, and mean-distance-to-center was calculated (a measure of spatial
spread of hand positions). These mean-distance-to-centers were plotted on the
frequency histogram shown. Mean-distance-to-center for actual data are indi-
cated by the arrow.

normally interact within a trial, such that a slight deviation in
one joint is compensated by slight deviations in the other
joints, shuffling the trials will remove this interjoint compen-
sation and result in a wider distribution of final wrist positions.
As shown in Fig. 94, the shuffled trials (O) did show a wider
distribution of final wrist positions than the actual trials (@). As
a measure of the spread of final positions, we used the mean-
distance-to-center. For this example site, the mean-distance-to-
center for the shuffled trials was 6.03 cm, and the mean-
distance-to-center for actual trials was 3.33 cm.

Figure 9A shows only one possible reshuffling of the 37
trials. We tried 40,000 possible reshuffles and for each one
calculated a mean-distance-to-center. Figure 9B shows the
distribution. The arrow shows the position of the actual data on
this distribution. Of the many ways to reshuffle the data, all of
them resulted in a greater spread of final hand positions than
the actual data (P < 0.0001). These results show that, within a
stimulation trial, the joint angles were not independent but
instead interacted. Deviations in some joints must have been
matched by compensatory deviations in other joints in a man-
ner that helped to stabilize the hand at a particular location in
space.

A similar analysis was performed for each stimulation site.
Of 61 sites tested in this manner, 54% had a significant effect
similar to the effect shown in Fig. 9, in which interactions
between the joints stabilized the stimulation-evoked hand lo-
cation (significance level of 0.05, Bonferroni-adjusted for 61
tests). For 46% of the sites, no significant effect of joint
interaction was obtained. Thus only approximately one-half of
the sites showed this stabilization of the hand in space. There
was no clear topography of sites that showed significant joint
interactions and sites that did not; both types of sites were
intermingled in cortex.

Movement categories arranged in separate cortical zones

Five categories of movements and their locations on the
cortex are shown in Fig. 10A.
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HAND-TO-MOUTH. At some stimulation sites we evoked a char-
acteristic hand-to-mouth movement, defined by the following
properties: the grip aperture closed during stimulation as mea-
sured by the Optotrak, the hand moved to a location within 1
cm of the mouth as measured by the Optotrak, and the mouth
opened.

DEFENSIVE-LIKE. Another cortical zone could be delineated on
the basis of the following specialized properties: the neurons
responded to tactile stimuli on the face and arms and visual
stimuli near or approaching the tactile receptive fields; stimu-
lation evoked defensive-like movements including a blink,
squint, lifting of the upper lip in a facial grimace, shrugging of
the shoulder, and sometimes a blocking movement of the arm.
These defensive-like movements were noted here qualitatively
and have been extensively studied in a more quantitative fashion
in previous experiments (Cooke and Graziano 2004a,b).

CENTRAL SPACE + FINGER MOVEMENT. A specific type of move-
ment involving both the arm and the hand satisfied the follow-
ing criteria: the hand moved into a restricted region of space,
within 10 cm of a central point in front of the chest (12 cm
vertically below the chin); the grip aperture changed, as mea-
sured by the Optotrak. Qualitatively, these finger movements
resembled an apparent precision grip (thumb against forefin-
ger), a power grip (fist), or a splaying of the fingers accompa-
nied by a turning of the palm toward the face.

REACH. For some cortical sites, the hand moved to a location
distant from the body (>10 cm from the central point just in
front of the chest), and the grip aperture opened. Subjectively,
these movements resembled reaching to grasp.

OTHER OUTWARD ARM MOVEMENTS. At many sites, stimulation
drove the hand to a distal location (>10 c¢m from the central
point just in front of the chest) but without evoking any
opening of the grip aperture. These movements were not
clustered in a single zone but instead were scattered, surround-
ing the reaching sites and the central space/manipulation sites.

ARM + LEG. In alarge medial and anterior region, stimulation
evoked movements that combined the arm and leg. Unlike
movements evoked from the other regions of cortex, these
movements were typically bilateral, sometimes involving all
four limbs.

NO EVOKED MOVEMENT. In monkey 1, in an anterior region of
cortex, stimulation did not evoke movements even when the
current was raised to 300 pA.

Topography of hand location across the cortical surface

Figure 10B shows one type of topography involving hand
position. The stimulation sites were categorized according to
the proximity of the hand to a central point just in front of the
chest, 12 cm vertically below the chin. Sites for which the hand
moved into the region of space within 10 cm of this central
point were clustered in a posterior region that extended partly
onto the bank of the central sulcus. As described above, for
almost all of these sites, the fingers also shaped in a specific
manner. Sites for which the hand moved outside of this central
region were scattered over the remainder of the cortical area.

Figure 10C shows another dimension of topography with
respect to hand position. The sites were categorized according

4219

to their vertical position into three spatial regions separated by
16 cm: high (crosses), middle (open circles), and low (closed
circles). The most lateral part of the arm representation was
dominated by hand locations in upper space. For electrode
penetrations that were more medial along the central sulcus,
the hand locations were usually in mid-level space, including
hand locations in front of the chest. In the most medial sites
along the central sulcus, stimulation sometimes drove the hand
into lower space. When the electrode entered a medial and
anterior region where both the leg and the arm were repre-
sented, the organization was less clear, with hand positions in
upper, middle, and lower space intermixed.

We tested the statistical significance of the progression of
hand heights along the central sulcus as follows. For each site
not within the medial, leg-and-arm representation, we calcu-
lated the location of the site as projected onto a line that ran
along the central sulcus. We used an ANOVA to compare the
distributions along this line. The separation was statistically
significant between upper and middle hand positions (P <
0.0001) and also between middle and lower hand locations
(P < 0.0001). It is important to point out, however, that
although the mapping of hand height along the central sulcus is
statistically significant, it is also noisy and contains overlap.

We examined other spatial parameters but found no other
consistent topography. Figure 10D shows the distribution of
hand locations in a lateral dimension (contralateral, central, and
ipsilateral to the electrode). In monkey 1, some clustering but
no overall topography is apparent. In monkey 2, some possible
topography can be seen in which lateral hand positions were
found more anteriorly and central hand positions were found
more posteriorly.

DISCUSSION

These experiments examined the arm movements evoked by
electrical stimulation in motor cortex using half-second stim-
ulation trains. The movements had a consistent latency of ~80
ms. They generally followed a bell-shaped speed profile in
which the peak speed covaried with movement distance, sim-
ilar to the profiles of natural movements (e.g., Bizzi and
Mussa-Ivaldi 1989; Flash and Hogan 1985). Stimulation with
different frequencies had a similar effect, although higher
frequencies were usually associated with slightly faster move-
ments. Stimulation moved the arm from any initial position
toward a final position. This convergence began with a latency
of about 80 ms, suggesting that as soon as the arm began to
move, it was already directed in a coherent fashion toward the
final position. During mock stimulation, when the wires were
disconnected from the electrode, these movements did not
occur.

Complex, multijoint movements

The central finding from the microstimulation of motor
cortex on a behavioral time scale is the production of complex,
multijoint movements that resemble actions in the monkey’s
natural behavioral repertoire. The fact that the movements are
multijoint is consistent with the known complexity of the
mapping between motor cortex and muscles. A point in motor
cortex can influence a range of muscles crossing many joints.
This divergence in the pathway from cortex to muscles has
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been shown in several ways, including experiments that cor-
relate the spiking of single cortical neurons with the activity of
many arm muscles (Cheney and Fetz 1985) and experiments
that correlate pulses of electrical current applied to a point in
cortex with the activity of many arm muscles (Cheney et al.
1985; Park et al. 2001).

Similar complex, multijoint movements that resemble natu-
ral movements, evoked by stimulating motor cortex for 500
ms, have recently been observed in the cat and rat (Ethier et al.
2004; Haiss and Schwarz 2005). Rhythmic “chewing” move-
ments have been obtained on long stimulation of the orofacial
part of motor cortex in monkeys (Huang et al. 1989). Complex,
multijoint movements with apparent behavioral significance
have also been evoked by stimulation of specific regions of the
posterior parietal lobe in monkeys and prosimians (Cooke et al.
2003; Stepniewska et al. 2005).

Single neurons tuned to direction or to complex,
multijoint movement?

There is considerable debate over whether the activity of
motor cortex neurons is better correlated with the Cartesian
direction and speed of the hand during a reach or with the joint
and muscle details of the reach (e.g., Georgopoulos et al. 1986;
Graham et al. 2003; Holdefer and Miller 2002; Kakei et al.
1999; Moran and Schwartz 2000; Reina et al. 2001; Scott
2000; Todorov 2000). Neurons in motor cortex are undoubt-
edly direction tuned during reaching, but the directional tuning
can change when the arm is placed in different initial positions
or postures, leading to the suggestion that it is not hand
movement per se but “intrinsic” or joint and muscle parameters
that best correlate with the activity of the neurons (e.g.,
Caminiti et al. 1990; Graham et al. 2003; Scott and Kalaska
1995, 1997; Sergio and Kalaska 2003). In this view, the tuning
for the direction of the hand in space is a consequence of a
much more specific response function that might involve mul-
tiple joints or muscles.

The highly complex, multijoint, and sometimes multilimb
movements that we obtained on stimulation have not been
systematically studied in the single neuron literature. One
possibility is that single neurons in motor cortex are tuned to
these highly complex, multijoint movements that are fre-
quently used by the monkey. Another possibility is that each
neuron is tuned to a simpler movement and that the electrical
stimulation activates pools of neurons to results in a complex
movement. It will be useful to record the activity of motor
cortex neurons during simpler movements such as directional
reaching and during more complex movements such as hand-
to-mouth movements, flinching movements, and manipulation
movements. Will the activity of single neurons during these
movements predict the effects of electrical stimulation of the
same site in cortex?
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Are the stimulation-evoked movements open-loop
or closed-loop?

One hypothesis is that the cortical stimulation results in a
fixed signal arriving at a set of muscles in an open-loop
fashion. Several lines of evidence, however, suggest that the
stimulation-evoked movements may represent a more complex
adjustment or refinement of the movement by means of feed-
back rather than an open-loop pattern of output to the muscles.

In this study, we tested sites by attaching a lead weight to the
wrist. Because the weight was concentrated at the wrist, it was
predicted to have a large effect on the movement of the arm.
The weight did significantly reduce the acceleration of the
movement. However, for some cortical sites (74%), stimula-
tion ultimately drove the hand to a similar final height as
without the weight. In addition, for 94% of the sites, stimula-
tion lifted the weighted hand to a greater height than was
estimated for the case of no compensation. These findings
suggest that, for at least some sites, the motor output may have
been adjusted in a manner that compensated for the presence of
the load. Not all sites, however, showed this compensation.

We also found that for some sites (54%), during stimulation,
compensatory interactions between the joints helped to stabi-
lize the hand and to bring it into a restricted range of positions.
This result also suggests some possible refinement of the
movement on the basis of feedback, in which the joint angles
are adjusted to bring the hand to the correct location. It is worth
noting, however, that the complex musculature of the arm
makes it difficult to fully interpret this result. Is this effect the
result of high-level coordination or the result of some unantic-
ipated low-level muscle and torque interactions? One aspect of
the result may be relevant to this question. We found the effect
to be highly significant for some stimulation sites and found it
to be absent for other stimulation sites, even though similar
postures were evoked in both cases. This differing effect for
different cortical sites suggests that the stabilization of the hand
by means of joint interactions may have been a consequence of
neuronal factors caused by stimulation of particular cortical
sites and not a necessary consequence of the musculature of the
arm. However, other interpretations of this result may be
possible.

Perhaps the strongest evidence that feedback from the limb
modifies the stimulation-evoked movement is that, when the
arm is fixed in different positions, the stimulation evokes
activity in different muscles. For example, consider a cortical
site for which the final stimulation-evoked posture involves the
elbow bent at a 90° angle. We found that when the elbow was
fixed in an extended angle, stimulation evoked an initial
increase in biceps EMG at about 7 ms latency, but little or no
triceps activity (Graziano et al. 2004). When the elbow was
fixed in a flexed angle, stimulation evoked an initial increase in
triceps EMG at about 7 ms latency, but little or no biceps

FIG. 10. Topographic arrangement of stimulation effects. Rectangle on schematic brain shows approximate location of studied cortex. A/: clustering of
different categories of movement in monkey 1. Diagonal line in map indicates lip of central sulcus, and area to left of line indicates unfolded cortex in anterior
bank of sulcus. Curved line indicates location of arcuate sulcus as visualized during surgery. Sites are color-coded according to type of complex movement
evoked. A2: similar map for monkey 2. Fewer sites were tested in monkey 2. BI: sites in monkey 1 were categorized according to whether the hand moved to
a location within a 10-cm radius of a central point just in front of the chest (central point 12 cm vertically below chin) or moved outside of that central region
of space. Dotted line indicates approximate border between arm representation (below line) and a combined leg and arm representation (above line). Fewer sites
are shown here than in A because some of the sites in A, such as many of the sites related to defensive movements, did not involve clear movements of the
contralateral arm. B2: similar map for monkey 2. CI: sites in monkey 1 were categorized according to whether the hand moved to upper space, middle space,
or lower space. C2: similar map for monkey 2. D1: sites in monkey 1 were categorized according to whether the hand moved into space contralateral to the
electrode, into middle space, or into ipsilateral space but showed no clear organization. D2: similar map for monkey 2.
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activity. This pattern of activity was not consistent with the
stimulation producing a fixed, open-loop signal arriving at the
muscles.

Based on the lines of evidence described above, we propose
that the movements evoked by electrical stimulation may
represent a relatively high level of motor output. They combine
many joints and body parts and are also to some degree
adaptable depending on feedback, involving different muscle
activity patterns and different final joint angles in different
circumstances, possibly to achieve particular goal states. The
results, however, are mixed; some sites show evidence of
high-level, goal-directed motor control and other sites do not.
For those sites that do show evidence of goal-directed motor
control, it is not clear if the control mechanisms are spinal,
cortical, or both.

Specialized subregions in the precentral gyrus

A set of studies suggested that a specialized region within
the precentral gyrus may play a specific role in monitoring
objects near the body and coordinating defensive reactions.
These experiments showed that electrical stimulation of this
zone evoked movements that matched in detail the normal
defensive movements of a monkey (Cooke and Graziano 2003,
2004a). Neuronal activity in this region was correlated with the
magnitude of a defensive reaction (Cooke and Graziano
2004a). Reversible activation and inactivation of this “defen-
sive-like” cortical zone resulted in an up-regulation or down-
regulation of the monkey’s actual defensive movements to air
puff (Cooke and Graziano 2004b). Thus it appears that this
cortical zone may emphasize a particular ethological function.
We hypothesize that other nearby cortical zones may empha-
size other ethologically relevant movements, including hand-
to-mouth movements; movements resembling a reach to distal
space with the hand shaped as if to grasp; movements of the
hand into central space in front of the chest accompanied by
movement of the wrist and fingers into a pose that resembles
manipulation of an object; and movements of all four limbs
that we speculate may be related to locomotion. In this spec-
ulation, primary and premotor cortex may be composed of a
mosaic of different cortical zones that emphasize different
ethological functions.

Motor cortex topography may be determined by multiple
competing factors

The topographic organization of motor cortex has been
described in numerous previous studies (e.g., Donoghue et al.
1992; Foerster 1936; Fritsch and Hitzig 1870; Fulton 1938;
Gould et al. 1986; Kwan et al. 1978; Park et al. 2001; Penfield
and Boldrey 1937; Strick and Preston 1978; Woolsey et al.
1952). Most descriptions include a rough somatotopic organi-
zation with overlap between the representations of different
body parts, some fractures in the representations, and some
rerepresentations. These descriptions suggest that there may be
other variables influencing the organization of motor cortex in
addition to somatotopy.

The stimulation-evoked movements in this study were ar-
ranged in a complicated cortical topography shown in Fig. 10.
No single movement parameter captured this topography. In-
stead, the organization seemed to be influenced by at least three
different principles.

M.S.A. GRAZIANO, T.N.S. AFLALO, AND D. F. COOKE

One type of organization obtained in this stimulation exper-
iment was somatotopic, in which the face was represented
more laterally and the legs were represented more medially, as
expected on the basis of previous work. The somatotopy was
not absolute. Leg, arm, and face representations were often
intermingled.

A second organizational principle was the clustering of
movements into cortical zones that, we hypothesize, may
emphasize different ethological functions.

In a third type of organization, the evoked movements were
arranged according to the location in space to which the hand
moved. Hand locations near the chest were almost always
evoked from a distinct posterior region of cortex that extended
partly into the central sulcus. More distal hand locations, in
which the hand projected away from the body, were typically
evoked from more anterior regions of cortex. In addition, a
map of hand elevation was found along the central sulcus, in
which upper hand locations were more likely to be represented
laterally and lower hand locations were more likely to be
represented medially. This rough mapping of hand location
across the cortical surface matched our previous findings (Gra-
ziano et al. 2002a).

In this study, the lateral position of the hand was not clearly
mapped across the cortical surface. This finding is not consis-
tent with our previous study (Graziano et al. 2002a), in which
we found a clear topography of the lateral position of the hand
in two monkeys. One possibility is that, in this experiment, the
map was not explored extensively enough to reveal this dimen-
sion of the organization. Another possibility is that the topo-
graphic arrangement by hand position is simply variable from
animal to animal.

The three types of organization, /) by somatotopy, 2) by
ethological function, and 3) by the spatial location of the hand,
are not fully compatible with each other. It would be impos-
sible to construct a map that perfectly preserves all three types
of organization. We speculate that these three influences may
compete for the topography in motor cortex, resulting in a
fractured and somewhat multiply organized region of cortex.
Somatotopic organization clearly dominates the large scale, in
which the face is represented mainly laterally and the legs are
represented mainly medially. Ethological function may influ-
ence the smaller scale, in which different ethologically relevant
movement categories are clustered in different cortical zones.
The location of the hand in space appears to be the weakest of
the three influences, providing a partial and statistical topog-
raphy of hand location.
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