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Devanne, Hervé, Leonardo G. Cohen, Nezha Kouchtir-Devanne,  coordination of limb segments during precise movements (re-
and Charles Capaday. Integrated motor cortical control of task-yviewed by Kalaska and Drew 1993). However, as most re-
related muscles during pointing in _humans. Neurophysiol87: — cently emphasized by Scott (2000), it is not clear whether the
3006-3017, 2002; 10.1152/in.00990.2001arye body of compeling 1q16r cortex controls each limb segment individually or the

but indirect evidence suggests that the motor cortex controls the dlfferﬁ b as a whole. The essence of this controversy stems from

forelimb segments as a whole rather than individually. The purpose : . e 2 .
this study was to obtain physiological evidence in behaving humgﬁ‘Sparlty between results of single-unit firing activity obtained

subjects on the mode of operation of the primary motor cortex duriffy €XPeriments involving movement at a single forelimb joints
coordinated movements of the forelimb. We approached this problem\§sus those that involved whole-arm reaching movements (see
studying a pointing movement involving the shoulder, elbow, wrist, arfdcott 2000). In contrast, evidence derived from other experi-
index finger as follows. Focal transcranial magnetic stimulation (TM$)ental approaches suggests that the motor cortex functions in
was used to measure the input-output (I/O) curves—a measure of #eintegrative manner as first suggested by Jackson (1931). For
corticospinal pathway excitability—of proximal (anterior deltoid, AD.example, studies involving the superposition of topographical
and triceps brachii, TB) and distal muscles (extensor carpi radialis, EQﬁapS of the motor cortex obtained by microstimulation and
and first dorsal interosseus, 1Dl) during isolated contraction of one ﬁ’lforphological connectivity maps obtained by tracer injections

these muscles or during selective co-activation with other muscles in- . . . e .
volved in pointing. Compared to an isolated contraction of the ECR, t;ﬁa' physiologically identified sites have shown that motor cor

plateau-level of the ECR sigmoid I/O curve increased markedly durit]i al Zones controll_lng various forelimb seg_ments and those
co-activation with the AD while pointing. In contrast, the /O curve ofONtrolling antagonistic muscles are strongly interconnected by
AD was not influenced by activation of the more distal muscles involvd@trinsic horizontal collaterals (Capaday et al. 1998; Huntley
in pointing. Moreover, the 1DI I/O curve was not influenced by activatiodnd Jones 1991; Keller 1993; Tokuno and Tanji 1993). These
of the more proximal muscles. Three arguments argue for a cortical sit¢racortical connections may be the anatomical substrate of
of facilitation of ECR motor potentials. First, ECR motor potentialgnuscle synergies involved in coordinated multi-joint move-
evoked by a near threshold TMS stimulus were facilitated when tgents. Additionally, the intrinsic motor cortical connectivity
AD and ECR were co-activated during pointing but not those iay have its actions reinforced by the extensive intraspinal
response to a near threshold anodal electrical stimulus. Second, P&nching of corticospinal axons (McKiernan et al. 1998; Shi-
ECR H reflex was not found to be task dependent, indicating that tggda et al. 1976; Tantisira et al. 1996). For example 56% of

recruitment gain of the ECR-motoneuron pool did not differ be- " inal iect to both imal hould
tween tasks. Finally, in comparison with an isolated ECR contractigrP'ICOSpInal neurons project to both proxima (e.g. shoulder,

intracortical inhibition tested at the ECR cortical site was decreasg#?0W) and distal muscles (e.g. wrist and hand), some control-
during pointing. These results suggest that activation of shouldffd muscles at three different forelimb segments (McKiernan
elbow, and wrist muscles involved in pointing appear to involve, &t al. 1998). Further support for the idea of embedded muscle
least in part, common motor cortical circuits. In contrast, at least in tisynergies comes from studies by Armstrong and Drew (1985)
pointing task, the motor cortical circuits involved in activation of then the cat motor cortex. They showed that microstimulation,
1DI appear to act independently. even at threshold, elicits a widespread pattern of muscle acti-
vation as we have also observed (Capaday et al. 1998; Schnei-
der et al. 2001). Donoghue et al. (1992) obtained similar results
in the squirrel monkey. Our recent experiments have shown

The results of classic lesion experiments and single-ufitat this is not due to the spread of current from the tip of the

recordings suggest that the motor cortex is involved in tHBicroelectrode nor the result of impulse conduction along the
lengthy intracortical axonal arbors (Schneider et al. 2001).
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INTEGRATED MOTOR CORTICAL CONTROL

Kinematic analysis of human pointing movements has
shown that elbow and shoulder motions are tightly coupled
(Soechting 1984). The neural basis of this observation remains
to be elucidated, but clearly motor cortical circuits may be
involved, several observations support this idea. Donoghue et
al. (1992) concluded from their mappings of the squirrel mon-
key motor cortex that “. . . patterns of organization that include
functional combinations of muscles must be considered.” In
Rhesus macagues, it has been suggested that their exists a
motor cortical region containing neurons that specify func-
tional synergies of distal and proxima muscles (Park et al.
2001). In humans, Sanes et a. (1995) suggested that the
overlap of cortical representation obtained by functional mag-
netic resonance imaging (fMRI) may mediate motor functions
requiring coordinated neural processing for finger and wrist
action rather than discrete control implied by somatotopic
maps. Schneider et al. (2002) showed that in the cat, distinct
motor cortical points might be dynamicaly linked to form
muscle synergies by controlling the activity of GABAergic
neurons. Despite this body of compelling but indirect evidence
itis, as stated by Scott (2000) “difficult to assessif and how the
motor cortex contributes to the coordination of motor patterns
at different joints.” Here we provide evidence based on neu-
rophysiological measurements in behaving human subjects that
the motor cortical control of arm muscles during pointing is of
an integrated nature. Our approach involved comparing the
input-output (1/0) characteristics of the corticospina pathway
to a given muscle (Devanne et al. 1997) when it was volun-
tarily activated in isolation versus when it was synergistically
activated with muscles acting at other joints while pointing at
a target. However, our purpose was not to study pointing per
se. Our results relate to movements involving multiple limb
segments; pointing was used as a natural task involving the
shoulder, arm, and hand. As we will show, the simultaneous
control of muscles acting at the shoulder, elbow and wrist
involves, at least in part, common motor cortical circuits. A
brief account of the work presented here was published as an
abstract (Capaday et al. 1999a).

METHODS

The experiments were done on 19 normal human subjects ranging
in age between 21 and 42 yr [30 = 7.4 (SD) yr]. All subjects gave
their informed consent after being informed of the nature and purpose
of the experiment, which was approved by the local ethics committee.

Experimental rationale

In our study of the input-output properties of the human cortico-
spina pathway (Devanne et al. 1997), we had shown that the relation
between the intensity of magnetic stimuli delivered to the motor
cortex and the size of the motor-evoked potentials (MEPS) was
sigmoidal. It was aso shown that the steepness of the relation, a
formal measure of gain, increased with the recruitment level of the
motoneuron pool—as measured by the mean value of the rectified
electromyographic (EMG) activity—without a change in the plateau
level. Theincrease in the steepness of the relation with motor activity
(up to 4-7 times) was much more marked than the decrease of
threshold (15-40%). From the foregoing it is clear that at a constant
level of motor activity, the threshold, maximal slope, and plateau
value completely characterize the 1/O relation of the corticospinal
pathway in a given task. A clear demonstration of a task-dependent
change would require, at least in part, that these parameters be shown
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to be statistically different at comparable levels of motor activity.
Additional criteria and details are discussed in Capaday (1997). We
thus suggested that demonstrating a task-dependent change of corti-
cospina activity would require a change in one or more of the I/O
parameters (threshold slope, plateau) independently of the level of
motor activity. In the present investigation, we studied the cortical
control of pointing at a visual target, a natural and common gesture.
Our reasoning was that if the 1/0O properties were different when a
muscle was voluntarily activated in isolation versus when it was
co-active with other muscles during pointing, this would potentially
demonstrate a common cortical control. This method, however, does
not explicitly alow one to determine, except at the level of the
a-motoneurons, where within the corticospinal pathway the change(s)
occurred—e.g., intracortical circuits, or segmental interneurons. Asit
turned out, to establish that the task-dependent change(s) in the I/0
relation of a given muscle are of cortical origin, three different and
mutually reinforcing methods were used. First, we measured changes
in intracortical inhibition (ICI) with paired-pulse magnetic stimuli to
the motor cortex (Kujirai et al. 1993). This inhibition has been shown
unequivocally to be of intracortical origin (Di Lazarro et a. 1998),
and there is pharmacological evidence that it depends on GABAergic
neurons (Ziemann et a. 1996). We also compared the size of MEPs
elicited by threshold magnetic and anodal electrical stimuli, respec-
tively, for each task. Threshold anodal stimuli activate corticospinal
neurons distal to their soma at the first or second node of Ranvier.
Consequently, the evoked corticospinal discharge is thought to be
relatively uninfluenced by the state of intracortical excitability (Amas-
sian et a. 1987, Rothwell 1997). In contrast, threshold magnetic
stimuli activate corticospinal neurons trans-synaptically (Rothwell
1997), consequently the evoked corticospina discharge is thought to
have some dependence on the state of intracortical excitability. Third,
monosynaptic reflexes of wrist extensors were measured in each task.
A task-dependent change in the I/O curve of a given muscle, unac-
companied by achange in monosynaptic reflex amplitude, impliesthat
it is not due to a change of the recruitment gain at the motoneuron
pool (Devanne et a. 1997; Kernell and Hultborn 1990).

Experimental protocol and behavioral task

Subjects were comfortably seated in front of two analog meters 20
cm apart. The subjects pointed to a 1-cm circular target with their
preferred arm. The target position was adjusted for each subject to be
in the parasagittal plane of the arm flexion movement. When the arm
was in the pointing position, the target was separated from the tip of
the index finger by a few millimeters. The analog meters were placed
in front of the subjects medial to the target in such away they had no
difficulty to control both the arm position relative to the target and the
EMG levels displayed by the analog meters. A rigid molded Sansplit
frame was then adjusted to support the arm, the wrist, and the index
finger in the pointing position. This device allowed either complete
relaxation of al arm muscles involved in the pointing task or tonic
voluntary contraction of isolated muscles without any change of
shoulder, elbow, wrist, and index finger joint positions. The brace was
built such that by removing one or more sections of the frame,
different combinations of voluntary muscle co-activation patterns
were obtained. For example, with only the shoulder supported, point-
ing at the target involved co-activation of the wrist and finger exten-
sors. Conversely, with the finger and wrist supported, pointing in-
volved only shoulder and elbow muscles. In thisway, different muscle
co-activation patterns involved in pointing could be achieved, includ-
ing what we will refer to as normal pointing. The maximal EMG
activity of each muscle, respectively, was determined while the sub-
jects exerted amaximal isometric contraction. Each analog meter was
then calibrated so that a full-scale deflection corresponded to the
maximum isometric contraction of the selected muscle. In the text
when we refer to activation of amuscle aone, we mean in the absence
of activity in the other recorded muscles.
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EMG recordings

Pairs of surface Ag-AgCl electrodes were placed over the belly of
muscles acting at different joints. The muscles whose activity was
recorded were, from distal to proximal, the first dorsa interosseus
(1D1), the extensor carpi radialis (ECR), the triceps brachii (TB), and
the anterior deltoid (AD), which are co-active during pointing. The
electrodes were attached to the skin by O rings of double-sided
adhesive film. Inner diameter of AD and TB electrodes was larger (9
mm) than that of ECR and 1DI (1 mm). The electrodes were con-
nected to opticaly isolated preamplifiers. A large reference electrode
connected to the common input of the preamplifiers was placed in the
neck region, just above the shoulder on the recording side. The EMG
signals were amplified, high-passed at 20 Hz and low-passed at 1 kHz
prior to sampling at 4 kHz by an A/D converter. The same signals
were also separately amplified, high-pass filtered at 20 Hz, rectified,
and low-passed at 100 Hz before sampling at 4 kHz. The mean level
of background EMG activity was measured from the rectified signals
over a 50-ms time segment just prior to stimulation. Comparison of
responses obtained in the different tasks was done for matched levels
of background EMG activity.

Percutaneous €electrical nerve stimulation

Theradia nerve was stimulated through a constant voltage stimulus
isolation unit (Grass SIU5) with square pulses of 0.5 msin duration,
using a Ag-AgCl electrode as the cathode placed about 10 cm above
the elbow at an optimal point in the spiral groove for eliciting an H
reflex in the ECR. The anode, alarge metal plate covered in gauze and
moistened with saline, was placed on the opposite side of the arm.
Because the M wave and H reflex of the ECR overlap, we carefully
measured the respective recruitment curves by small increments of the
stimulus intensity so as to distinguish between the two potential
waveforms. The stimulus intensity used to elicit the ECR H reflex was
adjusted to the ECR M-wave threshold. A time-amplitude window
discriminator implemented in software ensured that only M waves of
specified amplitude were accepted before averaging in rea time
(Capaday et a. 1995).

Transcranial magnetic stimulation

Magnetic stimuli were applied to the scalp with a focal coil con-
nected to a Cadwell MES-10 electromagnetic stimulator. The coil was
coned and double D-shaped, each D-shaped half being 7 cm long X
8 cm wide. The Cadwell stimulator induces a damped polyphasic
current, about 200 us in duration. Depending on specific experiment,
the focal points for activation of the AD, TB, ECR, or 1DI were first
localized. Thefocal point is defined as the lowest threshold site giving
a response specifically in the intended muscle at rest. Once the focal
point was localized, its locus was marked with a cross hair drawn on
the scalp. This served as a visua reference against which the coil was
positioned and maintained by the experimenter. The magnetic stimu-
lus intensity was expressed as a percentage of the maximum of the
stimulator scale. Stimuli were delivered at random between 3and 5 s.

Transcranial electrical stimulation

In two subjects, electrical stimuli were applied over the scalp
through a radio frequency isolation transformer. Two Ag-AgCl elec-
trodes were used. The cathode was placed at the vertex, while the
anode was placed over the optimal scalp position for magnetic stim-
ulation. Square pulses of 200 ws duration were delivered at random
between 3 and 5 s. The stimulus intensity that evoked a threshold
response in the voluntarily activated ECR was first determined and
defined as the active motor threshold (AMT). The stimulus strength
was then adjusted so as to produce MEPs of comparable size to those
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produced by threshold magnetic stimuli under corresponding condi-
tions.

Measurement of 1/O curves

Transcranial magnetic stimulation (TMS) of increasing intensity
were delivered to the optima scalp position for stimulation of a
selected muscle in each of the tasks. The TM Sintensity was increased
in steps of 2—4%, until the plateau level of the characteristic sigmoidal
relation was reached (Devanne et a. 1997). The 1/O curve parameters
have been shown to be independent of whether the stimulus intensity
is delivered with increasing, decreasing or in random order (Capaday
et a. 1999b; Devanne et a. 1997). The effect of order of presentation
of stimulus intensities was tested in one subject and the results were
consistent with those of our previous studies.

In all experiments, 1/0 curves of atarget muscle were measured in
four tasks. The task order was randomized for each subject. The EMG
activities of the various muscles were monitored on a multi-channel
oscilloscope and via audio monitors. In the first condition, the subject
was asked to maintain all upper limb muscles quiescent while all limb
segments were fully supported by the bracing system and the limb
oriented to point at the target (passive pointing). In the second
condition, the subject was asked to actively point at the target (i.e., no
limb segment was braced), we will refer to this task as normal
pointing. In the third condition, the subject was asked to produce an
isolated contraction of a selected muscle at the same level of activity
as occurred during normal pointing (isolated contraction). In the
fourth condition, the selected muscle was forced to be co-active with
muscles at a different joint (e.g., wrist and shoulder co-active).

TES vs. TMS paradigm

Transcranial electrical stimulation (TES) was applied in two con-
ditions. First, stimuli at 1.1 X AMT were delivered while ECR was
activated alone at the same level of motor activity as during the
pointing task. Then stimuli at the same intensity were applied while
the subjects voluntarily co-activated the AD and ECR muscles while
pointing at the target. MEP amplitudes were measured in each con-
dition and compared to MEPs €elicited by TMS in the same two tasks.

Paired-pulse magnetic stimulation

Two Magstim 200 stimulators connected by a BiStim module
allowed us to deliver two magnetic pulses through the same figure-
of-eight coil used for the I/O curve measurements. The ECR's AMT
was determined while the subjects contracted the ECR at the same
level of activity as during normal pointing. Then paired stimuli were
delivered with a conditioning stimulus of 0.8 AMT, and a test stim-
ulus of either 1.1 or 1.2 AMT depending on the subjects. The condi-
tioning-testing intervals ranged between 2 and 15 ms. We then fo-
cused on the two best intervals, i.e., those at which greatest ICl and
ICF were obtained, respectively. The measurement of interest was to
compare the amount of ICl and ICF when the ECR was activated
alone versus when it was co-activated with AD. As will be reported,
during co-activation of the ECR and AD the ECR MEPs are larger.
However, by appropriately reducing the stimulus intensity during
co-activation, the measurements were done for similar ECR test MEP
amplitudes (Chen et al. 1998).

Curve fitting and statistical analysis

For TMS experiments, four to eight stimuli were evoked at a given
intensity in each series of experiments and averaged over a 250-ms
time window including 50 ms prior to the stimulus. The peak-to-peak
value of the MEP was measured from non-rectified EMG signals, and
the area under the MEP was determined from rectified channels. For
each muscle, the mean contraction level was calculated over the
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50-ms period prior to the stimulus; this value was subtracted from
each point of the corresponding rectified channel before determining
the MEP area. The Boltzmann sigmoidal function was used to fit the
data by the Levenberg-Marquard nonlinear least-mean-square algo-
rithm (Press et a. 1986). This equation accounts for at least 80% of
the total variance (R® > 0.8) and is asignificantly better fit to the data
than a straight line (Devanne et a. 1997). The Boltzmann equation
relating the integral or the peak-to-peak amplitude of the response
(MEP) and the stimulus intensity (S) is given by the following
equation

MEP, s
1+e(6)

The three parameters of this function are, respectively: the plateau
level (MEP,,,), the stimulus intensity (S;,) required to obtain a
response 50% of the plateau value (i.e. the maximum), and the slope
parameter k. The curve is steepest at S5, and the slope at this point
is MEP, . /4k.

To determine task-dependent statistical differences between the I/O
curves, three different methods were used as we have done in a
previous study (see details in Capaday et a. 1999b and references
therein). The first two methods determine whether there was a task-
dependent difference at the level of a single subject. The simplest
method— based on the standard error of estimate—determines by a
t-test for correlated samples whether the best-fit parameters (MEP, 4,
S50, K) differ between tasks. A more general approach, which consid-
ersthe data sets asawhole, isto determine by an F-test whether fitting
a curve for each data set significantly improves the total variance
accounted for compared to fitting a single curve to all the data sets.
This is formally equivalent to a multiple analysis of variance. The
third method is a between-subjects (i.e., across all repetitions of the
experiment) comparison for each estimated parameter using a t-test
for correlated samples. The results of all three methods were consis-
tent with each other, as we have observed in a previous study (Capa-
day et a. 1999b). In the experimentsinvolving TES or those involving
H reflexes, we compared the peak-to-pesk amplitude, or integral
values of the MEPs, obtained in two conditions (2 muscles co-
activated vs an isolated contraction) using a paired t-test.

MEP(S) =

RESULTS

We first describe the influence of shoulder muscle activation
on the I/O curves of elbow and wrist muscles during pointing.
It will be shown that the 1/0 curves of the ECR and TB while
pointing are strongly dependent on activity of the AD. In
contrast, the 1/O curve of the AD was not influenced by
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activation of elbow and wrist muscles. We then describe the
influence of proximal muscle activation on the finger muscle
[/O curve. It will be shown that during pointing the I/O curve
of the 1DI isindependent of activity in more proximal muscles.
The remaining sections deal with determining the site of origin
of the task-dependent effects and the general nature of the
underlying neural mechanisms.

Influence of shoulder muscle activation on the I/O curves of
elbow and wrist muscles

In this task, the index finger was braced and no EMG
activity was present in the 1DI. When pointing required activ-
ity in shoulder muscles (i.e., the artm was not supported),
striking changes of wrist and elbow muscle I/O curves were
observed. Figure 1 illustrates the change in ECR MEPs asso-
ciated with voluntary contraction of the AD. AD activation
increased the ECR M EPs whether the ECR was at rest (Fig. 1,
A and B), or active (Fig. 1, C and D). The relation between
MEP amplitude and stimulus intensity (i.e. the I/O curves) are
shown beneath each panel of Fig. 1. The most salient task-
dependent change of the sigmoid ECR 1/O curves is the in-
creased plateau. Another example, taken from a different sub-
ject, is shown Fig. 2, A and B. The graphs show the effects of
AD activation on the I/O curves of the ECR, either at rest (Fig.
2A) or when the ECR was active (Fig. 2B). Once again, the
increase of the plateau level associated with activation of the
AD is the most striking effect on the ECR 1/O curves.

The quantitative effect of AD activation on the ECR /O
curve parameters was determined by statistical analysis. In all
subjects, activation of the AD increased the plateau level of the
resting ECR 1/O curve (Fig. 3, top left). The slope and S5, of
the curve were not significantly different, except in one subject
in which the S5, value was significantly decreased when the
AD was voluntarily activated (Fig. 3, bottom left). Compared
to activation of the ECR aone, co-activation of ECR and AD
also led to an increase of the plateau-level in al except one
subject (Fig. 3, top right). This increase was significant in 5/8
subjects, not significant in 2, whereas in subject AP, the ECR
plateau level was significantly reduced during co-activation of
the AD and ECR. In the two subjects in whom the I/O curves
of the TB were measured, activation of the AD led to a
significant increase of the plateau level of the I/O curve of the
resting or active TB.

A B C
g 3000 & Al muscles at rest g 15000+ o ECR alone ’g 15000, o AD alone .
?1" + AD alone E = ECR&AD i e AD&ECR [+
& 20004 s 10000+ = 10000+
g e o
© © a
o o a
] ] I
= 1000+ = 5000 s 50004
& s 2
w w <
0 + T T | 0 =} T T ) 0 2 T T )
0 25 50 75 100 0 25 50 75 100 0 25 50 75 100

TMS intensity (%)

TMS intensity (%)

TMS intensity (%)

FIG. 2. Another example of the effect of AD activation on the I/O curve of the resting or active ECR. Voluntary activation of

the AD increased the plateau value of the resting (A) or active ECR 1/O curve (B). In contrast, none of the parameters of AD 1/0
curve were affected by co-activation with the ECR (C). The mean background level of EMG activity in the AD was 144.6 *+ 6.0
wV (AD aone) vs. 151.2 = 6.5 uV (AD and ECR); the difference is not statistically significant. Note that because the AD could
be activated at rest, only 3 conditions can be shown.
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Fic. 3. Statistica summary of the influ-
ence of AD activity on the ECR 1/O curve
parameters when the ECR was at rest (left)
and when it was active (right). Activation of
the AD significantly increased the plateau
level of the I/O curves but had no significant
effect on the other 1/0 curve parameters. Each
bar represents the mean = SE value of the
particular parameter for each subject. The
number of stars near an error bar indicates the
level of significance (*P < 0.05; **P < 0.0,
***p < 0.001).
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In summary, the results of this first set of experiments showed
that in the pointing task, when the AD was voluntarily activated,
the1/O curves of the TB (elbow) and ECR (wrist) muscles reached
ahigher plateau level compared to when the AD was quiescent. The
difference between the 1/0O curve parameters cannot be due to the
differences in the level of ECR motor activity because the
measurements were made at matched levels of EMG activity.
The values of the mean background EMG activities in each task
are given in the legends of Figs. 1 and 2.

Influence of elbow and wrist muscle activation on shoulder
muscle I/O curves

During theinitial exploration for localizing thefocal sitesfor
the 1DI, ECR, and AD, MEPsrestricted to the AD muscle were
never observed when the upper limb muscles were at rest. This
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was also true during voluntary contraction of the AD on its
own. In other words, a so-called pure AD focal site was never
observed. However, when the ECR optimal site was stimu-
lated, a MEP was always €elicited in the AD when this muscle
was minimaly activated. We thus studied AD responses
evoked by magnetic stimulation applied at the ECR site. In
contrast to that reported in the preceding section, the I/O curve
of the AD was not influenced by activation of elbow and wrist
muscles. As can be seen in the example shown in Fig. 2C, there
was generaly no statistical difference between the AD /O
curves measured with and without ECR voluntary activity. In
4/6 subjects there was no change of the plateau-level of the
sigmoidal function (Fig. 4). In the two other subjects, this
parameter was increased during ECR activity in one and de-
creased in the other. Finaly, the slope and the S, parameter
were not significantly changed in 5/6 subjects (Fig. 4).
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FIG. 4. Statistical summary of the influence of ECR activity on the AD 1/0
curve parameters. Activation of the ECR did not significantly change the AD
1/0O curve parameters. Each bar represents the mean + SE. The format of this
figure is similar to that of Fig. 3.

Influence of proximal muscle activation on finger muscle
I/O curves

In thistask, the finger was used actively while pointing at the
target. The magnetic stimuli were applied at the optimal 1Dl
site, and we measured the influence of ECR and AD voluntary
activation on the 1DI MEPs. Some subjects had difficulty
activating the 1Dl without some activity in the ECR. Only
subjects that were able to maintain tonic EMG activity in the
1DI without activating the ECR were studied. We first consid-
ered the case where the arm was supported, thus pointing
involved activity at the wrist and finger only. All measure-
ments were made at matched levels of 1DI activity. Compared
with the 1/O curve of the 1DI activated alone, co-activation of
ECR and 1DI did not modify the plateau level of the 1DI 1/O
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curve in 4/6 subjects (Fig. 5, left). In one of the two other
subjects, the plateau reached a greater level (P < 0.001) when
1DI was activated alone compared to co-activation with the
ECR (40.07 £ 1.27 vs. 32.8 = 1.44 mV/ms). Conversely, in
the other subject the plateau value was significantly increased
(P = 0.025) when the two muscles were co-activated (8.45 =
0.35 vs. 10.13 = 0.67 mV/ms). It is noteworthy that the
changes in the plateau values in these two subjects, although
statistically significant, were very small compared to the
changes of the ECR plateau value associated with activation of
the AD. None of the other parameters of the 1DI /O curve
showed any systematic and significant task-dependent changes
(Fig. 5). Similarly, the ECR I/O curve was not modified during
co-activation with the 1DI.

By releasing the arm support, pointing at the target required
shoulder and elbow activity (i.e. normal pointing). Activation
of the proximal muscles did not change the plateau level of the
1DI 1/O curve in any of the three subjects tested. None of the
other parameters of the 1DI /O curve showed any systematic
and significant changes when the AD was active (Fig. 5, right).

Influence of shoulder muscle activation on ECR MEPs
evoked by TESvs. TMS

In the two subjects studied, near threshold (1.1 X AMT)
anodal TES did not lead to any change of the ECR MEP
amplitude when the AD and the ECR were co-activated, com-
pared to the condition in which the ECR was activated alone
(Fig. 6). In marked contrast, at the same levels of ECR and AD
motor activity, near threshold (1.1 X AMT) TMS significantly
increased the ECR MEP amplitude when the AD became
active (Fig. 6).

Influence of shoulder muscle activation on wrist
muscle H reflexes

In four subjects, the ECR H reflex was elicited during an
isolated contraction of the ECR and when the ECR and AD
were co-activated during pointing, at matched levels of ECR
EMG activity in the two tasks. An example of the data re-
corded in one subject is shown in Fig. 7A. It can be seen that
the H-reflex amplitude is of near equal amplitude in the two
tasks, whereas the ECR MEP dlicited by near threshold TMSis
markedly enhanced during co-activation with the AD. In three
among four subjects, the H-reflex amplitude was not signifi-
cantly different between the two tasks (Fig. 7B). In the fourth
subject, the ECR H-reflex amplitude was significantly lower
when the AD and ECR were activated together (Fig. 7B,
subject GR). In contrast, in all subjects, the ECR MEP ampli-
tude was significantly greater when the AD and ECR were
co-activated during pointing, compared to an isolated contrac-
tion of the ECR.

ICI/ICF experiments

In four subjects, we compared the amount of intracortical
inhibition (1CI) and facilitation (ICF) of ECR MEPs during an
isolated contraction of the ECR versus when the ECR was
co-activated with the AD during pointing. At short 1SIs (2—4
ms depending on the subject), co-activation of AD and ECR
was associated with a significant reduction of inhibition (t =
3.325, P = 0.0159) of the test ECR MEPs in al four subjects,
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as that of Fig. 3.
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an example is shown in Fig. 8. On average, the test ECR MEP
was reduced by 67.4 = 10.9% of control during activation of
the ECR aone and by 31.8 = 18.4% of control during co-
activation of the ECR and AD. In other words, IClI was
significantly reduced during co-activation of the ECR and AD
while pointing in comparison to an isolated contraction of the
ECR at matched levels of ECR EMG activity. Task-dependent
changes in ICF were not observed.

DISCUSSION

We tested the hypothesis of common versus separate motor
cortical control of task-related muscles during pointing. In the
event, two main observations were made. First, the plateau
level of the ECR and TB 1/O curves increased during pointing
compared to an isolated contraction of each muscle, respec-
tively. This was due to the added activation of the AD during
pointing. In contrast the AD 1/O curve was uninfluenced by
activation of the more distal muscles involved in pointing.
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Second, the 1/0 curve of an intrinsic hand muscle, the 1DI, was
uninfluenced by activation of the more proximal muscles in-
volved in pointing. Because the relevant measurements were
made at matched levels of EMG activity, the difference be-
tween the /O curve parameters cannot be due to differencesin
the recruitment level of the a-motoneuron pool. The lack of
task-dependent changes of the ECR H reflex eliminates the
possibility that the enhanced ECR MEPs were due to task-
dependent differences of the recruitment gain of the ECR
a-motoneuron pool (Devanne et a. 1997; Kernell and Hult-
born 1990). To establish that the site of change was at the
motor cortical level, we investigated responses to near thresh-
old anodal versus magnetic stimulation of the motor cortex and
measured task-dependent changes in IClI and ICF. It was
shown that, during co-activation of the ECR and the AD while
pointing, the ECR MEPs elicited by near threshold anodal
stimuli were not facilitated compared to activity of the ECR
alone. In marked contrast, ECR MEPs €licited by near thresh-
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old magnetic stimuli were strongly facilitated, evidence that
the effects on the 1/O curves are of intracortical origin (Roth-
well 1997). Added to this, was the observation that ICI, mea-
sured on test ECR MEPs, was reduced when the ECR and AD
were co-active during pointing in comparison to an isolated
contraction of the ECR. This further reinforces the conclusion
that the changes in the ECR 1/O curves reflect changes at the
motor cortical level because | Cl has been shown unequivocally
to be of intracortical origin (Di Lazzaro et a. 1998).

In the discussion that follows we will consider the functional
significance of our observations, how they relate to the results
of other studies, and the potential neural mechanisms underly-
ing the observed /O curve changes.

Functional significance

In our experiments, we observed that voluntary co-activation
of AD and ECR musclesled to an increased plateau of the ECR
I/O curve, whereas the AD |/O curve was unaffected by vol-
untary contraction of the ECR, TB, or 1DI. Isolated activation
of the AD was also accompanied by a marked modification of
theresting ECR and TB 1/0 curves. These observations may be
important clues on the motor cortical mechanisms involved in
the control of distal versus proxima muscles. We suggest that
the motor cortical circuits controlling shoulder muscles are
spatially intertwined and functionally dependent on those that
control more distal muscles, such as at the wrist and elbow.
This makes sense if one considers that movements of the
proximal joints, such as the shoulder, have as their main
purpose to move and orient the more distal joints of the elbow
and wrist. It may therefore be advantageous for the neura
circuits controlling shoulder muscles to be functionally linked
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FIG. 6. MEPs evoked by near threshold TMS or by
near threshold transcordial electrical stimulation (TES).
Each trace in A is the average of 8 individual responses.
Note how the ECR MEPs elicited by near threshold TMS
(1.1 X AMT) are enhanced when the ECR and AD are
co-active (A, left). In contrast, ECR MEPs elicited by
near threshold TES (1.1 X AMT) are not enhanced when
the ECR and AD are co-active (A, right). The bar graph
in part summarizes the effect of the voluntary recruit-
ment of AD on ECR MEP amplitude following TMS (O0)
and TES (m). Using TMS, the ECR MEP amplitude was
significantly increased (P < 0.001), whereas no change
occurred with TES. During TMS trials, the background
EMG activity of the ECR was 45.9 = 14 pV when
activated alone and 37.9 = 12 uV when co-active with
the AD. During TES, the background EMG activity of
the ECR was 39.6 = 18 uV when activated aone and
50.1 = 31 wV when co-active with the AD. The back-
ground EMG activity of the ECR was not significantly
different in any task.

_| 500pV

20msec

and spatially intertwined with those controlling the elbow and
wrist. In their synthetic review of alarge body of experimental
data on the motor cortex, Sanes and Schieber (2001) reached a
similar conclusion. Indeed, the experimental results of Amas-
sian et al. (1995) showed that the motor cortical representations
of human shoulder muscles are intertwined with those of more
distal muscles and distributed over a wide area. What the
present physiological measurements demonstrate is that this
static feature of the “motor cortex map” manifests itself dy-
namically during voluntary motor activity. Our neuro-behav-
ioral observations during human pointing are also in keeping
with the microstimulation results of Donoghue et al. (1992).
These authors reported that in the squirrel monkey the number
of motor cortical sites from which shoulder muscles were
activated was nearly equal to those from which wrist muscles
were activated. They also emphasized the overlap of shoulder
and wrist points as was also observed in the cat motor cortex
(Schneider et al. 2001). An even more striking connection
exists between the present observations and those of Park et al.
(2001). They showed that in the forelimb area of the motor
cortex of rhesus macaques there exists a central core in which
distal muscles are represented (finger, hand, wrist), surrounded
by a “horseshoe’-shaped zone in which proximal muscles
(shoulder, elbow) are represented. In between these two zones,
they found arelatively large zone in which distal and proximal
muscles are represented. They suggested that this zone con-
tains neurons that specify functional synergies of distal and
proxima muscles. Our observation that the ECR MEPs are
greatly enhanced when co-active with the AD may well be a
functional manifestation of this organization.

It has been suggested that task precision leads to increased
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MEPs as a result of greater excitability of the motor cortex
(e.g., Dattaet al. 1988; Schieppatti et al. 1996). The protocol of
Schieppatti et al. (1996) involved the whole arm and hand in
tasks that were primarily either postural, power producing, or
requiring precise control of force. They observed that MEPsin
a given muscle (e.g., AD, 1DI) were greater when it was
involved in the precision control of force and suggested that
this modulation probably reflected changesin excitability at the
cortical level. However, in their study the influence of muscles
active at other joints was not systematically taken into account.
We suggest that, in addition to the potential influence of task
precision, simultaneous cortical control of distal and proximal
muscles (e.g., ECR and AD) is reflected by enhanced MEPs.

In our study, the I/O curve parameters of the 1DI showed no
dependence on activation of more proximal muscles. A possi-
ble explanation for this result may be that the control of finger
position in our pointing task was not precise enough, the
control of end-point position being mainly due to the more
proximal muscles. But the result could also reflect an indepen-
dent cortical control of finger muscles during the pointing task.
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FiG. 7. Example taken form 1 subject of
H-reflex responses and MEPs evoked in the
ECR when it was activated aone or co-acti-
vated with the ECR (A). In wrist muscles, the
H reflex partly overlaps with the M wave, in
the examples shown the H reflex begins alittle
after the sharp notch in the recordings. In the 2
top traces, the ECR was activated alone; in the
2 bottom traces, it was co-active with the AD.
Each trace in A is the average of 8 consecutive
responses. In contrast to the enhanced ECR
MEPs when the ECR and AD were co-active,
the ECR H reflex was not increased in the
same condition. The bar graph in B summa-
rizes the data obtained in the 4 subjects stud-
ied. The ordinate value is the ratio of the ECR
response amplitude between the 2 conditions,
ECR and AD vs. ECR aone, expressed as a
percentage. In al cases the ECR MEP was
enhanced when the ECR and AD were co-
active. The background ECR EMG activity
prior to stimulation was not significantly dif-
ferent between tasks.
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Perusal of motor cortex maps derived by microstimulation
shows a large number of independent finger zones, while
others are intermingled with wrist, elbow, and even shoulder
zones (e.g., Donoghue et a. 1992; Gould et al. 1986; Park et al.
2001). Single-unit recordings in behaving monkeys (Schieber
and Hibbard 1993) and functional MRI imaging during motor-
task performance in humans (Sanes et a. 1995) also show
extensive overlap of wrist- and finger-related activity. How-
ever, such studies do not demonstrate, per se, mutual interac-
tions and functional coupling within a cortical area as our
approach does. Thus it may be suggested that in some tasks,
such as pointing, finger movements may be controlled inde-
pendently of more proximal forelimb muscles but that common
motor cortical control may occur in other tasks, such as object
manipulation. This point merits further investigation.

Neural mechanisms

An isolated voluntary contraction is accompanied by a de-
crease of ICl (Kujirai et a. 1993; Ridding et a. 1995). More
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Fic. 8. Example showing that co-activation of AD and ECR led to a
decrease of intracortical inhibition (ICl) compared to when the ECR was
activated alone. Compare the size of the MEP at an IS| of 2 msin Avsthe 1
in B. The background level of ECR EMG activity for the 3 conditions
illustrated in A (rest, ISI 2 ms, ISl 10 ms) was, 49 + 15, 53 = 18, and 44 +
15 nV, respectively. In B, the valueswere 43 + 13,41 + 11, and 57 = 18 nV,
respectively. Note that in this subject, at an ISl interval of 10 ms (ICF),
facilitation was observed, but this was the only case (B). The slightly higher
value of the background ECR EMG, athough not significantly different from
the others, may account for this.

recently, Liepert et a. (1998) reported that ICl is also task
dependent. These authors concluded that ICI is a highly spe-
cific phenomenon differentially modulated by the requirements
of the motor task. In the present experiments, we observed a
decrease of ICl in the ECR cortical site when the AD was
co-activated with the ECR. This observation shows that co-
activation of these muscles during pointing was accompanied
by a further reduction of ICI. This suggests that the cortical
circuits underlying ICI may be specifically engaged during
synergistic activation of muscles.

In contrast to the decrease of ICl during pointing, ICF did
not change. Thiswas also observed in the study of Liepert et al.
(1998) and adds to the evidence that ICl and ICF are mediated
by different neural mechanisms. Thus the increased plateau
value of the ECR 1/O curve associated with its co-activation
with the AD appears linked with a decrease of ICI rather than
an increase of intracortical excitability as measured by ICF. On
this basis, it may be suggested that the increased plateau of the
ECR 1/O curves results from activation of a greater number of
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corticospinal neurons made more excitable as a result of re-
duced inhibition.

Epilogue

The idea of common motor cortical control of the muscula-
ture dates back to Jackson (1931) and was based on his
observations of the pattern of movements evoked during motor
cortical seizures. Here we have provided physiological evi-
dence in normal human subjects that the simultaneous control
of wrist, elbow, and shoulder muscles during pointing involves
common motor circuits—i.e., they are controlled in an inte-
grated manner. However, as stated in the iINTRobucTION, we do
not claim that this is specific to pointing, per se. Our results
relate to movements involving multiple limb segments, point-
ing was used as a natural multi-joint task. The approach we
have taken here can be fruitfully extended to further our
understanding of the nature of motor cortical control during
other types of voluntary motor tasks.
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