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Abstract Rapid angular displacements of the wrist
evoke cerebral potentials that precede the onset of the
long-latency electromyographic (EMG) activity generat-
ed in muscles stretched by the displacement. The initia
segment of the long-latency EMG activity (termed the
M2 response) is thought to be mediated by a transcorti-
cal reflex. We used dipole source analysis to examine the
source generators of the early components of the cerebral
potentials and their relationship to the timing and magni-
tude of the M2 response. Subjects (n=10) were presented
with instructions to either actively flex or extend the
wrist in response to a torque motor-imposed extensor
displacement or allow the wrist to be passively extended.
Electroencephalographic (EEG) recordings were ob-
tained from 32 scalp-surface electrodes, and EMG was
recorded from the wrist flexors and extensors. For all
three tasks, the M2 response was preceded by cerebral
potentials that could be explained by a three-dipole mod-
el. One source generator localised to deep within the ce-
rebrum, and the other two localised to the region of the
contralateral sensorimotor cortex. We used the P20-N20
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dipole evoked by electrical stimulation of the median
nerve at the wrist, corresponding to synaptic activity
within cortical area 3b, as alocal spatia reference to ex-
amine the contributions of the pre- and postcentral cor-
tex. This analysis showed that one of the sensorimotor
dipoles was consistently located anterior to the P20-N20
dipole at a displacement (average 11.5 mm) appropriate
for a generator originating within the deep layers of area
4 on the anterior bank of the central sulcus. The orienta-
tion of this dipole was aso consistent with a precentral
generator and not a reversal of the potentials generated
by input to area 3b. The time course of the area-4 dipole
moment (onset =35 ms, peak =54 ms) was appropriate to
reflect synaptic activity onto corticospinal neurons
whose descending volleys mediate the M2 response.
Comparisons across tasks showed that the magnitude of
the M2 was modulated with task instruction, being larg-
est with active and smallest with passive resistance. In
contrast, the magnitude of the early evoked potentials
(up to 75 ms) did not grade across tasks. We interpret
these results as suggesting that instruction-dependent
modulation of the M2 response occurs downstream from
inputs to the primary motor cortex.

Key words Evoked potentials - Primary motor cortex -
Long-latency stretch reflex - Dipole source analysis

Introduction

Rapidly imposed joint angular displacements elicit both
short- and long-latency electromyographic (EMG) activ-
ity from the stretched muscle groups (Hammond 1954).
The timing of the short-latency EMG activity, termed the
M1 response (Tatton and Lee 1975), is appropriate to be
largely mediated by monosynaptic input from group-la
afferents. The long-latency response begins before voli-
tional EMG activity and, therefore, is thought to also be
reflex in origin.

The balance of evidence suggests that the initial com-
ponent of the long-latency response (M2 response)
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evoked in the distal musculature of the upper limb is
predominantly mediated by a transcortical pathway
through the contralateral primary motor cortex (Lee and
Tatton 1975; Tatton et a. 1975; Marsden et a. 1977,
Wiesendanger and Miles 1982; Cheney and Fetz 1984,
Verrier et al. 1984; Day et al. 1991; Matthews 1991;
Palmer and Ashby 1992). In contrast, long-latency re-
sponses evoked in proximal muscles receive little, if any,
contribution from the primary motor cortex (Lenz et al.
1983a, 1983b; Tatton et al. 1983; Thilmann et al. 1991;
Fellows et al. 1996) and are thought to be generated by
inputs from slow-conducting or polysynaptic segmental
pathways (Matthews 1991). Lee and Tatton (1982) have
further shown that the M2 evoked in the wrist flexors
may be dependent upon convergent input from two or
more separate pathways, implying that proximal and dis-
tal muscles receive differentially weighted contributions
from segmental and supraspina pathways. Thus, the rel-
ative contribution of transcortical pathways to the gener-
ation of the M2 in humans remains unclear.

In addition to the segmented EMG response, rapidly
imposed joint displacements also evoke cerebral poten-
tials, which can be recorded from the scalp surface
(Papakostopoulos et a. 1974; Conrad et al. 1984,
Abbruzzese et a. 1985; Crammond et al. 1985; Acker-
mann et al. 1986; Goodin et al. 1990; Desmedt and
Ozaki 1991; Tarkka and Halett 1991; Goodin and
Aminoff 1992; Mima et al. 1996, 1997). The onset of
these potentials precedes the onset of the M2 and, there-
fore, the early components of these potentials might re-
flect synaptic activity onto neurones that mediate a trans-
cortical reflex. Studies that have examined the relation-
ship between these potentials and the M2 have been con-
fined to measurements of the timing and magnitude of
scalp-surface potentials from a limited array of elec-
trodes without regard for the underlying source genera-
tors (Abbruzzese et al. 1985; Ackermann et al. 1986;
Conrad et a. 1984; Goodin et a. 1990; Goodin and
Aminoff 1992). Studies examining the source generators
of the potentials evoked by displacements of the distal
upper limb have reported inconsistent findings. Genera-
tors have been attributed to synaptic activity principally
confined to the areas 1, 2 and 3a of the contralateral, pri-
mary somatosensory cortex (Mima et al. 1996; Botzel et
al. 1997), while others have proposed that activity within
the pre- and postcentral gyri contribute to the scalp-sur-
face potential (Desmedt and Osaki 1991). Similarly, re-
cordings from subdural electrodes in a patient with epi-
lepsy (Mima et al. 1997) were unable to differentiate po-
tentials arising from the pre- or postcentral cortex.
Therefore, the source generators of the cerebral poten-
tials evoked by imposed joint displacements, and their
relationship to the long-latency EMG activity, remain
unclear.

Discrepancies in the interpretation of the underlying
source generators may result from the close juxtaposition
of the posterior and anterior banks of the central sulcus
and temporal overlap of synaptic activity evoked in the
two regions. Differentiation of source generators within

adjacent gyri requires the use of intracranial near-field
and laminar recordings. These techniques have been
used to show that the P20-N20 potential evoked by elec-
trical stimulation of the median nerve at the wrist is gen-
erated by synaptic input to neurones within area 3b of
the postcentral cortex (Allison et a. 1991). Furthermore,
it has been shown that the source generator of the P20-
N20 potential can be reliably localised in humans using
dipole source analysis (Buchner et a. 1995; Kristeva-
Feige et a. 1997; Grimm et al. 1998). Accordingly, we
used the location of the P20-N20 dipole as alocal spatial
reference for the localisation of the distal upper-limb
representation within area 3b of the postcentral gyrus.
The purpose of the following experiments was to ex-
amine the location, magnitude and timing of the source
generators of the cerebral potentials evoked by imposed
displacements of the human wrist and their relationship
to the M2 response. The timing and amplitude of the
evoked potentials were compared across tasks that dif-
fered in the magnitude of the M2 response, but not in the
magnitude of the M1 or imposed velocity (Lee and
Tatton 1975). Our findings showed that the cerebral po-
tentials evoked by imposed wrist displacements were
generated, at least in part, by synaptic activity within ar-
ea 4 on the anterior bank of the central sulcus. Further-
more, the timing of the cerebral potentials was appropri-
ate for area 4 neurones to contribute to the mediation of
the M2 response. However, the absence of task-depen-
dent modulation of the cerebral potentials, despite the
presence of marked changes in the magnitude of the M2
across tasks, suggests that modulation of the M2 occurs
downstream from inputs to the primary motor cortex.

Materials and methods

Subjects

Ten subjects (six males, four females, age range 22-37 years)
were recruited for the study after obtaining informed consent. Ex-
periments were approved by the Review Committee on the Use of
Human Subjects at the University of Toronto. All subjects were
right hand dominant and had no history of upper-arm injury or
neurological disorders.

Electroencephal ograph and el ectromyograph recordings

Electroencephalographic (EEG) scalp recordings were obtained
from a montage of 32 gold-disk electrodes placed on the surface of
the scalp at standard international 10-20 €electrode sites including:
the nasion, FP1, FP2, F7, F3, Fz, F4, F8, FC5, FC1, FC2, A1, T3,
C3, Cz, C4, T4, CP5, CPL, CP2, T5, P3, Pz, P4, T6, O1 and O2
(see Figs. 2 and 4). Additional electrodes were placed over the low-
er canthi of the right and left eyes, the inion (CBz) and bilaterally
at the midpoint between the mastoid process and CBz (CB1 and
CB2). Scalpl/electrode impedance was kept below 7 kQ. All EEG
signals were differentially amplified (bandwidth 0.1-2000 Hz,
3 dB/oct; gain =20 K +1%, common mode rejection ratio ~100 dB)
with respect to a reference electrode over the right mastoid pro-
cess. Bipolar surface EMG recordings were obtained from elec-
trodes placed 2 cm apart (centre-to-centre) over the motor points
of flexor carpi radialis (FCR) and extensor digitorum communis
(EDC) of theright arm and differentially amplified (gain =1-10 K;



CMRR ~100 dB; bandpass =20-1000 Hz). All signals were sam-
pled at 1000 Hz using a 12-hit analog-to-digital converter and da-
ta-acquisition software (Neuro Scan).

Following data acquisition, EMG data were baseline corrected
using the 100 ms time period preceding torque onset, full-wave
rectified and averaged across epochs. Onset of the M1 segment of
the EMG response was defined as the time point when the recti-
fied EMG exceeded three standard deviations from the mean recti-
fied baseline activity calculated from 60 to 40 ms prior to torque
onset. Onset of the M2 was defined as the time point when the
falling phase of the M1 segment reached a minimum and was fol-
lowed by a period of increased activity for greater than 10 ms. The
magnitudes of the M1 and M2 EMG segments were quantified by
integrating the EMG (IEMG) over a 20 ms time period from the
onset of the segment and normalising these values to the IEMG
over a 20 ms time period (—60 to —40 ms) preceding torque onset.
Similarly, the IEMG over periods of voluntary muscle activation
were quantified over the time interval from 140 to 160 ms after
the onset of the step-load. Differences in the timing or magnitude
of the peak joint displacements, velocity and EMG or EEG vari-
ables were examined across tasks using the Mann-Whitney Rank
Sum Test (Siegel 1956) and were considered significant at the
P<0.05 level.

Task

Subjects sat comfortably in a chair and grasped a handle that was
coupled to the shaft of a torque motor. The subject’s right shoulder
and elbow were in approximately 45° of abduction and 75° of
flexion, respectively. The flexion-extension axis of the wrist joint
was aligned to the centre of rotation of the shaft of the torque mo-
tor. The position of the lower arm was restrained in a cuff and the
hand was held fixed in a natural semi-supinated position while
grasping the handle.

Rapid angular displacements of the wrist from a central hold
position were delivered using a DC brushless torque motor
(Aeroflex Laboratories DC Brushless Torque Motor, Model T2 W)
that produced a 1.0+£0.1 Nm moment of 1 s duration in the direc-
tion of wrist extension. The delay between the onset of the com-
puter-controlled trigger pulse (beginning of data collection) and
onset of angular movement of the torque shaft was 34 ms. A po-
tentiometer, fixed to the torque motor shaft, measured angular dis-
placement and a strain gauge, mounted along the shaft of the han-
dle, measured the torque on the handle in response to the step-
loads.

An array of computer-controlled light-emitting diodes (LEDs)
was placed 60 cm in front of the subject in the midline of their
field of view. Subjects were instructed to maintain their wrist in a
neutral position within an angular target zone to +5° between tri-
als. A light was illuminated when the wrist joint angle was outside
this target zone. A random delay period of 2.0-4.5 s was intro-
duced between perturbations to allow subjects time to move their
wrist within the target zone. Once within the target zone, subjects
were presented with one of three task instructions, coded by the
colour of an LED array (instruction lights), for 750 ms. The three
task instructions were either: (1) resist the wrist extension dis-
placement by flexing the wrist (RESIST task), (2) extend the wrist
in the same direction as the wrist extension displacement
(EXTEND task), or (3) do not resist the wrist extension displace-
ment (PASSIVE task). For the RESIST task, subjects were in-
structed to respond as rapidly as possible to the imposed displace-
ment by resisting the extensor torque and by moving the handle
back to within the central target zone. The EXTEND task required
subjects to extend their wrist as rapidly as possible to the end of
the range of motion and to hold that position until the torque step-
load stopped. For the PASSIVE task, subjects were instructed to
allow the torque motor to passively move the wrist into the ex-
tended position without exerting active resistance. A random delay
period of 1.5-4.5 s was introduced between the end of the visual
instruction and onset of the torque step-load to minimise early vol-
untary responses in anticipation of the wrist perturbation.
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Care was taken to ensure that feedback of wrist position and
torque step-load onset was provided by proprioception alone. Vi-
sual feedback of wrist position was eliminated by shielding the
subject’s arm and the torque motor apparatus from view. A square-
wave pulse was sent in parallel with the trigger pulse that ground-
ed the centre target light for a 300-ms duration to ensure that the
target-zone light did not cue movement initiation. Auditory cues
were eliminated by the use of white noise transmitted through ear-
plugs inserted into both ears.

Epochs were collected from 100 ms prior to perturbation onset
to 412 ms after the onset. Trials with eye movement artefacts oc-
curring within the first 100 ms after the onset of the torque im-
pulse were rejected before averaging. A minimum of 200 artefact-
free epochs was collected for each task condition. After data ac-
quisition, all trials accepted for each condition were baseline cor-
rected (—100 to —1 ms), averaged and low-pass filtered (dual-pass,
250 Hz, 24 dB/oct).

Artefacts produced by the electromagnetic fields evoked by the
torque motor were reduced by housing the motor within a shielded
box of 1/8” iron. The artefact was stable and reproducible and
consisted of a uni- or bimodal waveform with a maximal ampli-
tude of 3.2 pV (at FC5) and a duration of up to 39 ms. For this
reason, an additional set of 200 control trials was obtained with
the subject relaxed and unattached to the torque motor apparatus.
These trials were averaged and subtracted from the average re-
sponses for each task condition.

Dipole source analysis

The source generators of the cerebral evoked potentials were mod-
elled using spatio-temporal dipole source analysis (Brain Electric
Source Analysis version 2.0; for a review, see Scherg 1990). The
effects of volume conduction of the field potentials to the surface
of the scalp were modelled using a three-shell spherical head mod-
el (head radius 85 mm; scalp thickness 6 mm, conductivity
0.33 mho/m; bone thickness 7 mm, conductivity 0.0042 mho/m;
CSF thickness 1 mm, conductivity 1 mho/m; brain conductivity
0.33 mho/m). Equivalent current dipoles were quantified based on
their location within the spherical head model, orientation with re-
spect to a vertical and transverse axis and a magnitude reflecting
the equivalent dipole moment. The origin of the Cartesian coordi-
nate system within the spherical head model corresponds to the
centre of the head with an x-axis (medial/lateral) pointing to the
right through T4, ay-axis (anterior/posterior) through FPz and a z-
axis (dorsal/ventral) upward through Cz. Orientation of the dipole
vector is reported as theta (6) and phi (@), corresponding to polar
angles with respect to the vertical (z) and medial/lateral (x) axis,
respectively (for further details, see MacKinnon et al. 1996).

Prior to dipole source analysis, the averaged epochs were aver-
age referenced and digitaly filtered (low-pass 250 Hz, 24 dB/oc-
tave, dual-pass filter). All timing and magnitude data were deter-
mined from the dipole moments generated from the unfiltered data
to ensure that distortions produced by digital filter phase shifts
were avoided. Dipole solutions were generated by iteratively
changing both the location and orientation of dipoles within the
head model to yield a least- squares best fit to the EEG surface
signals over the specified time range. Stable dipole solutions were
internally validated based on three primary criteria: (1) the residu-
al variance (RV, expressed as a percentage over the fitting inter-
val) between the dipole model and the scalp surface EEG, (2) by
testing for the contributions from other regions within the cere-
brum using an orthogonal regional source, (3) and by assessing the
anatomical and physiological feasibility of the solution.

Somatosensory-evoked potentials to electrical stimulation
of the median nerve

Somatosensory-evoked potentials (SEPs) were elicited by electri-
cally stimulating the median nerve using surface electrodes placed
over the nerve at the wrist crease, with the cathode placed proximal
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Fig. 1 a The group, mean an-
gular displacements and veloci-
ties produced by wrist-exten-
sion step-loads across al three
tasks (RESIST unbroken line,
EXTEND dashed line, and PAS-
SIVE dotted line, see Materias
and methods for task descrip-
tions). Note that the angular
displacements and velocities
generated over the first 75 ms
after the onset of the step-load
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Velocity

— RESIST
PASSIVE
EXTEND

were the same across tasks. 0

Positive values are extensor. 0
b Electromyograph (EMG) re-
sponsesin flexor carpi radialis
(FCR) and extensor digitorum
communis (EDC) over the first
200 ms following torque onset
in asingle subject. The average
rectified EMG responses for
the three tasks have been over-
laid. The plot on the left dem-
onstrates the segmentation of
the FCR response into a short-
latency (M1), long-latency
(M2) and later voluntary (Vol)
response. ¢ Summary of the
magnitude of the integrated
EMG (IEMG) responsesin
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to the anode by a distance of 2 cm centre-to-centre. Square-wave
pulses of 0.2 ms duration were delivered at random time intervals
between 1 and 2 s and at an intensity sufficient to elicit activation
of the thenar musculature and a small twitch of the thumb. Epochs
were recorded from 50 ms prior to 150 ms after the stimulus. Trials
with excessive artefacts due to eye movements or head muscle con-
tractions were rejected before averaging. A total of 300400 ep-
ochs were collected, averaged, baseline corrected (-50 to —1 ms)
and filtered (high-pass. 5 Hz, 6 dB/oct, forward filter; low-pass:
250 Hz, 24 dB/oct) prior to dipole source analysis. The dipole fit-
ting strategy adopted to model the source generators of the early
components of the SEP is described in the results section below.

Results
Kinematics of rapid angular displacements of the wrist

The step-loads induced by the torque motor generated a
rapid angular displacement of the wrist from the neutral
hold position to an average peak wrist extension angle of
approximately 40° in 114 ms (Fig. 1a). The average peak
angular velocities across subjects were 604+67 (mean
+1 standard deviation), 606+73 and 631+32°/s for the
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Fig. 2a, b Scalp-surface topography of the SEPs resentative sub-
ject. The cerebral potentials at 31 electrodes encompassing the
surface of the scalp are shown relative to an average reference de-
rived from all electrodes. A schematic cartoon of the placement of
the electrodes on the surface of the head is shown at the top left.
Note the early frontal positivity at FC1, Fz and F3 and parietal
negativity at CP5, CP1 and P3, corresponding to the P20-N20 po-
tential. Onset of stimulation was at time =0 ms

RESIST, EXTEND and PASSIVE tasks, respectively.
There were no significant differences across tasks
(P>0.05) in the angular displacements or velocities im-
posed by the step-loads over the first 75 ms after the on-
set of the step-load.

EMG responses to rapid angular displacements
of the wrist

Rapid angular extensor displacements of the right wrist
generated distinct M1 and M2 responses in FCR in al
subjects. An example of the average rectified EMG re-
sponse evoked across tasks for both FCR and EDC is
shown for a single subject in Fig. 1b. A clear separation
between the activity labelled M1 and M2 and aso be-
tween M2 and the onset of the voluntary activity was ob-
served in this subject. In other subjects, the separation
between M2 and voluntary activity was less pronounced
and, in some cases, was only represented by a small in-
flection. The mean onset latencies across subjects for the
M1 segment were 32+2, 32+2 and 32+3 ms for the
RESIST, EXTEND and PASSIVE tasks, respectively.
The corresponding onset latencies for the M2 segment

were 6015, 60+6 and 62+6 ms. The onset of EDC EMG
activity for the EXTEND task occurred an average of
87.7+9.5 ms after torque onset. Assuming that the onset
of EDC activity for the EXTEND task reflects the earli-
est onset of voluntary activity, the timing of the FCR M2
response was consistent with the initial portion of the
long-latency EMG activity being generated by a reflex
response.

The M2 response graded across tasks, being largest
for the RESIST task and smallest for the PASSIVE task
(Fig. 1c). The M2 segment was significantly increased
for the RESIST task relative to the responses observed
for both the EXTEND (P=0.028) and PASSIVE
(P=0.001) tasks. Similarly, the M2 responses for the
EXTEND task were significantly increased relative to
the PASSIVE task (P=0.034). In contrast, the magnitude
of the M1 responses were not significantly different
across tasks (P>0.60). The magnitude of the voluntary
responses to the imposed displacement also graded sig-
nificantly (P<0.001) across tasks, with the largest IEMG
occurring in FCR for the RESIST task, a moderate
amount of activity for the EXTEND task and compara-
tively little activation for the PASSIVE task. No signifi-
cant differences were observed in baseline FCR EMG
activity preceding the onset of the step load across tasks
(P>0.27); therefore, differences across tasks could not be
accounted for by differences in pre-existing baseline
EMG activity.
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Fig. 3a—d Example of the dipole fitting strategy used to model the
source generators of the early components of the median-nerve so-
matosensory-evoked potentials (SEPy,\s) in a representative sub-
ject. a The head models on the upper left show three orthogonal
views of the location and orientation of the three dipoles (1-3) that
modeled the scalp-surface potentials. b The plots on the upper
right show the time course of the moments modeled by the three
dipoles. ¢ The lower left plot shows the fit of the dipole solution
(dotted line) to the scalp-surface potential (unbroken line) at se-
lected electrodes. The residual variance over the time interval of
10-25 ms in this subject was 1.96%. d The lower right plot shows
three orthogonal views of the dipoles that modeled the P20-N20
potential in al ten subjects

Establishment of postcentral reference from electrical
stimulation of the median nerve

For the purposes of discussion, the somatosensory-
evoked potentials (SEPs) generated by angular displace-
ments of the wrist will be termed SEP,p (wrist-dis-
placement SEPs) in order to differentiate them from the
potentials evoked by electrical stimulation of the median
nerve at the wrist, which will be referred to as SEP;s
(median-nerve SEPs). Electrical stimulation of the medi-
an nerve at the wrist evoked SEPs that were the same in
timing and topography as previous studies using a simi-
lar electrode montage and a non-cephalic or average ref-
erence (Desmedt and Cheron 1981; Buchner et al. 1995)
(Fig. 2). The components of the SEP,\ that were reli-
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ably present in all subjects were: P14 (1.3+1.2 pV peak
at 13.5+0.9 ms), P20 (1.9+0.8 uV peak at 19.2+1.8 ms),
N20 (—2.1+1.5 pV pesk at 19.0+0.5 ms), P22 (1.5+0.8 pvV
peak at 22.4+1.6 ms), N30 (—4.1+1.7 pV peak at 30.7+
3.1 ms), and P30 (4.1+1.8 pV peak at 30.4+3.6 ms).

The source generators of the early components of the
SEP,,ns Were modelled using the strategy previously de-
scribed by Buchner et al. (1995). A three dipole model
was sufficient to explain over 96% of the scalp-surface
potential (mean RV of 4.3+3.3% ) over the time interval
of 14-22 ms (Fig. 3). The far-field P14-N14 potential
was modelled by a source deep within the cerebrum with
a mean location of x=0.9+6.1, y=—14.9+8.7, z=—29.0+
13.7 and orientation of 8=—26+10°, ¢=—83+5°. The sec-
ond dipole localised to the region of the contralateral
sensorimotor cortex (mean location of x=—31.8+3.6,
y=—2.7+2.4, z=48.5+6.1 mm) and showed a predomi-
nantly tangential orientation (6=68+19°, (¢=66+13°) and
a time course similar to the P20-N20 component. Ac-
cordingly, we termed this generator the P20-N20, or area
3b, dipole and used it as the local spatial reference to de-
termine the relative location and orientation of the
SEPR,,p dipoles. The third dipole also localised to the re-
gion of the contralateral sensorimotor cortex (mean loca-
tion: x=—29.3+10.1, y=3.4+7.8, z=58.1+6.3; mean orien-
tation: 8=—83+30°, @=42+25°) and explained potentials
generated after 20 ms.
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Fig. 4 a Grand average (n=10) scalp-surface topography of the
somatosensory-evoked potentials (SEPs) elicited by imposed wrist
extension displacements over the time interval of —25 to 150 ms
after the onset of the step-load. The cerebral potentials at 31 elec-
trodes encompassing the surface of the scalp are shown relative to
an average reference derived from all electrodes. A schematic car-
toon of the placement of the electrodes on the surface of the head
is shown at the top left. Note the early frontal negativity at FC1,
Fz and F3 and parietal positivity at CP5, CP1 and P3, correspond-
ing to the N54-P54 potential. b Enlarged graphs of the potentials
recorded at Cz, C3, FC1, P3 and Pz showing the individual com-
ponents discussed in the text. The plots for the RESIST (unbroken
line), EXTEND (dashed line) and PASSIVE (dotted line) tasks
(see Materials and methods for task descriptions) have been super-
imposed to show differences in the evoked potentials across tasks.
Note that the SEPs were the same across tasks up to 75 ms after
the onset of the step-load. Onset of the step-load was at time =0 ms

Somatosensory-evoked potentials to rapid angular
displacements of the wrist

The topography of the grand average SER,ps for all sub-
jects over the collection epoch from 25 ms before to
150 ms after the onset of the step-load for all three tasks
is shown in Fig. 4, along with figures showing specific
components of the evoked potentials. The timing and am-
plitudes of the early components of the SEP,p, across
tasks are summarised in detail in Table 1 of the Supple-
mentary Materials section posted on the Springer-Verlag
server (http://dx.doi.org/10.1007/s002219900317).

The potentials evoked by imposed joint displacements
differed markedly from those evoked by electrical stimu-
lation of the median nerve at the wrist (compare Figs. 2

MRS 0 50

P3

Pz
100

b Time (ms)

150

and 4). The SEP, did not show an early N14-P14 far
field or P20-N20 cortical components characteristic of
the SEPy s The early components of the SEPR,,ps were
characterised by a small amplitude positivity at Cz or
FC1 (termed the P33 component) with an average onset
of 27 ms and a peak amplitude at Cz of 0.8 pV at 33 ms,
a central positivity at CP1 (or C3) (termed the P44 com-
ponent) with a mean onset latency of 32 ms and peak
amplitude of 2.7 pV at 44 ms, frontal negativity at the
FCL1 electrode (or Fz or F3) (termed the N54 component)
with an onset near 33 ms, average peak amplitude of
—4.8 Vv and average latency to peak of 54 ms, and a pa-
rietal positivity at P3 (or CP5) (termed the P54 compo-
nent) with the same average and peak times as the N54
component and average peak amplitude of 4.7 pV. Later
components consisted of a parietal positivity, which was
maximal at Pz electrode with an average peak latency of
88 ms (P88 component) and an average amplitude of
4.6 nV, and a late, large amplitude (average peak ampli-
tude for the RESIST task of —9.7 V) and diffusely dis-
tributed negativity, which peaked at the vertex (Cz) at an
average of 135 ms (N135 component).

Comparison of the SEPR,,ps across tasks (Fig. 4) dem-
onstrated that the timing and magnitude of the early
components of the SEP,, did not differ between active
and passive tasks over the time interval of 0—75 ms after
the onset of the step-load. Therefore, unlike the M2 re-
sponse, the early components of the SER,ps Were not
modulated across tasks. The N135 component was the
only variable measured in association with the SEPp¢
that showed a significant change across tasks. The
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Fig. 5a—d The location and moments generated by the three di-
poles (1-3) that modeled the early components of the wrist dis-
placement somatosensory-evoked potentials (SEP,,p¢) for the RE-
SIST task (see Materials and methods for task description). a The
head models on the upper left show three orthogonal views of the
location and orientation of the three dipoles that modeled the
scalp-surface potentials. b The plots on the upper right show the
time course of the moments modeled by the three dipoles. ¢ The
lower left plot shows the fit of the dipole solution (dotted line) to
the scalp-surface potential (unbroken line) at selected electrodes.
d The lower right plot shows three orthogonal views of the dipoles
that modeled the N54-P54 potential in all ten subjects

PASSIVE task was associated with a 25+26% and
23+25% decrease, respectively, in the amplitude of the
N135 potential relative for both the RESIST (P=0.008)
and EXTEND (P=0.007) tasks.

Dipole source analysis of SEPp¢

Since the early evoked potentials were virtualy identical in
timing and magnitude at all electrodes for al three tasks,
the dipole solutions were essentialy the same across tasks.
A three-dipole solution was required to sufficiently model
the SER,ps Over the time interval from the onset of the
P33 to the peak of the N54-P54 component (Fig. 5a). The

Dipole Moment

Source 1
Source 2
4
Source 3 /\ 2
*lo
0 25 50 75
TIME (ms)
b RV =1.90%

dipole fitting procedure is explained in detail in the Sup-
plementary Materials section posted on the Springer-Ver-
lag server (http://dx.doi.org/10.1007/s002219900317).

Dipole source analysis of the grand average potentials
over the time interval of 28-54 ms yielded solutions with
RV’s of 1.9%, 1.2% and 1.8% for the RESIST, EXTEND
and PASSIVE tasks, respectively (Fig. 5c). This means
that over 98% of the scalp surface EEG over the 28- to
54-ms time interval was explained by the three-dipole
model. The corresponding average RV’s for within-sub-
ject solutions were: RESIST =4.7+2.0% (range: 2.4-9%));
EXTEND =4.1+2.4% (range: 2.0-9.2%); and PASSIVE
=3.8+1.1% (range: 2.4-6.2%). Beyond the fitting inter-
val of 54 ms, the model did not adequately explain the
late components of the SEP,,ps (RV >5%). Efforts to ob-
tain a dipole solution beyond the 54-ms range across
subjects that fulfilled the criteria outlined in the methods
were unsuccessful.

The three dipoles that modelled the scalp-surface po-
tentials over the fitting interval of 28-54 ms were a di-
pole deep within the cerebrum (source 1), a radially ori-
ented dipole in the region of the contralateral postcentral
cortex (source 2) and a tangential dipole near the region
of the contralateral central sulcus (source 3). The loca-
tion, orientation and timing of these dipoles are shown in
Fig. 5 and summarised in detail in Table 2 of the Supple-
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Fig. 6 a Plots on the left show vectors drawn from the location
of the P20-N20 median nerve somatosensory-evoked-potential
(SEPyy) dipole (origin at x, y, z= 0, 0, 0) to the corresponding lo-
cation of the N54-P54 dipole in the same subject. Vectors for all
ten subjects are shown for the RESIST task (see Materials and
methods for task description). The N54-P54 dipole was consi stent-
ly located anterior to the P20-N20 dipole, whereas the medial/lat-
eral and dorsal/ventral location was variable across subjects. On
average, the N54-P54 dipole was located anterior, medial and dor-
sal to the P20-N20 dipole. The mean resultant vector across sub-
jects for the RESIST task was 11.6+4.8 mm. b Within-subject
comparisons of the orientation of the N54-P54 (dotted arrow) and
P20-N20 (unbroken arrow) dipoles for the RESIST task. Unit vec-
tor pairs on the left show orientations of the dipoles in the sagittal
plane (theta) for each of the ten subjects. Vector pairs on the right
show orientations in the transverse plane (phi). Note that the N54-
P54 and P20-N20 vectors were not oppositely oriented for theta or
phi. Vectors were given a common origin for comparative purpos-
esonly
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mentary Materials section posted on the Springer-Verlag
server (http://dx.doi.org/10.1007/s002219900317).
Source 1 consistently localised deep within the cere-
brum. Due to the high variability in the location and ori-
entation of this dipole across subjects, a specific subcor-
tical region associated with the generation of this poten-
tial could not be discerned. The P44 component of the
SEPR,,ps Was best explained by a predominantly radially
oriented dipole located in the region of the contralateral
postcentral cortex (source 2). This dipole was observed
in only five of ten subjects, but was present in the grand
average dipole solutions for each task. In some subjects
(n=3), the radial dipole was located deep and lateral to
the tangential P20-N20 dipole, whereas in other subjects
the dipole localised to the cortical surface and posterior
to the tangential sensorimotor cortical dipole (n=2).
Dipole solutions consistently (ten of ten subjects) in-
cluded a dipole that localised to the region of the contra-
lateral sensorimotor cortex and adopted a predominantly
tangential orientation relative to the scalp surface (source

-
o
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3) (Fig. 5d). The dipole moment had an average onset
near 35 ms, increased in magnitude to an average peak
amplitude of 4.7 uVe near 54 ms and had a temporal pro-
file similar to the N54 and P54 scalp-surface potentials.
For this reason, we termed this source the N54-P54 di-
pole. The average location (x=—31.7, y=3.1, z=50.6 mm)
and orientation (6=102.7°, @¢=244.2°) of this dipole ap-
peared to be consistent with activity originating from
within the anterior or posterior banks of the central sul-
cus, but this analysis alone was not sufficient to deter-
mine the localisation of the N54-P54 dipole.

Localisation of the sensorimotor dipole generator

Both the P20-N20 and N54-P54 dipoles consistently lo-
calised to the lateral convexity of the central sulcus at
approximately the same depth within the cerebrum, but
with opposite dipole polarities (Figs. 3d and 5d). Since
the location of P20-N20 is known to be generated by
Synaptic input to neurones in area 3b on the posterior
bank of the central sulcus, we compared the relative lo-
cation and orientation of the P20-N20 and N54-P54 di-
poles for each subject. Vectors were calculated from an
origin at the location of the P20-N20 dipole to the corre-
sponding N54-P54 dipole location for each subject. Fig-
ure 6a shows the vectors determined for each subject for
the RESIST task. The relative vertical and medial/lateral
position of the N54-P54 dipole dipoles was variable
across subjects with mean locations 1.7+3.6 mm medial
and 1.3+8.6 mm dorsal to the P20-N20 origin for the
RESIST task and 0.8+6.1 mm medial and 2.1+4 mm dor-
sal for the PASSIVE task. The vertical and medial/lateral
positions of the N54-P54 and P20-N20 dipoles were not
significantly different (P>0.6). In contrast, the N54-P54
dipoles were located anterior to the P20-N20 dipole for
all subjects and for all tasks. The anterior/posterior loca-
tion of the P20-N20 and N54-P54 dipoles were signifi-
cantly different (P=0.02 RESIST task, P=0.02 EXTEND
task, P=0.004 PASSIVE task), with average distances
between them of 7.0£5.7, 8.1+4.5 and 7.5+3.8 mm for
the RESIST, EXTEND and PASSIVE tasks, respectively.
The mean resultant distances between the P20-N20 and
N54-P54 dipoles were 11.6+4.8 mm, 11.1+5.6 mm and
11.745.2 mm for the RESIST, EXTEND and PASSIVE
tasks, respectively. This displacement places the N54-
P54 dipole within the anterior bank of the central sulcus
(Talairach and Tournoux 1988; Zilles et al. 1995; White
et a. 1997).

We also conducted within-subject comparisons of the
orientations of the P20-N20 and N54-P54 dipole vectors
(Fig. 6b). The average angles of the P20-N20 and N54-
P54 dipole vectors relative to the vertical axis (8) were
68 and 103° for the P20-N20 and N54-P54 dipoles, re-
spectively, and relative to the medial-latera axis (@)
were 66 and 244°, respectively. Opposite dipole orienta-
tions might represent a reversal in the polarity of extra-
cellular currents generated in area 3b (cortical surface-
negative, deep-positive). Accordingly, the N54-P54 vec-

tor would be precisely opposite in orientation relative to
the P20-N20 dipole in the same subject. Figure 6b shows
that the two vectors were not oppositely oriented in any
of the ten subjects. Differences in orientation would be
expected for separate generators within adjacent portions
of cortical areas 3b and 4 due to asymmetries in cortical
enfolding. In summary, the N54-P54 dipole differed in
both location and orientation to the P20-N20 dipole and
corresponded most closely to a generator within area 4
on the anterior bank of the central sulcus and not within
cortical areas 3b or 3a.

Discussion

The principal finding of these experiments was the dem-
onstration that an early component of the potentias
evoked by imposed displacements of the human wrist is
generated by synaptic activity within the primary motor
cortex. The following discussion will consider the validi-
ty of our conclusion that the location, orientation and
timing of the postsynaptic potentials modelled by the
N54-P54 dipole was appropriate to represent synaptic in-
put onto corticospinal neurones in the precentral gyrus,
whose descending action potential volleys contribute to
the generation of the M2 response. In addition, we found
that the early components of the wrist displacement po-
tentials did not demonstrate task-dependent modulation
despite a marked variation in the magnitude of the M2
response across tasks. The absence of changesin the tim-
ing or magnitude of the short-latency SEP,ps across
tasks suggests that synaptic inputs to the sensorimotor
cortex saturated at the velocities imposed in the present
experiments and that modulation of the M2 occurs
downstream from inputs to the primary motor cortex.

Somatosensory-evoked potentials to imposed
displacement of the wrist

Experiments in monkeys have established that afferent
volleys evoked by imposed displacements of the distal
upper limb ascend to the cortex viadorsal column, medi-
al lemniscal, thalamocortical pathways, resulting in the
discharge of motor cortical neurones contralateral to the
imposed displacement (Wiesendanger and Miles 1982).
Dipole source analysis of the SEP,. yielded source
generators that appeared to be consistent with these path-
ways.

The earliest components of the SEP,p appeared to
represent a deep subcortical generator and aradial gener-
ator in the region of the contralateral postcentral cortex.
The deep subcortical dipole might reflect inputs to the
dorsal column or thalamic relay neurones, but, due to the
high variability in the location and orientation of this di-
pole across subjects, a specific region could not be iden-
tified. Increasing the extent and density of electrodes
surrounding the brain stem may improve the localisation
of this source.



The P44 component of the SEPR,p, was best ex-
plained by aradially oriented dipole in the region of the
contralateral postcentral cortex. The location of this di-
pole relative to the P20-N20 dipole varied across sub-
jects, ranging from a position directly ventral to the P20-
N20 dipole (three subjects) to posterior and near the sur-
face of the postcentral cortex (two subjects). The P44
component appeared to be analogous to the P34 and P1
components previously described by Desmedt and Ozaki
(1991) and Mima et al. (1996), respectively. They pro-
posed that this potential may reflect the arrival of mech-
anoreceptive afferent volleys to areas 3a, 1 and 2 of the
primary somatosensory cortex. The postcentral location
and radial orientation of this dipole appears to support
this interpretation.

The most conspicuous components evoked by im-
posed displacements of the wrist were the N54 and P54
potentials. The time course of these components were
most closely modelled by a tangentially oriented dipole
that localised to coordinates within the head model
(average location =-32, 3, 51 mm) compatible with a
generator deep within the banks of the central sulcus
(Talairach and Tournoux 1988).

The average resultant displacement between the P20-
N20 and the N54-P54 dipoles was 11.5 mm, which
placed the N54-P54 within the region of the anterior
bank of the central sulcus. We estimated the distance be-
tween the deep cortical layers of the forearm and hand
regions of cortical area 3b and the adjacent caudal area
4 on the anterior bank of the central sulcus, based on
sagittal brain sections from human cadavers, measure-
ments from a set of high-resolution MRI T2-weighted
images (n=3) and reports of sensorimotor cortical thick-
ness in humans (Zilles et a. 1995). Distance estimates
from layer 111 of area 3b to the adjacent layer V of area
4 averaged 11.9 mm and corresponded closely to the re-
sultant distance of approximately 11.5 mm calculated in
this study.

The orientation of the N54-P54 dipole was also com-
patible with synaptic input to neurones within the banks
of the central sulcus. Comparisons between the N54-P54
and P20-N20 dipoles showed that they were not oppo-
sitely oriented. An opposite orientation of the N54-P54
would have suggested that the source generator may re-
flect a reversal of the currents associated with synaptic
input to neurons in area 3b (the second phase of the P20-
N20 input). The differences in orientation of the N54-
P54 and P20-N20 dipoles appeared to be compatible
with the within-subject differences in enfolding of the
posterior and anterior banks of the central sulcus near the
region of hand representation (White et al. 1997). Alter-
natively, differences in orientation could be accounted
for by the effects of overlapping activity from other
sources. Therefore, differences in orientation may be a
necessary, but not sufficient, argument for two separate
generators.

The N54-P54 component identified in the present
study appears to be analogous to the N30 component of
the median nerve SEPs. Two studies have presented evi-
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dence that the N30 component is likely generated by
synaptic input to neurones within the anterior bank of the
central sulcus (Peterson et al. 1995; Waberski et al.
1999). Similar to our findings for the N54-P54 dipole,
the N30 dipole has been shown to have a predominantly
tangential orientation and to be located anterior, medial
and dorsal to the P20-N20 dipole (Kawamura et al. 1996;
Waberski et a. 1999). The relative localisation of both
the N54-P54 and N30 dipoles, therefore, appear to be
consistent with the oblique anterior-to-posterior, medial-
to-lateral, dorsal-to-caudal course of the central sulcus.

Our findings differ from the interpretation of the fron-
tal-negative partial-positive potentials described in previ-
ous studies examining potentials evoked by displace-
ments of the interphalangeal joints (Desmedt and Ozaki
1991; Mima et al. 1996). These studies proposed that the
frontal and parietal components were generated by sepa-
rate sources within the postcentral (areas 3a or 2) and
frontal cortex, based on differences in the timing of the
components and differences in modulation with changes
in the velocity of the displacement. The SER,,ps record-
ed in the present study did not show any consistent with-
in-subject differences in the onsets or peak latencies of
the N54 and P54 components. Discrepancies in the pari-
etal and frontal potentials reported previously, compared
with those in the present study, might be explained by
differences in the magnitude and timing of the afferent
volley evoked by the imposed joint displacement. Our
data show that the time course of the postcentral and
N54-P54 dipole moments overlapped extensively. This
results in a summation of the positive potentials over the
contralateral parietal cortex. An increase in the magni-
tude of the postcentral potential, due to increased spatial
or tempora summation of postsynaptic potentials to neu-
rones in the somatosensory cortex (areas 3a, 1 or 2),
could result in an earlier peak in the parietal waveform.
Given the high density of muscle spindles within the
muscles controlling the interphalangeal joints of the hu-
man hand, the early peak in the parietal waveform re-
ported by Desmedt and Osaki (1991) might be explained
by a larger, more coherent volley of fast-conducting
muscle-afferent input to the postcentral cortex that su-
perimposes on the potentials generated by input to neu-
rones in the primary motor cortex.

Botzel et al. (1997) have previously used dipole
source analysis to examine the source generators of the
potentials evoked by manually imposed distal joint dis-
placements. Similar to our findings, they showed that a
single, tangentially oriented dipole in the region of the
contralateral sensorimotor cortex provided a good model
of the frontal-negative parietal-positive (N54-P54) com-
plex. The authors concluded, based on the location and
orientation of the sensorimotor dipole, that the dominant
source generator was likely located within the primary
somatosensory cortex, principaly area 3a, but did not
rule out a possible primary motor cortex generator within
the anterior wall of the central sulcus. However, the tan-
gential orientation of the passive movement dipole did
not appear to be compatible with a generator within area
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3a, considering that postsynaptic potentials arising from
deep within the fundus of the central sulcus would be ex-
pected to have a predominantly radial orientation. Fur-
thermore, the authors were unable to account for the
finding that the passive-movement dipole was located,
on average, 8 mm posterior and 10 mm medial to the
P20-N20 generator. This might be explained by the mod-
elling strategy adopted by Botzel et a. (1997), which
used only a single dipole to account for the potentials
evoked over the long time interval of 50-250 ms after
the onset of movement. Therefore, the location of the
passive movement dipole may have been affected by ad-
ditional, temporally overlapping source generators.

The spatial and temporal characteristics of the poten-
tials evoked by imposed joint displacement differ mark-
edly from the potentials evoked by electrical stimulation
of the median nerve at the wrist (see Figs. 2 and 4 and
Desmedt and Osaki 1991; Mima et al. 1996, 1997).
These differences are thought to reflect a marked in-
crease in the activation of fast-conducting deep mech-
anoreceptive afferents (principally group 1a) with joint
displacements relative to the fast-conducting cutaneous
afferents activated by surface electrical stimulation. In
fact, cerebral potentials consistent in location and timing
to those reported in the present study have been reported
in response to intramuscular microstimulation of the mo-
tor points of distal upper-limb muscles (Gandevia et al.
1984). Similarly, the long-latency EMG activity evoked
in the wrist muscles of humans have been shown to be
mediated by deep sensory afferents and not cutaneous in-
puts (Bawa and McKenzie 1981). Taken together, these
findings suggest that the early components of the poten-
tials evoked by imposed displacements of distal upper-
l[imb joints are principally mediated by ascending volleys
from fast-conducting mechanoreceptive afferents.

Timing of the motor cortical potential

We examined the timing of the N54-P54 dipole moment
to estimate if this activity was appropriate for synaptic
activity onto corticospina neurones that participate in the
generation of the M2 response. The minimum delay from
the onset of the peripheral afferent volley to arrival at the
contralateral somatosensory cortex is 17-20 ms (Desmedt
and Cheron 1981, 1982). Similarly, the minimum conduc-
tion delay from the onset of the corticospinal volley to the
onset of EMG activity in FCR is approximately 17 ms
(Lemon 1993). The average latency of the M2 responses
in the present study was 53 ms (accounting for a torque
motor rise time of approximately 3—4 ms and an addition-
al 56 ms resulting from coupling and inertial delays)
(Bedingham and Tatton 1984). Therefore, the latest onset
time for the initiation of the corticospinal volley that gen-
erates M2 would be 36 ms. The N54-P54 dipole moment
had an average onset latency of 27 ms (corrected for
torque motor delays), 20 ms rise-time and latency to peak
of 48 ms. The onset of the N54-P54 dipole moment oc-
curred approximately 8 ms after the arrival of the afferent

volley to the somatosensory cortex and 9 ms before the
latest possible onset time of the descending corticospinal
volley. The delays between sensory afferent input and
motor efferent output can be accounted for by cortico-
cortical axona conduction and synaptic delays between
areas 3a and 2, and summation and rise times of the post-
synaptic-membrane potentials at the linking and target
neurones (Ghosh and Porter 1988). Allowing for errorsin
estimates of the onset and synaptic delays to the motor
cortex, the timing of the N54-P54 dipole moment could
reflect synaptic activity onto motor-cortical neurones
whose descending volleys result in excitation of spind
motoneurones that contribute to the M2. Alternatively,
the 5-ms difference between the timing of the afferent-ef-
ferent loop times might result from slower-conducting
corticospinal neurones or a polysynaptic pathway linking
the descending corticospinal volley and excitatory inputs
to the a-motoneurone.

An alternative approach to examining the relationship
between the timing of the motor cortical potential and
the M2 response is to back-average the cerebral poten-
tials from the onset of the M2. The onset of the M2
could be reliably distinguished from the earlier EMG ac-
tivity in a sufficient number of trials for back-averaging
(182 trias from all three tasks) in only one subject. This
procedure revealed a distinct potential that preceded the
onset of the M2 by 35 ms and had a scal p-surface topog-
raphy similar to the N54-P54 potential (peak frontal neg-
ativity at FC1, peak parietal positivity at P3 and reversal
over the contralateral sensorimotor cortex). The peak of
this potential (4 ms after M2 onset) was modelled by a
dipole that localised to the same region (X, y, z = —=30.2,
0.1, 55.2 mm) and had a similar orientation (6=96.9°,
@=258.6°) to the N54-P54 dipole. This dipole alone ac-
counted for 94.1% of the variance between the scalp sur-
face EEG and the dipole model. These results further
support the premise that activity within the motor cortex
istime-locked to the onset of the M2.

Task-dependent modulation of M2, but not SEPp¢

One of the unexpected results of these experiments was
the absence of modulation in the timing and magnitude
of the early SEP,pg despite marked variation in the
magnitude of the M2 responses across tasks. The ab-
sence of modulation of the SEP,,n, across tasks may re-
flect a saturation of the evoked potentials at the veloci-
ties imposed in the present experiments. Previous studies
have shown that the relationship between the size of
electrically induced afferent volleys and the magnitude
of the early evoked cerebral potential is highly non-lin-
ear (Gandevia et al. 1982; Gandevia and Burke 1984).
Cerebral potentials evoked by electrical stimulation of
cutaneous or muscle afferents reach a plateau when the
afferent volley has reached only 50% of its maximum
size. Abbruzzese et al. (1985) reported a velocity-depen-
dent modulation of the early cerebral potentials evoked
by imposed wrist displacements over a range of



100-300°/s. The peak velocities used in the present
study were over twice the rate reported by Abbruzzese et
al. Without systematic testing of the evoked potentials
over a range of velocities, it could not be determined if
the afferent volley evoked by the joint displacements in
the present study was sufficient to saturate the SEP ..

Nonetheless, the fact that the early components of the
SEPps Were not modulated across tasks, despite a
marked gradation of the M2 response, provides further
indirect evidence that the M2 evoked in the wrist flexors
of humans is mediated by more than one pathway. Ex-
periments examining the effects of displacement dura-
tion have shown that the FCR M2 is absent for displace-
ments of less than approximately 44 ms (Lee and Tatton
1982). The time difference between the critical duration
of the imposed displacement and the onset of the M2
suggested that the response was dependent upon inputs
from two or more convergent pathways. a long-latency
transcortical and a slow-conducting or polysynaptic seg-
mental pathway. Accordingly, modulation of the M2 re-
sponse could occur downstream from inputs to the motor
cortex by acting on interneurons interposed between de-
scending corticospinal or segmental inputs to the a-mo-
toneuron. Descending influences initiated during the pre-
movement period could be mediated by neurones in the
primary motor cortex, premotor cortex (e.g., Tanji and
Evarts 1976) or supplementary motor area (Tanji and
Kurata 1985; Romo and Schultz 1992).
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