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Abstract

Aims of the study. — The time course of motor excitability during a task-related unilateral right thumb movement was studied using
sub-threshold transcranial magnetic stimulation (TMS) to the contralateral |eft motor cortex. The level of stimulation evoked a motor evoked
potential (MEP) in the thumb when the subject was at rest in approximately 10% of the trials.

Methods. — Subjects made a brief right thumb movement to the predictable omission of regularly presented tone bursts alowing
experimental definition of TMS relative to the cue to move. Motor cortical excitability was characterized by amplitude and/or probability of
eliciting MEPs.

Results. — There were four periods of altered motor excitability during task performance compared to a control resting state: afirst period
of weak facilitation before movement between —500 to —200 ms, a second period without increased excitability approximately 150 ms before
movement onset when MEPs amplitude was below that seenin rest, athird period of strong facilitation between — 100 ms before movement
and +200 ms after facilitation and a fourth period of weak facilitation between +200 to +500 ms.

Conclusion. — These results show that during performance of atask requiring a motor response, motor cortical excitability is increased
aboveresting for hundreds of millisecond before and after the response, except for atransient period between 75 and 150 ms prior to movement
onset. The temporal pattern of these excitability changes is compatible with multiple excitatory and inhibitory inputs interacting on motor
cortex.

© 2003 Editions scientifiques et médicales Elsevier SAS. All rights reserved.
Résumé

Objectif de I’ éude. — Etudier le décours temporel de I’ excitabilité motrice pendant une tache de mouvement du pouce droit, en délivrant
une stimulation magnétique transcranienne (TMS) & un niveau infra-liminaire sur e cortex moteur contralatéral. A ce niveau de stimulation,
nous avons obtenu |’ apparition d’ un potentiel évoqué moteur (PEM) dans |e pouce, avec les sujets au repos, dans 10 % des essais.

Méthodes. — Les sujets faisaient un bref mouvement du pouce droit en réponse a I’omission (prédictible) de bruits blancs présentés
régulierement. Ceci nousapermisde définir différentesfenétresd’ application delaTMS, avant ou apréesle mouvement du doigt. L’ excitabilité
motrice corticale était alors définie par I’ amplitude et/ou la probabilité de produire un PEM.

Résultats. — Il est apparu 4 périodes au cours desquelles I’ excitabilité motrice était altérée en comparaison a un niveau de repos : une
premiére période de faible facilitation avant le mouvement, entre —500 et —200 ms, une seconde période sans augmentation de I’ excitabilite,
environ 150 ms avant le début du mouvement (I’ amplitude des PEM étant inférieure a celle pendant les périodes de repos), une troisieme
période de forte facilitation entre —100 ms avant le mouvement et +200 ms apres la facilitation, enfin une quatrieme période de faible
facilitation entre +200 et +500 ms.

Conclusion. — Ces résultats montrent que, pendant la réalisation d’ une tche nécessitant une réponse motrice, |’ excitabilité corticale est
augmentée au dessus du niveau de repos pendant quel ques centaines de ms avant et apres|aréponse, excepté pendant une période detransition

sesituant entre 75 et 150 msavant le début du mouvement. L e décourstemporel de ces changementsdans|’ excitabilité cortical e est compatible
avec lathéorie des multiples entrées excitatrices et inhibitrices interagissant dans |e cortex moteur.

© 2003 Editions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction

Two lines of evidence report the time course of motor
excitability. Electroencephalography [14,17], magnetoen-
cephalography [15,16] and event-related potentials (ERP)
[13,29] reveal cortical activity changes hundreds of millisec-
ond before and after a voluntary movement. In contrast,
transcranial electric and magnetic stimulation (TES and
TMYS) studies of motor cortex have defined increased motor
excitability changes limited to approximately 100-150 ms
before and after brief movements [2,21,30]. Some studies
have defined the presence of inhibitory influences on motor
cortex during motor response preparation. Reduced excit-
ability of the cortico-spinal system was observed during the
warning period of asimplereaction timetask [33]. Reynolds
and Ashby [19] concluded that changes in balance of excita-
tion and inhibition of cortico-spinal neurons were present to
account for the changesin motor cortical excitability preced-
ing avoluntary movement.

The discrepancies between transcranial magnetic stimula-
tion (TMS) and ERP results may be related to the neural
processes being measured. Electroencephal ography, magne-
toencephalography and evoked potentials reflect activity in
widespread brain regions, whereas TM S affects excitability
in arelatively restricted region of the brain.

Thelevel of TM S stimulation can affect motor excitability
changes|[3]. Therefore, by using sub-threshold TM S intensi-
ties the possible involvement of sub-cortical contributionsto
motor evoked potential (MEP) facilitation may be mini-
mized.

Measures of the effects of TMS on excitability of motor
cortex include[1] the probability that TM S will evoke MEPs
and [2] the amplitude of the MEP. Since supra-threshold
TMSintensities evoke M EPs 100 % of the time, definition of
changes of excitability is limited to MEP amplitudes. At
threshold and sub-threshold intensities, both M EP probabil-
ity and MEP amplitude can be used to reveal excitatory and
inhibitory changes of motor excitability.

Motor cortex excitability is influenced by several factors
that may vary depending on processing involved in perfor-
mance of the task [2,27], preparations for the voluntary
movement [13] and the presence of sensory input [9,32]. For
instance, self-paced movements limit experimental control
and manipulation of task-related factors since the subject
prepares, plans, and decides when the movement is made. To
control such factors, experimental paradigms often employ a
sensory cue that defines the type and timing of the move-
ment. The use of such a sensory stimulus, may introduce
non-specific sensory—motor interactionsthat affect excitabil-
ity [25].

The purpose of the present study was to examine motor
cortical excitability over arelatively long time period preced-
ing movement. We used an experimental design similar tothe
onewe used in astudy of ipsilateral motor excitability during
movement [34] that avoids an overt sensory cue, while allow-
ing experimental control of TM S timing relative to both the

movement and the cue to move. Sub-threshold TMS was
employed to study the time course of motor excitability that
was measured by probability of activating motoneurones
(MEP probability) and by the degree of motor activation
(MEP amplitude) to reveal both excitatory and inhibitory
effects.

2. Methods
2.1. Subjects

There were seven right-handed subjects, scientists from
the laboratory, whose age was between 21 and 52 (mean 33)
years (six men and one woman). All procedures were ap-
proved by the institutional review board (Helsinki commit-
tee).

2.2. Experimental procedure

Self-adhesive surface EM G electrodes were applied over
the right and left thenar eminence and the distal phalanx of
the respective thumb, with aground electrode 5 cm proximal
to the right wrist for recording the EMG from abductor
pollicisbrevis. During the experiment, subjectslay supineon
an examination tablewith their handsresting flat against their
abdomen. They were asked to keep both the hands relaxed
and to avoid moving using the auditory output of the EMG as
aguide, except when responding with their right thumb (see
Section 2.5, below). Each experimental session lasted ap-
proximately 3 h.

2.3. Transcranial magnetic stimulation

TMS was performed using a Magstim 200 with a 9 cm
round coil attached to a three-dimensionally adjustable me-
chanical arm. The coil was placed in the position over thel eft
scalp optimal for recording MEPs from the right abductor
policis brevis muscle, with the induced current running from
back tofront (‘A’ side of the coil facing up). The coil wasthen
secured in place by fixing the mechanical arm and by strap-
ping with padded Velcro strips around the subject’s head.
Motor “threshold” was determined at rest and defined as the
minimum intensity required to evoke MEPs of more than
50 pV in 50% of trids (five of 10 trials). The intensity was
then adjusted to be 10% below “threshold”. This level of
stimulation evoked MEPsin subjects at rest in 4.5% of trials,
on average (range 0—12%, mean of 2.7 MEPs in a run of
60 trias).

2.4. EMG recording

EMG was recorded with an electromyograph set to aband
pass of 100-10,000 Hz and a sensitivity of 100 pV/division.
The audio output of the electromyograph was used to ascer-
tain that the muscle was relaxed during the experimental
trials. The amplified and filtered analog signal was digitally
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Experimental Paradigm and Setup
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Fig. 1. The experimental paradigm (top) and recording setup (bottom) used
in this study. Subjects listened to a series of tones at regular intervals, in
which every fifth tone was muted. The subject’s task was to twitch the right
thumb at the exact time that the fifth tone would have been presented.
Sub-threshold TMS was delivered at different times relative to the missing
tone, resulting in stimul ation of the motor cortex that initiatesthe response at
different times relative to the movement. EMG of the response twitch, as
well as the MEP evoked by TMS was recorded from the right thenar
eminence. EMG was also recorded from the non-responding left hand to
verify its relaxation and the unilateral nature of the response.

filtered and sampled (sampling rate: 10,000 Hz, band pass:
100-3000 Hz) by a computer and stored for further, off-line
analysis.

2.5. Experimental paradigm

During the experiment, subjects listened to a series of
1000 Hz tones with 100 ms duration and an inter-stimulus
interval of 2.5 s. Every fifth tone was omitted, and the
subject’stask was to press the right thumb briefly against the
abdomen at the time estimated by the subject to coincidewith
the omitted tone. Each experimental run included 60 omitted
tones. TMS was delivered at a preset time relative to the
omitted tone. The experimental paradigm and setup are sum-
marizedin Fig. 1. Inall, six runs, each with 60 omitted tones
were recorded: TM S delivery was 600 ms before each omit-
ted tone in the first run, and 200 ms later in each of the
following runs, so that in the last set of trials, TMS was
delivered 400 ms after each omitted tone. At the beginning of
the experiment, subjects were told to “relax and to listen to
the tones, and make a thumb movement to the occurrence of
the omitted tone”. A control set of trials in which the subject
was at rest and instructed not to respond to the omitted tones,
was then performed to obtain motor excitability measures at
rest.

In order to control for the possible changesin motor cortex
excitability that may have occurred during the course of the
experiment, MEP threshold at rest was verified not to have
changed before each run. In addition, a fina control set of
trials at rest was repeated at the end of the session and the
measures compared with theinitial control run. Intwo of the
subjects, the experimental runs in which the subject actively
responded to the omitted tones were each preceded by runs
with the same stimulus parameters and the subject was in-

structed not to respond and remain at rest. None of the seven
subjectsincluded inthe analysis exhibited any threshold shift
between the beginning and the end of the recording session.
One of the subjects underwent three repetitions of the experi-
mental procedures.

2.6. Data analysis

EMG data were analyzed off-line, with analysis periods
lasting 3 s beginning 1.5 s before the delivery of TMS. This
analysis period included both the TM S—evoked MEP and the
EMG of the subject’s movement at the approximate time of
the omitted tone. Only trials with a flat, baseline recording
(except for the response EMG, when movement was re-
quired) were accepted for quantification. Trials in which
TMS delivery occurred during the subject’s movement were
also not included in further analysis.

The EMG responses to the magnetic stimulation were
quantified with regard to probability of occurrence and maxi-
mum peak-to-peak amplitude. The MEP was then catego-
rized with regard to itslatency relative to the onset and offset
of the motor response’'sEMG. Only trialsin which MEP was
clearly discernible over the subject’s response EMG were
analyzed, and in these cases MEP latency from EMG was
defined as zero. In trials in which MEPs were not detected,
the temporal relation of TMS and the subject’s response
EM G was defined and M EP count was zero for that time bin.

2.7. Satistical analysis

Motor excitability was determined using two measures:
(2) probability of evoking MEP, and its complement—prob-
ability of MEP not being evoked; and (2) MEP amplitude.

Probability was defined as the percentage of trials with
MEP out of the total number of stimuli used in each set of
trials. Probability was calculated for each individual subject,
as well as for the data pooled across subjects. Analysis
extended from 1 sbeforetill 1 safter EMG onset intimebins
of 25ms. For each bin, the number of MEPs evoked acrossall
the subjects was determined and expressed as a fraction of
the total number of TMS delivered during that time bin.
Probability was calculated as the ratio of trials with MEPs
out of the total number of TMS delivered. Consequently, if
the number of observations used to derive probability was
small, spurious values might be obtained. For example, if at a
given time bin only one TMS was delivered and it was
associated with an MEP, probability would be 1, based on
only one observation. For statistical analysis, therefore, only
bins containing at least 15 trials were analyzed.

The use of sub-threshold TM S resulted in low probability
of MEPs, which further decreased when suppression oc-
curred. When statistically evaluating suppression, numbers
of trials in each time bin tended to be small using the prob-
ability measure. Therefore, the mirror image of probability—
improbability of evoking MEPSs (constituting of large num-
bers of trias, particularly when suppression was involved)
was used as a complementary measure.
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MEP amplitude as a function of the time difference
between MEP to the response EMG nearest edge (onset or
end) was plotted in ascatter diagram. To correct for intersub-
ject differencesin MEP amplitudes, amplitudesin therunsin
which the subject responded with a thumb twitch were di-
vided by the average MEP amplitude in the run in which the
subject was not required to respond, the relaxed condition.
Thus, a normalized MEP amplitude measure was obtained,
whereby normalized amplitudes greater than 1 reflect MEP
amplitude increase relative to when subjects were not re-
sponding.

The effects on MEP normalized amplitude of subject,
TMS timing relative to the missing tone and TMS timing
relative to the subject’s response EM G (edge and peak) were
assessed using three-way analysis of variance (genera linear
model). In addition, the effect of TM S timing relative to the
subject’s response EMG on MEP normalized amplitude, on
probability of TMS trials that did not evoke MEPs (MEP
improbability) and on probability of TMS trials that did
evoke MEPs (M EP probability) were assessed using asingle
factor analysis of variance (general linear model). In order to
include sufficient numbers of observations, in the statistical
analysis, the time bins of 25 ms were grouped together to
form 100 ms time bins. Differences in these measures be-
tween specific time periods were assessed using Student’s
two-samplet-test, verifying sample sizes of at least 15 values
in each time period. Bonferroni correction for multiple com-
parisons was applied when appropriate. Probabilities below
0.05 were considered significant.

3. Results

Examples of asingletria in which the subject’s response
EMG occurred before TMS, and of a trial in which the
subject’sresponse EM G occurred after TMSare presented in
Fig. 2. In the top trace, the subject’s EMG response ended
150 ms prior to the omitted tone, indicated by O on the
abscissa. The TMS on this trial was delivered 400 ms after
the omitted tone, resulting in adelay of 550 ms between the
subject’s response EMG offset and the subsequent TMS
delivery. In the bottom trace TMS was delivered 200 ms
before the omitted tone, while the subject responded about
100 ms before the missing tone, resulting in adelay of about
100 ms between TM S and the subject’s response EMG.

Fig. 3 compares MEP probability while relaxed and while
responding for each subject (top) and for the average across
subjects (below). On average, there was a 4.5-fold increase
in MEP probability when the subject responded, with indi-
vidual increases ranging between 2.2— and 55.2—fold.

The data from all subjects were combined to assess the
effect on MEP probability of MEP timing relative to the
motor response (Fig. 4). Prior to 600 ms before movement
bins did not include the minimum number of trials [15]
needed for statistical analysis, and thus these bins are not
displayed. The probability for evoking an MEP ranged from
0.1 to 0.35 (24 times the value at rest) between 500 and

EMG before TMS
EMG

Edge ™S
1 MEP
T T T T T T 1 msec
-600 -400 -200 0 200 400 600
TMS EMG
Edge
EMG after TMS \
|
MEP
T T T T + msec
600 -400 200 0 200

Fig. 2. Examples of single trials in which the subject’s response EMG
occurred before TMS (top) and after (bottom) TMS. The 0 on the abscissa
refersto the time when the omitted tone would have occurred. EMG edgeis
indicated by the arrows. EMG and MEP arefollowed by someringing of the
amplifiers due to the high-passfilter used. Note that when TM S was tempo-
rally closer to the EMG, MEP was larger.

250 msbefore the movement. Between about 200 and 100 ms
before movement, atransient period without increased prob-
ability preceded arapid risein probability from about 100 ms
before movement, reaching 0.97 when MEP coincided with
the onset of the response EMG. The decline in probability
after the offset of the response EM G (right part of the figure)
reached 0.25 at approximately 200 ms and fluctuated around
this level till 600 ms, the last time bin for which we had
sufficient trials for analysis. Anaysis of variance using
100 ms bins revealed a significant effect of MEP timing on
probability (F(15,24) = 2.92; P < 0.01). Post hoc analysis
revealed significant differences between the 100 ms period
coincident with the response EM G and the other time binsup
to 500 ms both before and after the response. In order to
include sufficient numbers of observations, in the statistical
analysis of the time period immediately adjacent to move-
ment onset, the time bins of 25 ms were grouped together to
form 50 mstime bins. When probability differences between
specific 50 ms bins were evaluated, a significant (P < 0.01
after Bonferroni correction) increase during the 100 ms
around the movement was found, confirming the above post
hoc results. In addition, a significant increase in MEP prob-
ability with movement, compared to probability at rest, inthe
control runswhen subjects were not required to respond, was
observed in the time period extending beyond 100 ms before
or after movement, up to 500 ms before (P < 0.03, after
Bonferroni correction) and after (P < 0.003, after correction)
the EMG, respectively. MEP probability in the 100 ms
around 150 ms was significantly lower than in the immedi-
ately preceding 100 ms (P < 0.02).

The absence of increased excitability in the period around
150 ms before movement was verified by another measure
reflecting motor excitability change across time: the prob-
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Fig. 3. The probahility of evoking MEP when the subject responded (solid
bars) and when the subject was not required to respond (hatched bars) in the
individual subjects (top) and pooled across all the subjects (bottom). Error
bars denote one standard deviation.

ability for trials in which TMS did not evoke MEP. This
measure is the complement of MEP probability and with
sub-threshold TM Sincludes many more trials than probabil-

MEP Probability re Latency

-

o
00

o
o

MEP probability
°
'S

o
)

Time re EMG

Fig. 4. The effect of TMS timing relative (re) to response EMG onset or
offset on MEP probability. Time scaleisin seconds and the arrow marksthe
time of response. R.U.L. indicates the upper limit of probability of evoking
EM G when no response was required observed in any of the subjects(i.e. the
highest probability observed in any subject during the control run). Note the
asymmetrical probability change: with the decline after the movement more
gradual than the increase preceding it and the decline in probability around
150 ms before movement.

ormalized MEP Amplitude vs Latency
2

-

o

.
+

Log normalized MEP amplitude —»

Time re EMG

Fig. 5. Normalized MEP amplitude (on a logarithmic scale) at different
times relative to the response EMG, across all the subjects. Time scaleisin
seconds and the arrow marks the time of movement. The horizontal line
marks anormalized value of 1.4—the maximum normalized amplitude value
that was obtained from any subject at rest. Thisvalueiscalled R.U.L. (i.e.
the highest normalized amplitude observed in any subject during the control
run). The gray area marks the time range immediately before movement
when discrimination of the evoked MEP from the response EMG was
ambiguous and M EP amplitude measurement was often unreliable. Note the
elevation of many M EP amplitudes above the maximum level ever observed
when no response was required, beginning 0.5-0.6 s before movement,
separated from a marked further increase (approximately 100 ms before
movement) by a short decrease in amplitude which was minimal 150 ms
before movement. Also note the asymmetrical change in normalized ampli-
tude about movement: decline after movement, until 600 ms was more
gradual than the increase preceding it.

ity. Hence, this probability has an advantage as a measure of
excitability. Increase in this probability may indicate inhibi-
tion while its decrease indicates excitation. The probability
for TM Ssthat did not evoke M EPs (improbability of evoking
MEPs) at different time binsrel ative to the subject’ sresponse
EMG showed a dip coincident with the onset of the response
EMG (indicating excitation). In addition, an increase ap-
proximately 150 ms before response EMG indicated inhibi-
tion. Improbability of evoking an MEP during the 100 ms
period around 150 ms before response EMG was signifi-
cantly higher than in the immediately preceding 100 ms
(P<0.05).

A second measure of excitability, normalized M EP ampli-
tude, was used to correct for intersubject differencesin MEP
amplitudes: amplitudes in the runs in which the subject
responded with a thumb twitch were divided by the average
MEP amplitude in the run in which the subject was not
required to respond, the relaxed condition. Thus, a normal-
ized MEP amplitude measure was obtained, whereby nor-
malized amplitudes greater than 1 reflect MEP amplitude
increase relative to when subjects were not responding. Nor-
malized MEP amplitude was also affected by the timing of
TMSrelative to the motor response (Fig. 5). The definition of
MEP amplitudes was not possible in those trials when the
timing of TMS was close to the motor response time and is
signified by the gray zone in the figure. The scatter plot of
normalized MEP amplitude, expressed inlogarithmic values,
for each trial showed many points above the highest value
observed at rest (rest upper limit—-R.U.L.), indicating in-
creased excitability compared to rest, beginning 500 ms
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before movement. This elevation further increased approxi-
mately 150 ms before movement, peaked with the movement
and gradually declined until 600 ms after movement. Note
the asymmetrical changes of amplitude (motor excitability)
before and after response EM G and the two phases of ampli-
tude change before movement: the first starting 500 ms
before movement, separated from the second period of am-
plitude increase which peaked with the movement by atran-
sient period of about 100 ms of decreased amplitude, begin-
ning at 200 ms and minimal at about 150 ms. Analysis of
variance found the effect on MEP normalized amplitude of
stimulus timing relative to response EMG to be significant
(F(14,753) = 6.54; P < 0.0001). MEP normalized amplitudes
around 150 ms before movement were significantly smaller
(P < 0.05) than amplitudesin the 200-350 ms period preced-
ingit.

When the combined effects of subject, TMS timing rela-
tive to the omitted tone and MEP timing relative to the
subject’sresponse EMG on M EP normalized amplitude were
assessed together using athree-factor analysis of variance, a
significant TM S timing by MEP timing interaction was ob-
served (F(70,138) = 2.22; P < 0.000001). MEP amplitudes
were increased close to the omitted tone even when the overt
motor response was inaccurately timed. In addition, MEP
amplitudes were increased when they occurred close to the
motor response EMG, even when it was inaccurately timed.

4. Discussion

The results of this study indicate an increase in motor
excitability when performing a task compared to a control
resting state. Motor excitability increase prior to the move-
ment occurred in two phases separated by a short dip ap-
proximately 150 ms prior to the movement onset. Excitabil-
ity peaked with EMG onset and gradually decreased
thereafter.

4.1. Factors contributing to motor excitability

This study manipulated a number of factors that may
affect motor excitability. Motor response in the hand con-
tralateral to the active cortex was associated with increased
probability of evoking MEPs by sub-threshold TMS (Fig. 4).
In theory, thisincrease in probability may result from (a) an
increase in excitability of the motor cortex related to the
preparation for the movement and inputs from associated
structures such as the supplementary motor area and pre-
motor cortex; (b) disinhibition of motor cortex by otherwise
ineffective or weak synapses becoming disinhibited (“un-
masked”) such that they influence cortical activity [20,26]; or
(c) increased sub-cortical excitability at the spinal level.
Spinal contribution to excitability changes may be due to
corticofugal influences before movement or to afferent inputs
following the movement. Spinal facilitation has been demon-
strated only between 50 and 100 msbefore EM G onset [6,11]
and thus cannot explain the excitability changes beyond this

time period. The effect of afferent inputs after movement is
unlikely because afferent inputs have been shown not to
affect spinal motoneuron or interneuron excitability [20].

Analysis of variance indicated a highly significant inter-
action on MEP amplitude of both the time of occurrence of
the omitted tone and of the TM S timing relative to onset of
the motor response. Moreover, MEP incidence was higher
when TMS was delivered close to the omitted tone. These
two findings indicate a central facilitatory effect resulting in
improved performance. This central facilitatory effect
complements earlier reports on such effects at the spinal
level, indicating a peripheral inhibition aimed at increasing
spinal motoneuron sensitivity to the descending activation of
a forewarned movement [12,18]. This latter effect has been
shown to result in improved performance.

Timing of TMS relative to response EMG was the factor
affecting motor excitability, which was of primary interest in
this study. The effect of timing relative to the movement
manifested in probability of evoking an MEP and in MEP
amplitude and was found significant. This effect, with some-
what different time courses, has already been reported using
transcranial electrical stimulation [21,30] as well as mag-
netic stimulation [2]. Theresults of thisstudy extend thetime
period of increased motor excitability to about 500 ms be-
fore, until about 600 ms after the subject’s response.

4.2. Time course of pre-movement excitability

MEP probability indicated that readiness for a movement
was marked by increased excitability beginning 500 ms be-
fore movement, with a short pre-movement period without
increased excitability, between 100 and 200 ms before move-
ment, followed by a steep increase in excitability peaking
with the movement. MEP amplitude also showed a similar
pattern with a significant sustained increase beginning 500
ms before movement, a transient decrease below resting
values peaking at 150 ms before movement, and then sharply
increasing again to reach a maximum with the onset of
movement.

Additional evidence for these effects derives from prob-
ability of trials in which MEPs were not evoked by the
sub-threshold stimuli. Probability of trials without MEPs
wasrelatively stable, under 0.7, then increased to closeto 0.9
immediately preceding movement, followed by a sharp de-
crease with movement. Increased probability of trials with-
out MEP indicatesinhibition, while decreased probability of
MEP absence corresponds to excitation. These changes,
therefore, mirror the excitability changes indicated by MEP
probability and MEP amplitudes.

Earlier studies reported increased cortical excitability be-
ginning only about 80-100 ms before EMG onset [2,13].
Transcrania electric stimulation [21,30] showed similar re-
sults. Recordings from simian motor cortex (e.g. [7,8,10])
showed that from 70-100 ms before movement, neuronal
activity increased up to movement onset. In contrast,
movement-related evoked potential s studies show that motor
preparation begins 1.5-2 sbefore self-paced movement, with
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threedistinct components: (1) the readiness potential starting
1-2 s before movement; (2) negative slope between 300 and
500 ms before movement; and (3) motor potential 50-100 ms
before EMG onset (e.g. [5,28,29,31]). These temporal rela
tions led to the conclusion that motor preparation before
self-paced movement is not associated with increased corti-
cal excitability and that only the motor potential isassociated
with increased excitability of cortico-spinal neurons or inter-
neurons closely connected to them [2]. The results of this
study extend the time frame of increased motor excitability
up to 500 ms before movement. The explanation for this new
finding is twofold: the paradigm used in this study enabled
scanning a wider time frame than the earlier reaction time
studies that were limited by the duration of reaction time
following the go signal. Furthermore, this study used mul-
tiple measures of motor excitability, increasing confidencein
small changes.

4.3. Pre-movement inhibition

The short pre-movement decrease in probability of MEPs
at approximately 150 ms before movement may not be dueto
inhibition but to a delay in movement following TMS when
subjects are preparing to respond [4,22]. According to this
explanation, itismoredifficult to evoke MEP in thetime bins
near movement onset because TMS delays initiation of the
movement. However, the dip in MEP probability, in normal-
ized MEP amplitudes and the increase in MEP improbability
at thistime period suggest arole for inhibition.

Earlier studies, using other paradigms have reported both
excitation and inhibition preceding voluntary movement. Re-
duced excitability of the cortico-spinal system was observed
during the warning period of asimplereaction timetask [33].
MEPs in the responding muscles were significantly sup-
pressed from 125 ms after a warning stimulus until the time
of a cutaneous shock to the contralateral arm, to which the
subjects were to respond. If the task was changed to a choice
reaction, in which the imperative stimulus (but not the warn-
ing signal) indicated whether to flex or extend the wrist, then
there was no change in the MEPs in the warning period.
Thus, cortical suppression has been shown to precede the
response in a simple reaction time task, when a preceding
warning stimulus was presented. In a study on inhibition in
the human motor cortex before and during voluntary move-
ments [19], inhibition of the extensor MEP was shown to
decline about 95 ms before the onset of the agonist EMG
activity. The study concluded that changes in the balance of
excitation and inhibition of cortico-spinal neurons associated
with a voluntary movement precede the movement. In an-
other study, the area of the human cortex from which inhibi-
tion and facilitation of cortico-spina neurons could be ob-
tained was examined [1]. The inhibition and facilitation of
cortico-spinal neurons projecting to a given muscle were
shown to arise from small areas close to those cortico-spinal
neurons. Thus, the findings of the present study, showing
excitatory and inhibitory influences on the motor cortex
during the period immediately preceding the response in a

simplereactiontimetask areinlinewith earlier studies using
other paradigms.

4.4. Post-movement excitability

Our results show that within the time window of 1 s
following the response, execution of the response was asso-
ciated with peak excitability that gradually declined but was
till significant up to 600 ms following the response. Earlier
studies using event-related synchronization have shown the
post-movement 20 Hz synchronization to begin around
750 ms after EMG onset [14]. This synchronization corre-
lated with an idling motor area [17] and had a somatotopic
organization [23,24]. These findings are, therefore, in agree-
ment with the time course suggested by our results.

Another sub-threshold TM S study on post-movement mo-
tor excitability [2] found two phases of cortico-spinal excit-
ability in a reaction—time task: between 0 and 100 ms, and
from 100 to 160 ms after EMG onset, with a return to
baseline after 160 ms. The probability curves of our study
suggest apossible drop in motor excitability at about 200 ms,
resembling a biphasic curve for post-movement excitability.
This effect, however, was not observed in other measures
such as MEP amplitude and probability of trials without
MEP. The period of post-movement excitability, extendingin
our study to 600 ms, may be related to the different para-
digms used in this study compared to the previous one.

In conclusion, this study showed that during the perfor-
mance of a task requiring a motor response, motor cortical
excitability isincreased above resting for hundreds of milli-
second before and after the response, except for a transient
period between 75 and 150 ms prior to the movement onset.
Thetemporal pattern of these excitability changesis compat-
iblewith multiple excitatory and inhibitory inputsinteracting
on motor cortex.
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