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Abstract Both self-paced movements (internally gener-
ated) and movements paced by a fixed interval cue (exter-
nally cued) are preceded by a slow-rising movement-
related potential (MRP) of similar timing, magnitude and
topography. When the timing of the external cue is variable
(temporally unpredictable), this MRP is absent. These find-
ings have been interpreted to suggest that MRPs reflect
neural activity mediating the preparation of temporally pre-
dictive movements, irrespective of whether the movement
is internally generated or externally cued. However, the
apparent similarity between MRPs preceding self-paced
and predictably cued movements might be explained by the
absence of control for the timing of movement onset, that
is, MRPs preceding regularly-paced cues may simply refl-
ect activity associated with self-paced movements initiated
at times that more or less coincide with the timing of the
imperative cue. The objective of this study was to reexam-
ine the comparison of MRPs preceding temporally predic-
tive (self-paced and predictably cued) versus reactive
movements. To circumvent the potential confound of
movement onset timing, constraints were placed on the
temporal accuracy of movements cued by a regularly-paced
tone. This design permitted post-hoc classification of trials
into predictive or reactive movements to the tone. Three
movement initiation conditions were tested: (1) self-paced
(SP), (2) in response to an irregularly-paced cue (IC), and
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(3) in response to a regularly-paced cue (RC). In the latter
condition, subjects were trained to initiate movement to
within less than one simple reaction time in at least 50% of
trials, and MRPs were compared between movements that
were initiated “too early” (predictive), “too late” (reactive),
or were temporally accurate (predictive). Cerebral poten-
tials were recorded from 87 scalp surface electrodes. Con-
sistent with previous studies, an early slow-rising MRP
with maximum negativity over the midline frontal cortex
was present only when the timing of movement onset could
be predicted in advance (SP and RC conditions). Moreover,
MRPs for movements that were temporally accurate or
were initiated “too early” were significantly larger than the
MRPs that preceded SP movements (P < 0.018). In con-
trast, movements initiated in reaction to the cue (IC condi-
tion), even when the timing of the cue could be predicted in
advance (movement initiated “too late” in the RC condi-
tion), were associated with a significant attenuation of
premovement activity (P < 0.005). Differences between
conditions (RC > SP > IC) were significantly greater over
the midline frontal cortex than the contralateral or ipsilat-
eral sensorimotor cortex (P < 0.038). These findings show
that the imposition of accuracy constraints on the timing of
movement onset markedly enhances preparatory activity in
the cortical or subcortical networks that mediate the predic-
tive initiation of movement.

Keywords Movement-related potentials - Movement
timing - Reaction time
Introduction

Self-paced (internally generated) movements and move-
ments triggered in response to external cues in the
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surrounding environment (externally generated) are often
considered to be mediated by largely separate neural path-
ways (Goldberg 1985; Passingham 1987). Yet, under cer-
tain conditions, both modes of initiation appear to share an
overlapping cortical and subcortical network (Jahanshahi
etal. 1995; Jenkins etal. 2000). Intermittent self-paced
movements are preceded by a slow-rising movement-
related potential (MRP) that can begin more than 1.5 s prior
to movement onset (Kornhuber and Deecke 1965). An
inherent property of self-paced movements is that the task
and onset timing of movement are known and therefore
predictive strategies can be used to prepare the movement
well in advance. Similarly, predictive strategies can be
implemented prior to externally cued movements when the
task is known and the onset timing of the imperative cue to
initiate movement can be predicted in advance. Under these
conditions, externally cued movements are preceded by a
MRP that has timing and topography similar to the MRP
that precedes self-paced movements (Thickbroom and
Mastaglia 1985; Cunnington et al. 1995; Jahanshahi et al.
1995; Jankelowitz and Colebatch 2002). In contrast, an
early slow-rising MRP is absent when the timing of the
imperative cue to initiate movement cannot be predicted in
advance, even when the task is known. Thus, the dichot-
omy between self-paced and externally cued movements
holds when the timing of the imperative cue is unpredict-
able, but the extent to which self-paced and predictably
cued movements are mediated by similar neuroanatomical
substrates remains unclear.

A variety of studies have directly compared movement-
related activity associated with self-paced movements and
movement triggered by a regularly-paced (fixed interval)
cue. EEG studies have shown that the early components of
the MRP for both modes were similar in timing and magni-
tude, suggesting equivalent activation of the mesial frontal
cortex, whereas the magnitude of the later stages of prepa-
ration (NS’ or NS2 component) tended to be larger for
self-paced movements (Thickbroom and Mastaglia 1985;
Cunnington et al. 1995; Jahanshahi et al. 1995; Jankelowitz
and Colebatch 2002). Neuroimaging studies have also shown
that self-paced and regularly-cued movements are associ-
ated with activation of a common set of cortical regions
including the contralateral sensorimotor cortex, rostral and
caudal supplementary motor area (SMA), and bilateral dor-
sal premotor cortex (Jahanshahi et al. 1995; Jenkins et al.
2000). Differences in activity between initiation modes
were confined to regions of the right dorsolateral prefrontal
cortex (Jahanshahi et al. 1995; Jenkins et al. 2000), pre-
SMA and the cingulate motor areas (Dieber et al. 1999). In
contrast, movements triggered by temporally unpredictable
(random) cues were characterized by the absence of early
components of MRPs (onset near 100 ms prior to move-
ment onset) (Papa etal. 1991; Cunnington etal. 1995;
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Jahanshahi et al. 1995; Jankelowitz and Colebatch 2002)
and markedly reduced regional cerebral blood flow in
regions of the SMA (Jenkins et al. 2000). Based on these
findings, it has been proposed that self-paced movements
and movements triggered by temporally predictable cues
are mediated by a largely common network of cortical and
subcortical regions, but preparatory activity tends to be
higher prior to self-paced movements (Nachev et al. 2008).

However, interpretation of the findings of the studies
cited above is confounded by the fact that the timing of
movement onset relative to the external cue was not con-
trolled. This leaves the possibility that the similarities in
cerebral activity between self-paced and externally trig-
gered movements were due to subjects performing cued
movements in a self-paced manner. In other words, the sub-
jects performed self-paced movements at regular intervals
that, more or less, coincided with the rate of the cue. It is
also possible that the MRPs were generated from the aver-
aging of trials with movement onsets that were timed to
coincide with the cue (predictive) and movements initiated
in reaction to the cue. As noted above, MRPs preceding
temporally predictable and unpredictable cues are markedly
different.

The purpose of this study was to reexamine the compari-
son between MRPs that proceed temporally predictive
(both self-paced and regularly-cued movements) and reac-
tive movements.

For this purpose, a paradigm was developed that allowed
the separation and analysis of trials associated with tempo-
rally predicted initiation from trials initiated in reaction to
the imperative “go” cue. This separation was accomplished
by imposing tight constraints on the accuracy of movement
onset timing when the movements were paced by a regular
(fixed interval) cue. We hypothesized that MRPs preceding
accurately-timed, and thus temporally predictive, move-
ments would be enhanced relative to self-paced move-
ments, and that the early components of the MRP would be
significantly attenuated prior to reactive movements rela-
tive to both temporally predictive and self-paced move-
ments.

Methods
Subjects

Nine right-handed neurologically healthy subjects (2
females, 7 males), ranging in age from 27 to 49 years (aver-
age age = 33 + 10) participated in these experiments. Hand
dominance was assessed using a modified Oldfield’s hand-
edness questionnaire (Oldfield 1971; Salmaso and Longoni
1985). The experiments were approved by the Institutional
Review Board at Northwestern University and written
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informed consent was obtained prior to inclusion into the
study.

Experimental design

The experiment was conducted in two sessions on separate
days. During the first session, subjects were trained to perform
the movement task to within specified temporal accuracy
constraints. Only those subjects who could perform the task
within these constraints participated in the second session.

Training session

Subjects sat in a comfortable chair with their right forearm
restrained in a brace in a pronated position with the palm of
the hand facing downward on the surface of a table. The
movement performed was a ballistic wrist extension move-
ment from neutral to an angle of approximately 30°-45°
(see Fig. 1). Electromyographic (EMG) activity was
recorded from bipolar surface electrodes placed over the
motor point of the extensor carpi radialis longus muscle
(ECRL). EMG signals were amplified (2,000x), filtered
(30-1,000 Hz) and rectified on-line.

Two sets of experiments were conducted during training.
The first experiment was used to establish the minimum
voluntary reaction (1RT,_; ) for each subject (see Fig. 4).
Subjects were instructed to initiate the movement as soon
as possible following the onset of an auditory tone (50 ms,
1,000 Hz). The tone was presented randomly every 3.5—
10 s (irregular cue, IC). EMG onset was estimated using an
analog threshold detector that generated a trigger during the
initial rising phase of the rectified and low-pass filtered
EMG signal. The threshold was adjusted to signal EMG
onset with an accuracy of between 10 and 20 ms. The trig-
ger signal was collected at a rate of 1,000 Hz using a data
acquisition board (PCI-MIO-16XE, National Instruments,

Fig. 1 Examples of wrist exten-
sor EMG activity for the three
tasks. The regularly-paced cue
task (RC) involved the presenta- m——
tion of an acoustic cue (vertical

black arrow) once every 3.5 s.

For the irregularly-paced cue

extension

RC

Austin, TX, USA) and control software (LabView 7,
National Instruments). The timing of the trigger was then
analyzed relative to the onset of the “go” tone and plotted
on a histogram. A total of 50 trials were performed consec-
utively. The minimum reaction time was chosen as the time
bin (10 ms increments) with the lowest reaction time that
contained two or more trials. This minimum reaction time
value served as our estimate of the minimum time required
for a subject to voluntarily initiate movement in reaction to
the auditory tone. The average minimum reaction time
across subjects was 142 &+ 25 ms (range = 110-190 ms).

For the second experiment, subjects performed the same
task with the tone presented at regular intervals of once
every 3.5s (regularly-paced cue, RC). Subjects were
trained to initiate EMG onset to within &+ one minimum
reaction time (Figs. 1, 4). Feedback was provided after each
movement specifying whether the movement was too early
(RC1), too late (RC4) or within the reaction time criteria
(RC3, RC4). Trials with EMG onset within this tight tem-
poral constraint were defined as being temporally accurate.
Only those subjects that could perform the task after train-
ing with over 50% of trials within the timing accuracy con-
straints participated in the second session.

Data collection session

Subjects performed the same ballistic wrist extension
movements described above under three different cueing
conditions (Fig. 1): (1) self-paced movements performed
once every 4-10s (SP task); (2) movements cued by an
acoustic tone presented randomly every 3.5-10 s (irregularly-
paced cue, IC); and (3) movements cued by the same tone
presented every 3.5 s (regularly-paced cue, RC) (same as
the training paradigm). During the RC task, subjects were
instructed to initiate movement within the accuracy con-
straints determined during the training session (1 minimum
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reaction time). Feedback of movement timing accuracy was
not provided on a trial-by-trial basis, but instead was pro-
vided after 50 trials were completed. During the data col-
lection, subjects were instructed to fix their gaze on a 2 cm?
green circle presented on a computer monitor placed in the
center of their field of view and to try to prevent eye blinks
and eye movements during data collection.

Data acquisition

EEG was recorded from a montage of 87 scalp surface
electrodes placed at sites based on the 10/20 system with
additional interpolated locations. EEG signals were differ-
entially amplified (gain = 2,500) with respect to a reference
electrode placed over the right mastoid process, filtered
from DC-200 Hz, and sampled at 1,000 Hz (Neuroscan
Synamps, USA). Electrode impedances were below 15 K.
Electroculography (EOG) was recorded using electrodes
placed over the upper and lower canthi of one eye (band-
pass = 1-200 Hz). EMG recordings were obtained from the
ECRL muscle as described above.

A RC SP IC

-850 ms
-450 ms
-250 ms

-50 ms

Anterior ]
T—» Right |

Fig. 2 a Topography of the voltage distribution on the scalp surface
across tasks and time bins. The waveforms were derived from the
grand average MRPs for each condition across subjects. The wave-
forms for the RC task were derived only from trials that were tempo-
rally accurate (RC2 and RC3). Note the reversal potential over the
midline frontal cortex (near Fz). The head map on the bottom left
shows the voltage distribution for the grand average right median nerve
SEP at 19.8 ms. Note the reversal potential immediately below the C3
electrode (contralateral sensorimotor cortex). Electrode locations were

SEP:
19.8 ms
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At the end the MRP data collection, somatosensory evoked
potentials (SEPs) were recorded. SEPs were produced by
electrically stimulating the median nerve using surface elec-
trodes placed over the nerve at the wrist crease. Square wave
pulses of 0.2 ms duration were delivered at random time inter-
vals between 1 and 2 s. The intensity of the stimulus was suffi-
cient to elicit activation of the thenar musculature and a small
twitch of the thumb. Epochs were recorded from 40 ms prior,
to 60 ms after, the stimulus. Data was collected at 5,000 Hz
(bandpass filtered from 5 to 1,000 Hz, 24 dB/octave) and a
total of 1,000-1,200 artifact-free epochs were collected, base-
line corrected (—40 to —1 ms) and averaged.

MRP data analysis

All signals were baseline corrected for DC bias by subtract-
ing the average voltage from —2,000 to —1,800 ms prior to
EMG onset. EMG signals were then rectified and onset of
muscle activity was marked based on the threshold trigger
pulse and adjusted manually if needed. The data was then
epoched into single movement segments from 2,000 ms
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estimated based upon standard 10-20 coordinates. Scalp voltage maps
were interpolated with a 2nd order spherical spline. The black circles
on the scalp surface map indicate the locations of electrodes Fz, Cz and
C3.b The grand average potentials across subjects at selected electrode
locations over the midline anterior frontal (AFz), midline frontal (Fz),
midline central (Cz), contralateral (C3) and ipsilateral sensorimotor
(C4) cortex. The plot on the lower right shows the average rectified
EMG signal in the wrist extensors (ECRL) across tasks
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prior, to 500 ms after, EMG onset. Trials containing eye
movements, blinks, or other artifacts were rejected before
averaging across trials.

The magnitude of the premovement potentials were
quantified by calculating the average integrated signal at
four regions of interest (ROI): ROIl = midline anterior
frontal (electrodes FP1, FP2, AF3, AFz, AF4, AFF1, and
AFF2), ROI2 = midline central (electrodes FCz, FCCl,
FCC2, and Cz); ROI3 = contralateral sensorimotor (elec-
trodes C5, C3, C1, FCC5, FCC1, CCP5, and CCP3), and
ROI4 = ipsilateral sensorimotor cortex (electrodes C2, C4,
C6, FCC4, FCC6, CCP4, CCP6). The average integrated
EEG at each ROI was calculated over six time bins
(—1,700 to —1,600 ms, —1,300 to —1,200 ms, —900 to
—800 ms, —500 to —400 ms, —300 to —200 ms and —100
to 0 ms). Wrist extensor EMG activity was quantified by
measuring the area under the rectified EMG signal from
onset to 100 ms.

A three-way ANOVA was conducted using the factors
task condition (SP, IC, RC), region of interest (ROIs 1-4)
and time bin as the repeated measures (SPSS Version 11.5,
Chicago, USA). In the presence of a significant main effect
of time, the temporal evolution of differences between task
conditions, ROIs and task condition x ROI interaction
effects was examined using a series of two-way ANOVAs
with planned contrasts at each time bin. Post-hoc analysis
of interaction effects were conducted using two-tailed Stu-
dents ¢ tests with Bonferroni correction for multiple com-
parisons. Differences were considered significant with a
P value of less than 0.05.

Results

The topography of the voltage distribution on the scalp sur-
face for the grand average MRPs is shown in Fig. 2a. MRP
waveforms at selected electrodes are presented in Fig. 2b.
The waveforms for the RC task were derived only from tri-
als that were temporally accurate (RC2 and RC3). For both
the SP and RC tasks, the MRPs were characterized by an
early, slow-rising scalp surface negativity over the region
of the vertex (Cz), positivity over the anterior midline
frontal cortex (AFz), and a reversal (isopotential) of the
potential over the mid-frontal cortex (Fz). In contrast, pre-
movement activity was absent for the IC task until approxi-
mately 130 ms prior to EMG onset. Premovement activity
was greater over the contralateral than the ipsilateral senso-
rimotor cortex for the SP and RC tasks. The average wrist
extensor EMG activity was reduced for the RC task, but
there were no significant differences across tasks
(F,=1.537, P=0.245). For comparison, Fig.2a also
shows the topography of the grand average SEP at 19.8 s
produced by stimulation of the right median nerve. Note the

reversal of the potential immediately below the hand region
of the contralateral sensorimotor cortex (C3).

The average integrated magnitude of the potentials for
the SP, IC and RC task conditions are shown in Fig. 3.
Statistical analysis of the data showed significant main
effects of task condition (F,=30.886, P <0.001), ROI
(F3=23.111, P <0.001), and time (F5="73.063, P <0.001)
and significant interaction effects for task condition x ROI
(Fg=4.707, P <0.001), task condition x time (F,,= 19.276,
P <0.001), ROI x time (F5s=16.272, P <0.001) and task
condition x ROI x time (F;,=5.464, P <0.001). Signifi-
cant main effects of task condition were observed at time
bins from —900 to —100ms (F,>10.67, P <0.001).
Planned contrasts between conditions showed that the pre-
movement potentials for the RC task were larger than the
potentials for the SP and IC tasks (P < 0.019) from —900 to
—100 ms. The SP potentials were larger than the IC poten-
tials (P <0.003) from —500 to —100 ms. Significant main
effects of ROI were observed at time bins from —1,300 to
—100 ms (F5 > 6.531, P < 0.003). Activity over the midline
frontal region (ROI2) and midline anterior frontal (ROII)
was significantly greater than activity over the contralateral
(ROI3) and ipsilateral (ROI4) sensorimotor cortex
(P <0.008) from —900 to —100 ms. Activity over ROI1
was significantly greater than ROI2 from —500 to —100 ms
(p < 0.05) and activity over ROI3 was significantly greater
than ROI4 only at the —100 to 0 ms time bin. The effects of
task condition (RC > SP >IC) were significantly greater
over the midline frontal cortex (ROI2) than over the contra-
lateral and ipsilateral sensorimotor cortex (ROIs 3 and 4)
from —900 to —100 ms (P < 0.038).

Subsets of trials for the RC task were examined to assess
if the premovement potentials were affected by the accu-
racy of movement onset (Fig. 4a). Individual trials were
separated into four reaction bins depending upon the timing
of EMG onset relative to the tone: RC1 = onset early and
temporally inaccurate (between 1s and —1RT,_; ); RC

min

2 =onset early but temporally accurate (less than
—1RT,;); RC 3 = onset late but temporally accurate (0 ms
to +1RT,;); RC4 = onset late and temporally inaccurate

(between +1RT,;, and 1 s). Movements that were initiated
too late (RC4) were considered to be “reactions” to the
stimulus in the same manner as the IC condition, whereas
movements that were initiated too early or within the accu-
racy constraints were considered to reflect temporally pre-
dicted movement onsets. An example of the distribution of
trials within each category for a single subject is shown in
Fig. 4b.

The grand average premovement potentials for each cat-
egory of EMG onset timing are summarized in Fig. 5. The
timing and magnitude of the potentials preceding
movements with early onset (RC1) and those that were
temporally accurate (RC2 and RC3) were markedly larger
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Fig. 3 Average magnitude of
the scalp surface potentials
across tasks at four regions of
interest (ROI): midline anterior
frontal (ROI1), midline central
(ROI2), contralateral sensorimo-
tor (ROI3) and ipsilateral senso-
rimotor (ROI4). The magnitude
reflects the average integrated
potential across selected elec-
trodes in the region of interest.
Six time intervals were ana-
lyzed: —1,700 to —1,600 ms,
—1,300 to —1,200 ms, —900 to
—800 ms, —500 to —400 ms,
—300 to —200 ms and —100 to
0 ms. The mean =+ 1 standard
error at each time interval are
shown

Fig. 4 a Classification of trials
for the regularly-paced cue (RC)
task according to the individ-
ual’s reaction time (RT) relative
to the onset of the auditory tone
at 0 s. Reaction times less than
the individual’s fastest voluntary
reaction when the timing of the
cue was irregular (/RT) were
classified as being temporally
accurate (RC2 and RC3), where-
as reactions that were too early
(RC1) or too late (RC4) were
classified as being temporally
inaccurate. b Example of the dis-
tribution of RC task trials
according to RT in a single sub-
ject. Trial counts have been
summed within 25 ms bins
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than the potentials that preceded movements that were too ~ between the SP, IC and RC tasks,
late (RC4). A three-way ANOVA with planned contrasts, analysis revealed main effects

similar to the methods used to examine differences
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(F5 = 15.140, P < 0.001), ROI (F; = 19.897, P < 0.001) and
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Fig. 5 a The grand average potentials for the regularly-paced cue task
(RC) after the trials were sorted according to reaction time and catego-
rized as being too early (RC1), too late (RC4) or temporally accurate
(RC2 and RC3). The potentials are shown at selected electrode loca-
tions over the midline anterior frontal (AFz), midline frontal (Fz), mid-
line central (Cz), contralateral (C3) and ipsilateral sensorimotor (C4)

time (F5=74.134, P <0.001) and significant interaction
effects for reaction time bin x ROI (Fy = 4.076, P < 0.001),
reaction time bin x time (F;5=16.04, P <0.001), ROI x
time (F5=17.297, P<0.001) and reaction time bin x
ROI x time (F45=4.426, P <0.001). The main effects of
reaction time bin were significant at time bins from —900 to
—100 ms (F3>3.188, P<0.043). Planned contrasts
between conditions showed that the premovement poten-
tials for the RC1, RC2 and RC3 time bins were larger than
the potentials for the RC4 bin (P < 0.05) from —500 to
—100 ms. Significant main effects of ROI were observed
at time bins from —1,300 to —100ms (F;>9.977,
P <0.001). Activity over the midline frontal (ROI2) and
midline anterior frontal (ROI1) regions was significantly
greater than activity over the contralateral (ROI3) and ipsi-
lateral (ROI4) sensorimotor cortex (P < 0.011) from —900
to —100 ms. The effects of reaction time bin (RC1, RC2
and RC3 > RC4) were significantly greater over the midline
frontal cortex (ROI2) than over the contralateral and ipsilat-
eral sensorimotor cortex (ROIs 3 and 4) from —900 to
—300 ms (P < 0.046).

Since movements that were initiated “too late” (RC4)
were associated with an MRP, this potential was compared
separately to both the IC and SP conditions using a repeated
measures ANOVA. The magnitude of the MRP for RC4
movements was significantly greater than for the IC task
(F,=25.822 9977, P<0.001). In contrast, there was no
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cortex. The plot on the lower left shows the average rectified EMG sig-
nal in ECRL across reaction time bins. b Average magnitude of the
scalp surface potentials for trials categorized as RCI, RC2, RC3 or
RC4. The four regions of interest (ROI) and six time intervals were the
same as those described in Fig. 3. The mean =+ 1 standard error at each
time interval are shown

main effect of task condition between the RC4 movements
and the SP task (F,=0.625, P=0.877) and no task
condition x ROI x time interaction effect.

Discussion

There are two novel findings from this study. First, the
imposition of tight constraints on the timing of movement
onset resulted in a marked increase in the magnitude of the
MRP. Specifically, there was a significant increase in the
magnitude of the MRP preceding movements accurately-
timed to an external cue (RC) in comparison to the same
movements that were self-paced (SP). Second, MRPs were
significantly reduced in magnitude when movements were
initiated in reaction to the imperative cue, even when the
stimulus timing was known (RC4 trials), and were absent
when stimulus timing was unpredictable (IC condition).
The discussion below relates these results to the literature
examining the effects of temporal predictability of external
cues on MRPs and reactive versus predictive control of
movement initiation.

Effects of the temporal predictability of movement onset

A variety of studies have examined the effects of temporal
predictability and duration estimation on cortical potentials
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associated with movement preparation (e.g. Walter et al.
1964; McAdam 1966; Elbert etal. 1991; Macar et al.
1999). For the most part, questions have been addressed
using a contingent negative variation (CNV) paradigm. The
CNV is a movement-related potential that is generated in
the delay interval between an instruction or warning stimu-
lus and a subsequent imperative stimulus to initiate move-
ment (Walter et al. 1964). For long inter-stimulus intervals
(in the seconds range), components of the CNV that are
related to the second stimulus are characterized by a slow-
rising potential that is similar to the MRP that precedes SP
movements (Rohrbaugh et al. 1976; Hamano et al. 1997;
Cui et al. 2000a). Walter et al. (1964) were the first to show
that the CN'V developed when subjects were asked to initi-
ate movement at the expected time of the second stimulus,
even in the absence of the imperative cue. This finding pro-
vided evidence that the CNV was related not only to motor
preparation but also to the subject’s estimate of the duration
of the inter-stimulus interval. Subsequent studies showed
that the magnitude of the CNV correlates with the esti-
mated duration of the inter-trial interval (McAdam 1966;
Ruchkin et al. 1977; Macar et al. 1999, 2002). Yet, few
studies have examined the effects of temporal uncertainly
on the CNV by manipulating the probability of timing of
the second stimulus across conditions. Trillenberg et al.
(2000) showed that reaction times decreased and CNVs
increased with increasing a posteriori probability of occur-
rence of the imperative stimulus. However, the CNVs and
reactions times recorded by Trillenberg et al. (2000) were
obtained using a choice reaction time task, thus the results
reflect anticipatory changes in cortical activity prior to reac-
tive movements.

The RC and IC task conditions tested in the present
study allowed comparison of MRPs under temporally pre-
dictable and unpredictable conditions respectively. Similar
to the findings of previous EEG studies, movements trig-
gered by a regularly-paced cue were preceded by a slow-
rising MRP and this potential was absent when the timing
of the cue was unpredictable (Kutas and Donchin 1980;
Papa et al. 1991; Cunnington et al. 1995; Jankelowitz and
Colebatch 2002). These differences have been interpreted to
reflect a preferential role of the mesial frontal cortex, in par-
ticular the supplementary motor area (SMA), in the prepa-
ration and initiation of temporally predictable cues. This
interpretation was corroborated by a positron emission
tomography study showing that regularly-paced move-
ments were associated with a marked increase in the magni-
tude and extent of regional cerebral blood flow in the region
of SMA (Jenkins et al. 2000). Yet, in contrast to these find-
ings, several neuroimaging studies showed that mesial
motor cortical activation was greater when movements
were paced by an irregularly-paced cue compared to a regu-
larly-paced cue (Lutz et al. 2000; Thickbroom et al. 2000;
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Toma et al. 2003), suggesting preferential involvement of
the SMA in temporally unpredictable movements. The
apparent discrepancy between studies is best explained by
differences in the inter-stimulus interval. It is well recog-
nized that the duration and variability of the foreperiod pre-
ceding an imperative stimulus is a major determination of
reaction times (Niemi and Néidtdnen 1981) and that this
effect is related to the temporal uncertainty of the impera-
tive stimulus. In general, RTs increase with increasing
duration and variability of the foreperiod (Klemmer 1956).
Studies that used an inter-stimulus interval of greater than
3 s for the regular cue and a wide range of variability for
the irregular cue (e.g. greater than 5 s), such as in the pres-
ent study, showed greater activation in the mesial frontal
cortex with regularly-paced movements (Jahanshahi et al.
1995; Jenkins et al. 2000). Studies that showed increased
mesial frontal activation for irregularly-paced cues had
mean inter-stimulus intervals of less than 2 s and timing
variability of less than 0.5 s (Lutz et al. 2000; Thickbroom
et al. 2000; Toma et al. 2003). Thickbroom et al. (2000)
explained these findings using a model whereby, in the face
of temporal uncertainty, mesial motor cortical activity is
increased and maintained in an elevated state until the
appearance of the imperative stimulus. In contrast, the
build-up of preparatory activity is timed to coincide with
the estimated timing of the imperative cue during a regu-
larly-paced task, and thus a prolonged period of elevated
anticipatory activity is not required. This model is likely to
hold for short inter-stimulus intervals and a narrow range of
onset times, yet the physiological cost of maintaining long-
lead activity may be too high for longer intervals and high
temporal uncertainty. Under those conditions, individuals
may be more likely to react to the imperative stimulus
rather than generate an early MRP.

MRPs preceding self-paced and regular-cued movements

In keeping with the findings of previous studies, the MRP
associated with the RC task was remarkably similar in tim-
ing and topography to the MRP that precedes self-paced
movements (Kutas and Donchin 1980; Thickbroom and
Mastaglia 1985; Cunnington et al. 1995; Jankelowitz and
Colebatch 2002). In both the SP and RC conditions, the
MRP was characterized by an early, slow-rising scalp sur-
face negativity over the region of the vertex (Cz), positivity
over the anterior midline frontal cortex (AFz), and a rever-
sal (isopotential) of the potential over the mid-frontal cor-
tex (Fz). Note that this topography was markedly different
from the SEP evoked by electrical stimulation of the
median nerve (Fig. 2a). The SEP at this time point repre-
sents activity associated with synaptic input to area 3b on
the posterior bank of the central sulcus, immediately poster-
ior to the hand region of the primary motor cortex (Allison
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et al. 1991). Thus, the topography of the MRP for both the
SP and RC movements was consistent with evidence that
motor regions of the mesial frontal cortex including the
SMA, dorsal premotor cortex and cingulate motor areas
contribute to the early premovement potential (Ikeda et al.
1992; Jahanshahi et al. 1995; MacKinnon et al. 1996; Ball
et al. 1999; Cui and Deecke 1999; Cui et al. 1999; Erdler
et al. 2000; Jenkins et al. 2000). However, other cortical
and subcortical regions also likely contribute to the MRP,
such as the primary motor cortex, pre-SMA, dorsolateral
prefrontal cortex, and basal ganglia (Jahanshahi et al. 2001;
Jahanshahi and Hallett 2003; Rektor 2002). In keeping with
this interpretation, positron emission tomography studies
have shown that SP and RC movements are associated with
the activation of a common network of regions including
the SMA, dorsal premotor cortex, contralateral sensorimo-
tor cortex and cingulate motor areas (Jahanshahi et al.
1995; Jenkins et al. 2000). Taken together, these findings
have been interpreted to suggest that movements initiated
under temporally predictable conditions, irrespective of
whether the movements are self-paced or externally trig-
gered, are mediated by a largely common network of motor
cortical and subcortical regions (Nachev et al. 2008). Our
results are consistent with this view in terms of the simi-
larly of topography of the SP and RC potentials, yet there
were distinct differences in the magnitude of the MRP
depending upon the initiation mode (SP vs. RC) or whether
movements were initiated in prediction of, or reaction to,
the imperative “go” cue (RC1-3 vs. RC4).

Predictive versus reactive initiation of movement

Previous studies have shown that the early components of
the MRP for both SP and RC movements were similar in
timing and magnitude, suggesting equivalent activation of
the mesial frontal cortex, whereas the magnitude of the
later stages of preparation (NS’ or NS2 component) tended
to be larger for SP movements (Jankelowitz and Colebatch
2002; Papa et al. 1991; Cunnington et al. 1995; Jahanshahi
et al. 1995). However, in those studies, MRPs were gener-
ated from the averaging of all trials for a given task condi-
tion, irrespective of the timing of movement onset relative
to the cue. Thus, the MRP may have been composed of a
mixture of movements initiated in a self-paced manner that,
more or less, corresponded to the timing of the cue, move-
ments that were initiated in reaction to the cue, or move-
ments that were timed to coincide with the cue.

The present study was designed to dissociate predictive
from reactive movements on a trial-by-trial basis. This was
done was imposing tight constraints on the temporal accu-
racy of movement onset during the RC task. This constraint
resulted in a significant increase in early premovement
activity relative to the SP task. The effects of task condition

were greater over the midline frontal cortex, suggesting that
the modulation of preparatory activity was most prevalent
within mesial premotor regions such as the SMA. A com-
parable change in the MRP was also observed for move-
ment initiated “too early” (RCl1 trials). Thus, temporal
accuracy was not required for the enhanced MRP. These
findings are consistent with the idea that the imposition of
constraints on the timing of movement onset resulted in a
significant facilitation of cerebral processes mediating the
preparation of temporally predictive movements.

Previous studies using the CNV paradigm have shown
that an important element of the preparatory potential is the
related to the subject’s estimate of the timing of the impera-
tive cue (Walter et al. 1964; McAdam 1966; Macar et al.
1999; Pfeuty et al. 2005). As subjects learn the inter-stimu-
lus interval, based on performance feedback, there is an
augmentation of the CNV (McAdam 1966). When repeti-
tive movements are paced by a fixed interval cue, the slope
of the CNV is adjusted to ensure that the peak magnitude of
the potential coincides with the predicted (implicit) timing
of the imperative cue (Pfeuty et al. 2005; Praamstra et al.
2006). These findings are in accord with microelectrode
recordings in monkeys that have shown that the timing of
preparatory neural activity in primary and premotor regions
of the frontal cortex is adjusted to the temporal regularity of
cue presentation (Riehle et al. 1997; Heinen and Liu 1997;
Lucchetti and Bon 2001). It has been proposed that these
adjustments in the timing of neural activity, and corre-
sponding changes in MRPs, reflect increasing (climbing)
neural activity that encodes the passage of time between
two behaviorally relevant, and temporally predictable,
events (Durstewitz 2003; Reutimann et al. 2004; Pfeuty
etal. 2005; Praamstra et al. 2006). Climbing activity, as
well as synchronization of the firing patterns of a large
ensemble of neurons might explain the enhancement of the
MRP associated with the RC task.

When the RC task trials were sorted according to reac-
tion time, MRPs associated with temporally accurate
movements (RC2 and RC3) and movements initiated “too
early (RC1) were significantly larger than the MRPs for
movements initiated “too late” (RC4 trials). The RC1-3
trials were considered to reflect temporally predictive
movements whereas the RC4 trials were classified as tem-
porally reactive movements. However, it is unlikely that
the MRP associated with the RC4 trials reflects a purely
reactive mode of movement initiation since preparatory
activity was comparable in magnitude and time course to
the SP task and significantly increased relative to the IC
task. Thus, the most parsimonious explanation for the
reduction of the MRP for the RC4 trials is that the data set
included subsets of both temporally predictive, but none-
theless “late” trials, and purely reactive trials. Designation
of trials as predictive or reactive was based on the
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specification of a stationary minimum reaction time
latency (1RT). The 1RT estimate was based on a sample
of 50 movements for the IC task and the selection of the
shortest reaction time bin with two or more trials. Due to
the low number of trials used to define 1RT, it is possible
that we underestimated the minimum reaction time (i.e.
the true 1RT was longer). In that case, many trials may
have been classified as reactive (RC4) when it fact the
subject accurately predicted the timing of the tone (RC3).
It has been shown that temporal estimates of movement
onset that are “too long” are associated with an increased
CNV relative to estimates that are “too short” or accurate
(Macar et al. 1999). Thus, temporary predictive move-
ments that were initiated “too late” would be expected to
have MRP magnitudes comparable to, or greater than, the
R1-3 trials and their incorporation into the RC4 average
would have markedly increased the magnitude of the
MRP. The absence of accuracy constraints on the timing
of movement onset may also explain the findings of stud-
ies that showed no difference in the magnitude of MRPs
preceding self-paced and regularly-cued movements
(Cunnington et al. 1995; Jankelowitz and Colebatch 2002).
Without accuracy constraints there is likely to be a greater
proportion of reactive trials relative to predict trials. This
would tend to decrease the magnitude of the ensemble
averaged trials for the cued condition and create the
impression that MRPs preceding regularly-cued move-
ments were comparable to SP movements.

Role of attention

It is also possible that differences in attention contributed
to differences in the MRPs between tasks and trial types.
Subjects commented that the imposition of a tight tempo-
ral accuracy criterion made the task demanding and that
successful completion of more than 50% of trials within
the reaction time criteria required vigilant attention to the
task. Accordingly, trials in which subjects reacted too late
(RC4) to the tone may have simply reflected a momentary
lapse of attention to the task. Increased attentional
demands could be reflected in a generalized facilitation of
preparatory movement-related neurons, particularly in the
mesial frontal cortex and dorsolateral prefrontal cortex.
This latter region has been implicated in “attention to
action” (Passingham 1996) and cognitive timing (Lewis
and Miall 2006) and contributes to MRPs (Jahanshahi
et al. 2001). Increasing the attentional aspects of a move-
ment task has been shown to increase in the magnitude of
the MRP (Dirnberger et al. 2000), but this increase was
small in comparison to the two-fold increase observed in
the present study. Thus, increases in both preparatory
motor and attentional aspects of the task may have contrib-
uted to the enhanced MRPs.

@ Springer

What is the function of early preparatory movement-related
cortical activity?

The function of MRPs has been the subject of consider-
able investigation over the past four decades. A variety
of studies have shown that the magnitude of MRPs that
precede self-paced movements can be modulated by
changes in force output, task complexity and for unilate-
ral versus bilateral movements (Becker and Kristeva
1980; Lang etal. 1988, 1990; Kristeva etal. 1990;
Simonetta et al. 1991; Kitamura et al. 1993; Cui et al.
2000b; Slobounov et al. 2002). Yet even the most rudi-
mentary movements (e.g. index finger abduction) are
preceded by MRPs. Thus, the above factors contribute to
the scaling of the MRP, but are not prerequisites for the
generation of the premovement potential. It has also
been hypothesized that MRPs reflect activity associated
with planning “when” to initiate a movement (Deecke
et al. 1985). Our data would seem to be compatible with
this idea. Yet, the fact that both simple and complex
movements can be evoked by electrical stimulation of
premotor regions, such as the SMA (Penfield and Welch
1951), suggests that its role is not simply as a timing
keeper, and that it must play an important role in motor
output. More likely, the slow-rising slope of the MRP
reflects synaptic activity associated with the progressive
preparation of the motor plan in anticipation of the
intended timing of movement initiation. When the tim-
ing of voluntary or imposed movement can be predicted
in advance, anticipatory adjustments in reflex excitabil-
ity, postural adjustments and accompanying synergist
and antagonist muscle activity can be timed to coincide
with the movement. In this manner, stable postures and
unexpected deviations from intended movement trajec-
tories can be minimized. When the timing of an imposed
movement is unpredictable, there is an unexpected devi-
ation of the limb away from the desired posture or trajec-
tory (Hugon et al. 1982). Since the premotor cortex and
SMA send extensive descending projections to subcorti-
cal and segmental regions that mediate reflex and pos-
tural control (Keizer and Kuypers 1989; He et al. 1995),
as well as projections to the primary motor cortex
(Muakkassa and Strick 1979; Luppino et al. 1993), these
regions are well suited to mediate the interaction
between the intended movement and its postural require-
ments. This may explain why increased force output,
movement complexity, or bimanual movements, each of
which imposes demands on muscle activation and pos-
tural accompaniment, are associated with increased
MRPs.
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