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Abstract This study investigates whether different speed
and accuracy constraints in discrete and repetitive index
finger isometric force-production tasks influence the char-
acteristics of the movement-related potentials (MRP) pre-
ceding and accompanying these tasks. Three components
of MRP (Bereitschaftspotential, BP, motor potential, MP,
and movement-monitoring potential, MMP) associated
with isometric force output were identified and examined.
Our principal finding for the MRP amplitude showed that
only MMP, not BP and MP, was enhanced at higher rates
of force development for both speed and accuracy tasks.
That is to say, there was a high correlation between
MMP peak amplitude and the rate of force development
for both repetitive and discrete force-production tasks.
Additionally, the amplitude of MMP was consistently
higher for fast, rather than accurate, force outputs. More-
over, the results from analysis of MRP onset times sug-
gest that, in general, the MRP begin earlier for the fast
force output than for the accurate force output.

Key words Movement-related potentials ´ Speed task ´
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Introduction

Most tasks that people perform with their hands require
differentiated movement of the fingers. Fingers play var-
ied roles in creating hand shapes for communicating
through gestures, for grasping and manipulating objects
of various shapes, and for expressing cognitive-motor acts
such as typing or playing a musical instrument (Schieber
1996). In order to understand motor control of hand and
individual finger movements, an enormous amount of re-
search has been directed at concomitant neuronal activity
(see Georgopoulos 1991; Wing et al. 1996). In particular,
activity of single neurons in various brain areas has been

shown to be associated with coding force and rate of force
change (Evarts 1968; Hepp-Reymond and Maier 1991;
Georgopoulos et al. 1992), the direction of intended limb
movements (Kalaska and Crammond 1992), limb velocity
(Gibson et al. 1985), target position (Alexander and
Crutcher 1990), movement trajectory (Hocherman and
Wise 1990), the order of sequential movement (Mushiake
et al. 1990), and the performance of bimanual tasks
(Rouiller 1996).

In a review of the relation between cellular activity in
the motor cortex and parameters of force output, Ashe
(1997) suggests work in this area is based on a simplistic
view that muscles, rather than movements, are represent-
ed within the motor cortex. Further, the view that muscles
are represented within the motor cortex is at odds with
some historical and current conceptualizations. For exam-
ple, Hughlings Jackson (Jackson 1889; see Georgopoulos
1991, p. 361, for a discussion of this position) suggested
ªthe central nervous system knows nothing of muscles,
it only knows movements.º Sherrington, as interpreted
by Ashe (1997), likewise had a complex view of move-
ment which emphasized the role of the motor cortex as
that of integration. Given this more complex understand-
ing, current conceptualizations have moved beyond force
itself to questions of direction of movement as well as ve-
locity or rate of force development (see Ashe 1997;
Georgopoulos 1991 for reviews.). However, this research
has largely been conducted on a single-cell level and thus
we are less certain on the level of electrocortical scalp re-
cordings in humans. The present study focuses on rate of
force development in humans in a simple force-produc-
tion task.

Electrocortical scalp activity in humans related to the
preparation for hand and finger movements is observed
over selective cortical areas depending upon experimental
conditions. For example, a slow increase in surface nega-
tivity, referred to as Bereitschaftspotential (BP; also re-
ferred to as readiness potential, RP), first described by
Kornhuber and Deecke (1965), develops at 1200±500 ms
prior to a voluntary, self-initiated motor response. Ap-
proximately 60 ms prior to EMG onset, another negative
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potential, referred to as the motor potential (MP), appears
over the primary project areas of the moving limb, repre-
senting activation of the precentral motor cortex (Deecke
et al. 1976). There is also a complex positive-negative
wave after movement onset which may be associated with
precision of movement (Kristeva et al. 1979; Grünewald
and Grünewald-Zuberbier 1983a, b). In this paper we will
refer to the above measures as components of movement-
related potentials (MRP; for a review of slow potentials,
including MRP, see Birbaumer et al. 1990; Rockstroh et
al. 1989).

There are inconsistent findings in the literature regard-
ing the sensitivity of various components of MRP to types
of movement patterns in general and to specific kinematic
and/or kinetic movement parameters in particular.
Numerous studies, using single (discrete) movements re-
port significantly larger BP in association with complex
tasks compared with simple ones (Schreiber et al. 1983;
Kristeva 1984; Benecke et al. 1985; Deecke 1990). Per-
formance-related DC shifts are also useful for differenti-
ating simple and complex motor tasks (Lang et al. 1989).
More recently, Niemann et al. (1994) reported that a com-
plex motor task (e.g., the movement of matchsticks be-
tween the index and small finger) demonstrates a constant
high level of movement accompanying negativity
throughout the entire trial duration, whereas a simple mo-
tor task (e.g., isometric muscle contraction task) reveals
an increase in negative d.c. potentials only in close rela-
tionship with the onset and termination of the muscle con-
traction.

Several studies of unilateral movements suggest that a
high correlation exists between movement speed and am-
plitude of the cortical potentials preceding the response
(Cooper et al. 1989). Further, Grünewald and Grüne-
wald-Zuberbier (1983a) reported RP amplitudes to be
higher before ballistic (brief and fast) than before ramp
movements (slow and smooth). However, no effect of
movement velocity on BP amplitude was reported in a
similar study by Becker et al. (1976). During a bimanual
coordination task, slow negative-going BP displayed larg-
er mean amplitude for the faster required response rate
(Wallenstein et al. 1995). Other studies have examined
changes in MRP preceding rhythmical movements (Be-
necke et al. 1985; Lang et al. 1989, 1990) with the finding
that MP which precede the initiation of movement have a
topographical distribution that depends on the complexity
of the upcoming movement patterns. In a recent study,
pre-MP and post-MP components of the ªsteady-state
movement-related cortical potentialsº associated with re-
petitive finger movements have been identified (Gerloff
et al. 1997). However, this study did not consider the
changes in the amplitude of these components under
speed and accuracy constraints.

In terms of specific movement parameters, it is gener-
ally reported that the amplitude of the BP prior to ballistic
isometric presses that require a large force is higher than
those that require a lower one (Kutas and Donchin 1974,
1980). Other studies report a positive correlation between
the BP amplitude and force level (Wilke and Lansing

1973; Hazemann et al. 1978; Becker and Kristeva
1980). Overall, more forceful self-paced contractions give
rise to larger BP (Kristeva et al. 1990). Movement direc-
tion (extension versus flexion) does not affect the BP
(Deecke et al. Kornhuber, 1980).

Overall, the question concerning how MRP compo-
nents are sensitive to specific isometric force output pat-
terns, under various speed and accuracy constraints, re-
mains unresolved since few studies are directed at this
problem. In order to approach this question, we first ex-
amine specific aspects of index finger force-output dy-
namics. Specifically, we examine whether different speed
and accuracy instructions in discrete and repetitive iso-
metric tasks influence the amplitude and onset of various
components of MRP preceding and accompanying these
tasks. As such, this is the first study to systematically ma-
nipulate the isometric force outcome patterns (discrete
compared with repetitive), under both speed and accuracy
constraints, and examine the effect of these manipulations
on MRP preceding and accompanying index finger force-
output tasks.

Materials and methods

Subjects

Subjects were all right-handed, according to the Edinburgh invento-
ry (Oldfield 1971), college students (n=12; 6 men, mean age 23
years old, and 6 women, mean age 21 years old) with no history
of pathologies of either hand or wrist. Informed consent was ob-
tained prior to the experiment according to the procedures approved
by the Compliance Office of the Pennsylvania State University. Sub-
jects received extra class credit for participation.

Experimental tasks

Subjects were seated in an electrically shielded room with the light
dimmed for the entire experiment. The subject's arm was placed in a
comfortable position on a table with the index finger on a load cell.
During the experiment, subjects produced a required task with either
the left or right hand by pressing the index finger against the load
cell. Feedback of this force output was provided via a computer
monitor directly in front of the subject.

The maximum voluntary force (MVF) for a given subject was
determined by asking subjects to press the load cell with their right
index finger as strongly as possible. The mean values of maximum
force production over three trials per subject were computed and de-
fined as MVF. Depending upon the task, one or two target lines were
presented on the screen prior to and during the experimental trial.
The first was a straight horizontal line indicating 50% of maximum
force the subject could produce with the finger. A second line indi-
cated 10% of the maximum force; a third line (pressure line) indicat-
ed directly the force with which the subject pressed on the load cell,
which was the subject's force trajectory and could be viewed by the
subject in real time on the computer screen.

A minimum of 45 trials of four different tasks were performed
by each subject. Task 1 required the subject to apply pressure on
a load cell as accurately as possible until the pressure line on the
monitor was equal to the 50% MVF line and to hold it for 5 s. Task
2 consisted of the subject applying pressure as fast as possible (with-
out an accuracy requirement) to the load cell to reach the 50% MVF
line and to hold it for 5 s. Task 3 required the subject to vary finger
pressure on a load cell between the 50% and 10% lines (i.e., to reach
the upper and lower target lines) as accurately as possible in a 5-s
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time period. This task produced sine wave-like curves. Task 4 re-
quired the subject to vary finger pressure on a load cell producing
the sine wave-like curves within the 50% and 10% lines as fast as
possible in a 5-s time period. Using these four tasks, both discrete
and repetitive isometric force output patterns were examined under
conditions of speed and accuracy.

Movement-recording apparatus

Force pressure was measured with Entran Devices EL load cells,
which register the displacement via a strain-gauge bridge incorporat-
ed in the cell and transduced via a Coulbourn Instrument Transducer
Coupler Type A (strain-gauge bridge). The signal was amplified and
converted via a Data Translation DT2801-A 12-bit analog-digital
(A/D) board with a 200-Hz sampling rate. On-line feedback was
provided to the subject on a 640�480 super VGA monitor.

Electroencephalographic recording

A programmable, DC-coupled broad-band SynAmps amplifier
(NeuroScan, El Paso, Texas, USA), using an Electro-Cap Electrode
helmet, was used to record electroencephalographic (EEG) activity
at 9 sites ± Fz, F3, F4, Cz, C3, C4, Pz, P3, and P4 ± according to
the international 10±20 system (Jasper 1958) referred to linked ears.
Ag/AgCl electrodes were placed supra- and sub-orbitally to the right
eye and 2 cm external to the outer canthus of each eye to record the
horizontal and vertical movements in the electro-oculogram (EOG).
The EEG signals were amplified (gain 2500, accuracy 0.033/bit)
with a recording range set for �55 mV in the DC to 70 Hz frequency
range. The EEG data were digitized at 200 Hz using 16-bit A/D con-
verters. The recording epoch (2000 ms preceding, and 1000 ms fol-
lowing, the peak of finger force output) was triggered by the signal
from the load cell when force level crossed the criterion of 5% of
MVF. Electrode d.c. shift was compensated for off-line by a 4th-or-
der trend correction of each channel over the entire recording epoch
in order to remove a drift in the data that extends beyond the sample
epoch (linear detrend option of NeuroScan software). The baseline
was derived from the mean of the segment from 2000 to 1800 ms
before the trigger point for each channel. Digitized, single-trial
EEG and oculographic (EOG) data synchronized with force-produc-
tion records were processed by the NeuroScan 3.1 software package.

Data reduction and analysis

The characteristics of the force-time impulses were examined sepa-
rately for discrete and repetitive tasks. The accuracy of finger force
output during discrete tasks (i.e., maintenance phase) was estimated
by computing the root-mean-square (rms) representing the amount
of force error relative to the required force criterion. The first cross-
ing point of the force level rise with the median of the spatial error
computed for the final 3 s of the trial duration was used to estimate
the time-to-target of the initiated force output. In addition, rate of
force development (i.e., peak force of individual trials over time-
to-peak force, Pf/Tp; Newell and Carlton 1985) was computed by
means of specially written MATLAB M-files to examine the initial
phase of the force output. The error of this initial rate of force phase
was computed based on deviation of peak force level from the re-
quired force (e.g., rms).

The level of performance on the repetitive force-production tasks
was estimated by computing the rms, SD (standard deviation), and
CV (coefficient of variation) of the load cell data with respect to
the 50% and 10% of MVF target lines and mean force values both
for peaks and troughs. The speed of repetitive finger tasks was esti-
mated by computing the number of peaks and troughs over the entire
trial duration and the number of output cycles per second. In addi-
tion, the initial phase of the repetitive finger force-production task
was estimated by computing the rate of force development in the
first cycle as well as the deviation of peak force level from the re-
quired force.

EEG continuous data sets were epoched and averaged by the
NeuroScan software package. A minimum of 25 sweeps were aver-
aged following artifact correction. In particular, the transmission of
vertical EOG (vEOG) into the EEG was estimated by linear regres-
sion in areas of maximum vEOG variance. The EEG was then cor-
rected for blinks by subtracting the blinks as measured in the vEOG
weighted by the transmission coefficient (NeuroScan 3.1 software
option). MRP were derived from nine electrode sites. Three elec-
trode locations (C3, CZ, and C4) were selected and examined as
the most indicative for this type of task constraint. Mean EEG activ-
ity over 25 trials for each subject under four task conditions was cal-
culated time-locked to the onset of force production and the grand
mean for the 12 subjects calculated. The integrated amplitude of
the potentials during each of the three time intervals was calculated
from the grand mean data (see Fig. 1).

The peak amplitude of MRP was measured for three time inter-
vals: (1) peak negativity measured between 800 and 500 ms prior to
force output, referred to as BP; (2) peak negativity measured be-
tween 100 ms and 50 ms prior to force output onset, referred to as
MP (Kristeva et al. 1990); (3) peak negativity measured during
the force output, referred to as movement-monitoring potentials,
MMP (Grünewald-Zuberbier and Grünewald 1978; Foit et al.
1983). With this third component, it was consistently observed that
premovement negativity persisted or even increased further until the
end of the intended finger force production (see Fig. 1). Peak ampli-
tudes were selected by visual inspection of the individual mean
waveforms and marked (Gerloff et al. 1997). Latencies were calcu-
lated relative to the force onset when it crossed the 5% level of MVF
by using a procedure for estimating changes in mean square error
(Stagliano et al. 1991). The interval for this calculation was from
2000 to 50 ms prior to the force onset.

A multivariate, 4-factor repeated-measures analysis of variance
(ANOVA) using the two instructions (fast and accurate task require-
ments) in two force-production tasks (discrete and repetitive) by
three electrode positions (C3, CZ, and C4) and two force-production
sides (right and left index finger) was used.

Fig. 1A, B A typical set of data. A Three components of movement-
related potential (MRP) associated with force output and recorded
during each of the three time intervals: (1) peak negativity measured
between 800 and 500 ms prior to force onset referred to as Bereit-
shaftspotential, BP; (2) peak negativity measured between 100 and
50 ms prior to force onset and referred to as motor potentials,
MP, (3) peak negativity measured during the force output, referred
to as movement-monitoring potentials, MMP (B). A representative
example of the force output, 1-initiation of finger force production,
which was triggered by the signal from the load cell when force lev-
el crossed the criterion of 5% of maximum voluntary force (MVF);
2-peak force reached



464

Results

Behavioral data: discrete force-production tasks

Initial phase

Representative examples of subjects' performances on the
discrete speed and accuracy finger force-production tasks
are shown in Fig. 2. The force-time profiles in this figure

suggest that fast responses were usually overshot, whereas
accurate responses were slightly undershot for the discrete
tasks.

There were significant differences in the force error
(e.g., rms) for speed and accuracy instructions,
(F1,11=8.145, P<0.01). The mean peak force was higher
for the speed instruction and significantly different from
the accuracy instruction (F1,11=3.485, P<0.01). Accord-
ingly, the rate of force development was significantly

Fig. 2A, B Representative ex-
amples of discrete finger force-
production task from a single
subject. Twenty-five superim-
posed trials of 5 s duration un-
der: A accuracy; and B speed
instructions
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higher for the speed instruction (F1,11=12.847, P<0.01).
The main effect of side initiating the force output (e.g.,
right finger versus left finger force-production within a
task) was not significant.

The speed-accuracy instructions induced differences in
time to the force target (accuracy, M=1.14 s and speed,
M=0.33 s; F1,11=56.56, P<0.001; M is the mean value).
There was also a significant elevation in the value of this
variable for the left (M=0.824 s) compared with the right
(M=0.645 s) index finger (F1,11=5.028, P<0.05). Parallel
changes for the left and right index fingers resulted in a
nonsignificant instruction by force-production side inter-
action.

Maintenance phase

While there was a tendency for force production to devi-
ate less from the target (rms) under instruction of accura-
cy (M=0.384) than speed (M=0.471), the effect was not
significant. Likewise, while a similar trend appeared for
the coefficient of variation of force, this was also not sig-
nificant. Neither the slight elevation of the coefficient of
variation of force for the left versus right index finger nor
the apparent instruction by task production side interac-
tions were significant. Thus, according to the ANOVA,
instructions for accuracy did not influence force produc-
tion variability during the final 3 s of the trial.

Fig. 3A, B Representative ex-
amples of repetitive finger force
production task from a single
subject; 25 superimposed trials
of 5 s duration under: A accu-
racy and B speed instructions
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Behavioral data: repetitive force-production tasks

Initial phase

Representative examples of subjects' performances for re-
petitive finger force-production under speed and accuracy
instructions suggest a pattern that is consistent with the
discrete task. As anticipated and depicted in Fig. 3, there
were significant differences in the force error of the first
cycle (e.g., rms) between speed and accuracy tasks
(F1,11=5.849, P<0.01). The mean peak force for this first
cycle was higher for the speed task and significantly dif-
ferent from the accuracy task (F1,11=4.182, P<0.01). The
rate of force development was significantly higher for the
speed instruction (F1,11=5.298, P<0.01). Similar to the
discrete task, the main effect of force-production side
(e.g., right finger versus left finger force-production with-
in a task) was not significant.

Cycles per second

It was anticipated that the instruction for speed would
result in the completion of a greater number of cycles than
instruction for accuracy. This was verified, as the in-
struction effect was highly significant (F1,11=48.087,

P<0.001). There was a dramatic increase in the number
of both peaks and troughs from the accuracy instruction
(M=3.160) to the speed instruction (M=7.425). Overall,
more cycles per second were completed under instruc-
tions of speed than accuracy, as shown by an analysis
of the number of peaks and troughs.

Root-mean-square

Instructions for accuracy did not influence force-produc-
tion variability with respect to the force target during
the entire trial duration. However, there was a significant
instruction effect for a separate 2-way ANOVA applied to
the peaks data (F1,11=6.858, P<0.05). There was a greater
variability in matching force to the upper 50% MVF tar-
get (on the ªupswingº of the cycle, M=0.967) compared
with deviations from the lower 10% MVF target (on the
ªdownswingº of the cycle, M=0.578).

Movement-related potentials

Experimental data on three MRP components (BP, MP,
and MMP) associated with two (discrete and repetitive)
force-production tasks performed under two instructions

Fig. 4 Experimental data on
three MRP components (BP,
MP, and MMP) recorded from
C3, C4, and CZ electrode posi-
tions associated with two (dis-
crete and repetitive) tasks under
two instructions (speed and ac-
curacy). 1 Discrete speed task,
2 discrete accuracy task, 3 re-
petitive speed task, 4 repetitive
accuracy task
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(speed and accuracy) are presented in Fig. 4. As can be
seen, the amplitude of MMP changes as a function of
the force-production task and instruction at C3 (for right
index finger) and C4 (for left index finger). However,
there were no obvious differences in the amplitude of
BP and MP (+/±2 �v) between these four tasks. No signif-
icant differences in the amplitude of BP, MP, and MMP
(+/±2 �v) between the tasks were observed at CZ. Since
there were no differences in BP and MP, separate analyses
of MMP were conducted for discrete and repetitive tasks.

Discrete finger force-production tasks

Figure 5 shows grand mean MRP waveforms at nine elec-
trode positions preceding self-paced right and left index
finger force output for discrete force-production tasks.
First, there was contralateral preponderance of the
MRP, a finding that was previously observed (Kutas
and Donchin 1974, 1980; Praamstra et al. 1995, 1996) us-
ing the BP as the dependent variable, with the highest am-
plitude being observed over the contralateral sensorimotor
cortex at C3 (for right finger) and C4 (for left finger) re-
gardless of the task requirements.

The mean peak amplitude of the MMP over all 12 sub-
jects was found to increase significantly when subjects
were instructed to produce the task as fast as possible
(F1,11=3.773, P<0.05). There was also a significant main
effect for electrode position with MMP amplitude
(F2,11=5.347, P<0.01). Further, there was a significant in-
teraction of electrode position and instructions
(F2,22=4.177, P<0.05). However, no significant differ-
ences in amplitudes of the MMP were observed between
speed and accuracy tasks at the CZ electrode position.
Moreover, no statistical differences between speed and
accuracy tasks were observed using either BP or MP.

The onset times for the MRP as a function of instruc-
tion (speed compared with accuracy) and electrode posi-
tion for discrete right and left finger force output were an-
alyzed. The maximum onset times for the MRP were es-
timated in the time interval of ±2000+/±50 ms prior to the
initiation of force output at the CZ electrode location for
both speed and accuracy tasks regardless of the force-pro-
duction side. There were slightly larger, although nonsig-
nificant, onset times for speed than for accuracy instruc-
tions at the CZ electrode position. However, there was a
significant effect for instruction with the overall tendency
being that there were earlier MRP onset times for speed
instruction at the electrode position contralateral to the
side of the force output initiation (F1,11=6.978, P<0.05).
A t-test of simple effects revealed no significant differ-
ences in the MRP onset times between right and left
hands within the speed and accuracy instructions.

Repetitive finger force-production tasks

The mean peak amplitudes of the MMP over all 12 sub-
jects for the repetitive right and left finger force-produc-
tion tasks at three electrode positions were found to be

similar to those of the discrete tasks. The peak amplitude
of the MMP was found to increase significantly when
subjects were instructed to reach the target force as fast
as possible (F1,11=3.773, P<0.05). There was a significant
main effect of electrode position on the amplitude of the
MMP (F2,11=6.145, P<0.05). There was also a significant
interaction of electrode position with the side initiating
the force output and instruction (F2,22=4.177, P<0.05).
Again, no significant differences in amplitudes for the
MMP were observed between speed and accuracy instruc-
tions at the CZ electrode position. Moreover, similar to
discrete tasks, no statistical differences were found for
speed and accuracy tasks using BP and MP.

The onset time was analyzed for the MRP as a function
of instruction (speed compared with accuracy) for repeti-
tive right and left finger tasks. Similar to discrete tasks,
the onset time for the MRP was earlier at CZ for both

Fig. 5 Examples of scalp-recorded movement-related potentials re-
lated to the execution of A right and B left finger force-production
tasks under accuracy condition (based on 25 trials). NeuroScan soft-
ware package was used for the data collection and analysis
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speed and accuracy instructions regardless of force-pro-
duction side. No significant differences were observed
for onset time for speed versus accuracy instructions at
CZ. There was a significant effect for the instruction with
the overall tendency towards earlier MRP onset times for
the speed instruction at the electrode position contralater-
al to the side of the initiating finger force output
(F1,11=3.133, P<0.05). In contrast to the discrete task, a
t-test of simple effects revealed significant differences
in the MRP onset times between right and left hands with-
in both the speed and accuracy instructions, (P<0.05).

Overall course of the movement-related potential

A schematic representation of grand mean MRP wave-
forms combined with force-production data under both

speed and accuracy instructions during discrete and repet-
itive tasks is shown in Fig. 6. The waveform of the MRPs
consistently changed as a function of task, with the ten-
dency to maintain or even to increase throughout the trial
duration until the maximum force was attained. This was
followed by a positive deflection towards the baseline lev-
el when the peak force was reached. This finding is in
agreement with Grünewald and Grünewald-Zuberbier
(1983a, b), who observed that pre-movement negativity
prior to finger positioning movements continued until
the maximum displacement had been reached.

There was a significant effect for task with the overall
tendency towards larger peak amplitudes of MMP
(F1,11=2.123, P<0.05), and earlier onset times of MRP
for repetitive task at the electrode positions contralateral
to the side of the initiating finger (F1,11=6.978,
P<0.05). There was also a significant main effect of in-
struction towards larger peak amplitudes of MMP
(F1,11=4.475, P<0.05), and earlier onset times for the
speed task at the electrode positions contralateral to the
side of the initiating finger (F1,11=6.998, P<0.05). The
main effect for force-production side was not significant.
However, there was a significant 3-way interaction of task
(discrete compared with repetitive), instruction (speed
compared with accuracy), and position (C3, CZ, and
C4; F2,22=3.374, P<0.05), considering the amplitude of

Fig. 6 Examples of force production (right) finger task, vertical
electro-oculogram (EOG) and movement-related potentials from
C3, C4, and CZ electrode locations (based on 25 trials) in speed
and accuracy conditions during A discrete and B repetitive tasks.
Vertical lines represent: 1 initiation of force output, triggered by
the signal from the load cell; 2a peak force reached at speed condi-
tion; 2b peak force reached at accuracy condition. MPP components
are identified with respect to these lines
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MMP as the dependent variable. No significant differ-
ences in peak amplitudes of the MMP and onset times
were observed between different task conditions at the
CZ electrode position. Also, a t-test of simple effects re-
vealed no significant differences in peak amplitudes of
the MMP between right and left hands within discrete
and repetitive tasks and within speed and accuracy in-
structions. Main effects of both task and instruction on
amplitude of BP and MP were not significant. Topograph-
ic differences of MMP peak amplitude derived from nine
electrode positions for each task performed by subjects'
right and left index finger are shown in Table 1.

Overall course of data analyses

The relations of peak MMP obtained contralaterally for
the hand executing the isometric force output to (1) rate
of force development (Pf/Tp), (2) peak force production,
and (3) time-to-peak force during discrete task for accura-
cy and speed instructions are shown in Fig. 7. The linear
regression lines are shown for data under both speed and
accuracy instructions. As depicted in Fig. 7, for both
speed and accuracy instructions the rate of force develop-
ment strongly predicted the peak amplitude of the MMP.
The highest coefficient of correlation (r=0.887, P<0.01)
was obtained between the rate of force development and
the MMP amplitude obtained from the contralateral sites
(e.g., C3 for right finger and C4 for left finger) for the ac-
curacy instruction. No correlations were obtained between
the rate of force development and the amplitude of both
BP and MP at contralateral sites for both speed and accu-
racy instructions.

Less strong but still significant negative correlations
were obtained between the MMP peak amplitude and
time-to-peak (r=0.595, P<0.05) for the accuracy instruc-
tion. No significant correlations were obtained between
the MMP peak amplitude and (1) peak force for both
tasks, (2) force error for initial phase, r=0.390, and (3)
time-to-peak force for speed instruction, r=±0.330. In ad-
dition, no significant correlations were obtained between
MMP amplitudes and rms force maintenance phase (i.e.,
the last 3 s of trial duration) for both speed (r=0.362)
and accuracy (r=0.365) instructions. No significant corre-
lations were obtained between MMP peak amplitude and
onset times and the above-described behavioral variables
for the CZ electrode position.

The relations of peak MMP obtained contralaterally
for the hand executing the force output to (1) rate of
force development (Pf/Tp), (2) peak force production,
and (3) time-to-peak force during repetitive tasks under
accuracy and speed instructions are shown in Fig. 8.
Similar to the discrete task, the highest coefficients of
correlation were obtained between peak amplitudes of
MMP at C3 and C4 electrode positions and rate of force
development during the first cycle of the repetitive task
for both speed (r=0.901, P<0.01) and accuracy
(r=0.907, P<0.01) instructions. Neither time-to-peak
force nor peaks and troughs of forces, nor their variabil-
ity during the entire trial duration, were significantly
correlated with MMP amplitudes and onset times. No
significant correlations were also obtained between
MMP peak amplitudes and onset times and the above-
described behavioral variables for the CZ electrode po-
sition. Again, no correlations were obtained between the
rate of force development and the amplitude of both BP

Table 1 Mean peak amplitude (and SD) of movement-monitoring potentials across scalp locations for each task performed by each subject©s
right and left finger

Task F3 Fz F4 C3 Cz C4 P3 Pz P4

Discrete speed
Right finger 6.25 9.17 3.71 14.25a 10.25 3.85 6.15 6.17 4.85

(2.7) (4.3) (2.3) (5.2) (4.6) 1.9) (2.3) (3.1) (1.4)
Left finger 1.25 8.25 4.17 4.31 11.91 16.28a 4.12 8.17 6.17

(0.9) (3.5) (2.7) (3.2) (3.9) (5.3) (2.6) (5.4) (2.1)

Discrete accuracy
Right finger 5.28 6.17 3.97 12.85a 8.53 3.57 4.17 5.14 4.71

(3.2) (2.8) (2.3) (4.3) (3.9) (1.9) (2.4) (2.7) (2.1)
Left finger 2.15 8.17 4.87 3.12 9.66 11.32a 3.18 6.12 6.75

(0.8) (3.4) (3.1) (2.7) (3.7) (3.9) (1.7) (2.8) (3.2)
Repetitive speed
Right finger 3.28 7.18 2.17 18.32a 11.52 5.17 2.65 4.14 5.89

(2.1) (3.2) (0.8) (5.8) (3.4) (2.6) (1.1) 2.1) (2.7)
Left finger 1.19 8.17 5.28 4.17 10.19 13.71a 4.17 6.18 4.98

(0.7) (3.4) (2.1) (2.2) (4.3) (4.8) (2.1) (3.2) (2.5)
Repetitive accuracy
Right finger 2.22 8.18 4.32 13.97a 11.43 6.76 7.14 5.85 5.17

(1.3) (3.2) (2.3) (4.3) (3.3) (2.1) (3.2) (3.2) (2.6)
Left finger 1.88 6.15 3.76 4.88 10.01 15.12a 5.14 5.18 5.11

(0.9) (2.3) (2.1) (2.1) (3.2) (4.9) (2.6) (3.2) (3.2)

a The largest value for each task
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and MP at contralateral sites in the tasks under both
speed and accuracy instructions.

Discussion

This study investigated whether different speed and accu-
racy constraints in discrete and repetitive finger force-pro-
duction tasks influence the characteristics of the MRP pre-
ceding and accompanying these tasks. There were two
principal findings. First, there was a high positive correla-
tion between MMP peak amplitude and the rate of force
development for both repetitive and discrete tasks. And
second, the amplitudes of MMP were consistently higher
for force output performed under speed as compared to ac-
curacy instruction. In addition, MRP onset times were gen-
erally earlier for the fast force output as compared to the

accurate force output. The behavioral findings of this study
demonstrate evidence of compliance with the speed-accu-
racy trade off (Fitts 1954, Meyer et al. 1990). As expected,
under instructions of speed for both discrete and repetitive
tasks, individuals were less accurate in their ability to pro-
duce exact forces than under instructions for accuracy.
Further, instructions for speed and accuracy produced dif-
ferential rates of force development, with the highest level
being produced under speed instructions for both discrete
and repetitive tasks (see also Gordon and Ghez 1987; Han-
cock and Newell 1985; Carlton et al. 1987). Speed and ac-
curacy instructions, however, did not influence either force
output or the coefficient of variation of force during the
maintenance phase. In general, the behavioral data are con-
sistent with traditional research in the area.

Consistent with previously reported findings (e.g., Ku-
tas and Donchin 1974, 1980; Praamstra et al. 1995, 1996),

Fig. 7 Relationship of the movement-monitoring potential (MMP)
amplitude (mean based upon 25 trials) to rate of force development
(Pf/Tp), peak force and time-to-peak force (all data averaged for 25
superimposed trials) for accuracy and speed conditions during dis-
crete task. Pearson pair-wise correlation coefficients (r) that are list-
ed in legends of each plot are obtained based upon aggregated data
for all 12 subjects and both right and left fingers. Best-fitting linear
regression lines are superimposed on the scatter plots

Fig. 8 Relationship of the movement-monitoring potential amplitude
(mean based upon 25 trials) to rate of force development (Pf/Tp) for
the first cycle, peak force, and time-to-peak force (all data averaged
for 25 superimposed trials) for accuracy and speed conditions during
repetitive task. Pearson pair-wise correlation coefficients (r) that are
listed in legends of each plot are obtained based upon aggregated da-
ta for all 12 subjects and both right and left fingers. Best-fitting linear
regression lines are superimposed on the scatter plots
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our data of the grand mean MRP waveforms preceding
self-paced right and left fingers for discrete force produc-
tion tasks demonstrated differential activity at C3 and C4,
contralateral to the finger used in the force output, regard-
less of the task requirements. A new finding in our work
was the relationship between the amplitude of the MRP
and rate of force development. Although Kutas and Don-
chin (1974) had reported a relationship between force and
MRP components, ours is the first study to examine rate
of force development. This is somewhat surprising, since
rate of force development has been an important parame-
ter in the behavioral literature. For example, the rate of
force development has been shown to account for system-
atic changes in reaction time, while both peak force and
force duration play secondary roles (Carlton et al.
1987). Our study demonstrated positive correlations be-
tween rate of force development and peak MMP ampli-
tude for both speed (r=0.81) and accuracy (r=0.89) in-
structions during both discrete and repetitive tasks
(r=0.91; r=0.90, respectively). This result was greatest
at the site contralateral to the initial finger force-produc-
tion. Further, the MRP onset times were also earlier at a
higher rate of force development. Given that instructions
for speed and accuracy were most successful behaviorally
in inducing differences in rate of force development rath-
er than force production itself, this would suggest that the
differences in MRP amplitude and onset times, instead of
being related to the selection of whole force output pat-
terns or instructional constraints, would be related to the
properties intrinsic to an initial force-time curve forma-
tion (i.e., the rate of force development). In other words,
the amplitudes of MRP change during different force pro-
duction tasks performed under speed and accuracy in-
structions would be directly related to the initial phase
of the force-time curve formation. Of course, to answer
this question, additional studies are needed that would di-
rectly manipulate rate of force development and target
force levels while recording the EEG motor potentials
and other physiological measures of cerebral activity.
Such measures as positron emission tomography (PET)
and functional magnetic resonance imaging (fMRI) would
aid in determining specific areas of the motor system in-
volved in force production. For example, Dettmers et al.
(1995) correlated blood flow and force exerted, whereas
Schlaug et al. (1996) used fMRI to study movement rate.
This work could be also extended to examine rate of force
development with cerebral activity. Thus, research is
needed to further explore the notion that the rate of force
development is one of the primary aspects of movements
that connotes cortical representation of forthcoming overt
motor activity.

A second finding from our study is that the amplitude
of MRP was consistently higher for fast, rather than accu-
rate, force output patterns. Further, the onset times of the
MRP begin earlier for the fast force output than for the
accurate force output. This is not what one might have ex-
pected considering past research has shown that accurate
movements (which one might assume to be more com-
plex) would generate higher MRP amplitude than would

less accurate and therefore less complex movements
(Schreiber et al. 1983; Benecke et al. 1985; Deecke
1990). However, there are also studies suggesting that
higher MRP amplitudes occur under fast instructions,
which require faster movement rates (Cooper et al.
1989; Wallenstein et al. 1995). It has also been shown that
amplitudes of the MRP are higher in ballistic as compared
to ramp movements. This suggests an association between
MRP amplitude and the rate of force change as hypothe-
sized by Grünewald and Grünewald-Zuberbier (1983a, b).
Given the nature of the experimental design we used in
this study, it is likely that during the speed task the accu-
racy components may have influenced the properties of
the MRP. This is because the subjects would have used
the graphical display of their force-production output with
respect to the target force.

One important feature in the present study was the lack
of correlation between BP and rate of force development
as might be suggested by previous work (e.g., Kutas and
Donchin 1974). Furthermore, as compared to MMP, BP
did not change as a function of the four tasks. There are
a variety of possible explanations that should be consid-
ered. The most obvious is that the current task duration
which required continuous visual feedback, was longer
than that of previous studies. This apparent disparity
may also be due to the fact that subjects in this experiment
were required to use visual feedback throughout the trial.
In other words, the task execution and the presentation of
the stimulus was presumably simultaneous, thus, subjects
anticipated the feedback stimulus when preparing the
force output. Therefore, the lack of a correlation with rate
of force development might be due to stimulus-preceding
negativity (Brunia 1988). This is in agreement with a
number of studies (Brunia 1988; Brunia and Damen
1988; van Boxtel 1994) that revealed a right-hemisphere
preponderance of the stimulus-preceding negativity inde-
pendent of movement side and contralateral preponder-
ance for the BP preceding the button press. Another pos-
sibility is that direct analysis of BP may obscure differ-
ences which other techniques (e.g., lateralized readiness
potentials) might not. We are currently directing more
systematic research at these questions.

Overall, the present study further demonstrates that
electrocortical activity recorded from the scalp reflects
preparatory processes for initiation of force output. We
found differential effects of force production task (i.e.,
discrete versus repetitive) and task requirements (i.e.,
speed versus accuracy of force production) on the spatio-
temporal and amplitude characteristics of the MRP. Fur-
ther, beginning with results which show that differences
in MRP amplitudes and onset times are related to the se-
lection of more or less complex movement (or force pro-
duction) patterns (Deecke and Kornhuber 1978; Benecke
et al. 1985) and modulated by the modes of movement se-
lection (Praamstra et al. 1995, 1996), the present study
demonstrates the importance of an additional dynamic
property of force-production preparation, that of rate of
force development. Indeed, the rate of force development
in our study was highly associated with spatiotemporal
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distribution and the magnitude of the movement-related
potentials regardless of task (discrete or repetitive) or in-
struction set (speed or accuracy). As such this represents a
controllable and representational variable in the produc-
tion of finger force output. This is in accordance with
the notion that motor activity, which includes the inten-
tion to initiate a planned action and reach a desired goal,
is controlled by a limited number of parameters (Bern-
stein 1967; Enoka 1983; Gordon and Ghez 1987) reflect-
ed in MRP amplitudes and onset times. The full articula-
tion of MRP with rate of force development awaits more
systematic experimentation.
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