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Abstract
Objective: Training to perform a serial reaction time task (procedural motor learning) with one-
hand results in performance improvements in the untrained as well as in the trained hand, a
phenomenon referred to as intermanual transfer. The aim of this study was to investigate the
neurophysiological changes associated with intermanual transfer associated with learning to perform
an eminently different task involving fine force control within the primary motor cortex (M1). We
hypothesized that intermanual transfer of learning such a task would reveal intracortical changes
within M1.

Methods: Speed (time to complete each sequence) and accuracy (% of accuracy errors) of motor
performance were measured in both hands before and after right (dominant) hand practice.
Transcranial magnetic stimulation (TMS) was used to characterize recruitment curves (RC), short
intracortical inhibition (SICI), intracortical facilitation (ICF) and interhemispheric inhibition (IHI)
from the left to the right M1.

Results: Practice resulted in significant improvements in both speed and accuracy in the right
trained hand and in the left untrained hand. RC increased in the left M1, SICI decreased in both M1s,
and IHI from the left to the right M1 decreased. No changes were identified in ICF nor in RC in the
right M1.

Conclusions: Our results suggest that some neurophysiological mechanisms operating in the M1
controlling performance of an untrained hand may contribute to optimize the procedure for selecting
and implementing correct pinch force levels.

Significance: These results raise the hypothesis of a contribution of modulation of SICI and IHI,
or an interaction between both to intermanual transfer after learning a sequential pinch force task.
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Introduction
Studies in both humans and animals have demonstrated that knowledge acquired with one hand
transfers to the other hand, a process called intermanual transfer (Rand et al., 1998; Grafton et
al 2002; Japikse et al., 2003; Perez et al., 2007a and 2007b). This phenomenon has been
characterized in different behavioral tasks including prism adaptation (Taub and Golberg,
1973), inverted and/or reversed writing (Parlow and Kinsbourne, 1989), figure drawing (Thut
et al., 1996), and motor sequence learning (Grafton et al., 2002; Perez et al., 2007a and
2007b). The neural substrates underlying intermanual transfer of sequential knowledge are
incompletely understood. Recent functional imaging work showed that the primary motor
cortex (M1) contralateral to the untrained hand, (i.e, the hemisphere ipsilateral to the trained
hand), is active during motor sequence learning tasks (Verstynen et al., 2005; Daselaar et al.,
2003; Bischoff-Grethe et al., 2004). Transcranial magnetic stimulation (TMS), used to study
intracortical motor physiology and interhemispheric interactions non-invasively (Ferbert et al.,
1992; Shim et al., 2005) showed modulation of interhemispheric inhibition (IHI) between both
M1s associated with intermanual transfer during learning to perform a serial reaction-time task
( SRTT) (Robertson, 2007; Perez et al., 2007a and 2007b).

However, the relative contribution of intracortical mechanisms within the M1 that controls
performance of an untrained hand likely differs across behavioral sets (i.e., implicit vs explicit
knowledge; binary correct-incorrect key presses vs fine gradations of force). Support for this
view comes from previous studies demonstrating that cortical reorganization in the primate
M1 is more prominent during learning of complex motor tasks relative to performance of
repetitive movements (Nudo et al., 2007). In humans, intracortical mechanisms within M1
associated with intermanual transfer of procedural learning in the SRTT (Perez et al., 2007a)
may differ from those present with motor sequences learning that involve precise force
production. Indeed, it is well established that the neural networks activated in association with
motor sequence learning such as the SRTT are different from those engaged in fine force control
(Hazeltine et al., 1997; Gallea et al., 2005).

Fine force control as required to implement precise pinch force is important for carrying out
activities of daily living, and loss of this ability is often present after brain lesions like stroke
(Blennerhasset and al., 2007). Moreover, pinch force control relies on the activation of an
extensive cortical network that engages more neuronal resources than gross whole-hand pinch
control and requires the integrity of the corticospinal tract. Here, we aimed to investigate the
neurophysiological mechanisms within the M1 that control performance in an untrained hand
after learning a motor sequence that involves precise pinch force control with the opposite
hand. We hypothesized that improved performance in the untrained hand will correlate with
modifications of intracortical excitability of the M1.

Materials and methods
Subjects

19 healthy volunteers (9 females, 10 males, age range 18-40 years) participated in the study.
All subjects gave written informed consent to the experimental procedure, which was approved
by the local ethics committee. The study was performed in accordance with the Declaration of
Helsinki. All subjects were right handed according to the Edinbrugh Handness Inventory
(Oldfield, 1971).
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Sequential pinch force task
Subjects were seated in front of a computer screen, in a comfortable armchair with both arms
in a 90° elbow flexion position. They were asked to hold a custom-made force transducer
between the tips of the thumb and index fingers (fingertip precision grip). The force transducer
and the two fingers rested on a support so that they were maintained in the horizontal plane.
The other fingers were relaxed. At the beginning of each trial, the cursor appeared always on
the left side of the computer screen. The cursor moved horizontally rightwards when the
subjects increased the force. The subjects had to modulate their precision pinch force to reach
sequentially 5 targets displayed on the computer screen. Subjects were instructed to reach the
targets 1-4 from the home position on the left side of the screen without “undershooting” the
left margin or “overshooting” the right margin, returning to the home position before
proceeding to the next target. For target 5, the cursor had to be maintained static on the target
for 0.5 sec in order to end each trial. Subjects were instructed to perform the sequence as fast
and accurately as possible.

After baseline testing with the right (trained) and the left (untrained) hand (10 trials each),
subjects performed 6 training blocks with the right trained hand. Each block was composed of
30 trials; the training lasted approximately 30 minutes including interspersed short rest periods
as needed. Untrained left hand performance was retested immediately after the right hand
training. Performance (speed, i.e. time to complete each trial and accuracy, i.e., percentage of
errors within each trial) was analyzed offline. In a control experiment, 7 subjects were tested
at baseline (10 trials for each hand) and 30 minutes later (10 trials for each hand) in the absence
of right hand training; in order to characterize the extent to which testing alone in the absence
of training induced any physiological modifications.

Electrophysiological measurements
Surface electrodes were positioned bilaterally on the skin overlying the first dorsal interosseous
(FDI) muscles in a bipolar montage (inter-electrode distance, 2cm). EMG activity was
displayed online using a Counterpoint electromyography machine (Dantec Electronics,
Skovlunde, Denmark), the amplified EMG signals were filtered (band-pass, 25Hz to 1 kHz),
sampled at 2 kHz, and stored on a PC for off-line analysis. TMS was delivered to the optimal
scalp position for activation of the FDI muscles overlying left and right M1. Motor evoked
potentials (MEPs) were elicited by magnetic stimuli delivered from a Magstim 200 stimulator
(Magstim Company, Dyfed, UK) through a figure-of-eight coil (loop diameter, 8 cm). The
handle of the coils pointed backwards and laterally about 45° to the mid-sagittal plane.
Measures of cortical excitability included the resting motor threshold (RMT) defined as the
lowest intensity of TMS output required to evoke MEPs of at least 50 μV in peak-to-peak
amplitude in five out of ten consecutive trials (Rossini et al., 1994), MEPs recruitment curves
(RC), short intracortical inhibition (SICI), intracortical facilitation (ICF) as tested with the
paired pulse technique and interhemispheric inhibition (IHI) from the left (learning) to the right
(transfer) M1 were tested immediately before and after the 30 minutes of training with the right
training hand (Fig. 1a, 1b). Due to the length of the physiological determinations and to avoid
excessive fatigue RMT, RC, SICI and ICF were tested bilaterally (learning and transfer
hemisphere) in 9 of the 19 subjects and RMT and IHI were tested in the other 10 subjects.

MEPs recruitment curves (RC)
10 TMS stimuli were applied at each stimulus intensity (from 100% RMT to 150% RMT)
resulting in a total number of 60 pulses for each RC. RC determinations were done for each
M1 before and after each training session with the right training hand. MEP amplitudes were
measured peak-to-peak and averaged off-line. Since measurements of RMT did not unveil
changes throughout the training period, the same stimulation parameters were used before and
after the training session.
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Short intracortical inhibition (SICI) and intracortical facilitation (ICF)
SICI and ICF were tested using the method described by Kujirai et al. (1993). A conditioning
stimulus (CS) was set at 70% of the actual RMT. The RMT was retested after training to adjust
accordingly the stimulus intensities to the RMT if needed. While it has been reported that this
low stimulus intensity does not activate corticospinal fibers and does not change the excitability
of spinal motoneurons (Di Lazzaro et al., 2001), one have to keep in mind that we do not know
how these intensities would fare when expressed relative to active MT (Ilic et al 2002; Ziemann
et al 2009). The test stimulus (TS) was adjusted to elicit an MEP of approximately 1mV at rest.
The TS was delivered 3ms after the CS, an optimal interstimulus interval for eliciting SICI
(this interval also contributes to avoid the mixture of two different phases of inhibition (Fisher
et al., 2002)) or 10 ms following the CS to characterize ICF. 15 TS alone and fifteen CS-TS
were presented randomly at each time interval (3 and 10 ms). Stimuli were applied every 5
seconds, and responses were recorded for off-line analysis. SICI and ICF measurements for
the left and right MI were repeated (learning and transfer hemisphere) before and after the
training session with the right training hand.

Interhemispheric inhibition (IHI)
IHI between left and right primary motor cortices was tested following a well described paired
pulse paradigm (Ferbert et al., 1992). The two figure-of-eight coils were positioned at the
optimal location for activating the learning (right) and transfer (left) FDI. The two coils were
secured by straps and attached to a coil holder to ensure stability of coil positioning. A CS was
given to the left M1 10 ms before a TS delivered to the right M1. The CS was always given to
the left (learning) M1 and the TS to the right (transfer) M1 (Fig. 1b). The intensity for the TS
was adjusted to produce an MEP of about 1.5 mV in the left FDI and the intensity of the CS
was adjusted to produce 50% inhibition of the test MEP response at rest. RMT were retested
after training to adjust accordingly the stimulus intensities if needed.

Data analysis
Separate repeated measures ANOVA (ANOVARM) with factor SESSION were used to
evaluate the subject's performance (speed and accuracy) in the trained right and untrained left
hands and RC. Paired t tests were used to evaluate (a) the percentage change in speed and
accuracy in both hands and, (b) the depth (i.e. percentage) of IHI before and after training and
(c) changes in SICI and ICF, the size of the CS stimulus applied during IHI measurements,
and RMT.

Results
Motor performance

As shown on figure 2a ([n=19 subjects]), task performance with the right training hand
improved significantly both in terms of speed and accuracy. ANOVARM revealed a significant
effect of SESSION (that is of training) on performance (both on speed and on accuracy). Indeed,
the time to complete the task decreased significantly over the training session
(ANOVARM F(6,90) = 75.56, p < 0.0001). In addition, we found that postraining, (block 6)
performed with the right training hand was faster than with the untrained hand (paired t test, p
= 0.001). The overall percentage improvement in time to perform the task was significantly
larger for the training hand than for the untrained hand (paired t test, p < 0.0001). The percentage
of accuracy errors decreased significantly over the training session (ANOVARM with factor
SESSION: F (6,90) = 28.66, p < 0.0001, training hand, see Fig. 2a). Therefore, subjects
performed the task not only faster but also more accurately with the training hand after
completion of the training period.
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As shown on figure 2a ([n=19]), there was a significant effect of SESSION on left (untrained)
hand performance (for both speed and accuracy). Indeed, the time to perform the task with the
left (untrained) hand decreased significantly after the training session with the right training
hand (ANOVARM: F(1,15) = 33.65, p < 0.0001). In addition, the percentage of errors in the left
untrained hand decreased significantly after training (L-pre compared to L-post, paired t test,
p < 0.001).

As shown on figure 2b ([n=7 subjects]), ANOVARM did not reveal any effects of repetition of
testing (no-training) on performance of the left hand (speed and accuracy) (paired t test, p =
0.943). In other words, left hand testing and re-testing in the absence of right hand training did
not influence performance in the left hand.

Recruitment curves
As show on figure 3a, ANOVARM revealed a significant effect of SESSION on RC in the right
FDI muscle in the training hand (ANOVARM: F(5,40) = 5.54, p < 0.001) especially for larger
stimulation intensities (pre/post comparison: 130% RMT, p=0.008; 140% RMT, p=0.041;
150% RMT, p=0.006). For the left FDI, ANOVARM revealed no significant effects of
SESSION on RC (figure 3b).

Short intracortical inhibition
Training did not result in changes in test MEP amplitudes or RMT. However, a significant
attenuation of SICI was evident in both the right training (mean pre-training, 74.67; mean post-
training, 58.12; paired t test, p = 0.004, figure 4a) and the left untrained (mean pre-training,
76.18; mean post-training, 59.51; paired t test, p = 0.007, figure 4b) hands.

Intracortical facilitation
Training did not result in changes in test MEP amplitudes, RMT or ICF. Test MEP amplitudes
did not differ significantly with training nor did ICF in either the training (mean pre-training,
127.26; mean post-training, 121.82; paired t test, p = 0.72) or the untrained hands (mean pre-
training, 131.71; mean post-training, 132.51; paired t test, p = .85.

Interhemispheric inhibition
We found no significant differences in test or conditioning MEP amplitudes before and after
training. More importantly, IHI from the left to the right M1 decreased with training (from
47.5% to 22.7%; paired t test, p = .0036, Figure 5).

Left hand EMG activity during right hand training
EMG activity of the resting hand (left) was monitored online during the experiment in all
subjects and recorded, as a control, in 1 subject. The subjects were asked to relax completely
their resting hand (left hand). Concerning the control experiment (with no right hand training)
we only monitored online the EMG activity for all the subjects. As can be appreciated from
figure 6, while the subject performs the training task with the right hand, the level of EMG
activity for the training hand (right) is well modulated according to the level of force required
to reach the different target locations while the EMG activity of the resting hand (left) remains
flat.

Discussion
The ability to transfer to an untrained hand the procedural knowledge learned with the opposite
training hand represents an important property of the motor system in animals and humans
(Parlow and Kinsbourne, 1989; Rand et al., 1998, 2000; Grafton et al., 2002; Japikse et al.,
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2003). The neural network engaged in intermanual transfer includes the supplementary motor
area, primary sensorimotor cortex (M1), parietal regions, cerebellum and basal ganglia
(Hazeltine et al., 1997; Grafton et al., 1998; Honda et al., 1998; Willingham et al., 2002;
Daselaar et al., 2003; Bischoff-Grethe et al., 2004). M1 is active in the hemisphere contralateral
to the training hand during implicit motor learning (Pascual-Leone et al., 1994; Zhuang et al.,
1998; Hazeltine et al., 1997; Grafton et al., 1998; Honda et al., 1998) as well as the M1
contralateral to the untrained hand (Daselaar et al., 2003; Bischoff-Grethe et al., 2004). It is
likely that interactions between the two cerebral hemispheres (Tettamanti et al., 2002; Omura
et al., 2004) contribute to this intermanual transfer of procedural knowledge since split-brain
and acallosal patients show clear deficits in this domain (Lassonde et al., 1995; de Guise et al.,
1999). Consistent with this information, recent work demonstrated decreased GABAergic SICI
but no change in RC or resting motor thresholds in the M1 contralateral to the untrained hand,
and decreased IHI between M1s that correlated with non sequence-specific performance
improvements in the untrained hand during acquisition of implicit procedural knowledge with
the opposite hand (Perez et al., 2007a). Here, we investigated neurophysiological changes in
the M1 contralateral to the untrained hand after acquisition of a qualitatively different,
sequential motor learning task that involves skilled control of ballistic pinch force (Shim et al.,
2005; Liang et al., 2007).

From a behavioral point of view, practice of this pinch force task resulted in clear improvements
in speed as well as in accuracy in both the trained and the untrained hands. While we have not
calculated in this study the speed-accuracy ratios the fact that both outcome measures improved
(faster as well as more accurate performance) is strongly suggestive of a leftward movement
of speed-accuracy curves rather than a simple displacement along an unchanged speed-
accuracy curve (in which improved accuracy is reached at the expense of reduced speed or
vice versa). These improvements were determined immediately after the end of a short 30 min
training session and therefore we do not know the extent to which or if they are present at all
in association with other stages of motor learning like off-line consolidation or long-term
retention (Reis et al., 2009).

We tested resting motor thresholds and RC, which convey information on the excitability of
motor cortical neurons, but which are also likely influenced at least partially by subcortical
contributions (Siebner and Rothwell, 2003). SICI which conveys information on intracortical
GABA-ergic inhibitory interneurons (Kujirai et al., 1993; Ziemann et al., 1996), and resting
interhemispheric inhibition (IHI) from the left to the right M1 which provides information on
interhemispheric glutamatergic connections that connect with local GABAergic interneurons
in the opposite hemisphere (Ferbert et al., 1992; Di Lazzaro et al., 1999). Overall, our findings
in the M1 controlling the learning training hand during this particular task are consistent with
those previously reported with a different implicit procedural learning (SRTT): larger
recruitment curves and decreased SICI (Perez et al., 2007a). Therefore, neurophysiological
changes in the M1 controlling a training hand appear to be comparable when learning a
sequential pinch force task and the SRTT task, despite the different cognitive processes
involved.

More importantly, the M1 contralateral to the untrained hand in our study experienced a
decrease in SICI and a decrease in IHI originating from the opposite learning M1, in the absence
of changes in ICF or RC. On one hand, changes in SICI and IHI identified here are consistent
with those reported in relation to intermanual transfer of implicit motor sequence learning
(Perez et al 2007a). On the other hand, RC in the right M1 contralateral to the untrained hand
did not show overt changes, a clear difference to what has been reported in the same cortical
area when learning an implicit motor sequence (Perez et al 2007a). Overall, our findings are
consistent with the interpretation that modulation of IHI between the M1s, alone or in
combination with modulation of SICI (Perez and Cohen, 2008), may contribute to intermanual
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transfer of a sequential pinch force control task. The finding of a similar mechanism with
learning of both SRRT (Perez et al 2007a) and this precise pinch force sequence may suggest
the existence of common basic changes in some intracortical mechanisms across different
forms of motor sequence learning. Perhaps the contribution relies in learning to optimize the
procedure for selecting the correct pinch force level to execute, as well as developing the
general skill necessary to implement the changes in force accurately.

Although we evaluated here M1 physiology, it is likely that activity in other areas like the basal
ganglia were active in the observed functional changes in M1, as for any motor learning task
(Hazeltine et al., 1997; Doyon et al., 1996; Grafton et al., 1994; Willingham and Koroshetz,
1993). Another area linked with M1 is the posterior parietal cortex (Koch et al., 2007), shown
to be engaged in encoding of sequences in an abstract frame Grafton et al., (1998). Interlimb
transfer has also been reported in relation to performance of other tasks (Wang & Sainburg
2003, Morton et al., 2001) and the magnitude of transfer may depend on the hand being trained
since greater transfer of learning occurs when subjects first practice with the dominant hand
and then subsequently perform the task with the non-dominant hand (Halsband 1992, Parlow
and Kinsbourne 1989). When interpreting such results, we have to keep in mind that we actually
evaluated only a range of possible interactions. It is likely, that interhemispheric interactions
like those proposed (between M1s in the opposite direction), SMA-M1, PMd-M1, parietal-M1
between others might contribute as well. The problem here is that it is virtually impossible to
test all those interactions within the same experiment and in the short time frame that follows
a period of training. Additionally, it should be kept in mind that SICI changes described here
were evaluated using CS expressed relative to resting motor thresholds (Di Lazzaro et al.,
2001). We do not know how these CS intensities would fare when expressed relative to active
MT (Ilic et al 2002; Ziemann et al 2009).

The finding of concomitantly decreased SICI and IHI is suggestive of a possible task-dependent
interaction between these two processes that goes beyond our knowledge that in the presence
of IHI, there is a reduction of SICI at rest (Daskalakis and al., 2002; Perez and Cohen, 2008).
Previous work showed that IHI is mediated by glutamatergic interhemispheric fibers that link
homotopic regions of both M1s which synapse with GABAergic interneurons locally, exerting
a net inhibitory effect. It is conceivable that IHI as tested under our experimental design
interacted with GABAergic neurons mediating SICI. Recent studies demonstrated that it is
possible to evaluate the influence of IHI on SICI at both rest (Daskalakis et al., 2002) and in
an activity-dependent manner (Perez et al., 2008), an important line for future research.

In summary, our results suggest that some neurophysiological mechanisms operating in the
M1 controlling performance of an untrained hand may contribute to optimize the procedure
for selecting and implementing correct pinch force levels, as previously shown for the
implementation of key presses in the SRTT (Perez et al 2007a). These findings may have
clinical implications as well, since pinch force control is crucial in many activities of the daily
life, and loss of this skill is often present after brain lesions like stroke (Blennerhasset and al.,
2007). Understanding the similarities and differences between mechanisms involved in
controlling output from M1 to a untrained hand across different forms of motor learning could
potentially contribute to plan more accurate interventions that rely on the expectation of
intermanual transfer of knowledge acquired with a healthy hand to a paretic hand (mirror
therapy and bilateral arm training) after stroke (Altschuler et al., 1999; Luft et al., 2004).
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Figure 1. Experimental design
A, Diagram showing the testing procedure. Cortical excitability (TMS) was tested at the
beginning of the experiment. Measures of baseline performance for the right (R-pre) and the
left (L-pre) hand were taken before the right hand training session (Right hand training, 1, 2,
3, 4, 5, and 6). After the right hand training session, left untrained hand performance was
determined (L-post). Motor cortical excitability (TMS) was tested at the end of the experiment.
B, Diagram showing the different measures of motor cortical excitability tested bilaterally
before and after the right hand training (RC, recruitment curve; SICI, short intracortical
inhibition; ICF, intra cortical facilitation; RMT, resting motor threshold and IHI,
interhemispheric inhibition tested from the left to the right M1).
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Figure 2. Behavioral results
A, Time to perform the sequential pinch force task with the right trained and left untrained
hand before (right-pre and left-pre), and after (left hand only, left-post) training with the right
hand (1, 2, 3, 4, 5, and 6). The black curve indicates the percentage of errors. Note that the time
required to perform the task and the percentage of errors of the left untrained hand decreased
significantly after right hand training (left-post compared to left-pre). B, Time to perform the
task with the right and left hand “before” (right-pre and left-pre), and “after” (left hand only,
left-post) a no-training period (No-training). Note the comparable times to perform the task
and percentage of errors in the absence of training (left-pre compared to left-post).
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Figure 3. MEP recruitment curves
A, B, MEP amplitudes from FDI muscles (A, B) before (Pre) and after (Post) training. The
abscissa shows the TMS stimulus intensity relative to the RMT in each subject, and the ordinate
shows MEP amplitudes (mV). Note the increase in recruitment curve in the right FDI in the
absence of changes in the left FDI.
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Figure 4. Short intracortical inhibition
SICI (3ms) in FDI (A, B) measured before (Pre) and after (Post) training with the right hand
in the left (A) and right (B) hemisphere. Note the presence of disinhibition in both left (A) and
right (B) hemispheres. ICF (10ms) in FDI (C, D) measured before (Pre) and after (Post) training
with the right hand in the left (C) and right (D) hemisphere.
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Figure 5. Interhemispheric inhibition
A, Amplitude of the test (TS) and conditioned (CS+TS) MEP before (pre) and after (post)
training with the right hand as recorded from left FDI muscle (untrained hand). Note the
comparable test MEP amplitudes before and after training (TS pre and TS post). B, Note that
training led to a significant decrease in IHI.
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Figure 6. Right and left hand EMG activity
EMG activity recorded in the right (upper trace) and left (lower trace) FDI's while a subject
was performing the training task with the right hand. Note that while the level of EMG activity
for the training hand (right) is well modulated according to the level of force required to reach
the different target locations (indicated by 1, 2, 3, 4, and 5), the level of EMG activity of the
resting hand (left) remains at rest.
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