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Therrien AS, Lyons J, Balasubramaniam R. Continuous theta-
burst stimulation to primary motor cortex reveals asymmetric com-
pensation for sensory attenuation in bimanual repetitive force produc-
tion. J Neurophysiol 110: 872–882, 2013. First published May 15,
2013; doi:10.1152/jn.00988.2012.—Studies of fingertip force produc-
tion have shown that self-produced forces are perceived as weaker
than externally generated forces. This is due to mechanisms of sensory
reafference where the comparison between predicted and actual sen-
sory feedback results in attenuated perceptions of self-generated
forces. Without an external reference to calibrate attenuated perfor-
mance judgments, a compensatory overproduction of force is exhib-
ited. It remains unclear whether the force overproduction seen in the
absence of visual reference stimuli differs when forces are produced
bimanually. We studied performance of two versions of a bimanual
sequential force production task compared with each hand performing
the task unimanually. When the task goal was shared, force series
produced by each hand in bimanual conditions were found to be
uncorrelated. When the bimanual task required each hand to reach a
target force level, we found asymmetries in the degree of force
overproduction between the hands following visual feedback removal.
Unilateral continuous theta-burst stimulation of the left primary motor
cortex yielded a selective reduction of force overproduction in the
hand contralateral to stimulation by disrupting sensory reafference
processes. While variability was lower in bimanual trials when the
task goal was shared, this influence of hand condition disappeared
when the target force level was to be reached by each hand simulta-
neously. Our findings strengthen the notion that force control in
bimanual action is less tightly coupled than other mechanisms of
bimanual motor control and show that this effector specificity may be
extended to the processing and compensation for mechanisms of
sensory reafference.

bimanual control; repetitive forces; sensory attenuation; sensory reaffer-
ence; transcranial magnetic stimulation

PREVIOUS WORK FROM OUR LABORATORY has shown that in the
absence of a visual reference, self-generated, discrete, repeti-
tive force pulses tend to exceed target magnitudes (Therrien
and Balasubramaniam 2010; Therrien et al. 2011). This phe-
nomenon of force overproduction has been attributed to mech-
anisms of sensory reafference affecting perceptions of self-
produced, somatosensory feedback (Therrien et al. 2011). Spe-
cifically, it has been proposed that corollary discharge from the
primary motor cortex (M1) is used in the generation of forward
models of the sensory outcomes of a given motor act (Bays et
al. 2005, 2006; Blakemore et al. 1998a, 1998b; Shergill et al.

2003; Voss et al. 2007; Wolpert and Ghahramani 2000). These
sensory predictions are compared with incoming afferent in-
formation as a means of evaluating the accuracy of motor
execution as well as to establish agency over self-generated
movements (Bays et al. 2005, 2006; Blakemore et al. 1998a,
1998b; Shergill et al. 2003; Voss et al. 2007; Wolpert and
Ghahramani 2000). This comparison process is thought to
result in attenuation of the predicted component of incoming
afferent information, reducing the salience of self-generated
sensory feedback (Bays et al. 2005, 2006; Blakemore et al.
1998a, 1998b; Shergill et al. 2003; Voss et al. 2007). In the
case of fingertip force production, self-produced forces are
perceived as being weaker. Without visual reference stimuli to
calibrate somatosensory performance judgments, participants
exhibit a systematic overproduction of force to compensate.

Our previous work has examined only unimanual sequential
fingertip forces. It remains unclear whether the systematic
force overproduction seen in the absence of visual reference
stimuli differs when forces are produced in a bimanual context.
While strong coupling has been found between the limbs in
studies of bimanual motor timing, the control of force in
bimanual tasks seems to be less tightly coupled. Studies of both
continuous isometric and repetitive force production have re-
ported similar force output errors between unimanual and
bimanual conditions (Davis 2007; Inui and Hatta 2002). In
addition, Inui and Hatta (2002) provided unilateral visual
feedback of either the dominant or nondominant hand in a
bimanual repetitive force production task and found that re-
moval of these reference stimuli induced asymmetric effects on
the force output of the two hands. Specifically, feedback of the
dominant hand resulted in similar force output for the two
limbs, but nondominant limb feedback resulted in asymmetric
performance variability. Together, these results suggest that
mechanisms compensating for visual feedback manipulations
may operate independently for each limb in cases of bimanual
force production.

In our task, comparison of the force overproduction effect
between unimanual and bimanual contexts could provide in-
sight into the nature of sensory reafference processing. If
sensory reafference mechanisms function in an effector-spe-
cific manner, each limb in a bimanual force production task
should exhibit the force overproduction phenomenon, perhaps
to differing extents, and show little correlation, or coupling,
between the hands. Conversely, if these mechanisms encode
context-specific information about the limbs in a bimanual
task, some degree of coupling, or synergistic correlation, be-
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tween them might be expected, similar to what has been found
in previous studies of oscillatory multifinger force production
(Latash et al. 2001; Scholz et al. 2002). In our task, this
coupling could differentially influence the force overproduc-
tion exhibited after removal of visual feedback. Here we focus
on a bimanual extension of the sequential force production task
employed by Therrien and Balasubramaniam (2010). Our ob-
jective was to test the hypothesis that if the forces produced by
the two limbs in a bimanual context are controlled asymmet-
rically as previous literature suggests, then sensory reafference
signals may also be processed asymmetrically for each limb in
a bimanual force production task.

METHODS

Ethics Statement

The McMaster University Research Ethics Board and the Hamilton
Health Sciences/McMaster University Faculty of Health Sciences
Research Ethics Board approved the experimental protocols presented
here. All participants provided informed consent prior to participation.

Experimental Apparatus

Force data were collected with two 6 degrees of freedom load cells
(ATI Nano 17) mounted on vertical stainless steel t-stands. Forces
were applied on the axes perpendicular to the gripping surface
(z-axes) of each transducer. The stands were placed in parallel, �22
cm apart, and fixed to the table surface in front of a 19-in. Viewsonic
LCD flat-panel computer monitor (refresh rate of 60 Hz) that provided
participants’ force-contingent visual feedback. Force data were sam-
pled at 1,000 Hz with custom-written LabVIEW software (LabVIEW
8.2, National Instruments). A factory-generated 6 � 6 matrix, describ-
ing the signal gain between voltage and resolved forces, was used to
calibrate each load cell. This calibration matrix also allowed for
correction of cross talk between measured forces and moment arms.
An AMTI amplifier was used to bolster voltage signals, which were
then digitized with the National Instruments PCI-6220 DAQ. The
ultimate resolution of each transducer was 1/320 N in the z-axis. There
was no hysteresis in the zero level of the resolved forces, which
indicated no significant drift or offset in the force data associated with
continued use of the device.

Bimanual Sequential Force Production Task

Participants sat in a chair with both forearms resting on adjustable
armrests, located in front of each force transducer, on a table surface.
They were positioned so they could comfortably reach each load cell
with the appropriate arm and perform the pinch grip motion with the
wrists in neutral position. During each experiment, participants were
presented with a visually specified target force level, of either 8 N or
16 N, in the form of a column in a bar plot. They were asked to match
this force level by repetitively pinching either one or both of the load
cells between the thumb and index finger of the right hand only (UR),
the left hand only (UL), or both hands simultaneously (Bi). Partici-
pants were to synchronize their pinch rate with an auditory metro-
nome set to 2 Hz (corresponding to 500 ms between sounds), which
remained present throughout each trial. Each pinch of the load cell
modulated the height of a second column, adjacent to the target
column, on the bar plot in a manner contingent upon the force level
produced. The goal of the task was to match the height of the target
column with the second column, by modulating the force level
produced with each pinch of the load cell. The system gain was set so
that a 1-N increase in force produced a 1-cm increase in the height of
the second column.

All trials lasted 20 s. In experimental conditions (NV), visual
feedback of the target as well as participants’ current force output
were removed after 10 s. In these conditions, participants were asked
to continue repetitively pinching the load cell in time with the
metronome and at the same force level for the remainder of the trial.
In control conditions (V), visual force feedback remained present
throughout the trial. In all experiments, participants were given up to
five practice trials with each condition prior to data collection in order
to familiarize themselves with the task and experimental apparatus.
Participants were instructed as to which hand(s) (UR, UL, Bi) to use
prior to the start of each trial but were not informed of the experi-
mental condition (8 N or 16 N, V or NV).

Experiment 1: bimanual shared goal task. Right-handed volunteers
(n � 10, 5 men, 5 women; mean age: 24.6 yr; mean Edinburgh
Handedness Inventory laterality index: 73.3; Oldfield 1971) per-
formed the bimanual sequential force production task. The UL and
UR hand conditions involved performing the pinch grip motion only
on the left or right load cell with the corresponding hand. In these
trials, the total force visible on the screen corresponded to the force
output of the active hand. In the Bi condition, participants produced
pinch grip forces on both the right and left force transducers with the
corresponding hands. The visual display of the total force produced in
Bi trials corresponded to the summed output forces of the two hands.
Trial conditions were presented in a randomized order with five
repetitions of each trial type. For 3 hand conditions (UL, UR, Bi), 2
force target force levels (8 N, 16 N), and 2 visual feedback conditions
(V, NV), this yielded a total of 60 trials per participant.

Experiment 2: bimanual independent goal task. Without specific
force targets for each hand in the Bi condition of experiment 1,
analysis of any force overproduction by each hand in NV trials was
limited. To better analyze the force overproduction effect in each hand
in the bimanual sequential force production task, a second group of
right-handed volunteers (n � 12, 6 men, 6 women; 22.1 � 3.7 yr;
mean Edinburgh Handedness Inventory Laterality Index: 82.5; Old-
field 1971) were recruited to perform a variant of the protocol
employed in experiment 1. In this task, the UR and UL hand condi-
tions involved producing pinch grip forces with the right or left hand
only. In the Bi trials, however, the target force level was to be reached
with each hand simultaneously rather than being shared across the two
effectors. In this version of the bimanual sequential force production
task the visual feedback was structured such that a single force target
of 16 N was presented as the center column of a three-column bar plot
on the computer monitor. The two remaining columns represented
participants’ force output. These were located on either side of the
center target column and directly in front of the corresponding load
cell. The height of these columns was contingent upon the force
produced with each pinch of the corresponding load cell. This meant
that the leftmost column of the visual display corresponded to the left
transducer and represented the force output of the left hand. The
rightmost column of the visual display corresponded to the right
transducer and represented the force output of the right hand. The
height of the center target column remained fixed at 16 N throughout
the experiment. Forces were analyzed for four hand conditions (UR,
UL, BiR, BiL) and two visual feedback conditions (V, NV). Six
repetitions were performed for each condition, yielding 36 trials per
participant.

Experiment 3: unilateral transcranial magnetic stimulation in the
bimanual independent goal task. In Therrien et al. (2011) we used
continuous theta-burst stimulation (cTBS) to reduce the excitability of
left M1 and found that this resulted in a systematic reduction in the
force overproduction exhibited by the contralateral hand in NV trials
by inducing discrepancy between efference copy and motor output
signals. The idea behind the present experiment was to test whether
perturbing one hemisphere of M1 would induce an effector-specific
modulation of the force overproduction effect in the bimanual repet-
itive force production task. The same group of volunteers from
experiment 2 participated in two additional testing sessions in which
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they performed the same bimanual force production task as experi-
ment 2 after receiving either real or sham cTBS.

Transcranial magnetic stimulation procedures. A figure of eight
coil (Magstim, Oakville, ON, Canada; external diameter of each coil:
9 cm) was placed tangential to the head, at an angle of �45° from the
anterior-posterior midline, with the handle pointing to the posterior.
The coil was used to deliver single pulses of focal transcranial
magnetic stimulation (TMS) over left motor cortex and elicit motor
evoked potentials (MEPs) in the first dorsal interosseous muscle (FDI)
of the resting right hand. MEPs were recorded by electromyography
(EMG). Ag/AgCl sintered electrodes were placed over the FDI mus-
cle, in belly-tendon configuration, with a ground electrode placed on
the olecranon process of the elbow. The site for repetitive stimulation
was determined as the cortical location where MEPs of 50 �V in
peak-peak amplitude could be evoked in at least 50% of trials with the
lowest stimulator output. This optimal stimulation site was recorded
with Brainsight software (Brainsight 2.1.4, Rogue Research, Mon-
treal, QC, Canada) to allow for precise repositioning of the coil
throughout both TBS and sham stimulation sessions.

After the optimal stimulation site was determined, participants
performed two or three maximum voluntary contractions (MVCs) of
the FDI muscle by pinching a handheld force gauge (Baseline Eval-
uation Instruments 12–0235, White Plains, NY) between the right
thumb and index finger. Final MVC was taken as the average of these
trials. To determine active motor threshold (AMT), single pulses of
TMS were delivered while participants held isometric contractions at
20% of their MVC. A dial on the force gauge provided visual
feedback to ensure that an accurate force level was attained. AMT was
determined to be the lowest stimulator intensity sufficient to produce
MEPs �200 �V above background EMG in at least 50% of trials.

As in Therrien et al. (2011), cTBS was used for the repetitive
stimulation phase of the experiment. In cTBS, continuous trains of
TMS are delivered in bursts of three at 50 Hz (20 ms between pulses)
with a burst frequency of 5 Hz (200 ms between bursts; Huang et al.
2005; Huang and Rothwell 2004). cTBS was delivered at an intensity
of 80% AMT for a duration of 40 s (to yield a total of 600 pulses).
This protocol, termed cTBS600, is known to depress cortical excit-
ability in the stimulated region for up to 60 min after stimulation
(Huang et al. 2005). For the sham stimulation sessions, the same
procedures outlined above were used to determine the optimal stim-
ulation site and AMT. Unbeknownst to participants, however, repet-
itive stimulation was performed with a second inactive coil placed
over the participant’s skull while the active coil was moved behind
and oriented away from the head. Both TBS and sham stimulation
sessions were separated by a minimum of 24 h to ensure compliance
with previously determined safety guidelines (Wasserman 1998).

Data Analysis

Force data were stored separately for off-line analysis. A custom-
written script in MATLAB was used to extract the peak force
magnitude produced with each pinch of the load cell as well as the
corresponding sample iteration and the trial time at which the peak
occurred. Trial means were calculated from these data. To prevent
contamination from transient behavior as participants adjusted to each
new trial, the first 2 s of data (corresponding to the first 4 peak forces)
was discarded from each trial. Mean force was defined as the mean
peak force produced in each trial. Variability of each trial was
quantified with coefficients of variation (CV). Only continuation
phase data (t � 11–20 s) were used for these analyses, i.e., after the
feedback was removed in NV trials. Pearson product-moment corre-
lations were performed for the detrended force series produced by
each hand in the bimanual conditions of all three experiments. In
experiments 2 and 3, the force errors produced by each hand when
visual feedback was removed were quantified relative to the mean
force level produced by participants prior to feedback removal. Trials
were separated into mean peak force values for two trial phases:

before feedback removal (t � 2–10 s) and after feedback removal
(t � 11–20 s). The difference between the mean force levels produced
in these two trial phases was taken as a measurement of the average
change in force level over the course of the two trial phases. This
method of quantifying force errors was chosen over measures relative
to the target force magnitude only (i.e., constant error) to account for
differing baseline levels of force output that were exhibited by
participants even when visual force feedback was provided. All means
were calculated across condition repetitions as well as across study
participants.

Statistical Analysis

Separate analyses of variance (ANOVAs) with repeated measures
were calculated for each dependent variable with SPSS software
(SPSS 16.0, Chicago, IL). In experiment 1 the forces produced and the
associated variability were assessed with factors of hand condition
(UR, UL, Bi), target force level (8 N, 16 N), and visual feedback
condition (V, NV). In experiment 2, the forces produced, the associ-
ated variability, and the change in force level over the two trial halves
were assessed with factors of hand condition (UR, UL, BiR, BiL) and
visual feedback condition (V, NV). The same analysis was performed
for experiment 3, but with an additional factor of stimulation condition
(sham, TBS). Post hoc means comparisons were performed with
Tukey’s honestly significant difference (HSD).

RESULTS

The goal of experiment 1 was to assess the differences
between sequential force pulses produced either unimanually
by the right or left hand or bimanually through shared effort by
the two hands together. Force-time series for the 16-N target
force magnitude can be seen in Fig. 1. Grand mean data from
the two unimanual and the overall bimanual (combined output
of the two hands) conditions are plotted in Fig. 1, A and B.
Force series produced by each hand of a representative subject
in the bimanual condition of experiment 1 are shown in Fig. 1,
C and D. Representative subject data were chosen over grand
mean data because of high variability from shifts in how forces
were distributed over the two hands in this condition. Analysis
of mean peak force produced a main effect of target force
magnitude, which indicated that participants successfully pro-
duced two significantly different force levels corresponding to
the 8 and 16 N force target conditions [F(1,9) � 674.045, P �
0.001]. Mean peak forces were slightly above the target mag-
nitudes but were comparable across participants (9.0 N and
16.7 N for the 8 and 16 N force target conditions, respectively).
An interaction among the factors hand condition, force target
magnitude, and visual feedback condition was significant
[F(2,18) � 3.624, P � 0.05; Fig. 2A], with post hoc means
comparisons revealing it to be driven by significantly greater
forces produced in the absence of visual feedback in all
conditions, except when the target force magnitude was 16 N
and forces were produced unimanually by the left hand. Post
hoc analysis also revealed an interesting effect where the mean
peak force produced in NV trials of the bimanual hand condi-
tion exceeded the mean peak force produced in the NV trials of
the unimanual conditions. This difference between the biman-
ual and both unimanual hand conditions was significant for the
16-N target force magnitude but only reached significance
between the bimanual and unimanual left hand conditions for
the 8-N target force magnitude.

Analysis of peak force CV also yielded a significant inter-
action between the factors hand condition, force target magni-
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tude, and visual feedback condition [F(2,18) � 7.645, P �
0.01; Fig. 2B]. Post hoc means comparisons revealed peak
force variability to be larger in the absence of visual feedback
regardless of target force or hand condition. Post hoc analysis
also revealed an interesting pattern where force variability in
the bimanual hand condition was lower compared with forces
produced unimanually, despite the tendency for greater mean
peak force in this hand condition. Force variability in the
bimanual hand condition for the 8-N target force magnitude
was significantly reduced compared with both unimanual right
and unimanual left hand conditions. This reduction only
reached significance between the bimanual and unimanual left
conditions for the 16-N target force magnitude.

The bimanual task in this experiment involved the target
force magnitude being reached through the summed output of
the two hands. As participants were not instructed as to a
specific strategy to use when dividing the target force magni-
tude between the two hands, analysis of any force overproduc-
tion by each hand in NV trials of this hand condition was
limited. Pearson product-moment correlations were performed

comparing the detrended force series produced by each hand in
the bimanual hand condition; the results of this analysis can be
seen in Table 1. When visual feedback was present, the forces
produced by each hand showed weak negative correlations that
failed to reach significance. When visual feedback was re-
moved, the force series showed smaller correlations that were
weakly positive for the 8-N target force magnitude and ap-
proached zero for the 16-N target force magnitude. Thus it
seemed that the force output of the two hands showed no
significant synergistic correlation when producing a shared
force bimanually; however, whether this was due to each hand
expressing the force overproduction phenomenon indepen-
dently remained unclear.

In experiment 2 the force task in the bimanual hand condi-
tion was modified to better analyze the force output behavior of
each hand when visual feedback was removed. Instead of
reaching the force target through the combined effort of the
two hands, the goal of the bimanual task in this experiment was
to attain the target force level simultaneously with both hands.
Grand mean force-time series obtained from our data can be

Fig. 1. Force-time series produced with a 16-N target force magnitude in the 2 unimanual and the shared-goal bimanual hand conditions of experiment 1. Mean
force-time series are plotted for conditions in which visual feedback of force output remained present throughout (A) and in which feedback was removed (B).
Because of high variability from shifts in force distribution by the 2 hands in the shared-goal bimanual task, rather than mean data, force output data from each
hand in these conditions are plotted from a representative subject in C (conditions in which visual feedback remained present throughout the trial) and D
(conditions in which visual feedback was removed). Vertical dashed lines represent the time at which visual feedback was removed. Bi, bimanual; U, unimanual;
R, right hand; L, left hand.
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seen in Fig. 3. The force-time series from the unimanual hand
conditions are plotted in Fig. 3A, while the force-time series
from the bimanual hand conditions are shown in Fig. 3B. Clear
differences were present in the performance of the two hands
for both the unimanual and bimanual hand conditions. The left
hand consistently produced larger forces than the right, even
when visual feedback was present. Upon removal of visual
feedback, both hands produced positive force errors. While the
magnitude of these errors was similar when both hands acted
unimanually, the errors were greater and more positive for the
right hand in the bimanual hand condition. A significant
interaction among factors of hand and visual feedback condi-
tion for mean peak force mirrored these results [F(3,33) �
6.315, P � 0.01; Fig. 4A]. Post hoc means comparisons
revealed mean peak forces produced in the absence of visual
feedback to be greater in all conditions except when the left
hand was acting in the bimanual task. The right hand produced
lower mean peak forces than the left hand when visual feed-
back was present, and this difference was significant for the
bimanual hand condition. Pairwise means comparisons also
revealed that mean peak forces produced by each hand in the
absence of visual feedback were greater in unimanual hand
conditions than when the hands produced forces bimanually.

Analysis of the mean change in force level over the course
of a trial revealed a similar pattern of results. A significant
interaction between factors of hand and visual feedback con-
dition showed that positive force errors were displayed for all
conditions except when the left hand acted in the bimanual task
[F(3,33) � 6.753, P � 0.01; Fig. 4B]. Independent-samples
t-tests were used to compare means obtained for conditions
where visual feedback was present against zero. No significant

differences were obtained (P � 0.05), demonstrating that the
biases in force output seen in these conditions in Fig. 4A were
consistent throughout the trial. While the degree of force
overproduction exhibited by the two hands in NV trials was

Fig. 2. Significant interactions among factors target force magnitude, hand condition, and visual feedback condition for mean peak force (A) and peak force
coefficient of variation (CV, B) in experiment 1. Asterisks and connecting lines denote reliable pairwise means comparisons: *P � 0.05, **P � 0.01. V, visual
feedback present; NV, visual feedback removed.

Table 1. Pearson product-moment correlation coefficients
between force series produced by right and left hands in bimanual
hand condition of experiment 1

Visual Feedback

Target Force Magnitude

8 N 16 N

V �0.353 �0.123
NV 0.405 �0.061

n � 10 for all analyses. V, visual feedback present; NV, visual feedback
removed.

Fig. 3. Mean force-time series produced in the 2 unimanual (A) and the 2
bimanual (B) hand conditions of experiment 2. Solid lines represent conditions
in which visual feedback of force output remained present throughout the trial.
Dashed lines represent conditions in which visual feedback was removed.
Vertical dashed lines denote the time at which visual feedback was removed.
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similar in unimanual conditions, post hoc means comparisons
revealed significant differences between them in the bimanual
hand condition. Pairwise means comparisons also showed
within-hand differences between the unimanual and bimanual
contexts of the task. The mean change in force output seen
when visual feedback was removed did not change for the right
hand across unimanual and bimanual contexts; however, the
degree of force overproduction exhibited by the left hand after
visual feedback removal was significantly reduced when the
limb acted in a bimanual task.

Analysis of peak force CV yielded only one significant main
effect of visual feedback condition [F(1,11) � 34.792, P �
0.001; Fig. 4C] in which variability was greater in absence of
visual feedback. As in experiment 1, correlational analysis was
performed on the detrended force series produced by each hand
in the bimanual condition to assess coupling between the limbs in
these trials. The results of this analysis can be seen in Table 2.
Correlation coefficients were again weakly negative when
visual feedback was present but became smaller when it was
removed, although values failed to reach significance in either
condition.

Taken together, the results of this experiment suggest that,
while the variability of the forces produced did not differ as a
function of hand condition, expression of the force overpro-
duction effect noted in our previous work did differ between

unimanual and bimanual contexts as well as between hands
within the bimanual task. Nonsignificant correlations again
suggested independent action by each hand in the bimanual
task; however, it still remained unclear whether the difference
in overproduction errors exhibited by each hand in NV trials of
this condition were rooted in asymmetric processing of reaf-
ferent feedback from the self-generated force pulses. We
sought to investigate this question in experiment 3.

In experiment 3 we used a 40-s train of cTBS to the FDI area
of left M1 to induce a period of unilateral cortical depression.
In Therrien et al. (2011) we used this TMS protocol on a
unimanual sequential force production task and found it to

Fig. 4. A and B: significant interactions among factors hand condition and visual feedback condition for mean peak force (A) and mean change in force level
over the course of a trial (B) for experiment 2. C: significant main effect of visual feedback condition for peak force CV in experiment 2. Asterisks and connecting
lines denote reliable pairwise means comparisons: **P � 0.01.

Table 2. Pearson product-moment correlation coefficients
between force series produced by right and left hands in bimanual
hand conditions of experiments 2 and 3

Visual Feedback Experiment 2

Experiment 3
Stimulation Condition

Sham TBS

V �0.505 �0.323 0.212
NV �0.122 �0.171 0.491

n � 12 for all analyses. TBS, theta-burst stimulation.; Sham, sham stimu-
lation.
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result in significant reductions in the degree of force overpro-
duction seen after removal of visual feedback. This result was
attributed to a TMS-induced discrepancy between sensory
predictions and actual afferent feedback resulting in reduced
attenuation of self-generated somatosensory feedback. The
goal of the present experiment was to investigate whether a
unilateral perturbation to this mechanism would result in dif-
ferential effects for the unimanual and bimanual force produc-
tion tasks used in experiment 2. The mean force-time series
obtained from our data in experiment 3 are plotted in Fig. 5.
Data from the UR and UL hand conditions can be seen in Fig.
5, A and B, respectively. Data from the BiR and BiL hand
conditions can be seen in Fig. 5, C and D, respectively. Clear
differences can again be seen in the performance of the two
hands. As in experiment 2, the left hand was biased to produce
greater forces than the right hand, even when visual feedback
was present. Upon removal of visual feedback, both hands
produced positive force errors in unimanual conditions (al-
though this effect is more pronounced in the right hand), but
only the right hand showed the force overproduction phenom-
enon in the bimanual condition. Interestingly, after receipt of
cTBS, the magnitude of these force errors by the right hand
(contralateral to the stimulation site) is selectively reduced.

Repeated-measures ANOVA for mean peak force yielded a
significant interaction among factors of stimulation session,
hand condition, and visual feedback condition that showed a
similar pattern of results [F(3,33) � 3.258, P � 0.05; Fig. 6A].
Post hoc means comparisons revealed that mean peak forces
produced in the absence of visual feedback were consistently
greater than those produced when it was present in all condi-
tions except when the left hand acted in the bimanual task.
There was also a nonsignificant trend for the left hand to
produce greater forces than the right when visual feedback was
present. Furthermore, an additional effect was present where
the degree of force overproduction in NV trials was selectively
reduced for the right hand in both the unimanual and bimanual
hand conditions after receipt of cTBS.

Analysis of the mean change in force level produced over
the course of a trial also yielded a significant interaction among
factors stimulation session, hand condition, and visual feed-
back condition [F(3,33) � 3.422, P � 0.05; Fig. 6B]. Signif-
icant positive force errors were seen in the absence of visual
feedback for all conditions except when the left hand acted in
the bimanual hand condition. t-Tests comparing the change in
force level in conditions where visual feedback was present to
zero again revealed no significant differences (P � 0.05).

Fig. 5. Mean force-time series produced in the unimanual right (A), unimanual left (B), bimanual right (C), and bimanual left (D) hand conditions of experiment
3. Solid lines represent conditions in which visual feedback remained present throughout the trial (V). Dashed lines represent conditions in which visual feedback
was removed (NV). Vertical dashed lines denote the time at which visual feedback was removed. TBS, theta-burst stimulation; Sham, sham stimulation.
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While there was a trend for the left hand to show reduced force
overproduction errors when acting in the bimanual compared
with the unimanual condition, this failed to reach significance.
Similar to the mean peak force results, positive force errors
produced in the absence of visual feedback were reduced for
the right hand in both the unimanual and bimanual hand
conditions after receipt of cTBS. Together these results suggest
that unilateral cTBS influenced the processing of reafferent
feedback selectively for the hand contralateral to stimulation.
Analysis of peak force CV yielded only a single main effect of
visual feedback condition [F(1,11) � 95.367, P � 0.001; Fig.
6C], suggesting that force variability was not differentially
affected by either hand condition or the stimulation sessions of
our task. This is in line with previous results (Therrien et al.
2011).

Pearson product-moment correlations performed on the de-
trended force series produced by each hand in the bimanual
task can be seen in Table 2. As in the previous experiments,
correlation coefficients did not reach significance for either
visual feedback condition or stimulation session, suggesting a
lack of coupling between the hands overall. Interestingly, while
correlations were weakly negative in the sham stimulation
session, becoming less correlated in NV trials, correlation
coefficients were weakly positive after receipt of cTBS and

became slightly stronger after visual feedback withdrawal.
Together, the results of experiment 3 suggest that unilateral
cTBS influenced the processing of reafferent feedback from
self-produced forces in our task, and this influence was selec-
tive for the limb contralateral to stimulation.

DISCUSSION

Our goal was to investigate the processing of reafferent
feedback in a bimanual sequential force production task. Two
groups of volunteers participated in either a task in which the
bimanual hand condition required a target force magnitude to
be achieved through the shared output of both hands or a task
in which each hand was to produce the same target force
magnitude simultaneously. In both, the bimanual production of
force was compared with conditions in which each hand
performed the sequential force production task unimanually. In
experiment 1 we found that forces tended to exceed target
magnitudes in the absence of visual feedback; however, this
was less reliable for the left hand. In addition, the forces
produced bimanually in this condition did not simply show a
pattern of results consistent with the combination of the be-
havior exhibited in the unimanual hand conditions. With the
larger target force magnitude, forces produced in the bimanual

Fig. 6. A and B: significant interactions among factors stimulation session, hand condition, and visual feedback condition for mean peak force (A) and mean
change in force level over the course of a trial (B) in experiment 3. C: significant main effect of visual feedback condition on peak force CV in experiment 3.
Asterisks denote reliable pairwise means comparisons: *P � 0.05, **P � 0.01.
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hand condition without visual feedback tended to exceed the
forces produced by either hand unimanually without visual
feedback. With the smaller target force magnitude, this was not
the case. After visual feedback removal, forces produced bi-
manually were similar to those produced by the dominant,
right, hand acting in a unimanual task. Without specific force
targets for each hand in the bimanual task, any investigation
into the force overproduction phenomenon in this condition
was limited. Correlational analyses performed for the force
series produced by the two hands in bimanual trials yielded no
significant results, indicating a lack of significant coupling
between the limbs in this condition overall. Interestingly,
though, correlation coefficients were weakly negative when
visual feedback was present but became smaller and more
positive when it was removed. These results suggested the
presence of some synergistic covariation (Latash et al. 2001;
Scholz et al. 2002) that was reduced upon removal of visual
feedback. Despite this reduced coupling, variability of the
force series was lower in bimanual trials after removal of visual
feedback.

In experiment 2 we showed that when the target force
magnitude was specified for each hand in a bimanual task, the
force overproduction phenomenon did not occur equally for
both. When acting in a unimanual task, forces produced by
both the right and left hands exceeded target magnitudes after
removal of visual feedback. When acting bimanually, however,
force overproduction was only seen reliably in the dominant
hand. Unlike in experiment 1, variability was not differentially
affected by hand condition, suggesting that when the two hands
act bimanually to produce independent force targets variability
of the forces produced is comparable to unimanual tasks.
Experiment 3 replicated the differences in expression of the
force overproduction phenomenon between the right and left
hands in bimanual, compared with unimanual, trials. Interest-
ingly, a period of unilateral motor cortical depression, induced
by application cTBS600, resulted in a reduction of positive
errors in force output following visual feedback removal that
was selective for the hand contralateral to stimulation. Vari-
ability of the forces produced was significantly influenced
neither by hand condition nor by stimulation session—a result
that was in line with experiment 2 as well as our previous work
(Therrien et al. 2011).

Overall, the results of this study support our hypothesis that
sensory reafference signals may be processed asymmetrically
(and possibly separately) for each limb in a bimanual force
production task. A lack of significant correlation between the
hands in bimanual trials of experiment 1 suggested independent
control, rather than synergistic covariation, of the hands after
removal of visual feedback of force output. Experiments 2 and
3 further investigated this hypothesized asymmetric control
and found that while force overproduction was consistently
exhibited by the right hand after feedback removal, the effect
was less reliable for the left hand in bimanual conditions. Our
study participant pools were strongly right handed (values
greater than �40 on the Edinburgh Handedness Inventory
indicate right hand dominance; Oldfield 1971). It is possible
that the observed asymmetry in force overproduction was due
to strength differences between the dominant and nondominant
limbs; however, in that case, one would have expected reduced
force overproduction by the left hand when it acted unimanu-
ally as well. Both neurophysiological and neuroimaging stud-

ies have routinely shown that strongly right-handed individuals
have better-developed efferent and afferent connections with
their dominant side (Bernard et al. 2011; Dassonville et al.
1997; Siebner et al. 2002). An alternative possibility is that
forward model predictions may be more precise for the dom-
inant limb in this population. Following the mechanism pro-
posed in our earlier work (Therrien et al. 2011), in the absence
of visual feedback more precise sensory predictions would
result in increased overlap with actual somatosensory feedback
stemming from motor execution. This would lead to an aug-
mented degree of sensory attenuation, which would in turn
amplify the degree of compensatory overproduction of force by
the right hand in bimanual tasks.

The notion of asymmetric processing of reafferent feedback
is further supported by the observation that the effect of
unilateral cTBS was selective to the hand contralateral to
stimulation for both unimanual and bimanual hand conditions.
The unimanual results are in line with our previous experiment
(Therrien et al. 2011) and strengthen the notion that reducing
excitability in the FDI area of M1, through application of
cTBS, may have induced discrepancy between predicted and
actual sensory feedback. After removal of visual reference
stimuli, there was reduced overlap between these two signals,
which led to reduced sensory attenuation and, in turn, to a
decrease in the degree of force overproduction following stim-
ulation. Additionally, the bimanual results suggest possible
effector specificity in sensory prediction signals. One would
expect context-specific forward models to contain sensory
predictions averaged over the two limbs in a bimanual task.
Unilaterally perturbing one hemisphere would induce a global
mismatch with incoming afferent feedback, and such error
signals would likely result in global updates to subsequent
motor commands that would have affected the behavior of both
limbs after stimulation.

It is important to note that, as in our previous study, our data
do not provide any information regarding the mechanism that
gave rise to a discrepancy between the sensory predictions
generated and motor output produced. It is possible that appli-
cation of cTBS induced changes in the processing of efference
copy signals by altering the excitability of intracortical in-
terneurons (Di Lazzaro et al. 2008). The cerebellum has been
suggested as the neural locus for a forward model comparator
(Blakemore et al. 1998b), and there exists evidence that effer-
ence copies may be generated upstream of M1 (Chronicle and
Glover 2003). Spreading activation to any of these areas could
have also disrupted sensory attenuation mechanisms in our task
(Bestmann et al. 2004; Okabe et al. 2003; Siebner et al. 2000).

In addition to comparisons between the behavior of each
hand in a bimanual sequential force production task, our study
involved investigation of two kinds of bimanual tasks: one in
which the goal force was to be achieved through the shared
output of the two hands and one in which the two hands were
to each produce the target force concurrently. Analysis of any
differences between the magnitudes of forces produced by the
two hands when the task goal was shared, versus not shared,
was limited because of a lack of prescribed force sharing
strategy in experiment 1. Measures of force variability, how-
ever, revealed differences between the two bimanual tasks. In
the shared-goal task, a trend was present for variability to be
reduced in the bimanual compared with unimanual hand con-
ditions. This was interesting, as similar reductions in variability
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in the absence of feedback have been noted in studies of motor
timing (Drewing and Aschersleben 2003; Helmuth and Ivry
1996; Kelso et al. 1979). However, when the bimanual task
was altered so that the goal was no longer shared, this effect of
hand condition on force variability disappeared. Both biman-
ual tasks employed here involved a shared temporal goal
between the hands. Our finding of changes in force variability
between the two tasks suggests that something unique occurred
when this shared temporal goal was paired with a shared force
level goal that served to stabilize the forces produced, despite
the positive errors and overall lack of coupling they exhibited.
While negative covariation between the hands has been seen
consistently in studies of motor timing and temporal coordina-
tion, one might wonder why the control of force level would
reveal such capacity for independence. There are hemispheric
asymmetries in the processing of somatosensory feedback
(Goble and Brown 2007; Goble et al. 2005, 2006). Further-
more, it has been proposed that this asymmetry in somatosen-
sory processing has led to distinct specializations in motor
performance between the limbs (Sainburg 2002). That negative
covariation has been found in previous studies of bimanual
motor timing does not run counter to this hypothesis, as
bimanual tasks often involve a shared goal; therefore, temporal
coordination between independent actions of the two hands
is necessary for accurate task execution. Rather, findings of
asymmetry between the hands during control of bimanual
forces and similarity between the two hands during the control
of bimanual movement timing suggest that these two aspects of
motor control may be specified at different levels of motor
program generation (Ivry 1986).

The present study is the first, to our knowledge, to examine
compensation for attenuated reafferent feedback from self-
produced forces in a bimanual task. While our results are
preliminary, the effects of sensory reafference on bimanual
motor output warrant further study. First, examination of the
data in all three of the present experiments reveals a trend for
a gradual decrease in force output as trials progressed after
visual feedback withdrawal that was present in all hand con-
ditions, although this was least marked when the right hand
acted unimanually. Decays in force output following visual
feedback removal have been noted in studies of unimanual and
bimanual production of isometric forces and have been attrib-
uted to the decay of visuomotor memory of the target force
level (Davis 2007; Vaillancourt and Russell 2002). It is possi-
ble that a similar process may be at work in our task. Future
study of this slow decay, perhaps in longer trials, and potential
differences between the right and left hands in its expression
may provide further insight into the nature of asymmetric
processing of reafferent feedback between dominant and non-
dominant hemispheres. Second, with respect to the TMS ma-
nipulation of experiment 3, the present study involved only
unilateral stimulation of left M1. Given the anatomical and
physiological asymmetries between dominant and nondomi-
nant hemispheres of right-handed individuals (Bernard et al.
2011; Dassonville et al. 1997; Siebner et al. 2002), it would be
interesting to expand upon the present findings to investigate the
effects of stimulation to the contralateral hemisphere of M1.

In summary, previous studies of unimanual sequential forces
have shown that the magnitudes produced tend to exceed target
values in the absence of visual feedback of force output. This
has been attributed to compensation for the sensory attenuation

that results from the reafferent processing of self-generated
somatosensory feedback. In the present study we examined this
effect in two bimanual extensions of the sequential force produc-
tion task. Differences in expression of the force overproduction
phenomenon between unimanual and bimanual tasks could pro-
vide insight into the effector specificity or context specificity of
sensory prediction signals. Results showed that unimanual se-
quential forces produced after visual feedback removal exceeded
target values for both limbs. Forces produced bimanually, how-
ever, did not show the same symmetric overproduction. Indeed,
unilaterally depressing excitability in one hemisphere of M1 to
disrupt sensory prediction processes induced behavioral altera-
tions selectively for the hand contralateral to stimulation. Overall
our findings fall in line with previous literature suggesting that the
control of force by the two hands in a bimanual task may be less
tightly coupled than other mechanisms of motor control. The
present results also add to this literature by showing that the
asymmetric control of bimanual force may also extend to the
processing of reafferent somatosensory feedback and compensa-
tion for the resulting attenuation of its salience.
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