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Motor Costs and the Coordination of the Two Arms

Yousef Salimpour and Reza Shadmehr
Laboratory for Computational Motor Control, Department of Biomedical Engineering, Johns Hopkins School of Medicine, Baltimore, Maryland 21205

We have two arms, many muscles in each arm, and numerous neurons that contribute to their control. How does the brain assign
responsibility to each of these potential actors? We considered a bimanual task in which people chose how much force to produce with
each arm so that the sum would equal a target. We found that the dominant arm made a greater contribution, but only for specific
directions. This was not because the dominant arm was stronger. Rather, it was less noisy. A cost that included unimanual noise and
strength accounted for both direction- and handedness-dependent choices that young people made. To test whether there was a causal
relationship between unimanual noise and bimanual control, we considered elderly people, whose unimanual noise is comparable in the
two arms. We found that, in bimanual control, the elderly showed no preference for their dominant arm. We noninvasively stimulated
the motor cortex to produce a change in unimanual strength and noise, and found a corresponding change in bimanual control. Using the
noise measurements, we built a neuronal model. The model explained the anisotropic distribution of preferred directions of neurons in
the monkey motor cortex and predicted that, in humans, there are changes in the number of these cortical neurons with handedness and
aging. Therefore, we found that coordination can be explained by the noise and strength of each effector, where noise may be a reflection

of the number of task-related neurons available for control of that effector in the motor cortex.
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Introduction

In tasks in which our two arms cooperate, for example, swing of
an axe to split wood, or a backhand to return a tennis serve, the
brain is faced with the problem of assigning motor commands to
each arm in such a way that the combined actions achieve a goal.
This is a form of burden sharing in which there is not a single
winner, but continuous cooperation. Indeed, burden sharing is a
fundamental problem of any neural computation in motor con-
trol: how does the motor system assign responsibility when there
are many actors?

For example, suppose one is asked to produce a force along the
pulling direction of a muscle. You may imagine that the brain
would activate only that muscle in producing the target force.
However, this is not the case (Hoffman and Strick, 1999). Other
muscles are also activated and contribute to the total force, de-
spite the fact that their pulling directions are not along the target
force. As a result, the tuning of a muscle, defined via activation as
a function of force direction, is typically broad. Fagg et al. (2002)
demonstrated that these tuning functions are consistent with a
policy in which the objective is to minimize a cost: given the goal
of producing a force, the muscles share the burden in such a way
that the sum of squared forces that are produced by each muscle
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is minimized. Raising the forces to the power of two, rather than
a smaller exponent, produces broad tuning and results in burden
sharing rather than winner take all (Shadmehr and Mussa-Ivaldi,
2012).

A similar cost can account for the patterns of motor com-
mands in bimanual tasks. O’Sullivan et al. (2009) considered a
task in which one finger from each hand produced a force so that
the sum matched a target. They found that, despite the fact that
one finger was stronger than the other, the responsibility was
shared. The brain assigned a role to each actor based on two
properties of that actor: its strength and its variability.

If such a cost underlies how the brain assigns responsibility to
the various actors, then any differences in bimanual behavior
must arise because of differences in unimanual effort and vari-
ance. To test this idea, we first considered the effect of direction of
action on bimanual behavior because strength, and presumably
effort, varies with direction. We next considered the effect of
handedness on bimanual behavior because we expected to see
smaller variance for the dominant arm (Kalisch et al., 2006). We
then considered the effect of aging on bimanual behavior because
aging tends to equalize variance of the two arms (Vaillancourt
and Newell, 2003). Finally, we noninvasively stimulated the mo-
tor cortex to test whether the resulting changes in unimanual
behavior were consistent with changes in bimanual control. To-
gether, we sought to determine whether there was a single prin-
ciple that could account for bimanual behavior in all these
conditions.

Materials and Methods

A total of 42 volunteers participated in our experiment after giving writ-
ten, informed consent. These volunteers had no known neurological
disease and were naive to the purpose of the experiment. We assessed
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handedness using the Edinburgh Inventory (Oldfield, 1971). The exper-
imental protocol was approved by the Institutional Review Board of the
Johns Hopkins School of Medicine.

Behavioral tasks

Bimanual task. People held the handles of two robotic arms, one in each
hand (see Fig. 1A). Each handle housed a force transducer. Pushing on a
transducer caused a cursor to move by an amount proportional to the
force. The robots counteracted the forces at the handle by a very stiff force
field (K = 2000 N/m, B = 40 N.s/m) that maintained each handle in a
virtual well, minimizing but not eliminating movements. Position of the
cursor, represented by vector x, was proportional to the sum of the force
vectors produced by each arm:

x=a(f, +1fp) +x, (1)

In Equation (1), x, is the center of the workspace, implying that, when no
forces are acting on the transducers, the cursor is at the center. The
scaling factor a was set to 0.5 cm/N, so that, if the two arms together
produced 20N, the cursor was displaced by 10 cm. The cursor was a circle
of 0.5 cm radius. Each trial began with a target placed at the center. The
target was a circle of 1 cm radius. After 1 s, the center target was removed
and a goal target appeared in one of 16 locations equally spaced around a
circle of radius 10 cm. Therefore, the objective was to produce a 20N
force vector along the direction of the target. The subject could accom-
plish this through any combination of forces in the two arms. Our vari-
ables of interest were f; and fj,.

The arms were supported in the horizontal plane by an air-sled. We
enforced the same posture throughout the experiment by securing the
shoulder to the chair and by placing a brace on each wrist. The shoulder
and the elbow angles were ~65° and 60°, respectively. Target directions
were presented in a pseudo-random order, and each direction was re-
peated 10 times, resulting in 160 trials.

Earlier work studied a similar task in which each finger produced a
force so that the sum matched a goal (Shim et al., 2005). The novelty of
our design was to use direction of the target force, handedness, aging, and
brain stimulation to alter the force that the brain assigned to each arm.
We asked whether a single principle could account for behavior in the
various conditions.

A task to measure unimanual noise. We assumed that the force pro-
duced by each arm was a random variable that was affected by noise. We
estimated the properties of this noise in a unimanual task. The general
setup for the unimanual task was similar to the bimanual task in that a
force on the transducer displaced a cursor. On each trial, a target was
displayed, corresponding to 10N, 15N, or 20N, at a random direction
distributed evenly at intervals of 22.5° around a circle. Visual feedback
was provided until the cursor moved inside the target and then elimi-
nated thereafter in that trial. The objective was to maintain the target
force for 2 s. We measured the SD of the force during this period. To do
so, force was digitally processed using a fifth-order Butterworth filter
with a low-pass cutoff of 25 Hz and then detrended (Craigmile et al.,
2005). Subjects performed two trials with each arm for each target force
magnitude and direction, for a total of 192 trials.

In this unimanual task, for each target direction 6, the measured force
was represented as a scalar quantity that was generated by the following
noise model:

fr= up(l + kg (6) )
fl, =u(1+k; (O)d))
¢~N(0,1) (2)

In Equation 2, u is the motor command to the right arm, and k(6) is the
direction-dependent slope of the signal-dependent noise, and fis a scalar,
normally distributed random variable with zero mean and variance 1. To
estimate k(6), for each direction 0, we measured the SD of measured
force at each target force and then determined the slope of the SD of
measured force versus measured magnitude using linear regression, con-
straining the intercept to zero. As a result, the unimanual variance mea-
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surements produced an estimate of signal-dependent noise in each of the
16 directions.

A task to measure unimanual maximum voluntary force. For each target
direction, we measured the maximum voluntary force that subjects could
produce by each arm and labeled these measurements with scalar func-
tions my(0) and m(0). Participants were instructed to produce the high-
est possible force in each direction and the maximum value was recorded
(32 trials, two trials for each direction). The robotic arms were not used
in these measurements, as maximum voluntary forces easily exceed ca-
pabilities of the robot motors. Rather, a force transducer was mounted at
the location of each handle and held in place with bolts that secured the
transducer to a rigid frame.

Experimental groups

Experiment 1: effect of handedness. Two groups of subjects participated
in this experiment: a right-handed (RH) group of young volunteers
(n = 10, mean age * SD of 22.2 * 2.5 years, 4 females, Edinburgh
laterality index of 88 * 13), and a left-handed (LH) group of young
volunteers (n = 10, 22.6 = 3.3 years, 5 females, Edinburgh laterality
index of —73 = 18). The experiment began with the Edinburgh hand-
edness survey (Oldfield, 1971). After completion of the survey, sub-
jects performed the unimanual noise task, the bimanual task, and
finally the unimanual maximum voluntary force task. To assess the
reproducibility of our results, some subjects (n = 2, one in each
group) were repeatedly tested in 10 separate sessions, each session
separated by at least one day.

Experiment 2: effect of aging. An RH group of elderly volunteers
(n = 10, age 59.2 * 8 years, 3 females, Edinburgh laterality index of
76 * 22) participated in this experiment. The procedures were iden-
tical to Experiment 1.

Experiment 3: effect of brain stimulation. We began with a pilot study of
two volunteers: one RH (24 years old, male) and the other LH (21 years
old, male). Each volunteer participated in a 3 d study. On each day, they
received 2 mA transcranial direct current (tDCS) stimulation of the mo-
tor cortex. The experiment began with placement of the electrodes on the
head. The electrodes were two 5 X 5 cm? sponges soaked in saline. On
each day, we measured bimanual control only, with the aim of quantify-
ing whether stimulation of the motor cortex altered the forces that
were produced by each arm. On each day, we considered one of three
configurations: the anodal electrode on the dominant motor cortex
and the cathodal electrode on the nondominant motor cortex, the
anodal electrode on the nondominant motor cortex and the cathodal
electrode on the dominant motor cortex, and sham stimulation of the
motor cortex. The motor cortex on each hemisphere was localized
using the 1020 EEG system, with one electrode placed on marker C3
(Ieft hemisphere) and the other electrode placed on marker C4 (right
hemisphere).

After this pilot study, we recruited a new group of RH young volun-
teers who received 2 mA tDCS stimulation of the motor cortex (age
25.6 = 3.7 years, 5 females, Edinburgh laterality index of 82 * 18). The
anodal electrode was positioned on the dominant motor cortex, whereas
the other electrode was placed on the contralateral motor cortex. After
placement of the electrodes, the subjects received sham stimulation in
which the current was gradually increased during a 30 s period, and then
returned to zero. After the sham stimulation, the subjects performed the
bimanual task. After completion of this task, the current was gradually
increased to 2 mA and maintained there as subjects repeated the biman-
ual task. This was followed by the unimanual noise task, and the uni-
manual maximum voluntary force task. Current was delivered through
the electrodes using a Phoresor IT Auto device (model PM850; IOMED).
The stimulation lasted ~25 min.

Mathematical modeling

We modeled a simplified version of the task in which the motor com-
mands that were produced by each arm were scalars in the same direction
as the target:

r=u+ uy (3)

In Equation 3, f* is the target force (20N) and u; and uy are the forces
produced by the right and left arm. Equation 3 represents an ill-posed
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problem for the brain: it is unclear how much force one should produce
by each arm in order for the sum to equal the target. People’s behavior,
however, suggested a consistent and reproducible solution. To account
for that behavior, we considered a cost that was composed of two terms:
one that penalized noise and one that penalized effort:

] u’AK (0)u + u’ (I—A)M(O)u

1 1
21K (0)] 20 M (0)]

(4)

In the above equation, tr is the trace operator, u = [u; ug]’, K(0) is a
matrix that describes a quantity related to signal-dependent noise for
each arm:

ki (6
(6) 0 ] 5)

K@:[ 0 K ()

M(6) is a matrix that describes a quantity related to maximum voluntary
force for each arm:

mi>(0) 0 ] ©

wor=| " )

A is a matrix that describes the relative importance of noise and effort in

the cost function:
_ a 0
A= [ 0 ay ] 7)

The mathematical problem is to find the motor commands u that
minimizes the cost in Equation 4, given the constraint in Equation 3.
We solved this problem using Lagrange multipliers, which produced
a closed form solution for u as a function of the known quantities
K(60), M(6), and f*:

*_<AK(0) (I—A)M(O))" T( <AK(6)
Y \elk0)] T M (e)] ) P \P\ufkie)]

- AMON" N\
M ()] ) P) fr®

In Equation 8, p = [1 1]. The only unknown quantity in Equation 8 is
matrix A, which represents the weight of noise for each arm (we assume
that the weight of effort is I — A). We found the quantity A that mini-
mized the sum of squared errors across directionsi = 1,.. . ., 16, between
the observed and predicted motor commands 27-(111 —u)" (u, — u).

We used bootstrapping to select subjects in each group, with replace-
ment, and fitted the model to the average group data. We then repeated
the procedure to find the distribution associated with the two unknown
parameters a; and aj.

In summary, we built a model to account for the choices that people
made in the bimanual task. These choices consisted of the forces pro-
duced by the left and right arms in various directions. Our model had two
unknown variables, a; and a, (the two elements of matrix A).

Relating signal-dependent noise in the arm to distribution of
neurons in the motor cortex

Although the origin of signal-dependent noise in force production is
poorly understood, the available evidence suggests that it is of neural
origin (Jones et al., 2002), reflecting the number of neurons that are
contributing to production of force (Galganski et al., 1993). Suppose
that, in the unimanual task, when force fis produced at target direction 6,
there are n neurons that are contributing to production of this force, each
with discharge rate d;:

n(0)

fle)y=">, d (9)

i=1

In Equation 9, the number of neurons is direction-dependent, as re-
flected in the variable n(6), which implies that there may be more neu-
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rons that contribute to force in one direction than another. Let us further
suppose that the noise in these neurons is signal-dependent, with a vari-
ance that grows quadratically as a function of the mean discharge rate d;,
with a slope specified by p*:

d;~ N(d, p*d?) (10)

If we assume that the expected value of the discharge rate is related to the
force:

f
(0) (an

E[d] =

then the SD of the resulting force is related to the noise in these neurons
with the following equation:

pE[f]

) (12)

SD[f] =

~

Equation 12 implies that, as the number of neurons increase, the SD of
noise decreases. In each of our experiments, we measured the SD of force
for each arm at each direction and modeled it as follows:

SD [f] = k(0) E [f] (13)

From Equations 12 and 13, we see that the number of neurons that
contribute to force in each direction is inversely proportional to the
squared slope of the signal-dependent noise in force:

n(o) = (14)

Because variable p is an arbitrary constant, in our simulations we set it to
1 and used Equation 14 to estimate the direction-dependent distribution
of neurons that are contributing to force production for each arm in each
group of subjects.

Statistical analysis

Our data consisted of force measures taken from each arm along 16
directions. In the bimanual task, we used the fraction of the total force
produced by a given arm as the measure along each direction and then
computed the effect of direction and group using repeated-measures
ANOVA (Mathematica 8, Wolfram). To summarize the data across di-
rections, we computed a laterality index. For example, a laterality index
for the force produced by the right and left arms in the bimanual task was
defined as follows:

16
2 fﬁ{) _ Li)
=" (15)

16
2 fﬁ? +]¢(Li)
i=1

In Equation 15, a positive laterality index implies that the subject used
their right arm more than left.

Signal-dependent noise in joint coordinates

We had measured signal-dependent noise of unimanual force in Carte-
sian space. We wanted to represent this in joint space (i.e., in terms of
torques not forces). We began with the assumption that force in Carte-
sian space was a vector in direction 6 with magnitude r and the following

noise properties:
[ cos(6)
f=r sin (0)
r~N (7 k* (0) ) (16)

In Equation 16, 7 is the expected value of r, and k(6) is the direction-
dependent signal-dependent noise in Cartesian space. We were inter-
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ested in estimating this noise in joint space. In joint space, the force
vector becomes a torque:

cos (0) ] (17)

T:]q:fﬂ[gnw)

In Equation 17, J is the Jacobian matrix —— for the left or the right arm,

do
and the superscript T is the transpose operator. The expected value and
variance of this torque vector are as follows:

_ o[ cos(6)
Elr]=1] [ sin(6) ]

cos(0)

var [7] = kZ(O)?Z]T[ sin(6) }[cos (6)sin (0)]J (18)
The variance equation can be simplified as follows:
var [7] = kK* (0)E [7]E [7]" (19)

From Equation 19, we infer that, if the SD of noise grows linearly as a
function of force (as in Eq. 16), then the SD of torque also grows linearly
as a function of torque. Therefore, to estimate noise in joint space, we
first estimated k() by fitting an interpolating spline function to the
measured values in Cartesian space. This made it so that, for any direc-
tion 6 of unimanual force in Cartesian space, we could estimate k(6).
Next, for a given torque vector t, we first computed the corresponding
force vector f using the equation: f = J~ "7, where the superscript —T'is
the inverse transpose operator (we assumed the arm configuration
shown in Fig. 8A, with upper arm length of 28 cm and forearm length
of 32 cm). Next, we computed the direction of f in Cartesian space,
resulting in angle 6. For that direction, we computed k(6), which
according to Equation 19 represents the signal-dependent noise for
the torque vector .

Results

We considered a task in which people chose how much force to
produce with each arm, with the constraint that the sum had to
match an instructed magnitude and direction. We imagined that
this choice may be related to the strength and variability of each
arm. To test this idea, in Experiment 1 we asked whether the
bimanual choice was consistent across repeated measurements,
whether it was affected by direction of target force (because
strength, and presumably effort, are direction-dependent), and
whether it was affected by handedness (because the dominant
arm is generally less variable). In Experiment 2, we considered the
effect of aging (which affects both strength and variability). The
results of these two experiments suggested that unimanual noise
and strength were important factors that affected people’s
choices in the bimanual task. We considered the possibility that
these factors were related to the properties of the neuronal pop-
ulation that was recruited in the motor cortex. To test this idea, in
Experiment 3 we used tDCS to bilaterally stimulate this region of
the brain, increasing the excitability of one hemisphere while
decreasing the excitability of the other (Mordillo-Mateos et al.,
2012).

Experiment 1: handedness and bimanual control

Results of the bimanual task for two representative subjects are
shown in Figure 1B. For ease of presentation, for each target
direction we have projected the force vector produced by each
arm along the target direction and plotted the resulting magni-
tude. We observed that, for the LH subject, contribution of the
left arm was usually greater than the right arm, but not for all
directions. For example, for the target at 0°, the left arm of the LH
subject produced three times as much force as the right arm, but
for the target at 180° the contributions of the two arms were
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Figure1.  Experimental paradigm and performance of representative subjects. 4, Volunteers
held a force transducer in each hand. The transducers were housed in the handles of two robotic
arms. The task was to produce forces with the two arms so that the sum of the two forces would
be a vector that displaced a cursor to a target at 20N. The targets were randomly selected from
16 directions, uniformly distributed around a circle. The task was nearly but not absolutely
isometric, as the robotic arms were programmed to produce a very stiff “well” that strongly
resisted but did not completely eliminate movement. B, The force produced by each arm,
represented as the fraction of total force produced by the two arms. For example, in the LH
subject, the target force of 20N at 0° resulted in production of ~14N by the left arm and 6N by
the right arm. In the RH subject, the same target force resulted in production of 11N in the left
armand 9N in the right arm. Top row, The across-trial, within-session variability of forces. Error
bars indicate SD. Bottom row, Data from the same two subjects collected over 10 separate days
(one line per day). The choices that the subjects made were highly consistent in repeated
measures. €, Unimanual MVF as a function of direction. Whereas the MVF patterns of the two
arms are not different between the subjects, the choices that they made in bimanual control
appear quite different.

nearly the same. This pattern was substantially different for the
RH subject. In the RH subject, the contributions of the right arm
was greater than the left arm, but not for all directions. For the
target at 180° the right arm produced approximately three times
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as much force as the left arm, but for the target at 0° the contri-
butions of the two arms were about the same. These choices were
consistent both within a session and across sessions, as illustrated
by the within-session error bars in the first row of Figure 1B, and
the across-session measurements in the second row of Figure 1B
(these data are from measurements on 10 separate days from each
subject). Therefore, when the subjects were asked to produce a
target force, their brain made a consistent choice regarding the
contribution of each arm. This choice was a function of direction
of the target, as well as handedness.

A simple hypothesis regarding the origin of these patterns is
that they arise from unimanual strength of each arm. Such a
hypothesis would predict that the LH subject has a stronger left
arm, and the RH subject has a stronger right arm. To check for
this, we measured the maximum voluntary force (MVF) in each
arm. The results are plotted in Figure 1C. We found that, in the
LH subject, the left arm did not appear stronger than the right
arm, and in the RH subject, the right arm did not appear stronger
than the left arm. Therefore, in these subjects, strength of the
arms did not appear to account, at least by itself, for the choices
that the brain made in assigning motor commands during bi-
manual control.

Group data in the bimanual task are plotted in Figure 2. In
Figure 2A, we have plotted the force vector produced by each
arm, representing it as a variance—covariance ellipse in which the
center location corresponds to the mean of the force vector. We
found that, in general, when asked to produce a goal force, each
arm produced a force vector that was nearly parallel with the goal
force. To quantify the angular distance between the goal force and
the force in each arm, we measured the average absolute value
of the angle between these forces. We found that, in the LH
group, the force in the left and right arms was 8.1 * 0.8° and
10.3 = 1.5° apart from the goal force (mean = SEM), whereas in
the RH group, the force in the left and right arms was 10.1 = 1.6°
and 8.4 = 0.9° apart from the goal force. The dominant and the
nondominant arms did not differ in their deviations within each
group (LH group, ttest, p = 0.16; RH group, p = 0.08), although
there was a trend toward the dominant arm having a smaller
deviation.

Given the small angular distance between the force vector
produced by each arm and the goal vector, for each target direc-
tion we used as our proxy for force a scalar measure: the projec-
tion of the force vector produced by each arm onto the goal
vector. The result of this representation is shown in Figure 2B,
where the error bars are now SEM. We see that, in the LH group,
the left arm generally produced a greater force when the target
was to the right, whereas in the RH group the right arm gen-
erally produced a greater force when the target was to the left.
We quantified behavior in each direction by subtracting the
force produced by the left arm from the right arm and then
performed a repeated-measure ANOVA with direction as the
repeated measure and handedness as the group factor. We
found a main effect of handedness (F; ;) = 18.4,p = 0.0004),
a main effect of direction (F;5,70) = 24, p < 10 °), and no
interaction (F ;5 579) = 0.7, p = 0.81). Therefore, direction and
handedness both significantly affected the choices that people
made in the bimanual task.

To summarize these data, we used two measures. Our first
measure was the average magnitude of force produced by each
arm across all directions. This measure is shown in Figure 2D
(labeled force). A one-way ANOVA on these data is equivalent to
the group main effect reported in the repeated-measure ANOVA
above. Our second measure was a laterality index (Eq. 9). The
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laterality index is bounded by 1 and —1, indicating preference for
use of the right arm or left arm, respectively. This measure is
shown in Figure 2E. The LH group showed a preference for the
left arm, whereas the RH group showed a preference for the right
arm. A one-way ANOVA on these data is also equivalent to the
group main effect reported in the repeated measure ANOVA
above.

Handedness implies less noise, not greater strength

The MVF data for the subjects in Experiment 1 are summarized
in Figure 2C. As has been reported before, the maximum force
that one can produce with each arm is along a direction from the
hand to the shoulder joint (Jan Nijhof and Gabriel, 2006). We
quantified relative strength of each arm in each direction by sub-
tracting the MVF produced by the left arm m, (6) from the right
arm mpg(0), and then performed an ANOVA with direction as
the within-subject repeated measure and handedness as the
between-subject group factor. We observed a main effect of
direction (F ;5 570, = 13.9, p = 0.0002), but no effects of group
(F(1,18 = 0.08, p = 0.77) or interaction (F(;5 570y = 0.32,p =
0.99). Therefore, the dominant arm was not stronger than the
nondominant arm (Fig. 2E). Rather, the MVF in each arm was
direction-dependent.

We measured noise in the motor commands that were sent to
each arm by testing the subjects in a unimanual task. In this task,
the subjects were asked to maintain a target force without visual
feedback. We measured the SD of force at each target force and
plotted the results in Figure 3A. The warmer colors are associated
with greater SD of force. To analyze these data, we first asked
whether SD of force depended on force magnitude. For each
subject and each force magnitude, we averaged across directions
and then performed an ANOVA with force magnitude as the
within-arm repeated measure and the dominant and nondomi-
nant arms as the between-arm factor. We found a significant
main effect of force magnitude (F, 55, = 28.5, p = 5.3 X 10 °)
and a force-magnitude by arm interaction (F, 3, = 5.06, p =
0.012). These data are plotted in Figure 3A (right). SD of force
increased with magnitude of force. However, the rate of in-
crease was larger in the nondominant arm compared with the
dominant arm.

Next, for each subject, we estimated the slope of the relation-
ship between SD of force and force magnitude for each direction
and each arm, resulting in signal-dependent noise variables k; (6)
and kg(6). These variables are plotted for the LH and RH groups
in Figure 3B (left column, labeled Cartesian space). The area of
each ellipse corresponds to the average signal-dependent noise in
that arm. We see that, for both groups, the dominant arm has a
smaller ellipse. Furthermore, the ellipses have a specific orienta-
tion, implying that there are specific directions for which the
noise is smaller. To quantify these patterns, we performed an
ANOVA on the variable kx(0) — k;(6) with direction as the
within-subject repeated measure (in Cartesian coordinates), and
LH and RH groups as the between-subject factor. We found a
significant main effect of direction (F, 5 57, = 8.8, p = 0.003) and
a significant main effect of group (F, ;5) = 12.3, p = 0.0025). In
a post hoc analysis, we collapsed the signal-dependent noise across
directions for each arm and each subject, as shown in Figure
3C, and then tested whether the average signal-dependent
noise in the dominant arm was different from the nondomi-
nant arm. A f test revealed a significant effect of handedness
(tngy = —3.43, p = 0.0028). Therefore, signal-dependent
noise was direction-dependent in Cartesian space and larger in
the nondominant arm.
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force vector produced by each arm, represented as a variance— covariance ellipse in which the
center location corresponds to the mean of the force vector by each arm and the shading
represents between-subject variance. B, The force produced by each arm during bimanual
control, represented as the fraction of total force produced by both arms, projected onto the
target direction. Shading is between-subject SEM. €, Unimanual MVF as a function of direction.
Shading is between-subject SEM. D, Left plot, Force produced by each arm, averaged over all
directions. Laterality index refers to the difference between the force produced by the right and
left arms, divided by the sum of forces in the two arms (Eq. 9). Error bars indicate between-
subject SEM. E, Left plot, MVF produced by each arm, averaged over all directions. Laterality
index refers to the difference between MVF produced by the right and left arms, divided by the
sum of MVFs of the two arms. Error bars indicate between-subject SEM.
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We further investigated the structure of signal-dependent
noise in each arm by considering it in a more natural coordinate
system, joint space (Fig. 3B, right column). For the LH group,
noise in joint space appeared isotropic (ANOVA with direction as
the repeated measure and arm as the group factor did not indicate
a significant effect of direction, F(;s5 579y = 1.56, p > 0.2). For the
RH group, however, noise in joint space was direction-dependent
(ANOVA with direction as the repeated measure and arm as the
group factor, F;5 570, = 3.79, p < 0.05). For the dominant arm of
the RH group, the smallest noise was for torques produced in the
shoulder extension/elbow flexion and shoulder flexion/elbow ex-
tension directions. Roughly speaking, for the right arm of the RH
group, the noises were smallest when the hand was producing
forces along an axis that ran from the hand to the shoulder.

Unimanual noise and strength predict bimanual control

If the two arms are equally strong, motor commands in a biman-
ual task should favor the arm that is less noisy. Can this idea
account for behavior in the bimanual task? We considered a cost
function (Eq. 4) in which, for each subject, motor commands
were penalized based on the signal-dependent noise and MVF of
each arm. Let us explain this cost briefly. If for a given direction
the noise is large for a given arm, then the cost associated using
that arm is high, discouraging its use. Similarly, if for a given
direction, the arm can only produce a small MVF, then the cost
associated using that arm is high, discouraging its use. The only
free parameter in our model was the relative cost of noise for each
arm, a; and ag. This variable assigns a weight to the cost of noise,
so that it could be compared with the weight associated with cost
of strength (1 — ay, etc.). Although the dominant arm was not
generally stronger than the nondominant arm (Fig. 2E), the in-
clusion of MVF in the cost function is important because strength
is direction-dependent (Fig. 2C).

We used each subject’s noise and strength data to estimate the
two parameters a; and ay, for that subject. The forces produced by
the model in the bimanual task are plotted in Figure 4A. In the LH
group, the correlation between the direction-dependent modeled
forces and measured values was r = 0.530, p = 0.033. In the RH
group, the correlation between the modeled forces and measured
values was r = 0.526, p = 0.035. The general correspondence
between the model and data is summarized by the laterality index
(Fig. 4B).

Next, we tested the hypothesis that regardless of handedness, a
cost function that depended on unimanual measures of variance
and effort could account for bimanual behavior. For this to be
true, the cost function must not only have the same structure in
the two groups, but also similar parameter values. That is, once
we account for differences in unimanual variance and strength,
there cannot be any other differences between the cost function
in the LH and RH groups.

The cost of noise for each arm was estimated by a; and ag. The
values for these parameters are plotted in Figure 4C. We found
that there was consistency in the way that the two groups penal-
ized noise. The bimanual choices of the LH group were consistent
with a large cost of noise in the right arm, whereas the bimanual
choices of the RH group were consistent with a large cost of noise
in the left arm. So if we now simply represent our cost function
not in terms of left and right arms, but in terms of dominant and
nondominant arms, there should be no difference between the
parameter values of the two groups. To check for this, for each
group we relabeled a; and a; as aj, and ay (i.e., cost of noise in the
dominant and nondominant arms). Indeed, ANOVA with a
within-subject measure of aj, and ay, and between-subject factor
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mization of Eq. 4). Error bars indicate bootstrap estimated SD. B, Laterality index of the data
produced by the model. Error bars for the model are SD; for the measured data, error bars
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of handedness, produced no-significant effect of handedness
(F(1,18) = 1.57, p = 0.23) and no interaction (F(, ;4) = 2.69, p =
0.12), but of course a significant within-subject effect of domi-
nant arm (F(, 15y = 17.1, p = 0.0006). This demonstrates that the
parameter values of the cost function did not differ between
groups. Rather, in both groups, there was a high cost associated
with noise in the nondominant arm (compared with its strength).

Experiment 2: aging and bimanual control

In young people, signal-dependent noise was direction-dependent
and smaller in the dominant arm. We sought a new group of
people in which this was not the case. In that group, we hoped to
test a critical prediction of the hypothesis: if unimanual noise is
comparable in the two arms, then in the bimanual task there
should be no preference for the dominant arm.

We recruited a group of aged subjects. On the Edinburgh
survey, they identified themselves as strongly RH (mean * SD
score of 76 % 22 for the aged RH group vs 88 = 13 for the young
RH group). Their unimanual strength and signal-dependent
noise are plotted in Figure 5A. Strength of each arm in the aged
group exhibited the same direction dependence that we had seen
in the young RH group. However, ANOVA on the noise data with
direction as the repeated measure, and left or right arm as the
group factor revealed no significant effect of direction (F;5 579y =
1.6, p = 0.21), no significant effect of arm (F, ,5, = 0.005, p =
0.94), and no interaction (F(;5 5,9y = 1.3, p = 0.20). Therefore, in
the aged group, unimanual noise was neither direction-
dependent nor arm-dependent. Both of these facts are in contrast
to the young group (Fig. 5B).

The bimanual choices of the aged group are shown in Figure
5C. For ease of comparison, we also included in this figure the
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choices made by the young RH group. In comparing the biman-
ual choices of the aged and young, it appeared that the aged group
had reduced contributions of their right arm and increased con-
tributions of their left arm. ANOVA on the difference between
forces in the right and left arm with the within-subject measure of
direction, and between-subject group of young and elderly,
showed a significant effect of direction (F;5,70) = 21.2, p <
10 ~°), a trend toward significance for the effect of group (F; 5, =
3.75, p = 0.067), and no interaction. These data are summarized in
Figure 5D. We saw a trend toward increased symmetry in the
use of the two arms in the elderly subjects, although the dif-
ference between elderly and young was not statistically
significant.

Figure 5E plots the bimanual choices of the aged group. We
used each subject’s noise and strength data to estimate the cost of
variance parameters a; and a,. The model’s choices in the biman-
ual task are also plotted in Figure 5E. The correlation between the
direction-dependent modeled forces and measured values was
r = 0.83, p < 0.001. The values of a; and a, for the aged and
young RH groups are shown in Figure 5F. We found that the two
groups differed in how they penalized variance. ANOVA with the
within-subject repeated measure of a; and a, and the between-
subject factor of young or elderly, produced a significant effect of
group (F, 15 = 5.7, p = 0.029) and a significant interaction
(Fi18) = 7.1, p = 0.016). The interaction suggested that the

younger group exhibited an asymmetric cost of noise for each
arm, whereas the elderly group did not exhibit an asymmetry.

In summary, in the aged population, the noise in the two arms
was comparable, and consistent with this, in the bimanual task
they exhibited no preference for their dominant arm.

Experiment 3: motor cortical stimulation and

bimanual control

We stimulated the motor cortex in the hope that this would alter
bimanual control. Figure 6A shows the effects of stimulation of
the motor cortex in an LH subject and an RH young subject. In
the sham condition, each subject had a preference for their dom-
inant arm. When the anodal electrode was placed on the domi-
nant M1 (and the cathode placed on the contralateral M1), both
subjects increased their preference for their dominant arm. In
contrast, when the cathodal electrode was placed on the domi-
nant M1 (and the anode placed on the contralateral M 1), we saw
little or no change in the preference for the dominant arm. These
data are summarized in Figure 6B. Based on these results, we
chose to investigate the effects of anodal stimulation of the dom-
inant M1 in a group of RH subjects.

We recruited a new group of young RH volunteers and ap-
plied the anodal electrode to the left motor cortex and the cath-
odal electrode to the right motor cortex. Bimanual behavior in
the tDCS and sham conditions are shown in Figure 7A (top row).
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Figure6.  Anodal tDCS on the dominant hemisphere tends to increase the preference for the

dominant arm in both LH and RH people. Data are from two subjects: one a RH individual and
one a LH individual. Each subject participated in three experiments: sham, anodal tDCS of the
dominant M1, and cathodal tDCS of the dominant M1. Stimulation is always bilateral, with one
M1 serving as anode, whereas the other serves as cathode. 4, Behavior in the bimanual task.
Each plot shows the fraction of force produced by each arm for each direction. B, Laterality index
for the three conditions in each subject. Ca, Cathodal stimulation of the dominant hemisphere;
An, anodal stimulation of the dominant hemisphere.

tDCS produced an increase in the forces produced by the right
arm, particularly for targets to the left. This resulted in a signifi-
cant within-subject increase in the forces produced by the dom-
inant arm with respect to the nondominant arm (Fig. 7B, top
row, paired t test, tg) = 2.93, p = 0.016). tDCS also produced an
increase in the MVF of the dominant arm, particularly for targets
to the top left and bottom right (Fig. 7A, middle row). We quan-
tified this via a paired ¢ test of the average MVF of the right arm
and found a significant increase in the tDCS condition (¢ =
3.62, p = 0.006). There were no significant changes in the MVF of
the left arm (¢4, = 1.39, p = 0.20). Finally, tDCS did not produce

Salimpour and Shadmehr e Bimanual Control in Left- and Right-Handed People

a significant change in the unimanual noise patterns, although
there was a trend toward reduction of noise in the dominant arm
(Fig. 7B, bottom row). Therefore, anodal tDCS of the left motor
cortex produced an increase in the strength of the right arm, as
well as an increase in the use of the right arm during bimanual
control.

A model to relate unimanual noise with neural control
Although the origin of signal-dependent noise in force produc-
tion is poorly understood, the available evidence suggests that it is
of neural origin (Jones et al., 2002), reflecting the number of
neurons that are contributing to production of force (Galganski
etal., 1993). Using a simple neuronal model (Egs. 9-14), we used
the signal-dependent noise measurements in each arm and each
direction to estimate the distribution of neurons that may be
contributing to production of force. In Figure 8A, we have plot-
ted the model’s predictions regarding the distribution of neurons
for each arm (we have taken the liberty to label neurons to the
hemisphere contralateral to the arm). To arrive at these results,
we set p = 1 in Equation 14 and used the signal-dependent noise
values for each group of subjects to estimate the number of neu-
rons that contributed to each target force. For the RH young, the
model predicted that a larger number of neurons were available
in the left hemisphere to contribute to the task of force produc-
tion with the contralateral arm, compared with the right hemi-
sphere (Fig. 84, top row). Furthermore, the distribution of these
neurons was not isotropic, but greater for forces in the second
and fourth quadrant (approximately aligned with the hand-
shoulder axis). These patterns repeated in the LH young. How-
ever, in the aged group, the model suggested a large loss of
neurons, particularly in the left hemisphere, compared with RH
young.

An important question is whether the modeling and behav-
ioral results have any correlates with neural control of force in the
nervous system. During isometric force production, cells in the
motor cortex are strongly modulated by the direction and mag-
nitude of force (Sergio and Kalaska, 1998; Cabel et al., 2001),
whereas this sensitivity is less in other frontal motor areas (Kakei
et al., 2001) and much less in the posterior parietal cortex
(Kalaska et al., 1990). Each cell has a preferred direction of reach-
ing or force production for which it fires the most. Intriguingly,
the distribution of preferred directions is anisotropic. For exam-
ple, Scott et al. (2001) recorded from 214 M1 neurons in 3 mon-
keys while maintaining the arm in the horizontal plane at a
configuration close to that which we used (Fig. 1A). The animals
made reaching movements to targets at various directions. The
distribution of preferred direction of cells is reconstructed in
Figure 8B (left subplot). They found many more cells in the sec-
ond and fourth quadrant than in the first and third quadrant. Our
model’s estimate of distribution of neurons is strongly correlated
with these neurophysiological results: the correspondence be-
tween the distribution of modeled neurons in the left hemisphere
of our young RH subjects and the left M1 of monkeys is r = 0.65
(F114) = 10.46, p = 0.006).

An important caveat is that the results of Scott et al. (2001)
were from a reaching task and not an isometric force task. Sergio
etal. (2005) compared activity of M1 cells in both tasks and found
that, during the period near the start of the reach/force produc-
tion, and during the period near reach completion and the sub-
sequent hold interval, for a given cell the preferred directions in
the two tasks are similar. Regardless, we considered another neu-
rophysiological dataset. In an isometric task in which torques
were applied to the shoulder and/or the elbow joints of two mon-
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Figure7.  Effect of tDCS on bimanual control, unimanual strength, and noise of a group of RH young people. 4, Top row,

The force produced by each arm during bimanual control, represented as the fraction of total force produced by both arms.
Middle row, MVF of each arm. Bottom row, Signal-dependent noise. B, Top row, tDCS-induced change in force produced by
each arm during bimanual control, averaged over all directions. Middle row, tDCS-induced change in MVF of each arm,
averaged over all directions. Bottom row, tDCS-induced change in signal-dependent noise in each arm, averaged over all

directions. Data are mean = SEM.

keys, Cabel et al. (2001) reported the preferred direction of
torques that produced maximal activity in 88 cells in the arm area
of the motor cortex. Their results are plotted in Figure 8B (right
subplot). There is an anisotropic distribution of preferred direc-
tion of cells, with most cells activated for torques that simultane-
ously engaged shoulder extension/elbow flexion or shoulder
flexion/elbow extension. How does this correspond to our noise
measurements? Using the joint space noise data in the right arm
of our RH group (Fig. 3B), we estimated the number of neurons
in each direction of torque. The model results are plotted in
Figure 8C. We found that the predicted number of neurons was
largest for shoulder extension/elbow flexion and shoulder flexion/
elbow extension, approximately consistent with the neurophysiological
recordings.

Together, the results imply that, from the unimanual, direction-
dependent noise measurements from each arm, one may approx-
imately estimate the size and distribution of preferred direction
of neurons in the contralateral M 1. Based on this assumption, our
model predicts that handedness in young people is associated
with a larger number of arm-related neurons in the dominant
versus nondominant M1 (Fig. 84). Compared with RH people,
left handers may have fewer arm-related neurons in their domi-
nant M1. With aging, there may be a reduction in the asymme-
try of the number of arm-related neurons in the two motor
cortices, possibly because of a strong reduction in the number
of neurons in the dominant M1, but a weaker reduction in the
nondominant M1.

Change in force (N)

Change in MVF (N)
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Discussion

We considered a bimanual task in which
121 people chose how much force to produce
0.8 1 % with each arm in order for the sum to
044 & equal a target amount. In Experiment 1,

01 we found that the dominant arm of young

-0.4 £ people generally produced a greater force,
0.8 - £ but its contribution varied with direction
12 = of target. This was not because the domi-
nant arm was stronger; rather, it was less

noisy. Regardless of arm or handedness,

14 the noise was smallest along an axis be-
12 tween the hand and the shoulder. Using
12 an optimization framework, we found

6 that a cost that included noise and
4 strength of each arm accounted for both
(2) the direction- and handedness-dependent
choices that people made. In this cost,

E E
i’ g noise in the nondominant arm was
2 weighted more than in the dominant arm.
- If unimanual noise is causally related
) to bimanual control, then people who
0.001 have similar levels of unimanual noise in
gnen the two arms should show no preference
-0.001 for the dominant arm in bimanual con-
-0.002 trol. In Experiment 2, we recruited a
-0.003 group of aged volunteers and found that

unimanual noise was not different be-
tween the two arms, and bimanual control
exhibited no preference for the dominant
arm.

In Experiment 3, we applied anodal
tDCS to the dominant motor cortex of RH
young people. We found increased contri-
butions of the dominant arm in bimanual
control. Together, our results demon-
strate that the motor commands that are sent by the brain to each
arm during bimanual control are largely a reflection of the uni-
manual noise and strength of each arm.

Our study was inspired by work of O’Sullivan et al. (2009). In
that work, predominantly RH young people produced isometric
forces with fingers of their right and left hands to produce a target
force. They found that noise was higher in the left hand of RH
people and that a cost similar to the one we used here described
bimanual control of hands. Together, the two reports demon-
strate that unimanual noise and strength can account for biman-
ual control in both fingers and arms.

In our cost, forces were normalized with respect to strength
and then penalized via a quadratic function. We chose the qua-
dratic function because Fagg et al. (2002) had demonstrated its
effectiveness in accounting for muscle activation patterns during
isometric force production.

In our task, there was a contribution from each arm (i.e.,
burden sharing). However, the framework may be relevant to
winner-take-all tasks. For example, RH people use their right arm
to reach to stimuli on the right, left arm to reach to stimuli on the
left, but prefer using their right arm to reach to stimuli that are
straight ahead (Oliveira et al., 2010). The decision as to which act
to perform is thought to be a race between two motor plans
(Pastor-Bernier and Cisek, 2011). The plan that reaches thresh-
old first is executed (Michelet et al., 2010). Coelho et al. (2013)
demonstrated that the right arm displayed better performance



1816 - J. Neurosci., January 29,2014 - 34(5):1806 1818

>

Model results
herlﬂsphere Right hemisphere

0

Right handed young

3000 0

‘ooo 2000

Left handed young

Right handed aged

Figure 8.

Salimpour and Shadmehr e Bimanual Control in Left- and Right-Handed People

B Left motor cortex of monkey

Reaching Isometric torque

EF
15 6

SE SF
EE I ;
C
E
6000
Model results SE SF
E

A model relating signal-dependent noise to distribution of neurons. 4, From the unimanual signal-dependent noise patterns in each arm (as represented in Cartesian space), we

estimated the distribution of task-related neurons in the left and the right motor cortex for each force direction and each group. The number refers to number of cells. B, Left, Distribution of preferred
directions of neurons in the left M1 as recorded in 3 monkeys during reaching movements as reported previously (Scott et al., 2001). Right, Distribution of preferred direction of neurons in M1 as
recorded in 2 monkeys during an isometric torque production task as reported previously (Cabel et al., 2001). , From the unimanual signal-dependent noise patterns in the right arm of the RH group
of subjects (as represented in joint space), we estimated the distribution of task-related neurons in the left M1 for each torque direction.

for the straight-ahead reaches than the left arm. This unimanual
variance may affect the rate at which the plan for that arm pro-
ceeds to threshold. That is, bimanual preference in reaching, such
as force production, may have its roots in a motor cost that de-
pends on unimanual variance. Unimanual variance, in turn, may
be a reflection of the number of task-relevant neurons in M1.

Control of the dominant arm is generally associated with less
variability (Kalisch et al., 2006). Variance in production of force
appears to be mainly the result of noise properties of neurons and
not the muscles (Jones et al., 2002). In M1, a cortical region where
cells are most sensitive to forces that are produced by the arm
(Sergio and Kalaska, 1998; Cabel et al., 2001), SD of discharge
grows linearly with the magnitude of discharge (Schwartz, 1994).
A cost that penalizes variance favors a neural computation that
spreads activations to as many cells as possible to keep their firing
rates low. We observed that noise in the dominant arm was gen-
erally less than in the nondominant arm, which would imply that
the number of neurons available to control the arm is larger in the
dominant hemisphere. This conjecture is consistent with mea-
sures of M1 activation in RH and LH people (Volkmann et al.,
1998; Bernard et al., 2011).

We found that unimanual noise was direction-dependent,
and for some directions the dominant and nondominant arms
were equally noisy (Fig. 3B). Using a model, we suggested that
the shape of the noise function implied a specific anisotropy in
the distribution of neurons that control force. We showed that the

anisotropy in the distribution of modeled neurons corresponded
to the distribution of preferred directions of cells in M1 (Scott et
al., 2001): when the arm is in the horizontal plane, both the
minimum of the noise function and the maximum of the density
of preferred direction of cells in M1 lie on an axis between the
hand and the shoulder. We found that the smallest variance in
force was associated with elbow-flexion/shoulder-extension
torques, and our model predicted that the largest number of
neurons is associated with this direction of torque. Interestingly,
when M1 is microstimulated, the stimulation is more likely to
activate elbow flexors than extensors and more likely to acti-
vate shoulder extensors than flexors (Park et al., 2004). To-
gether, it appears that unimanual noise in isometric force
production may be a proxy for the density of preferred direc-
tion of cells in M1.

We observed that, during bimanual control, the cost of noise
in the nondominant arm was more than in the dominant arm.
Arm area of M1 has neurons that receive input from neurons in
the contralateral M1 arm region (Muakkassa and Strick, 1979).
The functional significance of this may be the observation that,
during force production, one M1 inhibits the other (Morishita et
al., 2012). Interestingly, this inhibition is greater from the domi-
nant to the nondominant M1 than vice versa (Netz et al., 1995). If
unimanual variance is associated with the number of neurons
that are available to produce force in a given direction, then the
greater cost of noise in the nondominant hemisphere during
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bimanual control implies that the dominant hemisphere re-
cruits more neurons than would be predicted by the ratio of
task-relevant neurons in the two hemispheres. Therefore, we
predict that, during bimanual control, activation of task-
relevant neurons in the dominant M1 produces a strong inhi-
bition of the nondominant M1, whereas activation of neurons
in the nondominant M1 produces a weak inhibition of the
dominant M1.

We found that aging altered motor control in distinct ways:
first, aging produced a greater increase in the noise of the domi-
nant arm than the nondominant arm. The increased noise result-
ing from aging has been previously reported (Galganski et al.,
1993), but the asymmetric increase appears to be a novel finding.
Second, aging removed the direction-dependent structure of
noise and made it isotropic. Third, the cost of noise was asym-
metric in youth between the arms but became symmetric with
aging. The first observation suggests that with aging there is neu-
ronalloss in M1, but this loss is greater for regions that control the
dominant arm. The second observation suggests that, within a
hemisphere, there is a greater loss of neurons among cells that
have their preferred directions along the hand—shoulder axis than
other directions. The third observation suggests that, whereas in
young people intercortical inhibition is asymmetric, with aging it
becomes symmetric. This last conjecture may be related to the
fact that aging reduces the inhibition between the two M1s (Lan-
gan et al., 2010).

We stimulated the motor cortex because cells in M1 show
strong sensitivity to the forces that are produced by the arm
(Sergio and Kalaska, 1998; Cabel et al., 2001). Anodal tDCS
increases the resting membrane potential of neurons, bringing
them closer to a depolarized state, requiring less input to make
the neuron fire (Purpura and McMurtry, 1965). This may
explain our observation that, with anodal stimulation of the
dominant hemisphere, the contribution of the dominant arm
increased in bimanual control, along with its apparent
strength. A limitation in our experiment is that we applied
tDCS after sham stimulation, and therefore the order was not
counterbalanced. This is a fundamental limitation of a single
session experiment, as tDCS induces aftereffects (Nitsche and
Paulus, 2000) that prevent a scenario in which sham is applied
after termination of stimulation.

Whereas we observed that bimanual coordination across var-
ious people was associated with the noise of each effector, de Rugy
etal. (2012) found that people could not learn new coordination
when noise in a muscle was artificially changed. An interesting
follow-up would be to use unimanual training to alter noise
properties of an effector and then test whether this change alters
voluntary behavior during bimanual control. Alternatively, it has
been shown that short-term interventions, such as ischemic
nerve block, can alter cortical representations associated with
forearm flexors but not extensors (Vallence et al., 2012). These
cortical changes should coincide with changes in voluntary be-
havior during bimanual control.

In conclusion, our study sheds light on how the nervous sys-
tem solves redundancy in motor coordination, by identifying a
central contribution of strength and variance of each effector.
Variance in the ability to control an effector may be a reflection of
the density of the neural representation of that effector in the
motor cortex.
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