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Abstract Coactivation of antagonist muscles is readily Keywords Motor learning- EMG - Impedance control
observed early in motor learning, in interactions with

unstable mechanical environments and in motor system

pathologies. Here we present evidence that the nervoustroduction

system uses coactivation control far more extensively and

that patterns of cocontraction during movement are closelfMuscles in the human motor system have the unique
tied to the specibc requirements of the task. We haveharacteristic, that as force generating devices, they
examined the changes in cocontraction that followactively work only in a single direction. Hence, for each
dynamics learning in tasks that are thought to involvesingle mechanical degree-of-freedom, at least two antago-
Pnely sculpted feedforward adjustments to motor comnistic muscles are necessary to control motion. The ways in
mands. We Pnd that, even following substantial trainingwhich these antagonistic muscles are recruited in different
cocontraction varies in a systematic way that depends otasks is a fundamental problem in understanding human
both movement direction and the strength of the externatotor control. Two distinct control mechanisms have been
load. The proportion of total activity that is due to co- identibPed in motor control studies. In one case, the nervous
contraction nevertheless remains remarkably constansystem reciprocally activates sets of antagonist muscles
Moreover, long after indices of motor learning and elec-and produces torques at a desired joint. Alternatively,
tromyographic measures have reached asymptotic levelantagonistic muscles are recruited at the same time. When
cocontraction still accounts for a signibcant proportion ofcocontraction is balanced there is no kinematic effect, but
total muscle activity in all phases of movement and in allthere are resulting changes in the mechanical impedance of
load conditions. These results show that even followinghe musculoskeletal system. Reciprocal control and muscle
dynamics learning in predictable and stable environments;ocontraction have been studied extensively. However, the
cocontraction forms a central part of the means by whictrelative contribution of each to different motor tasks is not
the nervous system regulates movement. well understood nor is manner in which cocontraction
varies with the specibc requirements of the task.

It has been shown that subjects use cocontraction control
to offset the effects of destabilizing forces both under static
conditions (Darainy et al.2004 and during reaching
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motor learning in stable environments. Apart from a gen-of the motor control system and is applied broadly even
eral decline in cocontraction following learning, the after learning.
manner in which cocontraction during movement is tuned
to specibc requirements of the task is unknown. In the
present study, we have assessed the role of muscMethods
cocontraction following adaptation to stable environmental
dynamics in two situations. We have brst examined thé&ubjects and apparatus
degree to which cocontraction during movement is modu-
lated with the strength of the external force Peld. TheTen male subjects, between 19 and 28, participated in this
modulation of cocontraction with the level of external force study. All subjects were right-handed and had no history of
would be consistent with the idea that cocontraction controheuromuscular disorder. Experimental procedures were
is part of the way in which the nervous system compensatespproved by the McGill University Ethics Committee.
for the effects of external dynamics. A second focus isSubjects were seated in front of a two degree-of-freedom
whether cocontraction is differentially tuned to offset theplanar robotic arm (Inmotion2, Interactive Motion Tech-
effects of loads associated with movements in differennologies Inc.) and held the handle in their right hand. For
directions. Different muscle pairs are involved in moving each subject, the height of the seat was adjusted to produce
in different directions and accordingly different patterns ofan abduction angle at the shoulder of 8bhe seat position
muscle coactivation may be necessary to optimally suppomvas also adjusted to have a shoulder angle of Afative
these movements. Apart from demonstrations under statio the frontal plane, and an elbow angle of 9felative to
conditions (Gribble and Ostr$998 Gomi and Osul998, the upper arm, as the start point for all movements. To
it is unknown whether the nervous system is capable oflecrease friction, the subjectOs hand was supported on the
modulating the balance of cocontraction over differentsurface of a glass table by an air-sled. Hand position was
muscle pairs to counteract the forces involved in differentmeasured with optical encoders at the robot joints.
movement directions.

In the present study we have assessed the role dExperimental task
muscle cocontraction after extensive practice. We have
used a center-out reaching task with a clockwise velocity-The experimental session was divided into a familiarization
dependent curl beld to gauge this effect (Shadmehr anghase and an experimental phase. The electrodes were
Mussa-lvaldil994. Two primary directions of movement placed just prior to the experimental phase. In the famil-
were chosen for this study. Reaching movements in on@rization phase of experiment, subjects were trained to
direction required mostly elbow rotation (elbow move- make 15 cm reaching movements in 68050 ms to two
ment condition) while movements in the second directionvisual targets that were positioned just below the surface of
involved primarily shoulder rotation (shoulder movementthe glass table. No forces were applied during this part of
condition). In each direction, subjects trained with twothe experiment (null condition). One visual target was
levels of force-beld strength consecutively. We obtained glaced lateral to the subject at the left of the start point. The
measure of muscle cocontraction using a techniqueeaching movement to this target involved shoulder Rexion
described previouslyNthe minimum normalized muscle (on average 2) and to a lesser extent elbow extension
activity for each antagonist pair of muscles (Thoroughmar(6 ). We will refer to this as the shoulder movement con-
and Shadmehrl999 Gribble et al. 2003. This is a dition. A second target was placed in a diagonal direction,
measure of co-occurring activity that is shared by anforward and to the right of the start point. Movement to this
antagonist muscle pair and provides an estimate ofarget primarily involved elbow extension (30combined
cocontraction. We observed that even following adaptawith 6 shoulder Rexion) and will be referred to as the
tion and after considerable training, the cocontractiorelbow movement condition.
level varied with the strength of the force-beld. We also Subjects were asked to move as straight as possible and
observed that movement direction had a substantighudiobvisual feedback of movement duration was provided
inBuence on the pattern of cocontraction. Moreover, thet the end of each trial. In familiarization phase, two blocks
cocontraction associated with these effects accounted foraf 50 trials each were carried out to each of the targets.
substantial and remarkably constant portion of totalSubjects had full view of the arm at all times during the
muscle activation. These results show that even duringxperiment. Each trial started with a short beep and sub-
wholly stable interactions with the environment, cocon-jects were asked to reach the target in a single movement.
traction is modulated with the level of the force-beld andThey were also told that their reaction time was not the
also with the direction of movement. These Pndingsfocus of the study and accordingly was not included in the
suggest that coactivation control is an integral componenmeasured movement duration. Following movement, when
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the hand stopped inside a 1 cm diameter circular targetectiped and the root-mean-square of the signal was cal-
zone, visual feedback of their movement duration wasulated over a sliding window of 100 ms. A measure of
displayed on a monitor beside the robot. They also hearbaseline EMG activity was removed from all signals on a
audio feedback at the same time. The robotic arm theper muscle basis. The measure was obtained by recording a
moved the subjectOs hand back to the start point and aftesimgle 30-s trial at the beginning of the experimental phase,
500 ms delay the next trial began. during which the subject rested at the center of workspace
Six shoulder and elbow muscle sites were identibPed anednd did nothing. For each trial, the EMG signals and
prepared for electrode placement. The muscles of intereginematics data were time-aligned at movement start.
were two single-joint shoulder muscles (pectoralis clavic-Movement onset was scored at the time that tangential
ular head and posterior deltoid), two muscles acting at théand velocity exceeded 20 mm/s. Movement end was also
elbow (the double-joint muscle biceps long head and singlscored when the hand tangential velocity fell below the 20
joint triceps lateral head) and two bi-articular shoulder andnm/s. Kinematic error was used to assess learning and was
elbow muscles (biceps short head and triceps long head). debPned on a trial-by-trial basis, as the maximum perpen-
variety of test maneuvers were carried out to determinalicular distance (PD) between the hand trajectory and a
electrode placement. EMG signals were ampliped andtraight line that connected movement start and end.
analog bltered between 20 and 450 Hz (Delsys, Bangoli 8). We also assessed performance by computing a learning
In the experimental phase of study, subjects were ranindex (Hwang et al2003, LI, a measure that takes into
domly divided into two groups of bve subjects each. Theaccount both force-pbeld trials and catch-trials and, hence,
Prst group was tested brst with movements to the lateralorrects for possible differences in performance due to
target (shoulder movement condition) and then repeatedifferences in the action of the force beld. The LI is debPned
the same procedure with movements to the diagonal targeis:
(elbow movement condition). The second group of subjects |PDeacer]
did the same task but in opposite order. Five blocks ofl = R A
. . |PDcatch| + |Pfo|
reaching movements were carried out to each target.
Blocks 1 and 2 involved 50 trials each and were carried ouwvhere P[} is the maximum perpendicular distance from a
under null conditions (only Block 2 was recorded). Block 3 straight line under force beld conditions and B is the
involved 150 trials under low force-beld conditions (seesame measure for catch trials. The learning index ranges
below). A fourth block (Block 4) also involved 150 trials from 0.0 early in training to an upper limit of 1.0 under
under high force-Peld conditions. A Pnal block of 50 trialsconditions of complete adaptation.
was carried out under null conditions to test for afteref- Following the removal of baseline activity, measures of
fects. EMG data and kinematics were recordedEMG were normalized on a muscle-by-muscle basis for
simultaneously. each subject separately. The normalization serves to equate
Clock-wise velocity-dependent forces were used duringEMG magnitudes of antagonist muscles under static con-
force-beld trials. Equatiof shows the forces that were ditions. As a normalization factor we used the mean muscle

(2

applied to the subjectOs hand. activity from the high force condition during a 200 ms

f 0 11Tv window from 500 to 300 ms before movement onset

Lf} =p { 1 O} [vx] (1)  (averaged over the 300 trials in both movement directions).
y y

As a control, we repeated the normalization procedure
In this equationf, andf, are the commanded force to the using the mean EMG activity in a 200 ms window starting
robot,v, andv, are hand velocities in Cartesian coordinates300 ms after the end of movement. We also repeated the
and 8 gives the pPeld strengtlf. was set at 7 N s/m for the normalization procedure based on measures of maximum
low force-pPeld condition and 17 N s/m for the high force- voluntary cocontraction that were recorded prior to the
Peld condition. In 20% of randomly chosen force-bPeldexperimental measurements. In both cases, the results
trials, the robot motors were turned-off and subjects werebtained were qualitatively similar to those reported above.

tested under null conditions (catch trials). We have not used the more usual technique of nor-
malizing EMG relative to maximum voluntary contraction
Data analysis (MVC). In order to obtain a normalized measure of muscle

cocontraction (as opposed to individual muscle contrac-
Position signals were sampled at 200 Hz, low-pasgion), we needed areference that equated for EMG levels in
Butterworth bltered at 20 Hz and numerically differenti- antagonist muscles when the arm is cocontracted in statics.
ated to produce the velocity signals. EMG signals wereConventional MVC measures are obtained for each muscle
sampled at 1,000 Hz and digitally band-bass Plteregeparately and MVC values for antagonist muscle pairs are
between 20 and 450 Hz. EMG signals were then full-waveunlikely to result in static equilibrium.
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We obtained a measure of cocontraction as follows. Orshoulder movement condition and elbow and biarticular
each trial and for each antagonistic pair of muscles (forcocontraction in the elbow movement condition.
example, biceps long head and triceps lateral head), the We tested six additional subjects in a control study that
minimum normalized muscle activity (from the two EMG involved only the shoulder movement condition, and was
signals) was calculated at each point in time (Thoroughmagonducted without catch trials. Subjects brst completed 450
and Shadmeht999 Gribble et al.2003. This measure of trials under null conditions followed by 450 further trials in
cocontraction was calculated over the course of movemerthe high force condition. EMG and movement kinematics
to yield a cocontraction trajectory for all trials in the null, were recorded as described above. We veribed that per-
low force and high force conditions. formance had reached asymptotic levels by dividing the
We also computed a measure of reciprocal activation foexperiment into bins of 25 trials each. A repeated measures
each trial and each pair of antagonist muscles. The measufdNOVA assessed differences in both cocontraction and
of reciprocal activation was the total activity in each movement curvature over the course of the null and force-
muscle pair minus the activation in each muscle due tdreld trials in the control study.
muscle cocontraction. The total activity in each muscle pair
was thus the sum of reciprocal activation plus two times
muscle cocontraction (relRecting the contribution ofResults
cocontraction to the measured activity of each individual
muscle). The contribution following learning of muscle The aim of this study was to assess the role of cocon-
cocontraction to total muscle activity was calculated adraction following adaptation to a novel dynamic
follows (averaged over the bnal 25 trials in each experienvironment. In order to quantify learning we calculated
mental condition, not including catch-trials and thethe maximum perpendicular deviation (PD) of the hand
immediately following trial): from a straight line connecting movement start and end.
2¢coc Figure la shows the mean PDLGE) for the shoulder
(3)  movement condition over the course of the four blocks of
the experiment (50 trials under null-beld, 150 trials under
where C is the proportion of total muscle activity due to jow force-beld conditions, 150 trials under high force-
cocontraction, coc is the contribution of each muscle tope|d conditions and 50 Pnal after-effect trials). The
cocontraction and recip is the total reciprocal activation accurrence of catch-trials shown in red was random in the
dePned above. actual experiment however for visualization purposes they
For purposes of statistical analysis, each individual cogre plotted at equal intervals. It can be seen that move-
contraction trajectory was divided to four parts, 250 to 50ments are straight during null Peld trials. When the force-
ms before movement onset, 50 ms before movement onsgleld is unexpectedly introduced, the hand path deviates
to maximum tangential hand velocity, maximum velocity from a straight line but with practice the deviation is
to end of movement and a 200 ms interval immediatelyreduced. As in other studies of force-peld learning even at
following movement end. Repeated measures ANOVA angisymptote some curvature remains (Lackner and Dizio
Bonferroni corrected post hoc tests were used to evaluatgggs Caithness et a004. The hand path is deviated in
statistical differences. the opposite direction during catch trials and the magni-
We also classiPed muscles according to their role iryde of the after-effect increases as a function of load.
movement and cocontraction measures were divided ofgllowing the completion of the low force condition
this basis. We refer to the cocontraction activity of antag-subjects rest for 5 min and then start the high force
onistic muscles that are involved in the generation ofcondition in which the direction of force-beld remains the
movement as prime mover cocontraction, and the coconsagme but the magnitude is increased. As in the low force
traction activity of antagonistic muscles at the largelycondition, the hand initially deviates from a straight line.
Stationary jOint as stabilizer cocontraction. Previous Studie€urvature is reduced with practice, however, the effect of
have demonstrated that aCtiVity in biarticular muscles |&he force-beld is not fu”y removed and some residual
closely related to movement and torque at the elbow (Gomé¢urvature is observed that is greater in magnitude than in
and Osu1998 Gribble and Ostry1998. Therefore, we the |ow force condition. The bnal block of the experiment
have grouped double joint muscles with elbow muscles fofhyolves 50 trials under null beld conditions. Here one
purposes of this analysis. Thus, we grouped together asan observe a considerable after-effect that gradually
Stabilizers, the shoulder cocontraction values in the eu)OWeturnS to null peld levels. F|gum) shows the perpen-
movement condition and the elbow and biarticular cocongicular deviation for the elbow movement task. The effect

traction values in the shoulder movement condition. Wes qualitatively similar to that observed in the shoulder
grouped as prime movers, shoulder cocontraction in thengvement condition.

~ 2coc+ recip
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Figurel shows that performance reached asymptotiqtriceps lateral and long head for elbow movement and
levels in all conditions. This was examined quantitativelypectoralis for shoulder movement). This phasic burst is
by assessing changes in perpendicular deviation over threceded and followed by coactivation of antagonistic
course of the Pnal 50 trials of training. For this purpose, wanuscles.
divided the last 50 trials of the low and high force condi- To analyze changes in EMG activity that accompany
tions into Pve bins of ten trials each (catch trials wereforce beld learning, we removed catch trials and the fol-
excluded). A repeated measures ANOVA found no dif-lowing force-peld trial from statistical analyses.
ferences in mean curvature over this set of 50 trizdls=( Normalized EMG activity for the bnal 25 trials in the null,
0.30), although, as noted above curvature was reliablyow force, and high force conditions was used to calculate
higher in the high force conditionP(< 0.01). This analysis the shoulder, elbow and biarticular cocontraction. To
thus shows that performance had reached asymptotic levednisure that there were no changes to EMG activity during
long before the end of training. these intervals as a result of variation in movement kine-

The larger perpendicular deviation that is observed irmatics, we examined the maximum tangential hand
high force-peld trials at the end of the learning phase iwelocity during these trials in the three conditions that we
accompanied by larger perpendicular deviation in catchmeasured. In the shoulder movement condition, maximum
trials in this condition. Thus, while limb defRections due to hand velocity was 4% 2, 40+ 2 and 41+ 3 cm/s for null,
the presence of the force-beld are greater, the amount &dw and high force conditions, respectively. In the elbow
learning as assessed by the magnitude of the catch triahovement condition, maximum hand velocity for the same
curvature is greater as well. To assess possible differencélsree conditions was 4% 2, 45+ 5 and 47+ 3 cm/s,
in the amount of motor learning with force-beld strengthrespectively. A two-way repeated measures ANOVA
we calculated a learning index, LI, for both the low force showed no reliable differences in hand velocity for the
and the high force conditions (Hwang et @003. The different force conditionsK = 0.06). Therefore, changes in
computation was carried out on a per subject basis usinBMG pattern are not present as a byproduct of velocity
PD measures for bPnal 10% of trials in each conditionchange.

Differences in the LI were tested using a two-way repe- Muscle cocontraction was calculated over the course of
ated-measures ANOVA. We found that the LI was similarmovement as the minimum normalized muscle activity for
in low and high force conditiongX= 0.19), averaging 0.65 each antagonistic muscle pair and averaged over the Pnal
and 0.61 for the shoulder movement condition and 0.71 an@l5 trials in each condition, that is, at asymptotic perfor-
0.66 for the elbow movement conditior? (= 0.24 for mance levels following learning. Each resulting
shoulder vs. elbow movement). This suggests that in eactocontraction trajectory was divided into four parts, 250D
movement direction subjects learned approximately th&0 ms before the onset of movement, 50 ms before
same percentage of the force-beld regardless of its actualovement to maximum tangential velocity, maximum
magnitude. tangential velocity to movement end and the 200 ms

Figure 2 shows performance under null Peld conditionsinterval following the end of movement. FiguB2shows
for a representative subject. Mean shoulder and elbowhe mean £SE) normalized cocontraction of shoulder,
rotation are shown along with the EMG activity of six elbow and biarticular muscles in each of these four inter-
shoulder and elbow muscles. The data are time aligned teals, respectively. Cocontraction for the shoulder
movement start and the highlighted area shows the periothovement condition is shown in green while dark blue
of movement. There is a clear burst of phasic muscleepresents cocontraction for the elbow movement
activity in agonist muscles before the onset of movementondition.
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Fig. 2 Shoulder and elbow
rotation and mean EMG activity
of six shoulder and elbow
muscles for a representative
subject.a Shoulder movement
condition.b Elbow movement
condition

Fig. 3 During wholly stable
interactions with the
environment, cocontraction is
modulated with the level of the
force-Peld and also with the
direction of movement. Mean
across subjects{SE) of
shoulder, elbow, and biarticular
cocontraction for shoulder
movement directiongreen) and
elbow movement direction
(dark blue). Note that for
visualization purposes different
scales have been usealFrom

250 to 50 ms before movement.

b A measure of 50 ms before
movement to maximum
velocity. c Maximum velocity
to movement endd A measure
of 200 ms following movement
end
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A four-way repeated measure ANOVA followed by generating limb displacement as prime movers. The anal-
Bonferroni corrected post hoc tests was used to compangsis showed that cocontraction increased with magnitude
the mean changes in muscle cocontraction. For this paief the force-pPeld® < 0.001). Cocontraction magnitudes at
ticular analysis we divided muscles based on their role ireach force level were found to be reliably different from
the movement. We will refer to muscles at the largelyone another by post hoc test® & 0.02 in all cases).
stationary joint as stabilizers and muscles involved inCocontraction magnitudes also varied over the course of
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the movement# < 0.001). Cocontraction was lowest in  We quantibed the proportion of total muscle activity due
the intervals preceding peak velocity and increased reliablyo cocontraction,C, for each of the four time intervals
to a maximum in the deceleration phase of movemént( shown in Fig.3. Figure4b shows this ratio in each of the
0.05 in both movement directions). The cocontraction levefour movement phases and the three force-peld conditions
at the end of movement was not reliably different from that(averaged over muscle pairs). Overall it can be seen that
in the deceleration phas® € 0.08). cocontraction accounted for approximately half of the
The relative magnitude of cocontraction in stabilization measured muscle activity, except in the acceleration phase
versus movement related muscles also varied duringf movement where the contribution is less. It can also
movement P < 0.01). In the period prior to movement been seen the proportion of activity due to cocontraction is
(Fig. 3a) and in the interval from movement start to peakrelatively constant in the different force conditions tested
velocity (Fig.3b), post hoc comparisons showed thathere and in different movement directions. Thus while both
cocontraction magnitudes were reliably greater for musclephasic muscle activity and cocontraction increase with
involved in joint stabilization than for muscles involved level of the force-beld the overall proportion is for the most
primarily in generating the movement & 0.01 and<0.05, part unchanged.
respectively). In the two subsequent intervals, from peak Differences in C were assessed using a three-way
velocity onward, cocontraction levels were similar for repeated measures ANOVA followed by Bonferroni cor-
stabilization muscles and prime mover® € 0.24, 0.07 rected post hoc tests. We found a signibcant change in the
respectively). proportion of muscle activation due to cocontraction over
Muscle cocontraction accounted for a substantial portiorthe four time intervals of the movemenfP (< 0.001).
of total activity in each muscle pair even following learn- Cocontraction during the acceleration phase of movement
ing. Figureda shows a representative example of musclevas reliably less than in the three other interva#s{0.001
activity in the shoulder movement condition (null Peld). in each case). Overall, cocontraction was found to account
The records display an interval from 500 ms beforefor 53, 36, 57 and 56% of the total activity in these inter-
movement start to 500 ms after movement end. Thevals, respectively. The lowest value, in the acceleration
activity for each muscle pair is shown separately. Flexoiphase of the movement, is due to the large phasic muscle
muscles are shown in green, extensors are in blue and tlaetivation associated with initiation of limb movement. We
common portion due to cocontraction is the light bluefound that the proportion of cocontraction did not differ
shaded region. with force level ¢ = 0.06). However there were reliable

A Shoulder B

e Interval 1 e Interval 3
——— INterval 2 - interval 4

0.8 Elbow Condition
0.6
0.4
0.2
0
-% Null FF1 FF2
g 0.8 Shoulder Condition
. . 0-6
Biarticular
m 0.4
M%WHN 02
0
Null FF1 FF2
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Force-Field Level

Fig. 4 Cocontraction accounts for a substantial proportion of totalthe debPned cocontraction activity for each muscle pair. ildr@cal
muscle activity.a Representative example of muscle activity in the highlighted band indicates the period of movemert. Mean across
shoulder movement condition for an individual subject (averagedsubjects £SE) of the relative contribution of cocontraction to total
over 20 null peld trials). Agonist muscles are shown gireen, muscle activity C ratio), averaged over muscles. The bgure shows
antagonist muscles are ifurk blue. The darker shaded area shows  the four movement intervals at each of the three force-peld levels

@ Springer



160 Exp Brain Res (2008) 190:153D163

differences in the proportion of cocontraction with move- ANOVA revealed a reliable difference between the mean
ment direction P < 0.01). A greater proportion of cocontraction activity of the brst 10% of trials (the very
cocontraction overall was observed in the elbow movemeniprst trial was excluded) and the last 10% of trials <
condition but the differences were small (52.5 vs. 48.5%)0.05) in each condition. However, there is still substantial
There were two other statistically reliable differences.cocontraction even in the plateau phase of learning.
Cocontraction during the acceleration phase of movement We veribed that EMG activity was at asymptotic levels
accounted for less of the total in the shoulder conditionby assessing changes in the cocontraction level over the
(32.5 vs. 40.5%). Similarly the proportion of cocontractionlast 50 trials of force-beld learning. As in our earlier
at the end of movement was less in the shoulder conditioassessment of movement curvature, we divided cocon-
(53.7 vs. 59.3%) K < 0.02 in each case). traction measures over the last 50 force-beld trials in each

Figure 5 shows changes in cocontraction over the coursef the high and low force conditions into bve bins of ten
of learning. The mean#{SE) cocontraction level is given trials each (catch trials and the following force-beld trial
during the interval from 250 to 50 ms before the onset ofare excluded). Over the course of these trials we found no
movement (the other parts of the cocontraction trajectonstatistically reliable differences in cocontraction activifyy (
show a similar pattern). Null beld trials are shown in dark> 0.4, repeated measures ANOVA). Cocontraction had
blue, cocontraction in the low force condition is shown inthus reached asymptotic levels long before the end of
green (with catch trials and the brst trial following the training. In summary, the present study bnds persistent co-
catch trial removed) and cocontraction in the high forcecontraction throughout all phases before and after learning
condition is shown in light blue. A repeated measuresa novel task.

Fig. 5 Cocontraction declines A B
with learning but there is Shoulder Shoulder

persistent cocontraction even at 100 100
asymptotic performance levels.
Mean across subjects-GE) of
shoulder, elbow, and biarticular 60 60
muscle cocontraction from 250
to 50 ms before movement. Null

+ 20

is in blue, low force is ingreen

and high force is inight blue 20
(catch trials and the brst force-
beld trial afterwards are
removed).a Shoulder condition.
b Elbow condition
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We conducted a control study with six new subjects totrails, cocontraction accounts for the same proportion of
rule out the possibility that either insufpcient learning ortotal muscle activity (in range of 50%). There were no
the presence of catch-trials were the source of the persistergliable differences over the bnal 25 trials in the null and
cocontraction. The new subjects were tested over thérce-beld conditions in the proportion of activity due to
course of 450 null movements and 450 high force conditiorcocontraction £ = 0.09). The meard(SE) of C ratio in the
movements, without any catch-trials. Figde shows null condition was 0.45: 0.03 while the same value for the
normalized cocontraction, over the interval 250 ms befordorce-peld condition was 0.58 0.05. Figure6c shows that
movement start to 200 ms after movement end, average@arning as assessed by maximum perpendicular deviation
over muscle pairs and subjects. Cocontraction is seen to lreaches null Peld levels within about 100 trials. A repeated
at asymptotic levels at the end of each phase of theneasures ANOVA, divided as above into bins of 25 trials,
experiment and greater in magnitude in the high forcendicated no differences in movement curvature over the
condition. We examined this quantitatively by dividing the bPnal 350 training movement® ¢ 0.1).
cocontraction measures in both null and force pPeld condi- The order in which subjects performed the task requires
tions into bve bins of 25 trials each that were spaced evenlgomment. In all cases, null peld trials were followed by
throughout the 450 trial interval. Differences were assesselbw force trials and then by high force trials. Although
using a two-way repeated measures ANOVA. We foundsubjects were given 5D10 min rest breaks between the three
that cocontraction was reliably greater under high forceconditions, the possibility remains that muscle fatigue
conditions P < 0.001). Using Bonferroni corrected pair- played a role in the observed results. We tested for muscle
wise comparisons, we found no differences infatigue quantitatively. It is known that during isometric
cocontraction over the bPnal four bins, that is, following thecontraction the median of the EMG power spectrum shifts
brst 100 training trialsK > 0.1 in all cases). This shows toward lower frequencies. Recently timebfrequency anal-
that even after a longer period of training without catchysis has been used to assess muscle fatigue in cyclic
trials subjects consistently use cocontraction as part of thdynamic contractions (Bonato et a00J). It has been
control that underlies movement. shown that as a muscle fatigues the Instantaneous median

Figure6b shows that the proportion of total muscle frequency (IMDF) shifts toward lower values. To test for
activity due to cocontraction remains high regardless of théatigue in the present study we compared the mean IMDF
force-beld condition. Indeed, even in the absence of catchf the last ten trials in each condition. A three-way repeated

Fig. 6 Cocontraction remains A B
high after extensive training in 2 Null High Null High
the absence of catch-trials. s 050 Field Force Field Force
a Mean normalized ‘g 0.6
cocontraction across subjects s ’
- c 200
and muscle pairs#SE) over the S
interval 250 ms before Q 2 }
O 150 5 05
movement start to 200 ms after 5 o }
movement end. The level of N 100 + o
cocontraction is greater in the c_és 0.4
high force conditionb MeanC 5 50 v
ratio (proportion of total muscle =
activity due to cocontraction) S O 0.3
averaged over subjects and é) 0 200 400 600 800 0 200 400 600 800
muscle pairs£SE). In both null Trial Number Trial Number
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measures ANOVA (two directions of movement, threecocontraction quite consistently accounted for 50D60% of
different force-beld conditions, six muscles) found nototal muscle activity. The reason that cocontraction per-
differences in the mean IMDF for the three force-Peldcentages were not higher in the intervals just before and
conditions P = 0.16). Muscle fatigue can thus be ruled outjust after movement is the presence of phasic muscle
as a potential source of the present results. activity both prior to movement onset and persistent

activity following movement end (Suzuki et @007). In

the present dataset, the onset of phasic activity is clearly
Discussion evident by 200 ms before the start of movement and is

likewise present for several hundred milliseconds after the
We have assessed characteristics of antagonistic musadad of the movement (see Fidga). This accounts for the
cocontraction over the course of dynamics learning. Subfact that the observed proportion of cocontraction in these
jects were given extensive practice in producing reachingntervals (25050 ms before movement start and in the 200
movements to two visual targets. Each subject was testetts following movement end) is comparable to that
in a null beld followed by two force-pbeld conditions, a low observed during movement.
force and then a high force condition. Muscle coactivation, The directional tuning of muscle cocontraction and
as assessed by the overlap of agonist and antagonist musclerresponding directional changes to hand stiffness have
activity was observed in all phases of movement andeen reported previously (Burdet et 2001 Darainy et al.
throughout the course of training and accounted for @004 Franklin et al.2003h Gomi and OsuU998 Perreault
substantial proportion of total muscle activation even fol-et al. 2002. However, the studies in which this directional
lowing learning. Importantly, cocontraction characteristicstuning has been observed, have involved either adaptation
varied with the specibc details of the task. In particularto an unstable dynamic environment or biofeedback of
cocontraction varied in magnitude with the strength of themuscle cocontraction that is presented to the subject. The
force-peld and also varied with movement direction. Inpresent results (Fig3, panels a, b) show that different
each direction, cocontraction changed over the course gfatterns of shoulder and elbow cocontraction, and hence
movement such that before movement start and up to pegkesumably, different underlying neural commands, are
velocity, cocontraction in muscles involved primarily in involved for different movement directions even when the
joint stabilization was higher than in the prime movers.interaction of the hand with the environment is stable.
Following peak velocity cocontraction activity patterns in ~ Cocontraction magnitudes were greater at the stationary
stabilizer muscles and prime movers was similar. joint. This difference presumably arises as a consequence

It has been suggested that a combination of feedforwardf the biomechanics of the experimental design. The force-
and impedance control are involved in adaptation to bothpeld here produces torques that act primarily about the
stable and unstable dynamical environments (Franklin et aktationary joint. The observed difference in cocontraction
2003h. A number of studies have evaluated patterns obetween the stationary and moving joint may well reRect
muscle activity in the early stages of learning (Franklinthe need for greater stability under these conditions.
et al. 2003h Thoroughman and ShadmethB99. These The way in which muscle cocontraction has been
studies report an initial increase in activity for all musclesassessed in this study merits comment. The rationale for
followed by a decrease in cocontraction as learning prousing overlap in EMG levels of antagonistic muscles as a
gresses. The data from the present study (Bjgshow a measure of cocontraction is that the activity that is com-
similar decline. The present study extends the previousmon to both muscles results in changes in impedance
Pndings by showing that the cocontraction which remainsvithout producing accompanying changes in net joint tor-
following motor learning is tuned to the requirements ofque. However the measurement of cocontraction in this
the task such that it varies in magnitude in a systematienanner also has certain limitations. First cocontraction as
fashion both with force level and movement direction.assessed in this way may in part reRect phasic muscle
Moreover, we observe that the relative contribution ofactivation. This component is of course absent when co-
cocontraction to total muscle activity remains essentiallycontraction is assessed under stationary conditions.
the same following learning at all force levels. This showsNevertheless, even if the measured cocontraction in the
that cocontraction control is involved in all phases ofpresent study derives in part from phasic activation, it acts
learning and that the nervous system maintains a fairlyo increase impedance and in this sense its effects are
constant balance of cocontraction and reciprocal activatiorsimilar to those observed for coactivation under static
The relative level of cocontraction is more or less con-conditions. A second caveat is that cocontraction in the

stant over different phases of movement as well. Except fopresent study is estimated over time by computing the
the acceleration phase of the movement (from just beforeninimum normalized EMG activity of antagonistic muscle
movement start to maximum velocity), we found that pairs. For each muscle, EMG activity is normalized relative
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to the observed EMG level under static conditions well muscle fatigue during cyclic dynamic contractions. IEEE Trans

before the movement onset. However, the normalization Biomed Eng 48:74589753
that t  out h it let dBurdet E, Osu R, Franklin DW, Milner TE, Kawato M (2001) The
at serves 10 cancel out each opposite muscle torque uUnder .oy nervous system stabilizes unstable dynamics by learning

static conditions may require modibcation during move-  optimal impedance. Nature 414:446D449
ment. For example, changes in muscle moment arms aloriggithness G, Osu R, Bays P, Chase H, Klassen J, Kawato M, Wolpert

with length and velocity dependent differences in muscle DM, Flanagan JR (2004) Failure to consolidate the consolidation
f . biliti d th L f oth theory of learning for sensorimotor adaptation tasks. J Neurosci
orce generating abilities (and the activity of other syner- 5, .ac6o08671

gistic muscles) may inBuence torque and the actual level abarainy M, Malfait N, Gribble PL, Towhidkhoh F, Ostry DJ (2004)
muscle cocontraction. It is worth noting that measures Leaming to control arm stiffness under static conditions.
taken in the interval preceding movement onset (Bij. J Neurophysiol 92:3344D3350

t taminated b h . le | th Eranklin DW, Burdet E, Osu R, Kawato M, Milner TE (2003a)
are not contaminate y changes In musclé length an Functional signibcance of stiffness in adaptation of multijoint

velocity. Similarly, measures from muscles that are pri-  arm movements to stable and unstable dynamics. Exp Brain Res
marily involved in joint stabilization are less affected. 151:145D157
We also wish to comment on a potential concernfFranklin DW, Osu R, Burdet E, Kawato M, Milner TE (2003b)

. L Adaptation to stable and unstable dynamics achieved by
regarding the muscle activity level that we have used for combined impedance control and inverse dynamics model.

EMG normalization. If EMG values in the interval used for J Neurophysiol 90:3270D3282
normalization were small relative to those observed duringsomi H, Osu R (1998) Task-dependent viscoelasticity of human

movement. the effects of measurement error or noise could Multijoint arm and its spatial characteristics f or interaction with
' environments. J Neurosci 18:896558978

be greatly exaggerated. In the present study, EMG signalg;ippie pL, Ostry DJ (1998) Independent coactivation of shoulder
were normalized relative to the mean muscle activity in the  and elbow muscles. Exp Brain Res 123:355D360

high force condition during a 200 ms window before Gribble PL, Mullin LI, Cothros N, Mattar A (2003) Role of

movement onset. The mean normalization factor (over cocontraction in arm movement accuracy. J Neurophysiol
89:2396D2405

subjects and muscles) was fi¥ whereas the mean base- ,ang £, Donchin O, Smith MA, Shadmehr R (2003) A gain-beld
line muscle activity was 1.7tV. Muscle activity in the encoding of limb position and velocity in the internal model of
interval used for normalization was thus almost 6.5 times  arm dynamics. PLoS Biol 1:E25

the baseline activity level. By way of comparison, maxi- Lackner JR, DiZio P (1994) Rapid adaptation to Coriolis force

L perturbations of arm trajectory. J Neurophysiol 72:299D313
mum EMG activity for the null beld movements shown for Milner TE, Cloutier C (1993) Compensation for mechanically

a representative subject in Fig.was around 4QuV. Our unstable loading in voluntary wrist movement. Exp Brain Res
normalization factor is thus large in relation to background = 94:522B532

signal levels and well within the range of signals that isPerreault EJ, Kirsch RF, Crago PE (2002) Voluntary control of static
endpoint stiffness during force regulation tasks. J Neurophysiol

applied to for normalization. It is thus unlikely that this 87:2808D2816

procedure increases the effects of measurement error g@hadmehr R, Mussa-lvaldi FA (1994) Adaptive representation of

noise. dynamics during learning of a motor task. J Neurosci 14:3208b
3224
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