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Gribble, Paul L. and David J. Ostry. Compensation for interaction all joints but one are fixed in place these interaction torques,
torques during single- and multijoint limb movemerk. Neuro- a|though present, do not affect motion. However, during mul-
physiol. 82: 2310-2326, 1999. During multijoint limb movementqiﬁoim movement, or when more than one joint is free to move,

such as reaching, rotational forces arise at one joint due to the moti . . . .
of limb segments about other joints. We report the results of thr tseractlon torques arise that are dependent in a nonlinear

experiments in which we assessed the extent to which control signi@ghion on motion at adjacent joints (see Hollerbach and Flash
to muscles are adjusted to counteract these “interaction torquek¥82 andEqgs. 3and4 in this paper). In the present paper, we
Human subjects performed single- and multijoint pointing movementsport studies of single- and multijoint arm movement in which
involving shoulder and elbow motion, and movement parametestectromyographic measures are used to assess the extent to
related to the magnitude and direction of interaction torques Wefgich the nervous system adjusts control signals to muscles to
manipulated systematically. We examined electromyographic (EM(ét)ﬁmpensate for interaction torques.

activity of shoulder and elbow muscles and, specifically, the relation- N tudi f ltioint limb th b
ship between EMG activity and joint interaction torque. A first set of umerous studies or mulujoint imb movement have been

experiments examined single-joint movements. During both singléePorted that demonstrate invariance of movement kinematics,
joint elbow (experiment Yand shoulderdxperiment 2 movements, suggesting that interaction torques are in some manner dealt
phasic EMG activity was observed in muscles spanning the stationavith. For example, subjects produce straight hand paths for
joint (shoulder muscles iexperiment Jand elbow muscles iexper- planar movements in different directions and at different

iment 3. This muscle activity preceded movement and varied i§peeds (Morasso 1981), despite large changes in both the
amplitude with the magnitude of upcoming interaction torque (the,5ynityde and direction of interaction torques (Hollerbach and

load resuiting from motion of the nonstationary limb segment). In &, 1982 " Similar results have been reported for other stud-

third experiment, subjects performed multijoint movements involvin ) )
simultaneous motion at the shoulder and elbow. Movement amplitu%ec' of planar movement (Haggard et al., 1995; Soechting and

and velocity at one joint were held constant, while the direction éf2cguaniti 1981), and three-dimensional movements (Morasso
movement about the other joint was varied. When the direction 983). Although these findings show that movement kinemat-
elbow motion was varied (flexion vs. extension) and shoulder kin&s can be preserved in the face of interaction torques (Holler-
matics were held constant, EMG activity in shoulder muscles variddch and Flash 1982), the mechanisms by which this occurs
depending on the direction of elbow motion (and hence the sign of tbannot be determined on the basis of kinematics alone. For
interaction torque arising at the shoulder). Similarly, EMG activity ixample, it has been demonstrated that forces resulting from
elbow muscles \./arledl dependlng.on the.dlrectlon of shoulder motighi;scle mechanics and reflexes may, at least for some move-
for movements in which elbow kinematics were held constant. Thg nts, counteract the effects of limb dynamics (Gribble et al.,

results from all three experiments support the idea that central con : P :
signals to muscles are adjusted, in a predictive manner, to compentsia 88)' Indeed, a central notion of equilibrium-point control

for interaction torques—Ioads arising at one joint that depend odels |s_the idea th?“ muscle propertles domlnat_e loads aris-
motion about other joints. ing from limb dynamics and that simple control signals that

take no account of interaction torques may underlie movement.
Thus kinematic invariance alone could arise either from ex-
INTRODUCTION plicit compensation for interaction torques in control signals or

._hecause of the effects of muscle mechanical properties and
Although much has been learned about the control of limBfiexes. Without direct measurements of muscle activity it is

movements at single joints, the way in which the nervoyg hossible to distinguish between these possibilities.
system coordinates neural commands to muscles for multijoinizecent reports have addressed the issue of compensation for
movements (such as reaching) is less well understood. Resptsraction torques during multijoint arm movement. In one
from studies of single-joint movement cannot be extrapolate dy, it was demonstrated that during a step tracking task
easily to multijoint situations because during the latter, thayolving simultaneous rotation at the elbow and wrist, elec-
control problem is complicated by the presence of interseggmyographic (EMG) activity in wrist muscles varied with
mental dynamics or “interaction torques’—rotational forcegeraction torques introduced by motion of the lower arm
that arise at one joint (e.g., the shoulder) because of motiongf,oke and Virji-Babul 1995; also see Virji-Babul and Cooke
limb segments about other joints (e.g., motion of the lower ar&g%)_ Koshland, Gerilovsky, and Hasan (1991) report a sim-
about the elbow). In typical single-joint experiments in whicklar dependence of wrist muscle activity on elbow movement
The costs of publication of this article were defrayed in part by the paymeﬁyen under COIjldItIOHS in which the wrist was ImmOb!“ZEd' In
of page charges. The article must therefore be hereby magkacttisement @nother study, it was shown that although normal subjects were
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ able to accurately reproduce a pantomimed “slicing” gesture
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involving shoulder and elbow rotation, patients without prcand elbow. The direction of movement at one joint was varied
prioception made systematic movement errors consistent wiystematically (flexion or extension), whereas the kinematics
a failure to offset joint interaction forces at the elbow due tof the other joint were held constant. The effect of this manip-
motion of the upper arm (Sainburg et al. 1993; also see Ghaation was to vary the sign of the interaction torque arising at
and Sainburg 1995). In a related study, Sainburg, Ghilardie joint at which kinematics were constant. The relationship
Poizner, and Ghez (1995) demonstrated that when elbow nbetween the magnitude of the interaction torque and EMG
tion was held constant and the amplitude of shoulder movaetivity was examined.
ment was varied (thus affecting the interaction torque arising atin both kinds of experiments, anticipatory changes in EMG
the elbow), changes in the timing of elbow muscle activitgctivity were observed that varied in proportion to interaction
were observed that varied systematically with changes in itorques arising during movement. These results suggest that
teraction torques. The authors conclude that this reflects agntrol signals to muscles are adjusted in a predictive manner
justments in control signals to offset the effects of limb dyto compensate for forces arising from multijoint dynamics.
namics.

The possibility that even in single-joint movements, contrgyetHobps
signals are adjusted to offset the effects of interaction torques. .
is raised by Almeida, Hong, Corcos, and Gottlieb (1995§ubjects
These authors report phasic EMG activity at a stationary jointten subjects (7 male, 3 female) between the ages of 25 and 51
(e.g., the shoulder) that acts to stabilize the limb in the face gérticipated irexperiment 1Nine of these subjects also were tested in
motion about an adjacent joint (e.g., the elbow). The authaggperiments 2and 3. The experiments were conducted on separate
note that the form of EMG activity at both the stationary andays. Subjects reported no history of neurological or musculo-skeletal
moving joint is similar and suggest that this may reflect disorders. The experimental procedures used in these studies have
simple strategy whereby the nervous system may compend&@n approved by the Ethics Committee of the Department of Psy-
for the effects of intersegmental dynamics. chology, McGill University.

Although the results of the studies described in the preceding
text suggest that the nervous system uses compensatory adjygparatus

ments in muscle activity to counteract forces arising from limb Figure Allustrates the experimental setup. Subjects were seated in

dynamics, a systematic exploration of the relation betwegRn of a table with a glass surface, with their right arm abducted at
interaction torques, movement kinematics and muscle aCt|VtBé shoulder and Supported by two custom-made air sleds—one

patterns has not been reported. The present experiments extegiled under the upper arm and a second under the wrist, both
previous work in a number of ways. We experimentally maecured to the limb using Velcro straps. The sleds were attached to a
nipulate movement parameters (both amplitude and spe&@)psi compressed air source, which supported the arm against gravity
related to the magnitude and direction of interaction torquésd provided essentially frictionless motion of the arm in a horizontal
during both single- and multijoint movements. We assess tRi@ne containing the shoulder. The wrist was stabilized using an
relationship between interaction torques and EMG activity ﬂaStéC graczte. S;Jblectt.s we]r‘etﬁeeitetﬂ "t‘"th Ehe t“;'.“k '?)Cmtaﬁt with the
: L nded cut-out section of the tabletop (see Fig. 1). Markers were

bOt.h single- and double-joint muscles t.o assess the exten%% ced bilaterally on the acromion, and trunk position was monitored
Wh'Ch control signals compensate _fo_r |nter_act|pn torq_ues. ntinuously throughout the experiment using an overhead video
this way we explore how EMG activity varies in relation tq.amera to ensure that subjects’ position remained constant relative to
interaction torques and the degree to which electromyograpkie taple.
changes systematically anticipate upcoming loads arising from
limb dynam_lcs. . . Movement tasks

We consider two types of movements involving shoulder
and elbow motion. First, we examined single-joint movementsSubjects performed point-to-point movements to targets located on
in which subjects pointed to targets that could be achieved ¢ dlass surface. Movement speed was controlled by instructing
rotating one joint alone (e.g., the elbow). Nevertheless, tRabjects to pace _each movement to auditory tones presented over a
stationary joint (e.g., the shoulder) was unrestrained and tHgiadspeaker. Subjects were instructed to move quickly and accurately,
was affected by interaction torques arising due to motion of £l out making corrective movements, from a single start position to

ther ioint. M t d inulated - tal specified target. In all three experiments, both the upper and lower
other joint. Movement speed was manipulated experimen a%g; were free to move, and subjects had full vision of their limbs.

and hence the magnitude of the interaction torque arising at &g, y|der angles were defined relative to the frontal plane, such that
stationary joint likewise varied (seggs. 3and4). Two exper- increasing values correspond to greater amounts of shoulder extension
iments of this type were conducteBxperiment linvolved (180° corresponds to an upper arm position parallel to the frontal
single-joint elbow flexion movements, and @xperiment 2, plane). Elbow joint angles were defined relative to the upper arm such
each subject performed single-joint shoulder flexion mov#at 180° corresponds to full extension of the lower arm.

ments from the start position. We examined EMG activity in In experiment see Fig. B), three targets were used. The target

muscles spanning the stationary joint and, in particular, tRgsitions were c:etermined separately for each subject, and involved
relationship between the magnitude of EMG activity in mugt0: 40, and 60° of elbow flexion from the start position, and no
oulder movement. The initial position of the limb was the same for

cles at that joint and the magnitude of the interaction torq@ﬁ movements (shoulder angle was 130° and elbow angle was 120°).

arising due to motion about the nonstationary joint. The t'm'r@ubjects were told that the movements could be achieved by only

of EMG activity relative to movement onset also was exangsoying their forearm, although nothing prevented subjects from mov-

ined. ing their upper arm. For each target, three movement speeds were
In a third experiment, subjects performed movements {@sted (se@esuLTs. For each of the nine experimental conditions (3

targets that involved simultaneous rotation at both the shouldaiplitudesx 3 speeds), 20 movements were recorded. Rest periods
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Experiment 1 Fic. 1. Apparatus and experimental designa
(elbow alone) compressed-air system supported the arm against
gravity and allowed for frictionless motion in a
horizontal plane to targets located on a glass sur-
@ face. Six infrared emitting diodes (IREDs) located
on the trunk, upper arm, and lower arm were used to
compute shoulder and elbow angles during move-
ment. Electromyographic (EMG) signals were re-
corded using bipolar surface electrodes from poste-
rior deltoid, clavicular head of pectoralis, biceps
Experiment 2 long hﬁad,rfriczps Izteral heiad, bLaé(;goradialis, bi-
ceps short head, and triceps long D: move-
. (shoulder alone) ment tasksB: experiment linvolved single-joint
elbow flexions. Dependence of shoulder muscle
EMG activity on elbow movement velocity was
assessedC: in experiment 2subjects performed
single-joint shoulder flexions, and the dependence
of elbow muscle EMG activity on shoulder move-
ment velocity was assessdd: subjects inexperi-
ment 3performed multijoint movements involving
simultaneous shoulder and elbow motion. Move-
Experiment 3 ment kinematics at 1 joint were held constant and
(elbow & shoulder) the_ dcijrection of motion about the other joint was
varied.

glass tabletop

targets

@)

7 air sled

Optotrak
compressed
air source

were included to reduce subject fatigue. In all three experiments them posterior deltoid (a shoulder extensor), clavicular head of pec-
order of the experimental conditions was randomized across subjettsalis (shoulder flexor), biceps brachii long head (2-joint flexor acting
In experiment Zsee Fig. ), each subject made movements fronprimarily at the elbow), biceps brachii short head (2-joint flexor acting
the same initial position (170° at the shoulder and 100° at the elboat)the shoulder and elbow), triceps brachii lateral head (elbow exten-
to three targets. The targets involved 20, 40, and 60° of shouldsr), triceps brachii long head (2-joint extensor acting at the shoulder
flexion from the start position, and no elbow rotation (no movemeand elbow), and brachioradialis (elbow flexor). In a pilot study,
of the lower arm relative to the upper arm). Subjects were told thattivity of the sternocostal head of pectoralis also was recorded for
they could achieve the targets using shoulder rotation only, but astip subjects. The patterns of results obtained were the same as those
experiment 1their forearm nevertheless was free to move. Thrder the clavicular head. EMG signals were analogue low-pass filtered
movement speeds were tested for each targetRssaty. Twenty at 600 Hz and digitally sampled at 1,200 Hz. The resulting signals
movements were recorded for each of the nine experimental condere digitally band-pass filtered between 30 and 300 Hz and full-
tions. wave rectified. For purposes of visualization and for scoring the onset
In experiment 3see Fig. D), subjects performed multijoint move- and end of phasic EMG bursts (see following text), the rectified
ments involving simultaneous flexion or extension at both the shouslgnals were digitally low-pass filtered at 50 Hz.
der and elbow. Four targets were placed on the glass surface reprd-or each muscle, electrode placement was verified by having sub-
senting 20° shoulder flexion with 30° elbow flexion, 20° shouldgects perform test maneuvers involving both free movement and
flexion with 30° elbow extension, 20° shoulder extension with 30%ometric force adjustments. For posterior deltoid, the electrode was
elbow flexion, and 20° shoulder extension with 30° elbow extensioplaced such that phasic activity was observed during shoulder exten-
The initial limb position was the same for all targets (130° at theion. The electrode recording the clavicular head of pectoralis was
shoulder and 110° at the elbow). Two movement speeds were tegi&ted so that activity was observed during shoulder flexion but not
for each target (seeesuLty. In each of the eight experimentalduring shoulder abduction. Although both the long and short heads of
conditions (4 targetx 2 speeds), 20 movements were recorded. biceps cross the gleno-humeral joint, the long head acts primarily as
an elbow flexor (Yamaguchi et al. 1997). Thus the electrode for
recording the long head of biceps was located in a position where
activity was seen during elbow flexion, but no activity was observed
Time-varying position of the limb was recorded using Optotragyring shoulder_fl_exion. The electrc_)d_e for recording the short head of
(Northern Digital), an optoelectronic position sensing device th {ceps was posm'oned So that activity was observed f_or both elbow
tracks the three-dimensional positions of infra-red emitting diod@g'd Shoulder flexion. Similarly, the electrode for recording the lateral
ad of triceps was in a position where activity was seen during elbow

(IREDs). Six IREDs were attached to the torso, upper arm, and lo ion b quri hould . h for the |
arm and were used to compute shoulder and elbow joint angles (§iéens'°n ut not during shoulder extension, whereas for the long

Signal recording

Fig. 1A). Movement signals were sampled at 200 Hz and digitall eqd of triceps, the electrode was placed so that activity was o'bs.erved
low-pass filtered at 8 Hz off-line using a second-order Butterworff}/ring both elbow and shoulder extension. For brachioradialis, a
filter implemented in Matlab (Mathworks). single-joint elbow flexor, the electrode was placed so that activity was
EMG activity of seven limb muscles associated with shoulder arf§en during elbow flexion.

elbow movement was recorded using bipolar surface electrodes (Ngu- .
romuscular Research Center). Each electrode consists of twd @ ata analysis

mm parallel silver bars placed 10 mm apart. Electrodes are housed iffor each trial, kinematic records and EMG signals were time-
a compact case containing a@reamplifier. Recordings were madealigned to the start of movement, which was scored using the tangen-
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tial velocity of an IRED located on the hand. Movement start and em@ch subject, the total set of values obtained for each muscle was
were scored at 5% of peak tangential velocity. Shoulder and elbewrmalized taz scores, which allows for comparisons across subjects.
joint movement amplitudes were computed as the difference betwéldre normalization procedure was carried out separately for each
joint angles at the start and end of movement. Average velocitiesexperiment.

shoulder and elbow movements were computed as the ratio of move-

ment amplitude to movement duration. In the single-joint experimernts- s | s

(experiments And?2), we found that the average movement velocities

observed in the three nominal speed conditions tended to overlap. T&Ve show that during single-joint elbow and shoulder move-
maximize the difference between mean movement velocities, dateents, phasic EMG activity is observed in muscles which act
associated with different movement speeds were combined and tagibut the stationary joint—activity that resembles the agonist-
resorted into three equal sized, nonoverlapping groups accordingaixagonist bursts typically associated with movement. More-
average movement velocity—slow, medium, and fast. This procednger' we show that the onset of this activity precedes move-

was carried out separately for each target condition. . ; o : .
Time-varying interaction torques at the shoulder and elbow Wepéent and that the magnitude of this activity varies with the

computed based on the equations of motion for a two-link planar a eed of movement a,t the nantat'onary joint (and hence with

(derived using Lagrangian techniques) (see Hollerbach and FI38€ magnitude of the interaction torque produced by the mov-

1982). The following equations give the equations of motion. ~ INg segment). This supports the idea that there is centrally

, , , specified prgdmtlve compensation for interaction torques

N, = -91<|1 1+ mylil, cos 0, + mly + melz m2|§> N -92<|2 L el (torques arising at the stationary joint due to motion about an
adjacent joint). Data fronexperiment Jalso will be presented

mll, My, o that support this idea in the context of multijoint movements.
+ =, cos 2> — o, 0asinf —mplilx0.0, sin 6, (1) It has been reported previously in the context of perturbation
studies (Gomi and Osu 1996) and muscle cocontraction mea-
N = § <| . mi%) + 8 <| Ll o mz|§> surements (Gribble and Ostry 1998) that the activity of double-
S R N2 2 joint arm muscles (biceps short head and triceps long head)

. primarily is related to elbow motion. Accordingly, for the
6isin6, (2) purposes of the analyses in the present paper, we have grouped
) ) the double-joint muscles together with the single-joint elbow
N, andN, are shoulder and elbow torque, and 6, are shoulder muscles (biceps long head, brachioradialis and triceps lateral
and elbow acceleratior, and@z_a_re shoulder and elbow velocitg, head). Data fromexperiment 3also support the idea that
and6, are shoulder and elbow joint anglégandl, are the moments qgyple-joint muscle activity is primarily related to motion of

of inertia of the upper and lower arm about their centers of nmags, the elbow, at least for the movements tested here Esger-
andm, are the masses of the upper and lower arms,|aadd|, are iment 3—’multij0int movements

the lengths of the upper and lower arms.
For purposes of the present paper, we define interaction torques as ) o
T,, the net torque at the shoulder that depends on motion of the lovi@¢periments 1 and 2: single-joint movement

3;;&?2?% the net torque at the elbow that depends on motion of the Figure 2 shows, for a single subject, mean EMG activity as

a function of time during a 40° single-joint elbow flexion

myl,l;

S <| . m2I§+ mZIlIZcosH) movement éxperiment L Means were computed over 20
S 2 individual trials. Figure B shows EMG activity during a 40°
mol| single-joint shoulder flexion movemergxperiment 2 In both
21112

o 03 sin 0, — ml,1,0,0, sin 6, (3) cases, typical phasic patterns of agonist and antagonist EMG
activity were observed for muscles acting about the moving
. myl,l, mil3\  molyl, ., joint. In addition, phasic activity was seen in muscles which act
Te= 91('2 oy costt ) oy tisinG ) about the stationary joint. For example, in Figd, 2phasic
activity was observed in pectoralis and deltoid—single-joint
differentiating the position signals. Lengthsand|, were measuredag}ﬁOUIder musples—that resembles t.he typlc'al pattern of agonist
for each subjectl§ included the length of the hand). Mass and and antagonist EMG bursts associated with shoulder move-

moment of inertial, were estimated in proportion to overall heighlment’ even though in this case the upper arm was stationary.

and weight measurements for each subject, using anthropomegi@lilarly, in Fig. 2B, phasic activity was seen in biceps long
tables (Winter 1990). head, brachioradialis, and triceps lateral head (elbow muscles),

For each movement trial, the onset and end of the first phasic EM®eN though there was minimal movement of the lower arm
burst in each muscle was scored using an interactive computer prelative to the upper arm. All subjects in batixperiments 1
gram. On a trial-by-trial basis, a baseline measure of EMG activighd 2 showed similar patterns.
was computed for each muscle as the mean activity during a 100-mgn poth single-joint elbow movements and single-joint
window, selected 300 ms before the start of movement. The onselspio|der movements, the onset of the phasic activity in flexor
the first EMG burst was scored as the time at which the EMG sig onist) muscles associated with the stationary joint preceded

rose three standard deviations above the mean baseline level - - - . :
remained above that level far50 ms. The end of the EMG burst was ion of the limb. In Fig. 3, we show histograms that depict

scored as the time at which muscle activity returned to the baselﬁ}fte dlstrlbuthn of onset times of the first EMG burst in e‘?‘Ch
level and remained below baseline 250 ms. muscle, relative to movement onset (pooled over all subjects

For each movement trial, the area associated with the first phagfed all movement trials). Movement onset is denoted by the
burst of EMG activity was determined for each muscle by computinggrtical line att = 0. Negative values indicate that the onset of
the integral of the signal between the onset and end of the burst. E&IG preceded movement, and positive values indicate the

Joint accelerations and velocities were computed by numeric
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FIG. 2. Kinematic and EMG records for single-joint movements. Data shown in each panel are for 1 subgaugle-joint
elbow movements. Phasic EMG activity can be seen in single-joint shoulder muscles (pectoralis and deltoid) even though there is
minimal shoulder movement. Note that the onset of the pectoralis burst precedes elbow mowgnsamle-joint shoulder
movements. Phasic EMG activity is seen in single-joint elbow and double-joint muscles even though there is minimal elbow
motion. Moreover, activity in elbow (flexor) muscles precedes shoulder movement.

EMG onset occurred after movement start. The distributions@f01 in all cases) regardless of which joint was moved (also
onset times for flexor muscles (which occurred before moveeeExperiment 3: multijoint movements
ment) are shown in thkeft-hand columnand the onset times In Fig. 4, we show patterns of mean EMG activity for
for the extensor muscles are shown in tight. single-joint movements of different speeds. Data for a single
Statistical testst{tests) were carried out to assess differsubject are shown. Thin lines show slow movements and thick
ences in EMG onset. Data from all subjects were takdines indicate faster movements. As has been reported previ-
together. For single-joint elbow flexion movements (Figously, phasic EMG activity, which varied in magnitude with
3A), the onset of the first EMG burst in pectoralis occurrechovement velocity, was seen in both agonist and antagonist
well before movement onset (mean —78 ms,P < 0.01). muscles associated with the moving joint (Brown and Cooke
Similarly, Fig. 3 shows that for single-joint shoulder flex-1981; Mustard and Lee 1987; Corcos et al. 1989). However,
ion movements, the onset of phasic activity in elbow flexdhe phasic activity of muscles around the stationary joint also
muscles also occurred before movement onset (mearB9 varied with the velocity of the moving joint. In FigA4 which
and —16 ms for biceps long head and brachioradialis, reshows data for single-joint elbow flexion movements, it can be
spectively;P < 0.01 in both cases). These data support tteeen that the magnitude of the phasic activity in shoulder
idea that the phasic activity (before movement) in muscla@suscles (pectoralis and deltoid) varied with the velocity of
acting at the stationary joint arose centrally and was not teébow movement. As elbow velocity increased, so did the
result of afferent inputs to motoneurons. It should be notedagnitude of the EMG burst in shoulder muscles, even though
in addition that there was a proximal to distal temporahere was little movement of the upper arm. Similarly, it can be
organization of EMG onsets in the (agonist) muscles exarseen in Fig. B for single-joint shoulder movement that the
ined here. For both elbow and shoulder movements, thegnitude of phasic activity in the single-joint elbow muscles
onset of pectoralis activity preceded activity in elbow mugbiceps long head, brachioradialis and triceps lateral head)
cles (biceps long and short heads, and brachioradi@lis; varied with the speed of shoulder movement.



COMPENSATION FOR INTERACTION TORQUES 2315

A 2 -78 ms n=1725 |% 31 ms n=1766 1120
© B
g 60 3 80
8 T 40
[=3
2 T soms n=1719 {20
g_ :_:: 60
(] Qo
30
3 8
105 120
5 -38ms n=1748 2 5ims n=1678
5 7 O 80
(%) v
joR j=
g O 40
3 =
-02  -0.1 0 0.1 0.2 0.3
o 105
= -27 ms n=1766
g 70 . . T
£ FIG. 3. Histograms showing the distribution of on-
g 35 set times of the 1st EMG burst in each muscle in
£ single-joint elbow movementsexperiment 1, Aand
02  -01 0 0.1 0.2 0.3 single-joint shoulder movementexperiment 2, B
TIME (s) Movement onset is denoted by a vertical lind &t 0.

Data shown are pooled across all subjects and all ex-

B 108 perimental conditionsA: mean onset of pectoralis
o 54ms n=1570 - 152 ms n=1580 75 (—78 ms), a single-joint shoulder flexor, preceded el-
g 70 S 50 bow movement onseB: mean onset of single-joint
9 35 g o5  elbow flexors (biceps long heae;39 ms; brachiora-
o . dialis, —16 ms) as well as biceps short heat?Q ms),

a double-joint flexor, preceded shoulder movement.

o -39ms n=1453 90 ©

S =

= 60 ©

a @

Q 30 Y

B RS

§ D 141ms n=1439 0
] £ 60
2] %]

& )

3 8 30
5 =]

-02 -0 0 01 02 03 04

@

S

°

@

S

£

Q

o

e}

-02 -01 0 01 02 03 04

TIME (s}

If a joint such as the shoulder is to remain stationary, torquesiscles—first in pectoralis, to offset the extension interaction
at the shoulder that arise due to motion of the lower arm abdatque, and then in deltoid, to oppose the flexion interaction
the elbow, as well as torques due to elbow muscle activitigrque. Moreover, as elbow velocity increased, the magnitude
must be offset by appropriate changes in shoulder musolthis activity increased to offset the higher interaction torque
activity. This pattern can be seen in Fig. 5. In Fid\, 5ime- arising at the shoulder.
varying joint position and velocity, interaction torques, and Similarly, in single-joint shoulder movements (FigB)5 a
muscle activation patterns are shown for single-joint elboterque was produced at the elboleff) due to shoulder motion.
flexion movements at three speeds. Mean data for one subjgstthe velocity of shoulder movement increased, the magni-
are shown; other subjects showed similar patterns. Thin linesle of the interaction torque at the elbow increased. EMG
indicate slow movements and thick lines show faster movaetivity in single-joint elbow muscles (biceps long head and
ments. Fig. B shows comparable patterns for single-jointriceps lateral head) likewise increased in proportion to the
shoulder flexion movements. Wit can be seen that a torqueinteraction torque. At the beginning of shoulder movement,
was produced at the shouldeight) due to elbow motion that phasic activity was seen in biceps long head that preceded and
was first in the extension direction (positive values), then in tiserved to offset the effect of the interaction torque at the elbow
flexion direction (negative values). The magnitude of thi® the extension direction. This was followed by activity in
torque varied with the velocity of elbow movement (&&s. 3 triceps lateral head that opposed the interaction torque in the
and 4). Phasic activity was observed in single-joint shoulddtexion direction.
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Fic. 4. Mean EMG activity and kinematic records for single-joint movements at 3 different sp&edmgnitude of EMG
activity in single-joint shoulder muscles (pectoralis and deltoid) varied with the speed of elbow movement, despite minimal
shoulder motion in all cases. Data for 1 subject are shd@wvsingle-joint elbow and double-joint EMG activity varied depending
on the speed of single-joint shoulder motion. Thin lines denote slow movements, thick lines show fast movements.

Although anticipatory muscle activity at the stationary join(P < 0.01), although they were very small compared with the
varied systematically with the magnitude of upcoming inteeverall movement amplitudes (0.9-1.8°). Thus the changes
action torque, it also can be seen in both FigAmndB that observed in EMG activity may be attributable to changes in
small-amplitude changes nevertheless occurred in the positmovement velocity.
of the stationary joint (the shoulder i and the elbow irB) For each of the three different movement amplitudes tested,
over the course of movement. This might indicate a lack ohe-way repeated measures ANOVA was used to assess the
complete compensation for interaction torques by muscleBect of movement speed on normalized EMG activity. For
acting at the stationary joint. elbow and double-joint muscles (biceps long and short heads,

The relationship between muscle activity and movement spem@chioradialis, and triceps long and lateral heads), EMG ac-
is shown in Fig. 6A shows, forexperiment Xsingle-joint elbow tivity increased as a function of elbow velocity € 0.01 in all
movements), normalized area of the first EMG burst in eaclases except for the 20° target, for which only biceps long head
muscle as a function of elbow movement velocity. In each panahd triceps long head showed significant differences). This
three movement amplitudes are shown, filefto right, 20, 40, dependence of agonist and antagonist EMG activity on move-
and 60°. Data were normalized and for purposes of visualizatiorent speed is typical of point-to-point limb movements
were averaged across subjects. Tatom right panelshows (Brown and Cooke 1981; Corcos et al. 1989; Mustard and Lee
elbow amplitude as a function of movement velocity to indicat&987). However, it also can be seen that single-joint shoulder
the kinematic patterns associated with each experimental corelG activity (pectoralis and deltoid) varied depending on the
tion. For the 20° movements, average velocity ranged from 70uelocity of elbow movementR < 0.01 in all cases except the
130°/s. For 40° and 60° movements, average velocity ranged fr@@f target, which showed no reliable differences). This sys-
130 to 200°/s and 160 to 270°/s, respectively. One-way repeaterhatic dependence of shoulder EMG activity on elbow move-
measures ANOVA was used to test whether elbow movemenent was present even though there was minimal movement at
amplitude remained constant across the three elbow veloditye shoulder (average shoulder movement amplitude ranged
conditions. Statistically significant differences were observébm 0.5 to 3.1° across subjects).
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FIG. 5. Time-varying joint position, velocity, interaction torque and muscle activation patterns for single-joint ekperi{
ment 1, Aand shouldergxperiment 2, Bmovements at 3 speeds. Data shown in each panel are for 1 sébjecteases in elbow
velocity were accompanied by increases in the magnitude of the interaction torque at the shoulder (due to elbow motion) and
likewise increases in the magnitude of EMG activity in single-joint shoulder muscles (pectoralis and deltoid). Shoulder motion
during all 3 movements was minimd: as the speed of shoulder movement increased, the magnitude of the interaction torque at
the elbow (due to shoulder motion) increased, as did the magnitude of EMG activity in single-joint elbow muscles. Little elbow
motion was observed in all cases. Thin lines show slow movements and thick lines indicate fast movements.

Although shoulder movements were small, the possibilitvity on shoulder movement velocity was assessed using one-
exists that the observed changes in shoulder muscle activitgy repeated measures ANOVAs. Consistent with previous
were related to differences in shoulder kinematics rather theaports, single-joint shoulder muscle activity (pectoralis and
to changes in elbow movement speed. To test for this posdeltoid) varied with shoulder movement velocigy € 0.01). In
bility, we examined, for each movement target separately, thddition, single-joint elbow and double-joint muscle activity
dependence of shoulder kinematics (movement amplitude gbeteps long and short heads, brachioradialis, and triceps lateral
average velocity) on elbow speed. Using repeated measuaad long heads) varied with the velocity of shoulder movement
ANOVAs, we found that there were no systematic changes (R < 0.01)—even though minimal movement occurred at the
either shoulder amplitude or average velocity as elbow speglbow (average elbow movement amplitude for different sub-
varied P > 0.01 for all tests except the 20° target). For the 2Qécts ranged from 1.8 to 5.9°). One-way repeated measures
target, statistically significant differences were observed ANOVAs were used to verify, for each target separately, that
shoulder position €1°) and average velocity<(3°/s); how- shoulder movement amplitude did not vary with shoulder ve-
ever, these changes were small relative to overall moveméatity [P > 0.01 for all 3 targets except the 40° target, for
amplitude and velocity. which small 1.9°) but significant differences were observed,

Figure 8 shows the dependence of EMG activity on th® < 0.01]. Thus the changes observed in EMG activity may be
velocity of shoulder movement, for single-joint shoulder flexattributable to changes in movement velocity. In addition we
ions (experiment 2 For the purposes of visualization, dataassessed the possibility that differences in elbow EMG activity
shown are averaged over subjects. FiguBe(Bottom righ) might be due to undesired changes in elbow movement ampli-
indicates the kinematic patterns associated with the single-joiatle or velocity for the different shoulder movement speeds
shoulder movements tested éxperiment 2For 20° shoulder that were tested. Using one-way repeated measures ANOVAS
movements, average velocity ranged from 50 to 100°/s. For # each target condition separately, we found that neither
and 60° movements, average velocity ranged from 60 to 130&lbow movement amplitude nor average velocity varied with
and 90 to 180°/s, respectively. The dependence of EMG a&toulder velocity P > 0.01 for all 3 targets).
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FIG. 6. Relationship between muscle activity (normalized area of the 1st EMG burst) and average movement speed in
single-joint elbow movementgxperiment 1, fand single-joint shoulder movemenexperiment 2, B Data are averaged across
all subjects. In each panel data for 3 movement amplitudes are shownléfitdmright, 20, 40, and 60°)Bottom right plotof each
panel shows the kinematic patterns associated with the movements (movement amplitude is plotted against averagé\velocity).
elbow and double-joint muscles showed a typical dependence of burst area on elbow movement velocity. In addition, EMG activity
of pectoralis and deltoid (both single-joint shoulder muscles) varied with the speed of elbow movBmEMG activity of
single-joint elbow and double-joint muscles varied with the speed of shoulder movement.

The relationship between movement velocity and interactidetween peak interaction torque at the shoulder (torque arising
torque was assessed using one-way repeated meastr@a motion of the lower arm about the elbow) and normalized
ANOVAs for each movement target separately. In agreemeaMG activity in single-joint shoulder muscles is shown for the
with Egs. 3and4, it was found that peak interaction torque asingle-joint elbow movements iexperiment 1For both pec-
the stationary joint increased with higher movement velocitiemralis and deltoid, there was a significant correlation between
In single-joint elbow movements, the average increase, frdBMG activity and peak interaction torque at the shouldes (
slow to fast movements, in peak shoulder interaction torq@e65 for pectoralisy = 0.54 for deltoid;P < 0.01 in both
(torque at the shoulder due to elbow motion) was 10-20 Noases). Similarly, Fig. B shows the relationship between nor-
(P < 0.01 for all 3 movement amplitudes). For single-joinimalized EMG activity in single-joint elbow muscles and dou-
shoulder movements, slightly smaller increases in elbow intdrte-joint muscles, and the peak interaction torque at the elbow
action torque were observed with increases in shoulder moy®rque arising due to motion of the upper arm about the
ment velocity (3—12 NmP < 0.01 for all 3 amplitudes). shoulder). In all cases, a significant correlation was observed

The dependence of muscle activity on interaction torque wés= 0.64 for biceps long head,= 0.68 for biceps short head,
assessed directly by examining the relationship between the 0.66 for brachioradialis; = 0.72 for triceps lateral head,
maximum value of interaction torque and the integrated araadr = 0.73 for triceps long head® < 0.01 in all cases).
under the first EMG burst for each muscle. These values ardn summary, during single-joint movements at the elbow and
plotted in Fig. 7; mean values over all subjects and all expeshoulder, phasic activity was observed in single-joint muscles
imental conditions are shown. In FigA7the relationship that act at the stationary joint. The finding that this phasic
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activity appeared before movement onset and the obseryeitit at which kinematics were held constant. In Fid\, 8ve

dependence of the amplitude of this activity on the velocity ghow the dependence of EMG activity in single-joint shoulder
movement at the nonstationary joint both support the idea thatscles on the direction of elbow movement for two move-
there are anticipatory adjustments to control signals to couftents in which the shoulder kinematics were held constant.

teract the effects of interaction torques. Mean data for one subject are shown. In one movement, the
shoulder and elbow rotated in the same direction (both flexion,
Experiment 3: multijoint movements thin lines), and in the other movement, they rotated in opposite

In this experiment, subjects performed multijoint move(jlrectl_ons (shoulder flexion, elbow (.axterjsmn—'shown using
ments involving simultaneous motion at the elbow and shm%h'Ck lines). Note that the shoulder joint klnematlcs' are essen-
der. Targets were placed so as to vary the relative direction ly the same for b_Oth movements—only_ the direction of
shoulder and elbow movement, thus affecting the sign gfoow rotqtlon was dlfferent._Ngvertheless_, it can be s_een_that
interaction torques. The data are grouped in two different wal$® magnitude of EMG activity in pectoralis and deltoid (sin-
for analysis. First, movements are considered in which t@ée-joint shoulder muscles) varied with the direction of elbow
shoulder kinematics were held constant (same direction, afftation. Muscle activity was greater when the joints rotated in
plitude and velocity) but the direction of elbow movement wa§ie same direction compared with when the shoulder and
varied (flexion or extension). The effect of this was to vary thelbow rotated in opposite directions.
direction of the interaction torque at the shoulder (the torque atSimilarly, Fig. 8 shows the dependence of EMG activity in
the shoulder arising due to elbow motion). We also considgingle-joint elbow and double-joint muscles on the direction of
movements in which elbow kinematics were held constant, asdoulder movement when elbow kinematics were held con-
the direction of shoulder rotation was varied. In both cases wtnt. One movement involved flexion at both joints, and the
assessed the dependence of EMG activity in muscles actotber required shoulder extension and elbow flexion. Note
about the joint at which kinematics were held constant, on tlagain that in this case the kinematics for the elbow were
direction of movement at the other joint. For example, wessentially the same, and only the direction of shoulder rotation
assessed the dependence of shoulder muscle EMG on whes different. EMG activity in elbow and double-joint muscles
direction of elbow rotation, for movements in which the shoulsaried depending on the direction of shoulder movement.
der movement direction, amplitude, and velocity were the saiéhen the joints rotated in the same direction (thin lines),
but the elbow movement involved either a flexion or an extemuscle activity was higher than when they rotated in opposite
sion. directions (thick lines). The same pattern was observed for all

Figure 8 summarizes the findings@fperiment 3We show subjects.
muscle activity patterns for those muscles that act about theAs noted earlier, there have been a number of recent reports
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FIc. 8. Mean muscle activity and kinematic patterns for multijoint movements involving simultaneous shoulder and elbow
motion experiment B Data from 1 subject are showA. EMG activity in pectoralis and deltoid varied depending on the direction
of elbow motion despite similar shoulder kinematics. Muscle activity was greater for movements in which the shoulder and elbow
rotated in the same direction (and interaction torques at the shoulder opposed shoulder mo@rsiagie-joint elbow (biceps
long head, brachioradialis, and triceps lateral head) and double-joint (biceps short head and triceps long head) EMG activity
associated with the same elbow motion varied depending on the direction of shoulder movement. When the elbow and shoulder
rotated in the same direction, interaction torque arising at the elbow due to shoulder motion opposed the elbow movement and
greater activity in elbow and double-joint muscles was observed. Thin lines denote movements in which the joints rotated in the
same direction, and thick lines show movements in which the joints rotated in opposite directions.

suggesting that double-joint muscle activity is related primarify-72 ms) preceded the onset of triceps lateraB{ ms) and
to motion about the elbow joint. Data from the present studgng (—29 ms) headsR < 0.01 in both cases). For shoulder
further support this. It can be seen in Fid® &at when the extension/elbow flexion movements, mean onset of deltoid
direction of shoulder movement was reversed (but the elbaativity (—62 ms) preceded activity of biceps longZ8 ms)
kinematics were held constant), the EMG activity patterns fand short 23 ms) head, as well as brachioradiaks2(L ms)
the double-joint muscles (biceps short head and triceps lofiy < 0.01 in all cases). Finally, for movements involving
head) in both cases displayed patterns similar to those of #t@ulder and elbow extension, mean onset of deltoid activity
single-joint elbow muscles. If the double-joint muscle activity—57 ms) preceded the onset of activity in triceps lateral and
was related primarily to shoulder movement, one would haleng heads {28 and—25 ms, respectively® < 0.01 in both
expected to see a reversal in the order of onset of biceps sluages).
head and triceps long head activity, when the shoulder move-The data fromexperiment 3are described further in Fig. 9.
ment direction was reversed. That is, when the shoulder movéme-varying position, velocity, and interaction torque at the
ment involved an extension, the triceps long head would haskoulder and elbow are shown along with EMG activity in
acted as an agonist and its activity would have preceded thasufgle-joint elbow and shoulder muscles. In Fig,, 8vo move-
biceps short head, which would have acted as an antagonistmi@nts are shown—in both movements, the shoulder kinematics
contrast, it can be seen in FigB 8nhat for both shoulder flexion were held constant (flexion) but the elbow rotated either into
and extension movements, biceps short head activity precedledion in one movement or extension in the other. It can be
activity in triceps long head. These data provide support for tseen that the interaction torque arising at the shoulder due to
idea that (at least for the movements tested here), double-jaittow rotation (ight) varied depending on the direction of
muscle activity is primarily related to elbow motion. elbow movement. When both joints rotated into flexion (shown
As in experiments Jand 2, a proximal to distal temporal using thin lines), a large interaction torque occurred at the
organization was observed for the onset of EMG bursts @thoulder that initially opposed shoulder flexion (positive values
shoulder and elbow muscles—the onset of shoulder agoro$ttorque). Conversely, when the joints rotated in opposite
muscles preceded the onset of elbow agonist activity. Statigtirections (thick lines), the interaction torque at the shoulder
cal tests t‘tests) were carried out on data pooled across sulias opposite in sign (negative torque values)—in this case the
jects to assess differences in mean onset times. For movemanteraction torque initially assisted the shoulder flexion move-
involving shoulder and elbow flexion, mean onset of pectoralisent. When muscle activation patterns are examibettdn),
activity (—75 ms) preceded mean onset of biceps lon®Z it can be seen that the magnitude of single-joint shoulder
ms) and short{58 ms) head, as well as brachioradiaks36 (pectoralis and deltoid) EMG activity varied depending on the
ms) P < 0.01 in all cases). Likewise, for shoulder flexionkign of the interaction torque at the shoulder. When the inter-
elbow extension movements, mean onset of pectoralis activégtion torque initially opposed shoulder movement, muscle
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Fic. 9. Time-varying joint position, velocity, interaction torque, and muscle activity for multijoint movemeetgigriment 3.
Data for 1 subject are show: mean data for 2 movements in which the shoulder movement kinematics were held constant
(flexion), but elbow movement involved flexion in 1 case and extension in the other. When the shoulder and elbow rotated in the
same direction (thin lines), an interaction torque arose at the shoulder due to elbow motion that initially opposed shoulder flexion
(positive values of torque). Muscle activity in single-joint shoulder muscles (pectoralis and deltoid) was greater for these
movements than for those in which the joints rotated in opposite directions (thick lines), and the interaction torque at the shoulder
initially assisted shoulder movement (negative torqge)similar pattern was observed for 2 movements in which the elbow
movement was held constant but the direction of shoulder rotation was varied. When movements involved both shoulder and elbow
flexion, an interaction torque arose at the elbow due to shoulder motion that initially opposed elbow movement (positive values of
torque). Muscle activity in single-joint elbow muscles (biceps long head and triceps lateral head) was greater than during
movements in which the joints rotated in opposite directions, and the interaction torque at the elbow initially assisted elbow flexion
(negative values of torque).

activity was greater than when the interaction torque assisteds. The same patterns were observed for the double-joint
shoulder flexion. In the latter case, the interaction torque asuscles.
sisting shoulder flexion was presumably not of sufficient mag- The relationship between muscle activity and the relative
nitude to produce the shoulder movement on its own, and sodimection of shoulder and elbow motion is shown in Figs. 10
this case muscle activity (e.g., pectoralis) still was required gmd 11. All subjects showed similar patterns, thus the data
generate sufficient net flexion torque. shown are averaged across subjects. Figure 10 shows normal-
Figure B shows the same signals plotted for two movezed EMG activity in single-joint shoulder muscles as a func-
ments in which the elbow kinematics were held constant, biihn of the direction of elbow motion for movements in which
the shoulder movement involved a flexion in one case and simoulder kinematics were held constant (20° flexion or exten-
extension in the other. In this case, the interaction torqgen). Figure 10bottom,indicates the kinematic parameters of
arising at the elbowléft) varied depending on the direction ofthe movements. Shoulder amplitude is plotted against elbow
shoulder motion—when the joints rotated in the same direamplitude for the four targets (positive values indicate exten-
tion, the elbow interaction torque initially opposed the elbowion, negative values denote flexion). Data for two movement
movement (positive values of torque), and elbow EMG activitypeeds are shown—slower movements (—, average speed
increased. When the joints rotated in the opposite direction, #&°/s for shoulder and 78°/s for elbow), and faster movements
interaction torque at the elbow assisted the elbow flexign- -, average speed 61°/s for shoulder and 113°/s for elbow).
(negative torque values), and muscle activity in single-joitit can be seen that the magnitude of EMG activity in shoulder
elbow muscles (biceps long head and triceps lateral head) vea®nist muscles (pectoralis for shoulder flexileft, half of top
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FIG. 10. Relationship between normalized EMG ac-
tivity of single-joint shoulder muscles, and the direction
of elbow motion, for movements in which the shoulder
kinematics were held constant. Means across all subjects
are shown, for movements at both slow (—) and fast
(- - -) speedsBottom kinematic patterns associated with
each experimental condition (elbow movement amplitude
ELB-FLX EXT FLX EXT ELB-FLX EXT FLX EXT is plotted against shoulder amplitude; negative values

Kinematics indicate flexion, positive values denote extension). For
agonist muscles (pectoralis for shoulder flexion move-
ments and deltoid for extension movements) EMG activ-
40} i ity was greater for movements in which the shoulder and

I elbow rotated in the same direction and lower when they
201 1 rotated in opposite directions. This pattern was less pro-
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left panel,and deltoid for shoulder extensioright half of constant (40° flexion or extension). Two movements speeds are
right-hand pané), varied depending on the direction of elbowshown—slow (—) and fast (- - -). The kinematic parameters of
movement. These differences were tested using separate ¢he-movement conditions are indicated in thettom right

way repeated measures ANOVAs for each muscle and ednel, which shows elbow movement amplitude plotted
movement speed conditioR  0.01 for both muscles, at bothagainst shoulder amplitude (negative values indicate flexion,
speeds). When the joints rotated in the same direction, museRsitive values denote extension). For agonist muscles (biceps
activity was greater than when they rotated in opposite dird@ng and short heads, and brachioradialis for elbow flexions,
tions. Although smaller differences were observed, a simillgft half of left-hand panelsand triceps long and lateral heads
pattern was seen in the antagonist muscles (deltoid for shoulfrextensionsright half of right-hand panely differences in
flexion, left half of right-hand paneland pectoralis for shoul- EMG activity were observed for movements in which the
der extensionright half of left-hand pana—EMG activity ~direction of shoulder movement was reversed. When the shoul-

was higher when the shoulder and elbow rotated in the safff rotated in the same direction as the elbow, EMG activity
direction @ < 0.01 in all cases). was greater than when the joints rotated in opposite directions.

The possibility exists that the changes in shoulder musdéRhe-way repeated measures ANOVAs were used to test these
activity shown in Fig. 10 were related to differences in shouglifferences for each movement speed and muscle separately
der kinematics rather than to changes in the direction of elbd® < 0.01 in all cases). Similar, although smaller differences
movement. We used one-way repeated measures ANOVASMere seen in antagonist muscles (biCGpS Iong and short heads
assess this possibility for each target and movement spé&édl brachioradialis for elbow extensionght half of left-hand
separately. For the movements involving shoulder flexioanels,and triceps long and lateral heads for elbow flexions,
there was no change in shoulder movement amplitude or a&ft half of right-hand panels (P < 0.01 in all cases except
erage velocity associated with different elbow movement dirachioradialis, for whictP < 0.05 for slow elbow extension
rections (flexion vs. extensionP(> 0.01 in all cases). For movements, and for which no difference was detected in fast
movements involving shoulder extension, small differences @ow extension movements). Again, EMG magnitudes were
shoulder amplitude and velocity were observBd<( 0.01 for greater for movements in which the joints rotated in the same
both speeds for amplitude and average velocity). The averdtjeection.
change in shoulder movement amplitude ranged from 3 to 5°As in the preceding text, one-way repeated measures
across subjects, and the average change in shoulder veloAtYOVAs were carried out to rule out the possibility that the
was in all cases<10% of peak velocity. Given that theseobserved differences in elbow and double-joint muscle activity
differences are small relative to the overall movements, andnight be due to differences in elbow kinematics associated
light of the finding that for shoulder flexion, changes in shouWith changing the direction of shoulder movement. No signif-
der EMG were observed even though no reliable differencesif@nt changes in elbow amplitude or velocity were observed for
shoulder kinematics were observed, it is unlikely that th@ifferent shoulder movement directions (flexion vs. extension;
differences in shoulder EMG for shoulder extension mové& > 0.01 in all conditions, for both amplitude and velocity).
ments were due to the changes detected in shoulder kinematics.

In Fig. 11, the relationship between elbow and double-joifft' S¢YSSION
muscle activity and the direction of shoulder movement is To assess the extent to which intersegmental dynamics are
shown for movements in which elbow kinematics were helépresented in control signals, we systematically manipulated
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Fic. 11. Relationship between normalized EMG ac-

brachioradialis triceps long tivity of elbow and double-joint muscles, and the direc-
tion of shoulder motion, for movements in which the
ELBOW-FLEX | ELBOW-EXT ELBOW-FLEX | ELBOW-EXT elbow kinematics were held constant. Mean data across
N 2 : 2 i subjects are shown, for both slow (—) and fast (- - -)
9 % movementsBottom righ: elbow movement amplitude
Q | l . . . .
3 \ | | , is plotted against shoulder amplitude (negative values
& 1 \ | | indicate flexion, positive values denote extension). For
< . i | movement agonists (biceps long and short head, and
w . - . .
g(: 0 A | 0 i brachioradialis for elbow flexion, and triceps long and
® ‘\ . "+ - i lateral heads for elbow extension), EMG activity was
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parameters related to the magnitude and direction of joiltde and velocity at one joint was held constant while the
interaction torques that accompany pointing movements idirection of movement about a second joint was varied.
volving the shoulder and elbow. We examined EMG activity dVhen the direction of movement at the elbow was varied
shoulder and elbow muscles, and specifically, the relationslfffexion vs. extension) and shoulder movement kinematics
between EMG activity and interaction torque. During singlewere held constant, the magnitude of EMG activity in sin-
joint movements in which there was motion at only one joingle-joint shoulder muscles varied depending on the direction
phasic EMG activity was observed in single-joint musclesf elbow motion (and hence the sign of the interaction
spanning the stationary joint. This muscle activity precededrque arising at the shoulder). Similarly, the magnitude of
movement and varied in magnitude with upcoming interactiddMG activity in elbow muscles varied depending on the
torque at that joint resulting from motion of the nonstationarglirection of shoulder motion for movements in which elbow
limb segment. This pattern was observed both for single-joikinematics were held constant. The patterns of variation in
elbow movements (movements in which the upper arm waMG activity for both the single- and multijoint movements
stationary and the lower arm rotated about the elbow) anelported here are consistent with the idea that central control
single-joint shoulder movements (movements in which thggnals to muscles are adjusted, in a predictive manner, to
lower arm was stationary relative to the upper arm, whiatompensate for interaction torques—loads arising at one
rotated about the shoulder). joint that depend on motion about other joints.

A similar relationship between EMG activity and inter- Similar examples of anticipatory adjustments to control sig-
action torque was observed during multijoint movementsals have been reported for other tasks. Studies of grip force
involving simultaneous motion at the shoulder and elbovadjustments during rapid arm movements with hand-held loads
Subjects performed movements in which movement amphave suggested that subjects adjust control signals to finger
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muscles in a predictive manner to compensate for movemdiitese differences in onset timing are presumably not due to
induced inertial, viscous, and elastic loads on objects (e.geural conduction delays, which would account {06 ms of
Flanagan and Wing 1997). Similarly, anticipatory adjustmentise time difference. The timing differences observed in the
in the activity of various trunk and leg muscles may be olpresent experiments are consistent with previous reports of
served that offset loads on the body introduced by rapid ammuscle activation patterns during multijoint limb movement
movements (see de Wolf et al. 1998; van der Fits and Haddefisarst and Hasan 1991; Wadman et al. 1980). In addition,
Algra 1998 for reviews). McKiernan et al. (1998) report a similar temporal ordering,
A main finding of the experiments reported here is thdtom proximal to distal muscles, of corticomotoneuronal acti-
during single-joint movement, marked phasic activity was olvation of arm muscles. Similarly, Murphy, Wong, and Kwan
served in muscles acting at stationary joints. Related findin@998) and Scott (1998) report a temporal ordering of the onset
have been reported by Almeida, Hong, Corcos, and Gottlielb activity in single neurons projecting to proximal and distal
(1995) (also see Gottlieb et al. 1996). In their study, subjeatsuscles. These consistent temporal ordering effects may re-
produced single-joint elbow or shoulder flexions over threfeect an organizing principle for upper body movements and
distances in a sagittal plane. EMG patterns in flexor amday serve in stabilizing the limb.
extensor muscles at the “focal” (moving) and “nonfocal” (sta- Additional factors that influence motor adaptation to move-
tionary) joints were recorded for both movements in which thaent related loads may be noted. Data from recent behavioral
nonfocal joint was physically restrained or free to move. Thetudies suggest that sensory feedback plays a critical role in
authors show that for movements in which the nonfocal joimbaintaining the effectiveness of the mechanisms that underlie
was unconstrained, phasic EMG patterns arose in musctesnpensation for intersegmental dynamics. Patients who lack
acting at the nonfocal joint that were similar in form to thosproprioceptive input from their limbs fail to accurately repro-
seen in muscles at the focal joint and acted to oppose torqaese multijoint arm movements in which interaction torques
arising from motion at the focal joint. The authors concludglay a major role (Ghez and Sainburg 1995; Sainburg et al.
that some compensation for interaction torques occurred at 1893, 1995). When patients were able to view their limbs
nonfocal joint. The results of the present study extend thikiring movement, however, their performance was improved
work by demonstrating that phasic activity in muscles at thmarkedly, although some differences remained relative to neu-
nonfocal joint arises in both single- and double-joint muscleslogically intact control subjects.
and that the onset of this activity precedes movement. InRecent neurophysiological data suggest a possible neural
addition, by experimentally manipulating both movement anpasis for the patterns of inter-joint muscle coordination re-
plitude and speed, we show that the magnitude of EMG burgtsrted here. McKiernan, Marcario, Karrer, and Cheney (1998)
in muscles at the nonfocal joint is related directly to thesport experiments with awake, behaving monkeys in which
magnitude of upcoming interaction torques. spike-triggered averaging techniques were used to study the
The finding of phasic activity in muscles acting at a statiorprojections of corticomotoneuronal cells to proximal and distal
ary joint that precedes movement and varies in amplitude wiimb muscles. They found that a large majority of the motor
upcoming interaction torques calls into question the validity @rtex cells examined produced postspike effects in two or
the concept of “single-joint” movement as it relates to neuratore muscles, and moreover, nearly half of the cells examined
control. Indeed, the single-joint movements reported here mpsoduced postspike effects in both proximal and distal muscles
be described more aptly as special cases of multijoint moygimilar results also were reported for cells in the red nucleus,
ment. Just as in the case of multijoint motion, control signatee Belhaj-Saif et al. 1998; also see Gibson et al. 1985; van
for single-joint motion must be coordinated appropriately tgan et al. 1993). In one case, individual cells were found that
muscles at multiple joints to stabilize adjacent limb segmersoduced postspike facilitation in both single-joint shoulder
in the face of interaction torques. This multijoint coordinatiofpectoralis) and elbow (brachialis) muscles. This pattern of
of control signals is required in all cases in which more thaprojection from motor cortex to arm muscles, if at all general,
one limb segment is free to move, and intersegmental dynawsuld provide a mechanism by which compensation for inter-
ics play a role. action torques may be achieved. For example, the simultaneous
The idea that control signals must be coordinated to musckedivation of pectoralis and brachialis during flexion move-
at multiple joints applies to other motor systems as well. Fonents would tend to offset interaction torques at the shoulder
example, because in primates there is no one-to-one correspire to flexion at the elbow. It should be emphasized, however,
dence between individual fingers and forearm muscles, movitigit the corticomotoneuronal system only accounts for a rela-
any single digit alone requires coordinating the activity dfvely small proportion of overall descending neural drive.
several muscles that have mechanical actions on many digher cortical and spinal systems presumably play a significant
(Schieber 1995). Similarly, in systems such as the human jawle in interjoint coordination.
in which muscles act across multiple mechanical degrees ofOne implication of the findings presented in this paper is that
freedom, control signals to a large number of muscles mustthe nervous system makes use of a representation of limb
coordinated appropriately to produce motions in individualynamics to carry out the adjustments to control signals that
degrees of freedom (Gribble et al. 1997; Laboissiet al. offset forces arising from intersegmental dynamics. Consistent
1996). with this finding, a number of researchers have suggested that
It was observed in the present studies that the onset of ENd@dictive compensation for movement related loads is based
activity in shoulder and elbow muscles followed a proximal ton “internal models” of the motor apparatus (Jordan and
distal temporal ordering—for both single- and multijoinRumelhart 1992; Wolpert et al. 1995). The hypothesis is that
movements, the onset of shoulder muscle activity tended tteese models are instantiated in neural circuitry and, depending
precede the onset of elbow muscle activity 520-50 ms. on the formulation, are used to predict the kinematic conse-
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