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Postural adjustments associated with rapid voluntary
arm movements 1. Electromyographic data
WG FRIEDLI,* M HALLETT, SR SIMON

From the Gait Analysis Laboratory ofthe Rehabilitation-Engineering Center ofHarvard-MIT, Section of
Neurology, Department of Medicine, Brigham and Women's Hospital, Department of Orthopedic Surgery,
Children's Hospital Medical Center and Departments ofNeurology and Orthopedic Surgery, Harvard
Medical School, Boston MA, USA

SUMMARY Normal subjects made bilaterally symmetric rapid elbow flexions or extensions ("focal
movement") while free standing or when supported by being strapped to a firm wall behind them
(different "postural set"). In some trials a load opposed the movement two thirds of the way into
its course. Electromyographic activity in leg and trunk muscles ("associated postural adjust-
ments") demonstrated specific patterns for each type of movement. Activity in these muscles
began prior to activity in the arm muscles and demonstrated a distal-to-proximal order of activa-
tion. The EMG patterns were characterised by alternating activity in the antagonist pairs similar
to the triphasic pattern seen in the arm muscles. When the movement type was changed change of
the pattern of the postural muscles occurred over several trials. It is concluded that the associated
postural adjustments are pre-programmed motor activity linked to the focal movement, specific
for the focal movement including anticipated events and the postural set.

Regulation of man's upright posture involves the
complex interaction of different systems, operating
in both feedback and feedforward modes of control.
Feedback mechanisms have been studied by analys-
ing postural responses to direct perturbations of the
body relationship to the ground'-7 and also pertur-
bations of a limb where movements of the body
would be expected to occur but had not yet occur-
red.8 Less attention has been paid to the preparatory
processes for voluntary motor activity. The prepara-
tion of a sequence of activity in different muscles,
which we will call a postural pattern, associated with
a limb displacement requires taking into account the
physical characteristics of the limb movement and
the postural requirements. EMG activity in postural
muscles which is characteristic for a particular situa-
tion has been seen in both primates9-'2 and
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humans;'3-'7 However, the physiological principles
which determine these patterns have not been fully
clarified.
The objective of the present experiments was the

further examination of the central linkage between
rapid voluntary arm movements and the postural
adjustments associated with them. For several
reasons, we have chosen a fast elbow movement,
performed in upright standing subjects. First, a rapid
arm movement causes more postural disturbance
than a slow one. Second, since there has already
been evidence that the EMG pattern in the agonist
and antagonist of a fast arm movement is pre-
programmed,'8 20 the EMG activity in the postural
muscles may also be pre-programmed. Third, the
EMG pattern of a fast arm movement is distinctive
with a triphasic pattern of sequential bursts of activ-
ity in the agonist, then in the antagonist and then in
the agonist again.'9-25 A similar distinctive pattern
might also characterise postural activity.

Methods

The basic experiments were performed on 17 healthy male
and female volunteers ranging in age from 25 to 65 years.
In each session, the subject stood upright on a force plat-
form (fig 1). The subject was instructed to stand relaxed,
place equal weight on each foot, and look at a light
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Pot

B

FP 1
Fig 1 Experimental apparatus: the subject stands on the force plate (FP). Feet are placed on the plate in
accordance to a foot guide (FG) which insures symmetrical foot position. Commanded by the visual signal
(VS), the subject moves the metal bar (B) which drives the potentiometer (Pot) by pulling on the attached
nylon cord (C 1). On some trials the body was supported by strapping the subject to the firm wall. Load is
applied in some trials by connecting the mass (M) to B by a second nylon cord (C II) which is guided by
means ofpullies over a moving cart (C). M is pulled up after C has covered the span S, which is adjusted
for each subject so that the load comes into play after 600 of movement.

mounted in front of the platform. With the forearm supi-
nated the subject grasped a horizontal metal bar. In every

experimental condition, with the upper arm vertical and
held adjacent to the trunk, the subject was asked to per-

form a bilaterally symmetric fast elbow movement, consist-
ing of moving the bar as rapidly as possible up to 90° of
elbow flexion, or down from 900 of flexion to full exten-
sion. The subject was instructed to pay more attention to
the velocity of the movement than to accuracy. Subjects
were given several trials of practice at the beginning of the
session in order to familiarise themselves with the system.

Four different experimental conditions were investi-
gated with each subject:
(1) Unsupported-unloaded: The free-standing subject
performed rapid elbow flexions without additional load.
(2) Unsupported-loaded: A load of 1 kg was added to
the cable attached to the bar at 600 of elbow movement.
(3) Supported- unloaded: The subject was strapped to a

firm wall with belts and performed the movement without
load perturbation.
(4) Supported-loaded.
Elbow extensions without any load perturbation were

investigated with 10 of the subjects in an unsupported
state; two of them were also investigated in the supported
state.

Each session was started with one of the unloaded condi-
tions: the sequence of conditions thereafter was arbitrary.
At least 10, maximally 15 movements, were made by the
subjects for each condition. The interval between two sub-
sequent movements within each condition was at least 30
seconds. The subject relaxed until the experimenter
informed him that a new trial would begin. The signal to
make the movement was turning on of the light in front of
the subject.
With two subjects an experiment was designed in order

to investigate the effect of the extent of arm movement on
postural responses. The subjects performed rapid elbow
flexions up to 50° and 70° in addition to the usual 900 in the
unsupported-unloaded condition.

Recording system
Using the same equipment as for the investigation of gait in
the Gait Analysis Laboratory2627 four types of data were
gathered in these experiments: the trajectory of the arm
movement, electromyograms from arm as well as from var-
ious postural muscles, the foot-floor reaction forces, and
high speed cinematography of the subject. The present
paper is confined to electromyographic data while the
examination of foot-floor reaction forces and motion data
will be the subject of a subsequent paper.
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Postural adjustments associated with rapid voluntary arm movements

The arm movement in terms of position of the bar was
measured with a precision multi-turn potentiometer, dri-
ven by a nylon cord which was fastened to the bar.

Electromyographic activity was recorded using surface
electrodes placed on the right side of the body over the
motor points of biceps brachii, triceps brachii, quadriceps,
biceps femoris (long head), tibialis anterior, medial gas-
trocnemius, thoracolumbar erector spinae and rectus
abdominis above the navel. In one subject additional elec-
trodes were placed over deltoidei anterior and posterior.
The electrodes were connected to specially designed small
preamplifiers (Input impedance > 1 M ohm; gain 450;
common mode rejection ratio 105 dB; band width 0-10
kHz) which in turn were connected to variable gain
amplifiers with band pass of 15 to 100 Hz.
At the beginning of each session the subject was asked to

make a maximal tonic contraction for each of the tested
muscles. EMG activity relating to a movement could be
compared to this maximal effort in order to obtain infor-
mation about the approximate percent effort of the muscle
in the movement.

Potentiometer, electromyographic and force-plate
signals were continuously transmitted to a PDP 11-34
computer and sampled every 2 milliseconds for a total of 1
second. The photic command signal to move was given at
the time of initiation of data collection.

Processing of electromyographic data
For best visualisation, computer programs altered the gain
of the EMG signals to allow them to be plotted as large as
possible within a fixed coordinate size. The amplification is
represented by a "scale factoe' ranging from 1 to 10 for
each muscle tested. From scale factors alone comparisons
of signal magnitude for one muscle of the same subject in
different trials was possible.

Electromyographic activity was full-wave rectified and
plotted on a scale of 0*5 inch (12-5 mm) per 10 ms. From
these plots, a signal amplitude of one fifth of full scale was
required to define the onset of burst activity. The end of
the burst was defined when the last activity of the burst had
decreased in amplitude to less than one fifth of full scale,
while still being "connected" to the burst by a period of
less than 20 ms. The magnitude of EMG activity under
different conditions in the same subject was compared by
averaging the signals of all the trials within one condition.
The onset of movement given by the potentiometer signal
was used as the reference point. Subtracting the averaged
data from one condition from that of another condition
produced differences in magnitude of activity between the
conditions in the same subject. Electromyographic activity
was also filtered by means of a symmetrical boxcar-
averaging of 10 ms window-width for smoother graphical
display of the signals.

Results

THE BURST PATTERNS
EMG activity in the biceps and triceps was charac-
terised by a pattern of alternating bursts similar to
the "triphasic" pattern underlying rapid arm move-
ments of less extent in the horizontal plane. In

flexion movements a first burst of activity in biceps
brachii (agonist) was followed by a period of relative
silence during which there was a burst in triceps
brachii (antagonist), followed by a second agonist
burst. Under the experimental condition of upright
stance burst patterns were found not only in the arm
but also in the different trunk and leg muscles (fig
2). We will define the agonist of a pair of antagonist
postural muscles according to which of the two mus-
cles was activated earlier.

1. Unsupported-unloaded condition
In rapid elbow flexions without body support erector
spinae and biceps femoris are agonists, while rectus
abdominis and quadriceps femoris are their antagon-
ists respectively (fig 2A). Gastrocnemius and tibialis
anterior seemed to play a minor role as postural
muscles during rapid elbow movements since their
phasic activity was either weak or not recorded at
all. When the "triphasic" pattern was seen in these
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Fig 2 Examples ofEMG activity showing multiple-burst
patterns in arm and postural muscles with fast elbow
movements during upright stance. Raw and rectified EMG
activity for two single trials are shown. A flexion movement
(A) is compared to extension movement (B). Notice muscles
ofantagonist pairs changing their roles in the different
movements. In contrast to those in subsequent figures scale
factors are relative to maximal force, that is the numbers
represent the ratio ofscale factors for the phasic activity
during the ballistic movement and for the tonic activity with
maximal contraction (see text). The potentiometer signal at
the top represents the movement ofthe bar. Data recording
starts with the onset of the visual command to move.
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Fig 3 Averaged EMG pattern of three anti
pairs with elbow flexion without load pertur
unsupported state. The beginning ofEMG I
to the onset of biceps brachii as the prime n

Numbers represent mean durations (standar
bursts or intervals respectively from 10 subjf
bursts which are present in fewer subjects.

muscles, gastrocnemius was the agon

anterior the antagonist.
Time relationships between the difl

were provided by measurements of bu
in single trials. The beginning of the
and postural muscles was related to th(
biceps brachii as the prime mover.
ceded the onset of arm movement its
ms, measured by the potentiometer si
paring the onset of movement in film
potentiometer signal, the latter was

delayed by 20 to 45 ms). For all th
time order of agonists was consistent,
being the first, erector spinae the sI
followed by biceps brachii as the pri
3). The antagonists followed the same
although there was only a small diffei
the onset times of rectus abdomini
brachii. The subject's instruction w

movement as rapidly as possible and l
to make the reaction time as shor
although in general subjects made tht
promptly after the visual command.

Friedli, Hallett, Simon

markedly variable reaction time, there was only
little variation of relative timing (table).
The durations of the first agonist bursts of the

different muscles were in the same range (70-90 ms)
except for biceps brachii whose burst duration was

well over 100 ms. There were normally two bursts in
biceps brachii and two or three bursts in the postural

2853,11, agonist muscles. The durations of later bursts were
-- briefer than the initial bursts and the intervals

between subsequent bursts in the same muscle
became progressively shorter. The antagonist bursts
had similar durations (60-80 ms) and were occa-

60)6, sionally followed by smaller later bursts in the silent
period of the corresponding agonist muscle.

,,l l,,,, l,, Whereas in postural muscles the first agonist burst
300 400 usually terminated at about the time of onset of the

antagonist burst, there was clear overlapping in time
agonistmuscle of antagonist activity with the first agonist burst in

rbation in the the arm muscles.

bursts is related Magntud .E
sover (Time 0). Magnitude of EMG activity m the unsupported
wd deviations) of unloaded condition was estimated by comparing
ects. **indicates activity produced by maximal tonic contraction of

each muscle at the beginning of the session. This
comparison was more reliable for limb than for

list and tibialis trunk muscles since it was difficult for subjects to
maximally activate trunk muscles voluntarily. Simi-

ferent muscles lar results were obtained for all subjects and the
rst onset times values for one subject can be noted in fig 2. Activity
bursts in arm in the arm muscles was strong in order to make the
e onset time of rapid movement. Activity was similarly powerful for
Ehe latter pre- the trunk muscles, less for proximal and only mini-
elf by 75 to 85 mal for distal leg muscles. For other conditions,
ignal (by com- magnitude of activity will be compared relative to

data with the this basic condition.
, found to be
e subjects the 2. Unsupported-loaded condition
biceps femoris In this condition the rapid elbow flexion was dis-
econd muscle, turbed by a load at 600 of movement. The postural
me mover (fig muscles kept their roles as agonists and antagonists
general order, (fig 4).
rence between The initial bursts of the postural agonists were

is and triceps earlier with respect to biceps brachii than in the
as to make a unloaded condition (fig 5). This effect was more

not specifically pronounced for biceps femoris than for erector
rt as possible, spinae. The burst durations of the postural muscles
eir movements did not change whereas the first agonist burst of
Regardless of biceps brachii was significantly longer in the condi-

Table Latencies (LA T) between the onset ofpostural and prime mover bursts are compared to their reaction time (RT)
with respect to the visual command for one subject.

Condition Biceps femoris (BF) Erector spinae (ES) Biceps brachii (BB)

RTBF LATBF RTES LATES RTBB

Unsupported-unloaded 199 + 101 32 + 8 217 + 107 17 + 4 237 ± 113
Unsupported-loaded 289 ± 146 51 ± 10 319 ± 148 26 ± 7 349 ± 146

3) 500414 62012)
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Postural adjustments associated with rapid voluntary arm movements 615
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500 ms

Fig 4 Example ofEMG activity with elbow fiexion with
the un-supported-loaded condition. Single movement of
one subject, with emg rectified and Boxcar-filtered. Notice
the occurence ofdistinct later bursts in agonists and
antagonists producing impressive alternating patterns.
Movement ofthe bar is represented by the potentiometer
signal.

tion with load perturbation. For both erector spinae
and biceps femoris the interval between the first and
second burst was significantly longer compared to
the condition without load perturbation (p <
0-001). Their second agonist bursts were aligned
with each other as well as with the second burst of
biceps brachii. In general, there were more later
bursts in both arm and postural muscles, following
each other with successively shorter intervals in
between. Activity of postural antagonists was
diminished. Corresponding to the longer interval
between the first and second agonist burst the initial
antagonist burst was delayed, shifted between the
two agonist bursts, and often composed of two dis-
tinctive parts. Multiple antagonist bursts produced
impressive alternating burst patterns in some of the
subjects.
The magnitude of EMG activity was assessed by

subtracting the averaged signals of the
"unsupported-unloaded" from the "unsupported-
loaded" condition (fig 6D). For biceps brachii as
well as for the postural agonists positive differences
resulted from this procedure, indicating more signal
magnitude in the "loaded" condition.

3. Supported-unloaded condition
In this condition the subjects performed rapid elbow
flexions while being strapped to the wall. Postural
activity was reduced (fig 6B) and even second agon-

Load
.. . . .. . . .. . . .. . . . . .

IIr
Position

Biceps brochii

Erector spinoe

Biceps femoris

82(8)

143015) 48)6) 76(7)

900

SP

56(7) 52(7)

80(11) 147(30) 70(12) 116(3) 52(4)

81)14) 170)21) 70)13) 150126) 67(16)

. _ -

, ,I, lI~lIlIlIl,i-I1111 lii lii

-5s 0 100 200 300 400 500
ms

Fig 5 Average tming ofEMG activity for the unsupported-loaded task (black bars) compared to the
unsupported-unloaded task (white bars). The behaviour ofthe EMG patterns in the loaded circumstance
differs from the unloaded situation not only after the load is added but also before it (see text). Averaged
position records for the loaded and unloaded condition are superimposed (Data from 5 subjects).
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uu

-fw (10 movements, averaged
737 emg-activity )

9.53

10.00

SL- UU UL

8.13

10.00

10.00

4.20

6.85

6.71

UL - UU

7.26

10.00

10.00

500 ms

Fig 6 Average rectified-and-smoothed EMG activity from biceps brachii and postural agonists in the
different conditions for one subject (UU = unsupported-unloaded; SU = supported-unloaded; SL =

supported-loaded; UL = unsupported-loaded). Subtraction of the basic condition UU (A) from each
ofthe others brings out the differences in magnitude clearly. A negative difference means that UU is larger
(for example, erector spinae in B); a positive difference indicates that the other condition is larger (for
example, erector spinae in D). Compare also the scale factors which are inversely related to the amplitude
ofaveraged signals.

ist bursts might be absent. Additionally, the onset of
postural agonists erector spinae and biceps femoris
with respect to the beginning of prime mover activ-
ity was later compared to the situation without body
support (fig 7A). The durations of the first agonist
bursts as well as of the antagonists bursts in arm and
postural muscles were comparable to those in the
unsupported state without load perturbation.

4. Supported-loaded condition
The presence of load influenced activity in the sup-
ported condition similar to its influence in the
unsupported state. There was again a longer dura-
tion of the first burst in biceps brachii in the loaded
condition, whereas the postural muscles showed
similar burst durations under both conditions. The
onset of erector spinae was earlier with load similar
to the situation without body support (fig 7B). The
onset time of biceps femoris, however, was not con-
sistent. The interval between the first and second

burst in erector spinae was significantly lengthened
(p < 0.001). There was also a longer interval in
biceps femoris when the second burst could be
recognised.
There was less postural activity in the

supported-loaded than in the unsupported-
unloaded condition, especially in the more distal
muscles (fig 6C).

ADDITIONAL EXPERIMENTAL CONDITIONS
1. Elbow extensions
Triceps brachii was the prime mover agonist and
rectus abdominis and quadriceps were the postural
agonists (fig 2B). The activities of both gastroc-
nemius and tibialis anterior were weak with exten-
sion movements and were even less frequently
recorded than with elbow flexions. If present, tibialis
anterior showed the agonist pattern whereas gas-
trocnemius was the antagonist. The onset of rectus
abdominis as the postural agonist clearly preceded
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Postural adjustments associated with rapid voluntary arm movements

a Unloaded

Biceps brachil

Erector spinae

Beps femoris
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b Loaded
onsetof bxad

Biceps bra&hii

Erector spinae

Bceps ferris
1..,..1 1 I.., . Jil II..1 . 1,l 'l. ... I.1 ... I.... I.,

-50 0 100 200 300 400
ms

Fig 7 Average timing ofEMG activity for the supported
conditions (black bars) without (a) and with load
perturbation (b) compared to the unsupported-unloaded
task (white bars). Averaged data from 5 subjects. Note the
increase ofthe interval between the first and second burst in
postural muscles with load perturbation.

longer duration in extensions (85-110 ms) than it
had as the antagonist. The burst of biceps brachii as
the antagonist was significantly shorter than in
flexion movements (60-80 ms). There was also a
clearer triphasic pattern of the two arm muscles, the
overlapping of antagonist activity with the first agon-
ist burst being less pronounced in elbow extensions
than in flexions. In all the subjects rectus abdominis
and erector spinae showed a distinct alternating pat-
tern while this phenomenon was frequently not seen
in the thigh muscles.

Inhibition of antagonist activity preceding the
onset of the first agonist burst in arm muscles as well
as in the postural muscfes was seen in some subjects
(fig 9). The time order of the appearance of this
inhibitory period in the different antagonists fol-
lowed the same order of agonist activation which is
from distal to proximal.

2. Extent of arm movement
Two subjects performed sets of elbow flexions with
end points of 500 and 700 as well as 90° (fig 10). In
both the onset time of the first burst in postural
agonists tended to be earlier with smaller move-
ments. This behaviour was more evident for biceps
brachii than for erector spinae. There was some
delay of the second burst in the postural agonists in

the beginning of the prime mover in all the subjects
(fig 8). The onset times of quadriceps and biceps
femoris were less consistent.
By comparing the burst durations of the principle

muscles for extension and flexion movements the
main difference was found in the arm muscles.
Triceps brachii as the prime mover agonist had a

Biceps brachi

Triceps brcchii

Rectusabdominis * !

Rectus spinae

Quadriceps

Biceps femoris

-3 70-0071 I5

99410, 78.23 ~ 89,16)

I- -

;&M 72-89, 1'1-
1 83,12. 73,101 65, IS,

-50 0 100 200 300 400
ms

Fig 8 Average timing ofEMG activity of3 antagonist
muscle pairs with elbow extension without body support
from S subjects. Burst onset is related to the onset of triceps
brachii as theprime mover. (Time 0). Note the burstpattern
is not distinct in the distal antagonist pair.

10.00

1.55

6.56

7.01

10.00

10.00

500 ms

Fig 9 EMG activity for an elbow extension movement with
an example of inhibition ofantagonist background activity
prior to the onset of the first agonist burst (arrows).
Antagonist inhibition is seen in arm and postural muscles,
following the distal-to-proximal order. Raw data (left) and
rectified emg activity (right) of a single trail.
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Elbow flexion

Deltoideus anterior

Deltoideus posterior

Biceps brachii

Triceps brachii

Rectus abdominis

Erector spinae

Biceps femoris

Quadriceps

50° [1] 700 [2]

3.82

7.50

4.59

3.78

4.88-

10.00

10.00

10.00
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[2 - 1]

5.01

7.37

5.75

6.30

7.11

10.00

10.00

10.00

9.44

10.00

10.00

5.48

10.00

10.00

10.00

10.00

4

500 ms

Fig 10 EMG actvity associated with differing extent ofelbow flexion. Records show average

rectified-and-smoothed emg activity of 10 movements of50° (1) and 700 (2) from one subject. Note the
clear triphasic pattern ofthe two deltoid portions also recorded here (fixing the upper arm to the trunk).
Since there are increased scale factors of triceps brachii and rectus abdominis with the larger movement,
the subtraction of I from 2 (right column) reveals more magnitude ofthese muscles in flexion movements
oflesser extent.

smaller movements. In the two subjects however,
the data in respect of the onset of burst activity did
not differ significantly to be conclusive enough. The
first burst of biceps brachii was found to be leng-
thened proportional to the extent of elbow flexion
from about 100 to 135 ms, while otherwise the burst
durations of arm and postural muscles were the
same under different conditions. Triceps brachii and
rectus abdominis both showed larger EMG mag-
nitude in smaller movements. Although not
significant due to the small magnitude of the aver-

aged signals, the difference for quadriceps tended to
be in the same direction.

ADAPTATION
The EMG activity in postural muscles, which has so
far been analysed in averages of 1 Or or more trials,
varies significantly in the different experimental
conditions. By studying serial individual trials when
a new condition was begun, it was possible to evalu-
ate how rapidly the postural muscle activity changes

to deal with the new condition. There was sufficient
variation from trial to trial that monotonic changes
were not always found, but trends were evident.

Adaptation of EMG patterns to a new condition
took place rapidly within only a few trials.
When the condition changed from unsupported to

supported, EMG activity in leg and trunk muscles
was already markedly reduced in the second move-

ment and progressively diminished with successive
trials (fig. 11).

Discusion

ARM MUSCLES
The duration of the first biceps burst in flexion
movements is long (127 + 9 ms) compared to the
durations of the other EMG components and to
previously reported values.'923 Moreover, we have
found that the first agonist burst duration increases
with movement amplitude while former results have
demonstrated that the duration of the first agonist
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Postural adjustments associated with rapid voluntary arm movements
Elbow-flexion supported /unlocided

movement
1st 2nd

Bieps brochii

Triceps brachii

Erector spinoe

Quodriceps

Biops femOris

10th

+E

per second, and hence this can be another reason for
the overlap.

2.77

4.44

4.29

10.00

10.00

_ 10.00

50Oms

Fig 11 Adaptive behaviour ofpostural muscles with body
support: first, second and tenth movement (from left to
right) ofa series ofelbow fiexions performed are shown.
Postural activity in leg and trunk muscles diminishes with
successive trials, and this is already apparent with the second
movement. Note the increase ofthe scale factor for rectus
abdominis in the tenth compared to former trials and larger
magnitude of activity from biceps brachii in later trials.
(Raw data from I subject).

and antagonist bursts are relatively constant for
movements of various extent. In contrast to former
experiments, the elbow movements analysed in our
work are both of larger amplitude and performed in
the sagittal plane against gravity. Since in elbow
extensions of comparable amplitude the duration of
the first agonist burst in triceps brachii was shorter
(99 + 10 ms) and within the normal range, it is
possible that the longer duration of the first biceps
agonist burst is a consequence of having to over-
come gravity in flexion movements. The increase of
burst duration in parallel to the extent of elbow
flexion is compatible with this concept since the
larger the flexion movement in the sagittal plane, the
more important becomes the vertical component
and hence the gravitational force to be overcome.

Considerable triceps brachii activity overlaps with
the first agonist burst in flexion movements. This
overlapping may be due in part to the prolongation
of the first agonist burst. Substantial overlapping of
agonist and antagonist bursts was described during
the acceleration phase of high speed movements.28
Such overlapping was shown not to be produced by
current spread from agonists.29 Our subjects per-
formed movements reaching peak velocities of 600°

POSTURAL MUSCLE ACTIVITY
The EMG activity in various trunk and leg muscles
associated with the fast voluntary elbow movements
presumably has postural function with the role of
maintaining stability of the body while standing. Our
results indicate that some of this activity is anticipat-
ory in nature, preceding the voluntary movement as
described before by several investigators.'3-'7
One of the principal findings of the present study

is the qualitative feature of alternating burst pat-
terns in antagonist pairs of trunk and leg muscles,
comparable to the triphasic pattern in the arm mus-
cles. Although this type of activity has not been
noted in the past, previous findings indicate the pre-
sence of alternating burst patterns in postural mus-
cles (for example figs 3 and 4 of reference 17).
Reasons which may explain the specific pattern
observed in our experiments are: firstly, simplicity of
the task by examining symmetrical arm movements,
facilitating the recognition of postural antagonist
pairs. Second, induction or enhancement of alternat-
ing burst patterns by free rapid movements, unre-
stricted by a tracking task or by a rigid experimental
device. The burst pattern provides the classification
of postural muscles into agonists and antagonists for
that particular movement, the former being defined
by their earlier onset time. The muscle which is the
agonist indicates the direction of movement of the
body segment (or the direction of force applied to
the body segment); hence, for example, when erec-
tor spinae is the agonist this is associated with trunk
extension. The pattern of activity includes an
inhibitory period of the antagonist prior to agonist
activation. This antagonist inhibition has been
observed in arm muscles with rapid voluntary arm
movements.2030 Inhibition of postural activity pre-
ceding activation of the prime mover has been
described previously.'4 In general, postural muscles
precede the prime mover in a fixed sequence, leg
muscles preceding trunk muscles, and the inhibitory
period in the antagonists following the same distal-
to-proximal order. The distal-to-proximal order of
postural activation has been reported in great
detail.'5 16 Adjustments of the postural pattern are
accomplished essentially in two ways: by variation of
the timing of bursts relative to each other and by
variation of burst magnitude, whilst there is no
major change in burst duration. Lack of variation of
burst duration is a general feature of rapid move-
ments in normal man.'9 23
We will refer to voluntary elbow movement as a

"focal movement" and to the postural requirements
as "postural set". The postural activity associated
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with a focal movement with a particular postural set
is an "associated postural adjustment" (all three
terms are in accordance with Cordo and Nashnerl5).
Since the associated postural adjustment begins
before the focal movement and is specific for the
focal movement as well as the postural set, it must
be pre-programmed. For example, the magnitudes
of the first agonist and antagonist bursts in postural
pairs and their timing with respect to the prime
mover are adjusted to the event of load perturbation
which comes up late during the focal movement.
With respect to pattern changes which occur after
the focal movement has started, it is not immedi-
ately clear whether they are related to central prog-

rams or whether they are produced by peripheral
factors functioning in a feedback mode. For exam-

ple, the distal-to-proximal order of activation is lost
for later bursts of postural muscles with load pertur-
bation in both the unsupported and supported state.
Since these bursts occur after the onset of the load, it
is possible that they are triggered by input from the
arm disturbance. Postural responses evoked by limb
perturbations have been identified.8 15 16 31 32 The
latencies of these responses were in the range from
50 to 90 ms following the limb disturbance. It was

concluded that these "interlimb reflexes" were cen-

trally driven by afferent input from limb perturba-
tion. In our experiment similar reflex responses
might be expected subsequent to the onset of load
perturbation. The second bursts of the postural
agonists have latencies of 20 to 50 ms with respect to
the onset of load, which seems to be a rather short
period compared to the latencies of the interlimb
reflexes mentioned above. Additionally, these sec-

ond bursts are delayed from their ordinary time of
appearance which is before the load disturbance,
and this "inhibition" must be an anticipatory
phenomenon. Hence, neither in the agonists nor in
the antagonists was there consistent EMG activity
which could be reliably identified with a reflex
response. Nevertheless, this fact does not exclude
peripheral mechanisms being involved in some mod-
ification of patterning of postural activity. This is
compatible with interpretations of ballistic arm

movements: that they are pre-programmed but
modifiable.

ADAPTATION
Adaptation to a given postural set2 13 as well as to
the properties of the focal movement is found to be
a behaviour of associated postural adjustments.
Adaptive changes concern both timing and mag-
nitude of bursts of the postural pattern. Pairs of
antagonist muscles may change their relationship to
other pairs. Additionally, according to their role
played in a specific task, bursts of postural antagon-

Friedli, Hallett, Simon

ist pairs may change in magnitude in opposite direc-
tions, or alter their timing relative to each other.
Adaptation occurs remarkably rapidly. Changes

in EMG patterns take place within only a few trials
which is comparable to adaptation of functional
stretch responses in leg muscles due to ankle pertur-
bation if they are destabilising posture.' 6 Moreover,
initial changes could already be apparent with the
first trial of a new condition, without any experience,
just with the knowledge of the condition. The pres-
ence of partially adjusted patterns already at the
beginning of a new condition implies that the pre-
programmed motor command is originally crudely
prepared on the basis of expectation.33 Subsequently
the motor commands are adjusted on the basis of
sensory feedback information about the results
obtained in previous trials, and this enables the sys-
tem to optimize the performance.

INTERDEPENDENCE OF FOCAL MOVEMENT AND
ASSOCIATED POSTURAL ADJUSTMENT
Associated postural adjustment and focal movement
have to be linked to each other since the latter exerts
forces to the body to be anticipated by postural
activity in order to maintain stability. The temporal
coupling of focal movement with associated postural
adjustment is proven by our results. The relative
timing of bursts is specific for a certain condition and
is subject to variation with changes of the focal
movement or alterations in the postural set, but does
not depend upon the subject's reaction time. There
is a proportional increase of the latency between the
onset of postural and prime mover bursts with
increasing postural requirements. This latency is
least with body support which presumably contri-
butes to the phenomenon of shortening of the focal
movement's reaction time in this circumstance.'5 16
Changes in magnitude of postural activity are

found with different conditions. In general, the ear-
lier the agonist is activated with respect to the prime
mover, the larger will be its burst magnitude. The
comparison of magnitudes of initial bursts of prime
mover and postural muscles (fig 6) reveals clear dif-
ferences between supported and loaded conditions.
With body support biceps brachii usually shows
larger magnitude than in the unsupported state
while postural activity is markedly reduced. This
reciprocal behaviour of postural activity and focal
component was described by Cordo and Nashner's
and forms the basis of their theory about the organ-
isation of postural adjustments. With the addition of
load the magnitude of biceps brachii is in the same
range regardless of body support (fig 6). This might
be due to saturation of biceps activity with addi-
tional load. In the unsupported state with load per-
turbation increased activity is seen in both prime
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Postural adjustments associated with rapid voluntary arm movements

mover and postural agonists and decreased activity
is seen in both triceps brachii and postural antagon-
ists. Moreover, we find triceps brachii and postural
antagonists to have a corresponding behaviour with
changing the extent of elbow movement (fig 10).
Hence, the agonist-antagonist principle presented
here provides further insight into the process of
specification of muscle synergy for postural stabiliza-
tion associated with rapid arm movements. Postural
mechanisms specify the balance of activity not only
between postural and focal components but also
between agonists and antagonists in both arm and
postural muscles. While focal movement and associ-
ated postural adjustment are highly interdependent,
the timing and magnitude of the associated postural
adjustment will presumably be predictable on the
basis of a general principle such as stability of the
body.

Postural activity is an integral part of the motor
program for voluntary movements. The question
arises how voluntary movement and postural
movement are linked together in the central nervous
system. Postural activity with voluntary movement
and that seen as a result of feedback are similar in
the synergic pattern and in the time-course of adap-
tation. This suggests that voluntary movement and
postural adjustments may be linked at a lower
hierarchical level of the central nervous system. The
appropriate postural pattern would be set-up during
movement preparation in a feedforward mode in
parallel with focal movement initiation. Basal gang-
lia and cerebellar systems seem to play roles in plan-
ning movements. Following the scheme proposed by
Hallett and Khoshbin,34 basal ganglia may help to
determine the appropriate muscles required to make
the movement and their magnitudes while regula-
tion of muscle timing may be a cerebellar function.
In accord with this notion are the findings of Traub
et aP who found properly timed but reduced amp-
litude of "anticipatory postural responses" in
patients with Parkinson's disease and the findings of
Grimm and Nashnerl who have found inappropri-
ately timed postural responses (called "functional
stretch reflexes") in patients with cerebellar deficits.
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