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pccelera;pryrpﬁase of ‘the movement..

/
/BSTRACT

[

burst of aciivitj’in the contracting (agonist) musclel.

initiSI agonist burst (Agl) is followed seduentially by

phasic activation of the antagonist muscle and a s

r

burst of agonist activity., For tHe past several years, 3gl

. € ,
has been considered to represent, a preprogrammed component

of the déscending motor command, the magnitude but not the

duration of which could be modulated in order'to pf

movements of different speeds and/or amplitudes. Two

1

reports, however,.éhggested that Agl duration ﬁay vary with

-

both“ﬁovement amplitude and inerkial Loadi;g. The purposé
éf‘;his study was three-fold: one; to dgxerminé if Agl
duration remained constant bver a wide range of movement
aﬁplitudes, two, to determine the—sensitivity o% both Agl’

magnitude and duratipn to peripheral feedback, and three, to

RN

determine the precise relationship Dbetween Agi and the

LR PR

In the first set oﬁ.fxperiments,’eighg'normal

-~

subjects performed a series of step-tracking moveménts

the~elbow. .Movement'ampliﬁude ranged‘#fom S to 50 deg.  In
. ot . , 1 . . '

4 ». 2] X

. ’ - ! . ¥ . . .
all subjects beth magnitude and duration of'Agl increased

with movement amﬁlrfudef'VThe chapge *in burst dura;ign was
. . ‘e . # :

\ . . : : ¢
not” graded blt. ocourred in a step-like manner.

Movements- about a joint are often initiated by a,

econd-

«

oduce

brief

hdiman

about

Small - -y




. ) »
movements (5-24 deg) were initiated by ghor; duration bursbs

(78-80 ms) while large movements (40-50 deg) were initiated

.t by long duration bursfs (140~150 ms) . Intermééiate mo@‘ment
'amblitudes were associated with either short or long~
duration bursts. The step—like change in Agl duration

resulted fr?m a secoﬁd burst or componént of agonist

. activity, the duration of which was approximatelj-equal to-
L] .

~

that "of short duration bursts (78-88 ms). Doubling of Agl

duration also occurred in movements made by a deafferented-
patient, suggesting that afferent feedback was’'not necéssary

, , : _
in order to modulate Aql duration.

.In a sécond set of experiments on five subjects, brief

. [

. 4
N perturbations were randomly applied prior to the onset of

-

either fast or slow flexion mevements- about the elbow. In
. . t ®
30 deg movements, perturbations which opposed the movement

* : :
(load) -~increased the magnitude of both components of Agl: ¢
while perturbations which assisted the movement (unload) *

. increased the magnitude of the first componené but decreased

the magnitude of the(ffgshd.' Changes in codbbnent magnitude

were graded .with the size 6f,the_per€urbation, large

petturbations causing a greafer change in component magni-~
tude than small perturbations. -

g < » ,: : :
In a third set of experiments, the effects .of changes

L4

. _ -in initial elbow joint angle on movement-related electromyo-
« - e T . . . .-
graphic (EMG) activity were examinéd. Pive subjects-

" Jﬁperformed'séep~tracking movements about the elbow “from

« . - . ¢ v

« ‘ . : - ! v




v ' 2 , A 4
} . B #

stertihg joiﬁv angles ranging"tom 65 to 125 deg. ¥
general, the maénituQe of Agl associated with flexien move-
ments lncreased as stabtlng position became more extended

In one subject, 11tt1e change 1n Agl magnitude was observed
across differéent starting positions. Mg ghents made by this
subject were accompan&ed by a period of antagon1st inhibi-

tion prior to movement onsef. Movemeht ( hase lane)
. ¢ p -P

L, .,’,t‘

trajectories assoc1ated with different sta t1ng positions

were not altered desplte large dlfferénce in Agl magni-,

‘tude. It was hypothesized that the changes in EMG activity

'~associgted with movement initiation compensate for angle-de-

—a

pendent changes in limb mechanical properties so as to

maintain a ptelearned movement/trajectory.
Finally, experiments we;e conducted to . examine the
relationship betweeen phesic EMG activity and movement
trajectory.. In these experiments, movemént amplgtud » Ppeak
velocity and movement duratlon were kept constant whlle
alterlng the ratlo‘of acceleratlon "duration to decelerat1on‘

duration. As the movement profile shxfted “from: short

acceleration to long acceleration movements, both the

duration of Agl and time of onset of phasic antagonfst

A . -

activity (relative to movement onset) increased. Large

o

.increases - in the magnitude of the second agbnist burst. were
associated with long acceleration, short dtceleratxon‘

movemehts.‘ These findings suggest that the t1m1ng and

R

magnitude of movement-related EMG activity are not related

A




‘ -
p v g
to a single movement parameter such as amplitude or speed
‘but rather to the profile of the intended movement.
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INTRODUCTION

¢

FI LN - noa

For many years a triphasic pattern of muscle activation

was thaught to be characteristic of only very rapid move-

'

ments (Richer, 1895; Wachholder and Altenburger, 1926;

Hallett et al., 1975a;-Desmedt and Godaux, 1978; Hallett and

Marsden, 1979; Ghez and Martiﬁu 1982) ) ThlS ‘pattern
consists of an initial bursg/of activity in the agonist

muscle followed sequentialf} by a burst of antagonist

. @
activity and a secend more prolonged agonlst burst.

Recently, however, 1t has. been shown that pha51c actlvatlon

)
.

of opposing muscles ocgurs over a wide range of single-

= -

joint, step-tracking movements which vary in both speed and

ampl‘!ude (Hallett and Marsden, 1979; Brown and Cooke,

" 1981a).

It 18’ generally accepted that the function of the

imitial agonist burst is to provide an acceleratory force

/ responsible for overcoming limb inertia and thereby setting

the limb in motion (Richer, 1895; Woodworth, 31899; Stetson
and McDill, 1923; Angel,1974;‘Ha;left,and Marsden, 1979).
Séveral'studies have shown that the magnitude of the initial
agonist burst is strongly dependent on such movement .

paqw@ters as amplitude - and speed (Hallett. and Marsden,'

1979; Brown and ‘Cooke, 198la), limb inértia (Lestienne,

1979) and, in the case of isometric movements, peak force

-

(Ghez and, Vicario, 1978).




A}

This initial burst of agoniét activity 1s consider-

ed to be a centrally generated component o% the tribhasic
EMG pattern. Studies 1in monkéys have shown th;t the
discharge pattern of movement-relapef neurons in moté;
cégfex<paralléfs phasic activity in the agonist muScié
(Lamarre et al., 198G)2 In addition, the initial agonist
burst doés not appear to depend on.peribheral feedback since
it,is present_in paﬁients with peripheral sensory neu:opaphy
(Hallett et al.( lQZéa; Rothwell et al., ;?82; Forget.and
Lamarre, 1983) as ;elb as in subjects éxperimentally
deafferented. by limﬁ ischemia (éanes’and“Jehniﬁgs, 19842.
The extent to whiéh the initial agqnist burst repkgsents

a preprbgrammedf unmodifiable compon;nt of the triphasic
pattern is dncleaz. The reéﬁlts.bf'numerousAexperiments
(Hallett et al., 1975&; Freund and Budingen, 1978; Hallett
and Marsden, 1979; Les;ienng, 19795 have supported Qhe‘
widely heid view that the éu(ation of the initial agonist
burst is a fixed parameter of th; deséending signal ungerly-

* »
ing movement initiation. and thus represents an “invariant

subunit" of the motor program (Lestieéne, 1979). This
apparent constraint on movement inftiatfon is- not restricted
to isotonic movements but élso holds for isometric contrac-
tigns tGhéz’and Vicario, 1978; Freund add Buaingeh, 1978;
Sanes and Jennings, 1964)._ However, contrary to the

accepted notion of ' 'constant initial agonist burst duration,

Angel (1974) and Wadman ‘et al. (1979) both reported that

.




- ) ' v
burst duration increased with movement amplitude and

inertial loading. ° ) N

., .

There i§,aléo conflicting evidence regarding the degfee

to which' the initial agonist burst can be modified by

peripheral input. Brief perturbations applied prior to
-

movement onset do not appear to affect «initial ‘agonist burst -

duratioﬁ (Hallett.et al., 197§a; Hallett and Maisden,
1979} . In addition, Garland and Angel (1971) and Hopf et
al. (1973) found that unexpected Peripheral_dgsturbanges
such as tendon vibration or passive muscle. shortening did
not ;ffeck burst magni tude. Hallett and Marsden’(1979),
hbw%vefﬁ reéoited that init;al agonmist burst maghatude
ihziéased"following passive muscle stretch and decreésed
following shortening. “

’ .
Because of these conflicting views regarding programming

and modification of the initial agonist burst, experiments

were performed to answer the following questions: 1, is.

“initial agonist burst duration copstant over a wide rénge of

movement amplitudes? 2, are both the magnitude and duration

of the 1initial agonisﬁ\burst affected by peripheral feed-

back? [ and 3, since, it is ‘-generally assumed that the initial

agonist burst provides the necessary force required to

accelerate the limb, what is the precise relationship

between the jinitial agonist burst and the acceleratory phase

of the movement?




HISTORICAL REVIEW

il

I. Movemept Classification

kY
A. "Fast" wversus "slow"” movements

. ™

In 1923 Stetsoﬂ angxMcDill described three general kinds
of movements based on a detailed analysis of hand wri‘ting.

The slowest of these were called fixation movements or the

[

"movement of holding .still". /These movements, consisting of

M [

steady contraction of "opposing muscles in order to maintain

" a given pasture, gave .rise te. minute Eluctua¥ioms in 1imb
A : ; ! s
» [
position, ‘later referred to as physiological tremor. S.low
. R iy PO » """‘v;;“‘-wj t sy

. ., eY & . S
2 3

’y -

" or "controlled" movements consisted dfialQerhating;contrac—
tion of opposing musclés whigch produced fluctuations at

18-12 Hz. Each fluctuation or undulation wa® considered to

v

be aﬁ independentvel?ment-of the movement.
Fast movements were subdivided into two groups according
to the degree of ipnsion exhibited by the opposing muscles.

Starting from a state of postural fixation, increasing the

~ '

‘'velocity of contraction in one muscie'g£0up prgauced “"fast

movements under tension". Although both muscle groups

exerted force, it was the sudden increase in the rate of

agonist contraction which initiated the mové&ment. Fast

movements which were characterized by an initial pulse of

agonist activity followed by complete relaxation were termed
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"ballistic"” , borrowing from Richer's original definition of

faét movements (Richer 1895). -

In contrast to slow md&ements, fast movements consisted

of only one undulation. In describing such movements,
- N - ¥

Stetson and McD111-4(1923) concluded that,

"For a path of given length a speed should be possible
at which the enti movement. shall be a single stretched out
movement element’..... the movement will now be a smooth
curve, a single undulation. The -control of the movement
will depend on a.single impulse in the one group. of muscles
which starts thé movement and in the intervention of a
second impulse, in the antagonist muscle group which stops
the movement." ‘

] - PR
. - - -
. S Loer -
. . - Yo R l
S ae, o .

RPN TR O )
. ”" -+The ‘toncept of"fast" and "slow" movements has been
' L3 : rEs P ot ') .

e s K T PN
expanded” to coxer..a-.geheral deScription of eye movements.

P

Robinson (1968) described the two tracking functions

'

performed by eye movements as the rapid acquisition of a
qiveh target followed by accurate tracking of the target’db‘

it moves relative to the environment. Rapid movements of

the eye concerned with locatfng the target are called »

saccades and dre influenced by information arising from

the periphery-only at discrete time intervals. Those
¢ : . ,

»

L) . .
movements involved in following the target are called smooth

e

pursuit movements and require the continuous utilization of -

peripheral,inférmation concerning direction and velotity of o

the mdving target. Although the saccadic and smooth pursuit

» o

A

systems are not the sole control mechanisms governing .,

generation 0of eye movements, they do provide a further

--example of xhé distinction between fast and slow movements.

4 -
- » - ) - - -~

»
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B. EMG activity associated with fast and slow movements
¢ -~ : .

a

In addition to differences in kinematics, movements of

different speeds can also be diStinguished by thelﬁ assoc-
. P

[l

iated patterns of muscle agtivation. That the organizatioﬁ‘

of fast movements differed ‘fromsslow movements became
N oL s e
‘e¥ident when Wachholder "and Altenburger (1926) described =
- @ ) : ~ . Ty W . ‘
triphasic pattern of elgc@ii%yographic-(EMG) activity during

rapid movements. This pattern conjisted of an;iﬁitial burst
. , o

-,

of act@vityriq Ehézaqb ist muscle followed Eequéntfally'by-a

burst of antagonist activation and a second, more piolonged
burst in the agonist. The antagonist burst éoinqidéd:wgth a

* »

period of‘qgohist inmactivity, often referred tq’as the

7

o,

silent perijod. This phasic and reciprocally orqaaized.

pattern of activation during rapid'muséular contraction

has since been.confirmed by many inbestigators (Apgel et

S

al., 1965; Garland and Angel; 1971; Terzuolo ef ai:é'L973;

A

Hallett: et al., 1975a; Hallett and-Marsden, 1979; thwQ.éhd

Cooke, 198la). L T Y

, - LT
In coptrast to this highly stereotyped phasic pattern of
" “ ~

-t
I

EMG activity sgen in fadt.movements, slém-movement§*Hévé“

L8 -

5 ~ . . - . "* vy
been characterized. by a lack of phasic EMG agtivity.

Instead, continuous actjvatio@ of either the agodjét ot both

s . '

agonist and antagonist muscles is seen througholt the. course

[P A .
» . *

of the movement. Simudtaneous.contraction of both agonist

-~
¢

.
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. A . | T
and antagonist muscles observed in slow movements (T1llney

and Pike, 1925; Wacholder and Altenburger, 1926) as well .as

in Seetson's "fast movements Ghdey tensien' -has :been..

attributed to” a demand -for increased precision and rigidity .
s \ [ P N .

Iy

during movement execution (Wilkie, 1950). The resyltant -
‘incredsed stiffness would thus decrease the sensitivity»bf‘

the limb to small deflecting [forces. ‘More Trecently, .

' ' N - . M Ta ) .
however, Hallett et hlﬂ,(l975a) observed continuo:}Tactivity
oo e : o,
- v S N - > * A L ty we 7
in ‘only the agénist muscle during slow Fleéxion movements -

about the elbow.' ™ . o .
; L., ’ “ - v > -

———

- C. Control méchanisms underlying.fast and slow movements -

¥
- 1

The distinction between fast and slow movements is based
not only on differences in speed and movement kinematics,
but also on proposed control mechanisms underlying each type

of movement. Stetson considered both typés of fast move- .. -~. ...

ments to be "preprogrammed". in that the movement could not -~

be alterped by sensory-/feedback once it had begun. Such: ..
- movements were thought to be modified only through changes
. - S >
hY
in the initf§1 "set" of the muscular system. 1In contrast,

slow movements were thought to be continuously monitored and .

updated via periphergl feedback mechanisms (Stetson and
<.

McDil%, 1923). ' -

In the early 1978's~the application of feedback and

L
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feedforwardeprinciples became popular among motor behaviour-

1sts in describing separate control mechanisms, for both fast

and slow movements (Welford, 1968; Adams, 1971; Schmidt,
. - » -
© 2972). By virtue of their strong dependence on peripheral

4

“information, slow movements were thought to represent <a
4

closed-loop, feedback control system. Rapid movemeénts, on

.the other -hand, were considered to represent a feedforward

v . ,

.ot open-loop mechanism. It has been suggested that such.

-

feedfprward control systems operate at hlgher hlerarchlcal .

’levels Ln the central nervous system (I1to, 197¢; Eccles,

- L v
«

1973; Kornhuber, l974; Allen and Tsukahara, l974). .;Thus,

e

wdth learning there could be a gradual tran31t1on from

fclosed loop mechanisns during slow movements to an. open—

4
‘ » R . :

100p, feedforward control of rapid' well learned movemerits.

LN} ¢

In addltlon to 1nvolvement in the cont{ol of fast, voldntaty

- ;

vmovements, it has also been~proposed that the vestibular

-ocular reflex, involved in. retinal stabilization, operates
- . . . .
' . - . 13 N

~

+in a feedforward manner (Ito, 1974). - .

4 -,
- N S ¥
R "

The widely accepted view of movements as ‘being. either

¥

"fast" or "slow" led Kornhuberl(1§7l) to formuldte an
'hypothesis concerning the'underlying mechanistWhich

: controlled the two movement types: Observations stemmlng

. .
1 ¢

from disrupted saccadic eye movements 1n patxents with

4

cerebellar atrophy suggested. that’ rapld movements, too fast
toﬁbe monitored contlnuously, were controllegd. by the

Ed - (.._d s
cerebellum. It was thought that the cerebellum was neces-

./'.

.




~ - L 9 N -
gary in-"the translation of the spatial concept of the.

movement... into time" as reflected by the specific dura-
Dy

tlons of pha51c|muscle actlvatlon assoc1ated with the

movement. “0on the basis of movement def1c1ts observed

-~

patxents with Parklnson ] dlsease, ‘Karnhuber: hypothe51zed

»

that the basal ganglia were essentlal in the executlon of
1 3

slow movements. Whlle the cerebeIlum,was con51de:ed to

repteséht a clock mechanlsm 1nvolved 1n tlmlng of muscle

L3

. act1v1ty, the basal ganglla were thought to act as.a ramp

‘ )
‘generator for slow, voluntary movement Qf the hand, limbs

/ . .
and(}runk oo
VT

«

he role of the cerebellum as proposed by Kornhuber has
A%

since been clarified and expanded,to 1nclude a broader range
of movement velocities. Both experimental and clinical
" observations clearly implicate the cerebelluﬁ‘in the
ioitiation of movement aegwell as regulating the timing of
reciprocal muscle activity associated oith a‘given motor
task (Holmes, 19?2; Meyer—Lobmann et al.; 1977;~Lamarre and
Jacks, 1978). 'Neurons .in the demtate nﬁqleus of the lateral
cerebellum discharge well before movement onset aod before
onset of’neurons in motor cortex to wbich they project
(Thach, 1975; Thach, 1978). «The cerebellum is also thought'
to be involved in determaninq the pattern and forge of
muscle activity (Thach, 1978) as well as movement velocity

(Burton and Onoda, 1977,1978). Recently, Schieber and Thach

(1985) have shown that, during slow ramp, movements 1in
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monkey;, Aeurons in both dentate and interpositus puclei
exhibitgé either an abrupt'ingrease or decrease in firing
fréqﬁeﬁéy at or before the onset’ of movement. This .change in
activity“was maintained.throdghout\the ramp mo&ement and wés
;o indepéndént of mévement direction. In addition, -the

- * . P

. 3 ’ .
discharge patterns of movement-related cells in motor cortex

[y

and dorsal root ganglia paralleled cerebellar activity.

These observations have led‘Thaph to suggest that, during

L0 20

slow, continuous tracking movements, the cerebellum main-

tains muscle spindle sensitivity via the gamma éystem_so as
‘ . to -continuously- mogitor small movement irregularities such
as tremor. °

-~ " - > 4 ™ (‘.“
;‘ °. ' Recent studies have also-ﬁmowq that "the basal ganglia

-
s

. ... - may play a more active role -in movement generation than

originally hypothesized py Kornhuber. Following Flowers'

. :" 2 (1975) observation that Parkinson pat}enFS'prqduced move-
‘Qments of large ;mplitude by.a series of small amplitude
;’ movements, Hallett and Khoshbin (198@) found fhat such’
movements were the result of several alternating cycles of"
phasic agonist and antagonist activity,. This céntinéous
bursting patterp appeé;;§~;9 result from‘the ﬁnability to
. adequately increase the magnitudg:of the initial drive  to
the agonist muscle as'woulq be-expecteé iﬁ qoimal subjects.
Hallett argqued tﬁat, contrary to Kornhuber's hfpotbesis,:the,

basal ganglia are inveolved in the programming and execution

of rapid movéments. This view has been supportéd by

S ' \/

Nl
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single unit studies in which discharge of putamen and

pallidal neurons have been found to-be related to both

direction and amplitude of the movement' (Georgopoulos et

al., 1983; Crutcher and DeLong, 1984).
Hore and Vilis (198¢) found that reversible cooling of

the basal ganglia in monkeys produced major digorders in the
R 4 -
execution @f prompt elbow _movements. This included slowing-

of mpvement and rebound of the arm towards its initiat

position after movement onset. These disturbances in

movement dgeneration were accompanied by earlier onset,

increased magnitude and prolongation of antagonist acgivity

as well as an increase in agonist activity. . This led to.the
' %
suggestion that the basal ganglia are a}so involved in
échxeving-"}he correct balance of activity between agonists
and antagonists that is appropriate f&r a pé{ticular motor.
act.”™ The pasal ganglia have also been implicated 10 the
control of-saccadic'eye movements (Hikosaka and Wurtz,
1983), movement facilitation (Hallett and Koshbin, 198¢) and
in the execution of comple; motor acts (Stern et ai., 1982) .

-

<

II Triphasic EMG Pattern

The triphasic EMG pattérn was, for many years, thought

to be characteristic of only very rapid, so-called "ballis-

-

tic" movements

(Richer, 1895; Wachholder and Altenburger:




12

1926; Hallett et al., 1975a; Desmedt, 1978; Hallett and

L3

Marsden, 1979). More recently,'however,-it has been shown

that phasic agonist'and antagonist EMG activity occurs in a

-

wide spectrum of simple, step-tracking movementé which vary

in both speed and amplitude (Hallétt and Marsdén, 1979;

-
» -~

Brown and Cooke, 198la). : ) -

A. Function of phasic muscle activity . . L ae

1 ) ’ . N

The precise role of the various Compon;nts comprising
the triphasic EMG péttefn is not fully understood. Since
‘Woodworth's notion of the "initial impulse™ in 1899, it has
been generally accepted that ﬁhe function of'therinitial
agonist burst is to overcome limb inertia and set the limb
in motion (Richer, 1895; Woodworth, 1899, Stetson and
McDill, 1923; Angel, 1974; Hallett and Marsden, 1979). It
is not surprising then, thaé the magnitude of the initial
agonist burst has been showa to bé strengly dependent upon

«#Mmovement amplitude and speed (Hallett ;hd Marsden, 1979; .
Brown and Cooke, 198la) limb ‘inertia (Lestien;é, 1979;
Benecke et al., 1985) and, in the case of isometric move-~
ments, on peak force (Ghez and Vicario, 1978).

"It‘is génerally presumed that phasic éntagonist activity
provides. a counteractive braging force which decelerates the

limb (Terzuolo et al., 1973; Angel,.1977; Lestienne, 1979;

Marsden et al., 1983; Flament et al., 1983). Timing and
- -
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magnitude'of the ahtagontst burst depends not only on
movement amplitude and speed (Brown and Cooke, 198la;

Marsden et al., 1983; Flament et al,, 1983) but also on limb

r 0
inertia (Lestienne, 1979; Flament et al., 1983; Meinck et

al,, 1984). There are instances, however, where phasic

antagonist activity i's not present. For example, in

LI

- ) - - “the ‘muscles involved may be sufficient to terminate the

.«

hY : :
movement ¥(Stetson an¥ McDill, 1923; Lestiénne, 1979, Marsden

relapigely low movements, phé visco-elastic properties of
I . -
/s

\ ' et al., 1983;-Flament et 3l., L9&3)f"~, N

‘ The :oie of tbe,sécond agonist burst fs less clear. It
has been suggested that late aqoﬁgst'activﬁty reflects

‘ enhanced gamma drive which serves to increasée muscle spindle

sensitivity following muscle conmtraction (Alston ‘et al., L .

J

- 1967; Angel, 1974). The resultant chénge in muscle sensi-

.

tivity coupled with a reduction in the amount of Golgi

11 ;-

tendon organ inhibition durjng the decelerative phase of the

movement was thought to facilitate' activation of the alpha
. ' .
motoneutonal pool (Angel, 1974).

-

v ' Late agonist activity has been attributed to reflex
mechanisms engaged when, during the terminal phase of the

. . ) K - ) » .
movement, a transient reversal in limb direction occurred

.
-

(Ghez and Mar%&n, 1982). Stretch induced activation of the

agonist would .thugé act-as a damping mechanism to stabilize

-

_the limb in its final positiéon. Meinck et al. (1984) have

also sugdested that the second adqnist burst is involved in
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stabilization of the limb but that it is a centrally

'

determined component of the triphasic .pattern. Wadman et

al. (1979) considered late agonist activity to be a central-

ly determined component of the deécending command signal

which "partly compensates for the antagonist rest force,

bringing the movement more rapidly to a stop".

3
v

- r

B.G&neration of the triphasic pattern

/

»

Despite the ubiquitougknéture of a triphasic or biphasic

pattern of muscle activation, the.extent to which it is

, . b
'*entrally programmed is still a matter of controversy.
Thére is little aoubt that at least the early part of the
initial agonist burst is centrally generated. - %he onset of
the initial agoniSt burst in both isotBnic and 1isometric
movement precedes movement onset by 40-50 ms and thus
cannot be the result of stretch reflex activity. Experi-
ments 1n deafferented monkeys have shown that movement-re-
lated neuropns in motor cortex continue to exhibit a phasic
diséharge patgern despite the absence of peripheral feedback

-

(Lamarre et al., 1%89). Burst duratién of some cortical

neurons is similar to the duration of the initial ‘agonist

burst and,K precedes muscle activity by 5¢-60 ms.- Genera-

tion of the antaqonist burst, however, is still a matter of
debate. Angel (1977) observed that mechanical blocking

immediately prior to the onset of rapid movements about the

RN
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shoulder reduced the magnitude of the antagonist burst,:

& !

Since soﬁe deg:ee of antagonist éctivft§ gersisted in the
blocked movements, it was postulated that antagonist
activity during.movement was the result of a céntral motor
program which can be modulated by peripheral feedback. Ghez
and Martin (1982) su;gested that early phasic aqfagonist as
well as the second agonist burst resulﬁed‘from stretch
reflex activity. This goncluéidn was based on the results
of isometric tracking experiments in cats whe;e antagon-
ist and late agonist activity did not occur unless the limb
was displaced by unhexpected unloading. "It has recentl} been
shown, however, that in humans, isometric contractions about
the wrist are associated with a triphqsiC'pattern of muscle
activation (Sanes and Jennings, 1984). In addition,
subjects with severe pan-sensory neuropathy (Hallett et al.,
1975a; ‘Rothwell et al., 1982; Forget ana Lamarre, 1983) or
experimentally induced nerve block (Sanes and Jennings,
1984) also.show a triphasic EMG pattern when performing
rapid flexion movements.about the elbow, Thus, at 1é;st in
humans, it would appear‘that the bresence oﬁfalterna;ing
bursts of agonist ~~antagonist activity does not depend on
either actualllimb movement or afferent feellback.

In support of the'notion that the triphasic pattern is
_centrally determined, there have been ;evergl studies which

have implicated the cerebellum in the generption'of the

initial agonist and antagonist bursts. Terzuolo and viviani’

A




{1973) found that patients with cerebellar dysfunction

failed to exhibit clearly defined bursts of EMG activity
associated Qith rapid arm movements. The absence of
structured and reciprocally related phasic activity in these
patients led to the conclusion that the normal generation of
both the initial agonist and antagonist bursts were under

cerebellar control.- Prolongation of both these bursts was

Y

observed by Hallett et él. (1975b) 1in cere?ellar patients
performing rapid movements about the elbow. Prior to

e beginning of agonist activation, activity in the
antagonist ceased too late 1if ét all, again suggestiné
cerebellar involvement 1in the tim}ng of reciprocally

a

organized phasic EMG activity.

o

III Control of Movement Trajectory

The acceleratory and aeceleratory forces generated by a

stereotyped sequencing of phasic muscle activity will

\' determine movement trajectory or the path the limb assumes
LR " when moviég from one position to another. For many years,
characteristics of movement-related velocity and aceeler?-
tion profiles Qere used to describe trajectory. Woodworth
(1899)‘distinguisheﬁ an acceleratory phase, a period of

constant velocity and a deceleratory phase for movements of

the hand toward a target. Following ﬁoodworth's descfip~

L 4




; i
tion, several invesgigétors reported that, for similar .
pointing movements, duration of the acceleratory ;ﬁd
deceleratory phases Varied with movement amplitude aﬂd the
degree of accuracy.required (Peters and Wenborne, 1936;
Taylor, 1947; Taylar and Birmingham, 1948; Vince, 1948;
Annett et al., 1958; Edwards, 1965). In these studies it
wés'found that the time spent in decelerating the limb was,
in most cases, longer than the time spent in movement
acceleration., Beggs and Howarth (1972) reported fhat, in
similar'pointing tasks, the associated movement velocity:
profiles depended on both speed and practipe. Th;'dp;ation

° v

of the deceleratory phase decreased with prafticejand
increased speed so that, for well learned movements, - the
vélocity profiles were symmetrical.

More recently, considerable interest has been focussed
on the control of trajectory dssociated with multi~joint

¥

movementsi; Fotr pointing movements)inngQiﬁg the “shouldér
and elbow ‘joints, Soeéhting»ind‘Lacqganitf (1981) showed
that hand trajectory (derived from position of the wrist in
three dimensional space) varies little from trial to trial
and is independent of movement speed. 1In addition, angulaf
velocities ofAthe shoulder and elbow are linegrly related to
each other as the final tafget is approached. These

findings led to the suggestion that movement trajectory is

an invariant property of the movement and thus is planned

and regulated by the central nervous system. Further-

rl »




more, experiments in Both primates (Georgopoulos et al.,
< J 1
1981) and humans (Soechting and Lacquaniti, 1983) have shogn

that movement trajectories can be modified throughout the

course of the movement, suggesting .that "the aimed motor
command is emitted in a continuous, on—goin§\fd%hion as’ a

real-time process that can be interrupted at any: time..."
A

(Georgopoulos et al., 1981). R < -
Most of the studies concerned with trajectory formation
have examined complex movements requiging coordinated

movement about two or more foints. For single joint

5 *
movements, little is actually_ known about the congrol of

movement time profifles (i.e. the relationship between

.

position and velocity referred to'ias movement trajectory;

r

cf. Cooke, 198¢) other thanéthe'wideby acceéteﬂ'view thap'

. ‘v . -y &
such movemenes are charactegized by highly syhmetrical
{e <

velocity profiles. Hand velocity profiles associated with
LN

.multi—joint movements have also been found to be bell shaped

and symhmetrical in appearance (Georgopoulos et al., 1981;
Morasso, 1981; Abend et al., l982), suggBStEQg that sym-
metrical velocity prqefiles sare a common sfeature of all
movements and, as such, may. represent the most efficient
means of producing‘é.given movement -trajectory (Nelson,
1983) . J "

As mentioned earlier the force generated by activation

of the agonist and antagonist muscles will clearly affect

the trajectory of the movement. This has recently been
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! demonstrated by isometric force tracking tasks in cats

v S

(éordod.and Ghez, 1984). In movements- of comparable .
du}ations, phasic agonist- -and antagonist activity varied

with changes in the rate of rise of force. In movements

s 1 /

. 1 ? Lt "y . . N . . .
NP . with long force rise times, agonist activity continued

Iy

throughout the rising force phase and no phasic antagonist

- 1

.bhrst occurred., This was in sharp contrast to short rise

. \
' time. movements in which the initial agonist burst was of

R

) - ‘lérge amplitude and limited duration. These latter move-

+ %

ments were also characterized by phasic activation of the

B »
( E 3 4 ¢

antagonist. ) -
. 1 ’

* It has also been=sué§ested that the role of stretch

8 * -

s reflex activity during movement is to maintain intended

» Lad

movement trajectory in the face of peripheral -disturbances., ,
4 . . i -
‘ : % ; v o : Lt iy "
R Mdoke (IQSW)_has;qhown'that, for a certain-range of“movement

.

‘veLothies, brief load pérturbations applied during the
; course of step-tracking elbow movements result in reflex .
' responses which act.to return the lihb to 1ts intended |
p;th. Maintenance of intended limb trajectory has also been -
demonstrated for movements which are briefly unloaded via d

activity of the unloading reflex (Cooke and Spencer, 1984)..

* - - r
=, b

v *. <«

- ~

v

IV Control of Final End Position

While variations in the pattern of phasic EMG activation

[ ] 4

','.
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. ’ will determine the dynamics of the'movement, the achievement

- ) of final limb position is thought to repiesgnt a- séparate '

neural process involved in movement geheration. There are - N

1 . -
"

both theoretical and experimental studfés &hiqp suggest that
achiévement and maintenance of fimal positioh'is déterminedi - K

* . X L S,
by direct regulation of the length-tension characteristicsg

- »

.

uscles involved. This:'view is premised. on. the | .

béervatiqn that muscles behave like damped springs where ,
. ¢ * . N . . T o
myscle force varies as a ‘function of its length (Ralston et

1., 1947; Gordon et.al., 1966). . : -

. . o _—
Crossman and -Goodeve (1963) brirst put.forth "the idea .

hat movements about a joint are the result of sHifts in the

r [

length - tehsion ‘curves .0f opposing muscles. The limb would

-

be at equilibrium at the point of intersection'of the-

* -
- .

P X length - tension curves of the relevant muscles. At this -

¢ posi;{on the net forces acting about the joint are equal and

v

opposite and no movement of the limb would otcur. An

e P

j> equilibrium. point hypothesis developed by Fel'dman . (1966,

1974a,b) was lafér supported by expé}iments on véstibulect-

_omized ana deafferented mongeys (éizgf et al., 15%6;xPolit

and Bizzi, 1979). In tﬁese_studi;Sy it was found ;hat} iﬁini.

. l ’ . learned Fraéking movemégts, brief éerturbatiéns o} the
initial head or arm position did not prevent attainment of
%hé intended target position. _This.was taken as evidence -
for central programming of tonic agonist and, 6 antagonist

. N muscle activity which, in turn, would reset the .relevant

-
.
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muscle. 1eﬁgtht¢nsioh cqrbes;and,%herebk?spgéyfyja‘qew,"‘ co
- S . ‘. e T L

an -~

equilibrium point., ) , ‘ . s
e . N : ~ .
Day anq Marsden (1982), howevar, have .recently shown -

~- ‘

that, at léast,fonvrapid fiexi&@igovemeﬁts of the human

. . w
.- -

thumb, cedtral'resaftinq of tonic agonist and antagonist
“ N . ’
activity is not the sple mechanism in determining final end

position. Unexpected changes in viscous force did not

4 ~

affectAgerminal'ac5uracy of non~vi$uélly gudaed'moyeménts.‘- e

However, changes in viscous force when joint and' cutaneous T .

a

'affqrqnt feedback was removed- by- ring block anaesthesia .

“

resulted in significant errors in final posftion. The . -
magnitude and djrection of the error was related to both the
size and direction of the change in viscous friction. Since

anaesthesia reduced stretch feflex‘resbonses_evoked by

vrsfous loading, it was concluded that, fer rabid th“mb

movements, determination of final position was achieved : N
throudh thé use of a closed feedback loop.

Sanes and Evarts (1983) examined éhe effects’of Briefly
blocging or reversing human elbow mbvemenps‘on end point
error. 1t was found thHat the error in final posifioh was ,
proportionally greater for small as conpared to larée
movementg. ThiSvébseryation léd to the conélus&on that the
"size of movement is a critical variable in determining
whether the central signal to the muscles is adegquate to

‘

specify the end point for the limb." N
‘ \

The mass spring&model has,,6 for -the most part, been

.

L. e * or
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implicated only in the control of final position. It has
recently been shown, howéVe;, that movement-tiajectory ﬁay

be aeterminéd by ‘a series of ‘changes in-muscle lehngth

tension properties. In experiments ¢n'd¢afferented monkeys

where the arm position‘was displaced from its normal

trajgctory,.Bizéi et al, (1984) .-found that 'the arm did not

return to either the initial or final position but rather

¢ - \

moved to points intermediaté between them. This led to the

g$uggéstion that "the alpha motbrrheuronal activity specifies
: b

not only a position. for the’ forearm at equilibrium.... but

22

a;so'Q series of equivalent equilibfium positiens throughout .

° 1 - : 4 .
the movement". Based on a mathematical analysis of move-

ments such as those studied by Bizzi et al (1984), Hogan

(1984) has developed.the concept of "virtual position"
to describe the time ' history of equilibrium positions

o

g.enerated during moVement,? In\both Bizzi's experiment; and
Hogan's model, movement‘trajectory was thelresult of a
gradual shift in equilibrium position. However, Cooke and
Brown.(1985) have shown thaé, for some movements about- the

human’ elbow, movements -can be produced by a rapid resetting

of final equilibriﬁm position which occurs veiy early in the

I

movement.
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vV Initial agonist burst and movement initiation

A, Evidence for central programming

Over the past few years considerable interest has_been
focussed on the mechanisms involved in movement initiation.

The results of several studies in both humans and animals

.

have suggested that the signal for movement initiation is,

to a large extent,- .centrally preprogrémmed and unmodifiable

. by ‘peripheral influences. This notion of preprogramming

>

developed primarily as a result of experiments in 'which the -

duration of the initial agonist bursﬁ remained unchanged

-
-

ungbr different movement conditions. Hallett and Marsden’

T (1979) found no chénge in the- duration "of the initial
- agonist burst associated with rapid thumbfﬁcvements despite
differences in movement amplitude, tnitial s;grtfhg position
andvbackgkound torque. For movements about the elbow,

changes in movement amplitudé %Brbwn and Cooke, 198la) or

limb inertia (Lestienng, 1979) were found to have no effect
- .on inittal agonist burst duration. Similar findings have
"been found for finger movements made at different amplitudes.

. (Freund and Budingen, 1978). As a result of these observé~ .

-

- - - ~ -

tlons duration of the 1n1t1al agonlst burst has been thoughtt .

- - -

of as an "invariant subunlt" of the motp{ program (Lest-

ienhé, 1979). To produce movements of" d1fferent speeds and

_amplitudes, ‘the" central nervous system appeared constralned

- IS




*24

- .

to ﬁodulate burst magnitude over a fixed period of time.
This apparent co&straint is not restricted to isotonic¢ move-
ments but also holds for isometric contréction bath ins cats
(Ghez and Vicario, 1978) and .humans (Fr?upd and Budin eﬁ;
1978; Gordon and Ghez, 1984; Sanes and Jénnin§%7\19§4).7 In
the latter case, however, 'the duration of the initial
pulse,is somewhat longer in isometric :ersqg isotonic
movement about the same joint (Sanes and Jenhings,‘l984).
The above findings sugges£eg that the descending signal
governing movement initiation is of constant duration and
variable‘amplitude. The %egree to which this pulse of
activity can. be modified by peripheral input is unélear.
Hopf et al (1973) reported thét tendon vibration énd direct
electrical stimulation of eithgr the agonist or antagonist
muscle had no effect on thé initial agonist burst associated
with movements about the human elbow. Inﬂadd{tion, it.wés
observed that a segmental stfetch\reﬁlex could oﬁly be
élicited up to 48-5¢0 ms before the onset of the ihltial
agonist burst. Garland and Angel (1971) found that
unexpected shortening of the aéonist muscle'prior to
shoulder adduction did not affect initial agonist burst
magnitude. Later studies by  Hallett et al. (1975a),
howeverz showed that passive extension of the elbow pr{or‘to
elbow flexion did increase magnit;dé.oY the initial ééonist

burst.

The sensitivity of thumb muscles to peripheral feedback

'
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has been extensively examined by Marsden. Pertukbaj;ons

timed to occur ‘between the signal to move and the onset of

.

the initial agonist burst modified agonist,activity in a

s

'logd dependgnt manner (Hallett and Marsden, 1979). Reflex

increases in initial agonist burst magnitude occurred

following passive muscle stretch while a decrease in

activity occurred following muscle shortening. More
\

/
recently, Gielen et al.(1984) examined the effects of

an unexpected change in final target position on movement-

related EMG activity. On %tandom trials, movement of the

-

target occurred in two steps prior to movement onset with an

interstimulus interval of 5¢-125 .ms. When the second

.

target movement resulted in a doubling of the control target

rJ
distance, both duration and magnitude of the initial agonist
bursf increased.
. # i >
Although most of the above findings strongly support the
notion that the descending signal govérning movement

initiation is of constant duration and variable amplitude

there were brief reports in two studies which questioned‘

this view, In 1974, Angel reported: that, for adduction of

the shoulder, duration of the initial agonist burst in-

: s " . . s
creased with movement amplitude as well as with inertial

-

loading. More recently, Wadman et al 71979) observed that
agonist burst duration associated. with rapid extension

ovements of the wrist doubled over a range of movement

plitudesg. Inertial loading of the wrist for movements of
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rd .
a given amplitude was also found to increase burst duration.

i

B. Movement control theories

)

' R ’,

‘Despite these conégadictory findings regarding initial
agonist pdrst duration,®there has been widespread accep%ance
of the view that the duration of the initia% agonist burst
represents an invariant characteristic of the motgr command .

]
Based on the observation that voluntary contraction time

remained constant across’different movement conditions,
Freund‘andiBudingen (1978) developed a speed pontrol
hypothesis to explain how movements werer generated. The
speed~333£rol system was thought to operéte by hamplitude—

dependent regulation of contraction velocity so that the
4

contraction time remains constant." More importantly,.

the fixed duration of the iniqial agonist burst- was con-

sidered responsible for maintaining a-constant time to peak
velocity with modulation of burst magnitude effecting
changes in speed of con&raction. Lestienne (1979} extended
the speed. control hybothesis to.include not only central
determination of initial agqnist burst duration but also
onset of phasic antagonist activity.'

More recently, the ;peéd contgol hypothesis has been
reexamined for multidirectional movements about the knee

(Enoka, %983). (As pointed out by Enoka the term - "speed"

control is somewhat misleading since it is duration rather




than speed which is suggested to be the controlled varia-
ble). It was found thét in weightlifting moYements the
duration of the initial extension phase was not affected by
different inertial loads. The second flexion phase,
. however, was of variable duration gepending on both load and
degree of skill in performing the‘task. Thus Freund and

Budingen's propdsed spé;d'control systdm does not appear to

be the only mechanism involved in ,the regulation of more

>
"

complex movements. \
. N *

The results of isometric force tracking in cats led Ghez

to propose a "pqlsé—step" model of motor contral in which

27

-the aynamic phase of the movement was controlled by "an’

]
initial phasic control signal of variable amplitudé and
\ LS

limited duration". (Ghez and Vicario, 1978). In these
experiments initial agonist burst‘hqgnitude increased with
increasing rates of force change. Since burst duration did
not change it was concluded that the initial agonist burst
was part of a preprog;ammed control signal “the magnitude of
which varied with the rate of force change, the duration,
howe§er, being independent of bq;h fihal force achieved
w
and the rate of force chaﬁée.h (Ghez and Martin, 1982). The
step component of the model.represented the change in tonic
N R
EMG drive responsible for final force level in the case of
isometric movements and final position in isotonic move-
ments. |

Pulse~step models are not unique to the understanding of

7
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limb movements. Robinson (1968) proposed such a mechanism
to ‘'explain the control of saccadic eye'movemehts. In éhis
case, hgwever, the controlled variable was pulse width
rather that pulse amplitude. Since oculomotoneuronal burst
discharge occurs at near maximal frequenéy and persists
. . i d
duration determines the size of the saccadic movement.
Although both timb and eye movements can be charactérized by
pﬁlsatile activity in ‘the agonist muscle, regulation of this
aéfivitjhgpéeafg\té be quite different in the two systerr'r%;.2

This may be partly related’to very large differences in such

physical properties as inertia. Lo

- ;
. R ¥

While 1t appears that duration of the initial agonist
burst is .kept constant under a variety of conditions, the
central nefvous system does not appear to be able‘to

accurately program burst magnitude. Schmidt et al (1979)

&

examined rapid movements of a hand held stylus toward a

‘

target and found that the variability in movement end point
errdr incfeased with increasing movement amplitude. Séhmidt
proposed an "impulse variability" theor} which pre?icted
tQat variability in end point error was linearly related to
variability o% the initial impulse (i.e. the initial agonist
burst). It was suggestéd that increased variability
associated with larger force outputs m}ghL ref%ect random
noise in the ne%rqmuscular system due, in part, to vpriabii—

.

ity in the recruitment of additional motor units.

sthroughout the duration of the saccade, regqgulation of burst .

»




METHODS

I General

A. Normal Subjects

o

Experiments were performed on thirteen male and two
female.normél subjects with no known history of neurological’
dﬁsordersul Thirteen of the subjects were right handed and

,
two were left handed. Approval for all procedures was
obtained from the uﬂiversity standing committee on puman
experimentation. Allésubjects performed alternate flexion-
e*tension ﬁoyements abqut the right elbow.. Subjects were
seated comfortably and grasped a vertical rod attached to a 3
manipulandum handle (Thomas et al., 1976). The subject's
arm was positioned so that the elbow was beneath the pivo{
point of the handle which was free to move hbriantally.
fhe shoulder was abducted to approximately 90 degrges
(deg). The arm, was supported just distal to the elbow,.

. . During the experiments the, subject was required to make

-

visually guided step~tracking movements. The target to be
v followed was displayed as a wvertical bar on an oscilldscope
positidned about 1 meter in front of the subject. Target

width was indicated by* the width of the bar. The targets

ra ¢ -

-
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were not mechanically detectabke and were not bounded by
mechanical stops. Target position switched at a regular rate
(evgry 4 sec) betweegozwo fixed positions. Also displayed
(as a vertical line) was thé handle position derived from a
precision potentiometer placed at the pivot point of the
handle. Using flexion-extension movements, subjects we}e
required to superimpose the handlé cursor on the target
bar. Porcés could be deiivered to the handle by a 1ihéar
torgque motor mounted at the axis of handle gotapion. (See
Thémas et al, (1976) for a deséription of motor characteris-
tics). Each subjecﬁ was -allowed several minutes to practice

the movements before actual expeérimental trials began, °

e }

B. Deafferented patient

Experiments wére.perfbrmed on *a thirty-six year old
female who had been functionally deafferented for a period
of fiSe years following a Guillain-Barre episode and a
second episode of polyneuropathy. Clinically, she exhibited
a total loss of. touch, vibration, pressure and kinesthetic

senses. No tendon reflexes'were present in the_four

30

limbs. The trunk was moderately. affected. Pain and tempera;

ture sensation were present, indicating selective impairment

of the large diameter peripheral sensory myelinated fibers.

Clinical testing indicated that motor fibers were not

affected. Motor nerve conduction velocity was normal while
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no sensory potentialé could be recorded in the four limbs.
H-reflexes were absent in the legs and theré was no cortical
response evoked by électrical stimulation of peripheral

nerves of either arms (Forget, 1986). Results of a sural

nerve biopsy revealed a severe loss of large myelimeted

o %
fibers: fibers larger than 6.5um represented only 1.6% of

the total number of f}bers examined,

The subject pe;formed flexion-extension—movements as -
described above. In addition, the-subject's’view of her arm-
was blockéd by a sbeepf As the subject had no kinesthetic T
sensation, it was necessary‘to strap her ?and to the handle

s0 she di1d not inadvertently let go of it rduring the

experiment.

»

a

I1 Experimental Paradigms

A. Effects of- movement amplitudé on initial agonist ‘burst

. B .

duration . ) .

oY

Experiments were performed on eight male subjelts

ranging from twenty-two to fifty-eight years in age. Durling /

each experimental session the subject was asked to make a
series of step-tracking movements about the right elbow. -
Each trial consisted of thirty to forty alternating flexion-

extension movements during whigh the subject was to fbllow

the target. In experiments on normal subjects two instruc- ,
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tion sets were used. In one, subjects were to produce

"fast" movements in which the emphasis was placed on speed.

In the second, accuracy in reaching the final target
position was stressed. In any given trial, movement ampli-

Eude (ranging from S to 50 deg of arc) .remained cons-

r . ‘ v ¥
tant. Initial starting position was kept constant at 105 deg
. (where 188 deg was equivalent to full ®*extension) from trial

to trial. Movement amplitude and instruction wetre random-

: ized frqm trial to trial. Tbe stask was not a "reaction
- ‘ - "‘i’ “ . .
time" task; the subjact was™ not ;%quired to minimize his/her

‘'reaction time to target movement. / v
. ’

.
- B

In the deafferented patient study, the' subject was -~
instructed to move "at her own speed" and, again, no
restrictions were blaced on reaction time. Movement
amplitude ranged from 6 to 68 deg of arc. Targets were

symmetrically located about an elbow angle of approximately

9¢ deg.

A

B. Role of peripheral feedback on the initial agonist burst.

.
a
»

1. Effects of perturbations preceding movement on the

‘initial agonist burst. , *

“a

v : Experiments were performed on three male and two female

- subjects ranging in age from twenty-two to forty-two yearsd . .

-




In the firg; set of experiments subjects were asked to make
a series of 3¢ deg movements. Each trial consisted of forty
alternating fle;}on—extension movements during which the
subject was required to follow the target either as "fast as
possible" or to move "slowly and accurately". In.any given
trial, brief (50 ms) torque pulse perturbations were applied
to the handle on randomly selected movements. The timing of
the perturbations relat{ve to the target and movement-rela-
ted EMG ;ctivity is indicated in Fig., 1. Perturbations were
applied 5¢ ms following a switch in target’ position (Fig.-
1B,C). Becauée of variability‘in t time at which the
sgbject responded to .the changes in target pbsition, the
perturbationgpreéedéd ﬁovement onset by _variable times from
movement to movement. In all cases the perturbation

occurred prior the onset of movement-related EMG activity

(Fig. 1B,C - agonist EMG-stippled area): During any experi-

e mental'session, pexturq§tion magnitudes ranged from 1.8 to

5.¢ Nm and either opposed (Load - Fig. 1B) or‘éésisted
(Unioad ~ Fig, 1C) the forthcoming movement. Subjects wefe
asked to aisregard whatever l}mb displacemeht might occur
because(of the éertufbation (i.e.. not to correct for the

t
displacement before mbving to the néw target .position) and

33

to concemtrate on‘*tracking the target according to the

v

instruction given. Several minutes of practice were allowed

prior toldata sampling. _
» T b

In the second set of experiments, movement amplitude was
. ®p
‘r -

-




Temporal relationship.betweed movement kinematic

variables and voluntary EMG activity following application

of brief force perturbations. In each set of data (A - C)
are shown individual records of target position, torque,

handle position, velocity, agonist (biceps) and antagonist

(triceps) EMG activity. Brief, 50 ms tx&que pulses could

be applied at variable times following a change in target
position which'qither opposed movement (B -~ load) or
assisted movement (C - unload). .Loading-puises'iesuited
in a downward displacement of both position ,and velocity<
records while unloadihg pulses producedyupward displace-
. .
. ments. In both control (A) and perturbed (B,C) movements,
phasic agonist EMG activity (stippled area) was aSsociatéd
with movement initiation. Vertical dashed lines in each
set of records indicate the onset and termination of both
components comprising’thé injfial agonist burst (Agla,

Aglb). Vertical calibratiqn. bar: 20 deg; 10@ deg/s;

horizontal calibration bar: 2006 ms. . .
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reduced to 15 deg and each subject was asked to make

movements "slowly and accurately'. Perturbations were

again timed to occur following a switch in target position

but before the onset o ént-related EMG activity. In

these experiments perturbation lpagnitudes ranged from 1.8 to

5.5 Nm.

2. Effects of initial starting position on the initial

a

agonist burst.

Experiments were per}ormed on five male §ubjects ranging
in age from twenty-two to forty-four years. I; these
experiments each trial consisted of forty alternati
flexion - extension movements in which subjects we}e asked
to move "slowly and accurately". In the first set

experiments, intertarget distance was kept constant at 140

Beg of aré with initial joint angle (startigg positionf

ranging‘from 65 to-125 deg (180 deg equ@valent to full
extension). In the second set of experiments, intertargét
distance was set at 40 deg pf arc with initial joint angle
ranging from 85 to 135 dég. Starting positions were
randomized from trial to trial. Subjects were encouraged to
maintain the same §peed across all trials and sever;1
mithes of practice were allowed prior to data sampling. In

- . R
certainh trials, a small steady load was applied which moved

N
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the- subject's relaxed arm into an exten8ed position. The

load was adjusted so as to change the resting limb equili-
brium position from approximately 88 - 98 deg (Cooke and
Brown, 1983;‘Lestienné et al., l9él) to a new equilibrium
posiEioq of 125 deg. Following this, the subject was asked
to track the target in the manner described above while the

)
steady force remalned on.

'

C. EMG activity associated with asymmetric movement profiles

In thi§ set of experiments, four subjects were asked to
P 4

v

reproduce a template of the desired movement by%appropriate
movement of the handle. The movement template, displayed to
qpe\subject'on an oscilloscope, was a phase-plane represen-

ﬁation (Cooke, 1988a,b) in which arm velocity was displayed

4 »
as a function of arm (handle) position during the movement

(Cooke and Brown, 1986). Fidure 2B 1llustrates averaged
movements made using this phase-plane tracking téchniqué.

For comparison,. records from averaged movémen;s performed

n

with a step-tracking paradigm (see Methods I) are.shown in

Fig. 2A. ‘Movements made using both paradigms were qualita-

tively similar and displayed typically symmetrical movement

velocity prgfiles in'which the time spent accelerating and
decelerating the limb was appr&ximétely equal. Phase~pla6e
tracking, however, appqared to produc? movements which were
less variable tﬁan movements proﬁpced by.step-tracking.




Figure 2
= -

Comparison of step and phése—plane tracking pav¥adigms.

.Average records of adrm position and velocity are shown from -

\
3

movements made with step tracking (A) and phase plane

tracking (B) displays. Each record is the average of 140

movements with the bars indicating.&he standard devia- . -

tions. Movements were averaged about movement onset «

(vertical dashed line). Average movement phase planes
where velocity (vel) is plotted as a finction of position

(pos) are shown below the time plots. Arrows indicate

~— E

direétion of movement from an extended (X) start position

to a flexed ,end position (F). In both conditions movemenﬁ‘
- ' ’ p
amplitdide was 58 deg and movement duration was approximate-
w . .

N ly 6@8 ms. For the phase-plane tracking the ratio of.

. ’ . .-
acceleration to deceleration durations was set at 1.0.

. . . N

D a
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In order to producé movéments witﬁ‘asymmetric velocity
profiles, the ratio of acceleration -to decelerapion dura-
tions was vgiied while movement start and end positions,
movement duration and movement peak velocity were Kkept
constant, Typical examplesdof small (A) and large‘(B)
amplitude movements made with aifferent acceleratién—decel~
eragion &a%ios are éhowa in Fig. 3. Using this technigue
subjects were alsq. able tb produce movéménts of the same

amplitude and acceleration~deceleration ratio, but of

different durations (Fig. 3C).

11l Data Recording

In all experiments, primary data recorded were the
angular position and velocity of the manibulandum handle and
tﬁe surface electromyograms (EMGs) from bfceps brachii and
the lateral head of triceps braéhiil In addition, intramus-
cular biceps recordings were obtained in twe subjects,

Handle position®and velocity were obtained from a precision

potentiometér and tachometer. Surface EMGs were- recorded
. é ' .

~

with disk -electrodes, 9.8 cm in diameter, spaced 2-3 cm

apart over thesmuscle belly, For intramuscular recordings,
bipolar platinum wire electrodes, @.¢7 mm in diameter
(Disa,. 13K71) were inserted into the belly of the bicep#

muscle with a removable stainless steel cannula. The

recording surface was restricted to the cut ends of the




"

Figure 3

Changing movement profile with phase-plane tracking.

In A and B are shownAaveragq velocity records of movements
of different amplituées (A—iﬂ deg; B-60 deg). The ratio of
acceleration to deceleration duratiogs was varied as
indicated at the  left. Desired, movement duration was

880 ms.- All records were aligned about movement onset

(vertical dashed line) for averaging. Each record is the

average of ten movements with the bgfs indicating the

stanéarq deviations. In C are shown fzcords of movements
of the same amplitude (Gﬁ»deg)mand symmetry (accelera-
tion/deéelerétiqn ratio. equals 1.0) but of different dura-
tions. Avgraging as 'in the othef\recérds. Vértical

calibration bar indicates 28, 75 and 150 deg/s for A, B and

C respectively.
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-
wires. Surface and intramugcular EMGs wére filtered (low
frequency cutoff - 20 Hz, high frequency cutoff - 2000 Hz)
and the surface EMGs full wave rectified before recording.

‘ Position, velocity and surface EMG data were digitized
on-line using a PDP 11/44 computer system with an effective
sampliné rate of 508 Hz. Data were collected on disk and
transferred to magnetic tape for later off-line analysis and
archiving. Multi-unit intramuscular recordings were
collec;ed on analog tape (Racal Store 7DS FM recorder) and
simultépeously displayed on an oscilloscope and chart
E LN
recorder (Gould ES16@83).

IV Data- Analysis

t
7

In general, records of data  from each flexion and

Y

extension .movement were plotted for study. In some cases,.
EMG data was digitally filtered (20-160 Hz cutoff, =zero

'phase shift) before plotting. All movements studied, both

"fast" an® "slow" , were initiated by a distinct phasic

agonist burst. Fast movements wére not equivalent to the
fastest movements possible (ballistic) nor did slow move-
ments represent rdmplike movements which are~génerélly

characterized by continuous EMG activity (cf. Hallett et

al,, 1975a). Timing of phasic agonist EMG actjivity was
N . ,

determined by visual inspection of individual records

(Hallett and Marsden, 1979; Gottlieb and Agarwal, 198@8). -




-

This is shown, .for example, in Fig. 1A where timing of the
initial agonist burst is indicated. by thé vertical dashed
lines. (In this figure Agl is shown to consist of two
periods of activity, Agla, Aglb. This is described in
detail in Results I). The initial agonist burst was
defined as beginning approximately 48-50 ms prior to
movement onset (arrow - Fig. l1A) and ending before peak

velocity was reached (cf."Hallett et al., 1975a).




RESULTS

I. Effects of movement amplitude on duration of the initial

agonist burst (Agl).

A. Change in Agl duration in normal subjects.

.

Previously, it had been reported that, for human thumb
(Halleét and Marsden, 1979) and elbow (Lestienne, 1979;
Brown and Cooke, 198la) movements, the du;ation of the
initial agonist burst (Agl} did not change under different
movement conditions. Jn the present study subjects made a
ééries of. simple, step-tracking movements abéut the elbow.
A total of eight movement amplitudes were examined, ranging
from 5 to 5@ deg of arc. In contrast to prévious studies,
Agl burst duration was found to be strongly dependent on
movement amplitude.

In. Fig 4 are shown the distribution of pooled Agl dura-
tions associgted with fast movements made at different
amplitudes. A unimoaal distribution of burst duration was
observed for ﬁhe smallest (5 deg) and largest (50 deg)
amplitudes. Mead (+ S.D.) burst duration was 71 t 13 ms for
5 deg movements and 139 + 23 ms for 50 deg' movements. As
movement amplitude increased there was a step-like shift
from short (60-100 ms) to long lea;lsﬂ ms) duration
bu;sts. At intermediéze'amp;itudes (e.g. 38 deg) burst

4
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Figure 4 ..

_/‘

Distribution of initial agonist burst (Agl) dyration

associated with fast flexion movements aboudt the elbow.

0

Each histogram represents the number of movements (ordi-

-

nate) in wbich Agl burst dufation ranged from @ to 240 ms
.

‘(abscissa). Bars are plotted in bin widths of 20 ms. For

each movement amplitude (5 - 50 deg) n r'epfvents the total

number of movemeAts anélyzed. Data shown for 5 deg

movements were ﬁbtained from five subjects; all other

histograms were constructed from data obtained from eight

subjects.
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duration was bimodally distributed. Movements were init-
iated by eithe{ a short (60-100 ms) or long (120-168 ms9
duration burst. At any given movement amplitude less than 8
per cent of the movements examined had burst:durations
ranging from 106-12¢ ms.

Sfbw movements exhibited a éimilar distribution of burst
duration at different moveﬁent amplitudes. This .is shown i
Fig 5 where mean burst duration was 62 + 11 ﬁs‘for 5 deg
md&éhents and 155 + 42 ms for 50 “deg movements. At iqter—

mediate amplitudes (e.g. 3@ deg) both short (60 - 188 ms)

and long (12@ - 168 ms) duration bursts occurred.
\ 4

48

In order to compare mean burst durations within and

across subjects, duration ranges we;é establishéd using the
mean + 2 S.D. duratioﬁ vaiue obtained from pﬁoled data for
19 Snd 58 deg movements. Ten rather t%an five deg movements
were used to’determine short.duration ranges simply because
of the larger sample size. Usiflg these crite;}a:Agl bursts
were co?sidered to be of short duration if tﬁey fell between
42 and 94 ms for fast movements and between 39 and 91 ms i?;

slow movements. Agl bursts 'were considered to be long

duration if they fell between 95 and 185 ms for fast

-~
.

movements and between 95 and 237 ms for slow movements.
Changes in the prdportion of short versus. long duration

Agl bursts with movement amplitude are shown for both fast

and slow movements in Fig 6. In both cases, nearly 90 per

cent. of small jamplitude movements (5 deg) were initiated by

v

‘
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Figure 5

Distribution of initial agonist burst (Agl) duration

associated with slow flexion movements about the elbow.

Histograms are plotted as in Fig.4., Data shown for 5 deg

movements were obtained from four subjects; all other

histograms were constructed from data obtained from seven

’

subjects. . -
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Figgre 6

)

. , L

-

Changes in the proportion of short versus long duration

initial agonist bursts- (Agl) with mbvemenf'amplltude. The

number of movements in which Agl durati, was classified as

»

being either short {open circles) or long (filled circles) +
is expressed as a percentage of the total number of

dutation me&surements (ordinate) made.at each movement
. . k
s
. . amplitude (abscissa). Data obtained from fast movg@ents are

shown in the upper graph; data from slow movements are

. Shown in the bottom graph. Short duration ranges:
R .
’ ) (42 - 94 ms, fast movements; 39.- 91 ms, slow movements);

at

. long-duratioh ranges: (95 - 185 ms, fast movements; 95 -

I3

. 237 ms, slow movements). .

.
.
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short duration bursts (open circles) while at the largest

mdvement‘amplitude (58 deg), less than 6 per Eent of the

movements were initiqted ay short duratian bursts. In
} ‘.contrast, thewnumbef of long‘auration bursts (filled
circles) increased from 9. per cent at small amplitudés (5
dgg) to,over 9@ per cent at large amplitudes (56 deg). At '
intermediaté movement gmplitudes the number of short
duration bursts was ;pproximately equal to the number of
lodg duration bursts, reflecting, at least for\fast\move—
ﬁenks, the distinctly,blmodal distribution of burst dura-

[ 4

tions seen in Fié 4 (30 deg).

Thus for both fast and slow movements movements, the
duration of the initial agonist purst increased with

: ~movement amp}itude. The change in burst duration was not
graded( but instead occurred 55 an apparent doubling of
burst duration at intermediate movement amplitudes.

Both short and leng du;atiqn bursts %xhibited little
fvariability in du;@tion ac;oss movement amplitudes. This is .
- ‘ shown for two subjects, in Fig. 7A,B énd for all subjects in

Tableg 1 andgé. In each histogram in Fig. 7,open bars
represent mean duration of' short duratiq?,bursts; stippled
bars represent mean duration of long’ézration bursts. AQ
smaller movement amplitudes where there wés a gré&tef
probortioé of short (open bars) versus long duration

(st?ppled bars )\bursts; burst durations showed liftle'

variability. This 1is pa;ticularly evident in Fig. 7A-wherg
- Q L]




Qﬁean initial "agonist burst (Agl) durations associated

with fast and slow movements made at different movement

amplitudes. Results are shown for two subﬁects (A,B). In

-each histogram bars represent data obtained from movements

~

of increasing amplitudes (5,16¢,15,28,25,30,49 and 50 deg).k
At each amplitude, the duration range which included tﬁat
larger number of observations (short versus long dugatioﬁ)
was used for construction of histograms. Open barsf'
represent short durationIAgl burstsy stippled bars, long
duration Agl bursts.’ Each bar is tﬁe avérage of six to

fifteen movements. Error bars represent 1l S.E. of the
. . ]

mean. Seee Tables 1 and 2 for mean duration values for
subjects JJ and BA. Short duration ranges: (42 - -94 ms,
fast movements; 39 -.91 ms, slow movements); long duration
randes: (95 - 185 ms, fast Eovements;'95 - 237 ms, slow

. >
movements.
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( 59
mean burst durations associated with 5 to 30 deqg fast

movements varied by only 3 ms (Table 1, subject JJ). Simi-

lar findings were observéd for large amplitude movements

.with long duration bursts (stippled bars), although mean -
burst duration was somewhat more variable than that observed

~ for short duration bursts associated with small amplitude

movements (cf. Tables 1 and 2). *

In general, mean Agl durations exhibited little varia-

L]

bility across all subjects examined. This is shown in Fig 8
and Table 3 for both short ‘(open -bars-A,C) and long (stip-
; ‘pled bars-B,D) duration bursts. Short duratiqp bursts

. varied from 60 to 80 ms for fast movements and from 54 to
= 78 ms for slow movements. Long duration bursts varied from

-

114 to 146 ms for fast movements and from 122 to 157 ms for

r

slow movements.
l\

B. Fine structure of Agl |

A detailed analysis of individual EMG records revealed

that the doubling of burst duration at larger movement

’ amplitudes was due to tﬁe presence of a gecond peak of
agonist activity immediately following Agl. In Fig 9 are

shown typical records of agonist EMG activity associated

with slow flexion movements.\ For 10 deg movements (Fig 9-A)

«

Agl consisted of a single peak of activity with a duration

of approximately 68 ms. At 30




Figure 8
L 4

Subject variability in mean initial agonist burst (Agl)

durations. Open bars represent short duration Agl bursts;

fillgd bars, long duration Agl bursts. In each set of

histograms (fast - A,B; slow - C, D,) each open bar and the

corresponding stippled'par represent data obtained from a Q“

different subject. For each subject data have‘been‘podled

from all_movementvamplitudes. Error bars represeﬁé 1
PR , .

S.E. of the mean. Short duration ranges: (42 - 94 ms, fast

movements; 39 -, 91 ms, slow moQéments); lbng duration

ranges: (95 -'185 ms, fast movements; 95 -~ 237 ms,’sloQ

movements) .
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¢ ’ TABLE 3

. : 61.
E 2
‘ Mean short and lohg duration 1initial agonist bursts (Agl) across
* subjects ’
' Fast Movements
’ " Subj Short Duration Long Duration
. BT Y 71.1 % 1.08 (82)b ‘ 135.9 + 3.2 (37)
v 718t 2.9 (0D ‘ 146.5 % 3.2 (40)
, . BA 66.0 £ 1.6 Y57) ‘ i 137.8 £ 3.9 (29)
RI T 80.0 £1.9 (26) ; 141.3 + 2.6 (42)
,FS ) ' 67.5 1.7 (22) 141.6 + 3.6 (34)
© _DF ©60.0 ¢ 3. \ ' 138.3 £ 1.5 (52)
. KM S 67;% + 2. 120.8 + 2.5 (12)
> . DC C 1327t 1.6 4.2 % 1.8 (46)
. . ) . Slow Movements ‘
Subj - ) Short Du£ét%on . Long Duration .
33 T 682 2 1.3 (57) : 157.0 + 2.8 (27)
| .o i 61.4 £ 1.6 (50) « | '130<3_f/3'9 (31)
} RS 77.4 2.1 (15) S . 148.7 £ 3.8 (23) -
* "DF - 5.4 %2.5(33) C 00 5.0 28y ’
: KM 54,2 + 2.1 (20) . . 12855 % 3.6 (17
* (B 78.0 + 1.4 (32) ‘ ‘ 145.8 + a.b (30)
o DC a3t 1.8 (50) - T 122.5 + 2.8 (50) .
'8pean * S.E. in ms. Short duration'ranges were 42-94 ms for fast

movements and 39-91 ms for slow movements while long duration ranges
were 95-185 ms for fast movements and 95-237 ms for slow movements. °

«

bnumber of analyzed movements (n) pooled from all movement amplitudes.

o
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and 5@ deg, however, a second pqriod of EMG activ&ty
occurred (Fig. 9B,C). This second period stafﬁed,j@st aftét
movement onset andlw)s.complete well béfére the.movement
reached peak velocity. This second'pe}iod of agonist

activity is thus not equivalent to the 'second agonist burst

4

of the triphasic EMG pattern but represents a second
¥ , x

wsomponent of the initial agonist burst. In these particular
movements the total duration of. the two tomponents of

activity was approximately 120 ms, twice the duration of Agl

L

seen in 14 deg movements, . ’ .

[N . < ’ )
In this subject movements made at 3¢ deg were associated
‘ .
with either a/single‘or double component Agl burst. This

alternation between short and long, duration Agl bursts at 30

~ '

deg is 'shown %p Fig 9D where the third and fifth records
show 1nitial agonist bursts having only one component while
“the other records show initial agonist bursts havingltwo

components. It can be seen that in those records having two
' S

N . ‘JJ
components, the second component starts ]usf after. movement

onset (a;rows)‘ahd ends- (second dashed line) "before peak

velocitffis reached. In this pafticufar subjekt, the

-

amplitude at which the second component first'appeargd was

30 deg. . For other subjects , the amplitude at which

. ¢

the. second peak started to appear ranged from 20 to 40 deg.

~

This corresponds to the tribution of burst,dhrati;9s seen

in Figs. 4 and 5 (28, 40 deg

i , . ) g -
. Intramuscular recording ofymultiple motor unit agﬂ1v1ty

4

62




Figure 9

Effects of movement amplitude on duration of the

initial agonist burst (Agl) . ~Individual biceps EMGs from

slow flexion movements of tﬁree different amplitudes (14,
3@, 5@-deqg) are shown in each set of traces (A-C). EMG
data from three. subjects are -shown in wach set. Thea
velocity record, correspondgng't0~the first EMG record in
each set, 1s shown t; indicate the onset of agonist

activity relative to movement onset. In D are shown

individual EMG records associated with‘€“§eries of 30 deg

movements obtained from one subject. Vqr!ical dashed lines

indicate onset and termination of Aagl in records in which

two peaks of activity are evident. Arrows indicate the
time of movement onset and approximate the onset of the
second burst of agonist activity. Vertical calibration

represents 10@ deg/s; horizontal calibration, 196 ms.
/ s /

'
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. . B | 65
during elbow fle?(ion movements confirmed that both compo-
nents seen in‘surface EMG records originated from t_he séme
muséle and not, for i'nstance,”from different hefadssof biceps
brachili. )Recordsr'of multi-unit activity associated with 48

~

deg movements are shown in Fig .19 In each intramuscular

.
record (iBiceps) two bursts ﬁulti—unit acitivty can be

recognized, the onsét and duration corrisponding to the
second component ofi Agl as indicated in the surface EMG.
record (sBiceps) by the solid baz’/. Often, when both
components v;ere not clearly obvious in the surface record,“
it was.still Tpossible to recogniz# discrete bursts of
multi-unit activity associated with Agl.

"In most ‘subjects it was difficult to discern both

3

components 1n averaged data, particularly when movement -

onset was used as-the synchronizatiggn point. , Averaging

. about movement onset, of indiuvidual records in which both

components were clea'rly ob;fious {Fig 11B) oAbs"cured the

N +

‘biphasic pro%ile of Agl . (Fig llA~av biceps 1). However ,

synchronization of data around onset of agonist EMG activity

v

(Fig llA-av biceps 2) yi,elded‘avergge_EMG records in’'which

n .

it was possible to distinguish two peaks of activity.
Because of the difficulty .in p‘:eser‘ving the fine' struct‘

of Agl during averaging, analysis of individual EMG recbrds

was employed throughout all studies. s ' -

P o
Although a detailed examination ©f aAgl duration was’

restricted to flexion movements, a simila'r'change in

4 -
.

+

o




Figure 10

Intramuscular biceps (EMG) recordings associated with ’
L
fast 40 deg flexion movements. The upper three records

"

- .

show position, veloctiy and surface EMG traces from one
. . L 4 \

movement. The solid bar beglow the surface EMG record

’

indicates the initial agonist burst (Agl). Individual

-
-

records of multi-unit activity ‘associated with (Agl)- are

shown in the bottom four traces. All records are from one
- )

subject. Calibration bar represents 200 ms. © w T

¥ ‘
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Figure 11

-

Average agonist EMG activity associated with 50 deg

sliow movements. 1In A are shown averaged position, velocity

gnd EMG records obtained from eight flexion movements about
the elbow. The upper EMG record (RV-BICEPS 1) was averaged-

around the onset of movement; thefﬁower EMG record (AV-

BICEPS 2) was averaged around the onset of biceps activ-

1 . L] . - . .
ity. Onset and termination of the initial agonist burst

.

‘(Agl) are indicated by the dashed lines. Individual

agonist EMG records contributing to averaged data are shown

in B. » TWO peaks of activity are evident during the period
of Agl as indicated by the dashed lines, Horizontal

calibration represents 200 ms. Peak velocity in A was 125

deg/s.
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burst duration with movement amplitude was also observed in

extension movements. Typical results obtained from the -

¥

lateral head of triceps Qrachdi'during fast extension
. movments are’showp in Fig. 12. ~Sma}1 amplitude (A - 1¢ deg)

movements wera associated with initial agonist bursts having

only one component while large amplitude, (B - 50 deg ) were
£
~associated with initial agonist bursts having two compa-

nents.. The presence of this second compodent resulted
“ o .
in a doybling of burst duration from approximately 75 ms -

in A to approximately 148 ms in B. A v

-

C, Amplitude - dependent chaﬁges in Agl component magnitudé

N

v Ko
- . M
' Earlier studies have shown that Agl magnitude is linearly  «,

-

dependent on,movement'amplifude (Hallétt and Marsden, 1979;
p . . Brownxand Cooke, .1981a). To.dgte;mine if this regulked from
changes iﬁ one or‘both‘éoﬁponents, the'magnitudes of both
{ compénqnts comprising Agl were détérminedgby_digital

integration. 1In cases where the second component was not ¢

» ' . " ) *
present (e.g. small dmplitude  movements), EMG activity -
corresponding in .time' to the second component was deter-

\ . :
-mined. In these c&ses, EMG activity was integrated over an

arbitrary duration of 7¢ , ms starting from the end of the
first component (based on mean duration of Agl associated

? : . ‘ ¥ : v ' .
with small amplitude fast movements). In Fig. 13 are :

. 3
¢ - - . f 4

L) ‘. . . . T

.
*




. ; Fiqure 12 .

Initial agonist burst (Agl) associated with extension

., movements abouwt the elbow. Typical triceps EMG activity

-~ dssociated with a fast -1 deg movement is shown in A;
T N
triceps.aetrv&ey’ESsociat%d with a fast 5f deg movemént ‘are .
shown iMy B. In both records onset of. Agl is indicated by

the first vertical dashed line. The second vertical line

: indicates the termination of Agl in B. .0pen arrows

. indicate onset of movement, filled arrows, time of peak ,
. v
velocity. Horizontal calibration bar represents 160 ms.. -
. . - . .
i \‘
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shown averaged magnitudes of the fitst (circles) and second

(squares) components associated'with'fést‘movements made at
different movement amplitudes. Data obtained from slow
movements are shown in'Fig. i4. In both cases, each subject
(AgD) showed an increase in component magnitude with
movement amplitude. At small m?vement‘amélrthdes where only -
the first component was present, the magnitude of .EMG
activity cprrespondinglto the secqnd coméonent remained.'

1 - v
relatively constant as expected. This is clearly shown for

fast movementgvin‘Fig. 13B (5-20 deg), C (10-20 deg) and D

«(5425 deg). This Was also true for slow moVvements wherevthe
second component showed little change in magnitude at small
movement amplitudes (Fig. 14B and D (B—ZS deg) and C
(fﬂ~30). For movement ampligudes where both compbnents
werewggeéent, changes in component magnitﬁde occurged in
parallel, This is particulatly evident 15 Fig 13B and C for

26-5¢0 deg movements and in Fig. 14B'and(D for 30-5¢ deg

movements.

3

in Agl duration in a deafferented patient

D. Changes
; 3

Y

2

To determine if modulation of Agl duration depended on

»

afferent feedback, movements made by a functionally deaffer-
ented patient were examined. Typicalareéords of movement-
related agonist EMG activity in this patient. are shown in

4 L

El




'Figure 13

Effects of movement amplitude on magnitude of the

initial agonist burst (Agl) associated with fast movements,
Data are shown for four subjects (AiD). Each data point
is the,aVerage of six to fifteen movements. Magnitudes of

the first (ciicles) and second ‘(squares) component are’

L4

. . P A - Lo
expressed as a percentage increase over baseline EMG

- »

‘levels. Duration of both compqneﬁts for purposes of

1ntegka§ion were deterﬁinéd.by‘visual inspection. 1In small
‘amplitude. movements where only the first compohent"wés
present, EMG activity corresponding in time to ‘the second

component was integrated over an arbitrary duration of 74 -

ms. Vertical axis: percentage éaénge in component magni-

b

tude,. horizontal axis: movement amplitude in deg. ) 4
) i S' N .
L] \"(
&
¥
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Figure 14

Effects of movement amplitude on. magnitude of the’

initial agonist burst (Agl) associated with slow movements.
3 -

Data are showh for four subjects.(A—D). Each data point
is the‘a;erage of six to fifteen mo;ements. Magnitudes ;f
the first (circles) and 5econd (sqhares) compénent age
expressed as a percentage increase over baseline EMG
levels,. 6uratioh of both components for purposes of
integration were determined by visuval inséection. In small

amplitude movements where only the- first componernt was

present, EMG agtivity corresponding 'in time to the second

component was integfated over an arbitrary duration of 70

ms. ‘Vefziéal axis: percentage change in component magni-

tude, horizontal &xis: movement amplitude in deg.
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Fig. 15. At each movement amplitude (A-C) movements were

initiated by a burst ‘of activity in the agonist (bicepé)
muscle. ' As described for Agl in normal subjects, this burst
of agonist activity started approximately 40 ms before
movement onset and ended before the movement reached peak

velocity. Movements were often made in two parts as
L 4

indicated by the inflections on the velacity profiles

(Fig 14B,C). Becaase of this, analysis of phasic EMG
N 4
activity was restricted to the burst of agonist activigy

associated with movement initiation.
Visdal inspection of individual EMG records clearly
showed that Agl duration increased with movement amplitude .

This is+* illustrated in the upper panel in Fig, 16 where -

individual records of EMG actiyity are shown' for three

- .

different movement amplitudes. / The histogram in ‘the ,lower

panel shows °the distribution of Agl durations from seventy-

six movements made at five different amplitudes. Small

@anplitude movements (6 and 12 deg) are represented by: the

v

first peak in which mean (+5.D.)" burst duration was 65 + 16

ms. ’Intermediate sized movqmen@sa(SB deg) had a mean burst

duration of 136 + 18 ms’ (second peak) whfle large movements

Ll

. } ' :
(54 and 6@d deg) had a mean burst duration of 20¢ + 13 ms
- . -

{third peak);

Initial agonist burst duration was also found to
increase with movement #mplitude in a smaller sample of

movements made without visual guidance. For these move-
- ’ ’ .
L 4




Figure 15 ’ '

. ¢

-

s Movements of different amplitudes !ade by a

. deafferented patient. In A-C are shown records Afrom

individual flexion movements of three different movement
. amplitudes: (A - 6 deg; B -.36 deg; C - 60 deg). The traces

in each set are of .position, velocity¢, biceps .and triceps g .

-

EMG activity. EMG records were filtered ‘at 20 Hi.
»

., Vertical calibrétion, 58 deg; horizontal cali@ration,~200

d 1

.

ms. ' o
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"Flgure 16

Initial ~agonist burst (Agl) duration 1n a deafferented

. patient. The top sets® of traces show initial adonist
bursts of individual movements of 3 different amplitudes.
Recqgrds were filtered at 20 Hz and aligned about the/EEart

of movement time (time zero). Tha histogram shows the e

- L

. distribution of Agl durations in a sample of seventy-six

movements made by this pgtientf Data for the histogram

* N

were obtained from movements of five different amplitudes '

(6,12,36,54 and 6@ deg).

~
- ~

. ~ - o : ) ~
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g9

ments, the target bar display was turned off before initia-

t1on of each flexion movement. Mean durations of Agl were

+

) ‘ 60 + 22 ms . for 6.deg movements.

~
. .
.
. .
g . .

11. Effects of peripheral feedback on the 1nitial agonist .

—

»

burst .

*>The results 1n the preceding section show that, for .
‘large amplitude movements, Aglycbnsfsts of 1ndividual
subunits or components of activity. Furthermore, the change

in Agl duration resulting from the presence of one or more

components does not depend on information arising from the

- ' periphery. To determine 1f these centrally generated

components could be altered by peripheral feedback, ﬁwo sets

. - of experuments were performed. In the fwrst, brief perturba-

-

-

'

tions were applied 1mmediately prior to the -omset of

-
s o

movement. In the second, the effects of changes in initial
starting position on Agl wére®examined.
®
. ¥ ~ -
» K | 7. . ' " .. T
. [ - : P & )
. . K] * h ] i ﬁJ}J N
k4

«

‘y AL Effects of;ggrturbatlons preceding movement on Agl

¥ o " .
L

Ay
.

1. " Changes 1n Agl‘maénrtude and duration - . '

2
v . 4 .
» '

.

- . ™ .

. -2 . . -
PO T A v at
. Loy

Brief (50 ms) torque‘pdlses wH}ch either loaded or

.
4




3

unloaded the arm were randomly applied prior t3-movement
onset, Typical respodses to loading and unloading'perturba-
tions applied prior to the onset of slow, 30 deg movements

are shown 1in Fig. 17. In each set of traces are shown arm

position, velocity, biceps and triceps EMG aclivity assoc-
iated with 1nd1vidua{ flexﬁon movements. In conFrol,
non-perturbed movements (upper set of records 1n Fig 17A &
B), Agf'00651sted of two components of activ1tyf/ These
components are indicé;ed by the vertical dashed }ines.
Onset of the fairst comboneﬁt preceded movement onset

by approximately 4@ ms/ while activity corresponding to the

second component ended well before peak velocity was

>
’ ¥

-

reached.

~

Perturbations opposing the movement consistently
resuited 1n an 1ncrease in the magnitude of both components
of Agy (Fi1g 17A - Load). ‘In contrést, perturbations
éssisting‘the movement caused a graded incréase in the
magnitude of the first component and a decrease in the
second component (Fig 15; ~ Unload). These effect§ were
observed 1n all five subjects examined.; ?ihcé these

movements were relatively slow, phasic antag?n;st activity
e . s

in control movements was often aﬁsgnt (Fig-l7'— éontrol
: N\ - * . . . .
A,B). Occasionally, large loading perturbations resulted in
v . A Co
v L. . . b B » ' '
an increase 1in ‘antagonist activity. Since these effects

were hidhly variable from trial to trial and rfrom subject to

subject, a a€tailed analysis of antagonist activity was_ndt




) . .
hA
. . - -
Figure 17 » R
Effects of perturbations applied prior to movement

onset. Each set of records“(top to bottom) shows position,
3

velocity, agonist and antagonist EMG activity during
individual, slow mqumqnts.' Perturbations 5@ ms in
duration were applied to the arm before movement onset and
either opposéd.(A - Load) or assisted (B - Unload) the
‘forthcoming movement. gertufbatlon onset 1is indicated by
the downward velogkty displacement in the case of loading ‘
(A) ijF the first uéward velocity displacement in the case
of unloading (B). In both A and B &he upper set of records
represents typical control movements in which no perturb-
ation occurred. Each set of records was obtained from the

same subject. Vertical calibration ‘in A: 17 deg, 158 deg/s

.

and in B: 24 deg, lSé deg/s. Horizontal calibration: 200

L]

ms.
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“ar®

perfo;med in these experiments, (

. The ¢hanges in component magnitude associated with both
loading aqd unloading were graded with the strength of the
perturbation. In Fig 18 are shown the effects‘of’diffeﬂeht
perturbation magnitudes  on both components of Agl. The
1:aces to the left show average records of agonist (biceps)
EMG activity associated with slow, flexion move@ents
obtained from one subject. In each set of records (Load,
Unload), control, non-perturbed moQéments are reéresented_by
the welocity and uppermost‘EMG“tecord. With loading, the
magnitude of both‘combdnents increased compared to the
control moveménts. Larger peiturbations (5.0 Nm) caused a

greater increase than the smaller—perturbation (3.0 Nm). . In

general, dhe’increase in magnitude was more marked for the

second component than for the first, particularly at larger

87

perturbation magnitudes. The increase 1n magnitude of the -’

\
first componeqt gﬁpduced by unlgading:-was strongly dependent

apon perturbatfdn magnitudé, 4s- was the corresponding

- L]

decrease in magnitude of the second component. In some

* subjeécts, especially at large perturbation magnitudes, no

phasic activity corrééponéiﬁg to the second component was
present (cf. Fig. 17B.. Fig. 18 - Unload, 4.0 Nm) .
The dependence of both compénent‘magnifudes on the size
of the perturbatibn is shown for five subjects in the grébhs
A

to the right in Fig.*18. Integrated EMG activity of both

components is expressed -as a perceniage;increase or decrease

AY




Figure 18

Dependence of EMG response on perturbation magnitude

during :slow movements. On the left afe shown records of

"average (n=5) biceps EMG dctivity from movements with
loading and unloading forces #pplied prior to movement. In
each set of records (load and unload) the velocity and the
first EMG record represent control movements. Thk verticai
dashed lines indicate the onset ;nd termination of both
comg&nents‘of Aglrin control movements, Thg range of
perturbation onset times is indicated by the horizontal bar
below each perturbed record. Numbergfté the left of the
EMé records indicate the hqgnitude of the force perturba-
tion in Nm. The graphs to the right show the change in the
magnityde of the first* (Agla) and the second comp&nent
{Aglb) as a function @f the peak change in velocity
resulting from the applied force. EMG magnitudés} determ;

inéd as the value of the infegraéeé EMG acp;vfty during

each component, are plotted as a. percentage change over

control vdlues. Since the degree of arm displacement

Y

.caused by a givepn perthrbation magnitude differed across

subjects, perturbation magnitudes are expressed" in terms of

the maximum velocity of arm disglacement pfoduced bytfhe

perturbation rather than absolute force maénitudé,- Each.

. ~ ) i .
data point was derived from the average of six -to ten
movements. Different symbols represent data from each of

»

five subjects. - Vertical calibration: 12¢ deg/s.

.4 . . £

\

e
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over control, non-perturbed EMG values. Percentage changes

1; EMG activity are plotted as a function of tife maxi&um
velocity residlting from the applied force rather than
absolute levels' of applied. force. This was necessary since
a given perturbation magnitude could result 1n varying

degrees of displacement across subjects, presumably because

of differences in the level of tonic muscle contraction
. Al X
prior to movement. ' .

—
l

Perturbations which loaded biceps produced a graded
increase 1n the magnitude of both the first (Agla) and

second (Aglb) components. In contrast, unloading perturba-

"tions produced a differential effect on the two compoﬁénts.

In all subjects, the magnitude of the first comp&nent
increased with unloading; this increase being strongly
dependent upon perturbation magnitude. Concomitant with the
ifcrease in magnitude of the first component, the second

-~

component showed a decrease 1n magnitude which was also
- .

graded yith perturbation magnitude, I.n general, the
percentage 1ncrease,in the magnitude of the first component
was ‘greater’ than the pe;centage decrease'of the second
compofent, espéc1ally at medium to large force levels.
Similar relationships were fbund in fast movements
(fig. 19). Rerturbatjons opposing the movement proéuéed an
increase in both the first and second components. This
increqse;Was not as$ great as.that seen in slow-movements and

-

the grading with perturbation-magnitude was ' ' somewhat more

v Al

9d




T Figure 19

Dependence of EMG response dn perturbation magnitude
'

duringffas} movements. On the left are shown records of

Aaveragé;blcepi EMG actlwgty,from movements with loading and
Unl;ading forces of different mé%nltudes. In each set of
records (load and unlgad) tne velocity and the first EMG
record 1ndicaté the onset” and termination of both compo-

nent.s of Agl. The range of perturbation onset times 1s

‘ [

indicated by the horizontal bar below each perturbed
record. The numbers to the left of the EMG records
“iIndicate the magnitude of the }orce perturbatlon‘lp,Nm. The
percentage change 1n magnitudes of the .first component
(Agla) and second (Aglb) compdnent as a function of the
peak change in velocltyg{esultlng fiom_the applied force is
shown in the graphs to the right. EMG magnitudes, deter-
mined as the value of the 1ntegrated EMG activity during
each componeit, are plotted as a percentage change over
contrél values. Since 'the éegree of‘grm dlsplacehent céused
by a given perturbation magnitude differed: from subject to
subje;t, perturbathn magnl tudes are expressed 1n térms of
the maximum velocity of arm displacement produced by lhe
perturbation rather than absolute force magnitude. Each
data point was derived from the average of six to ten move-
.ments:‘ The different Symbols représéﬁt data from each of

five subjects. vertical calibration: 1%0 deg/s.
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variable in each subject. Unipading prior to“fast movements
L d «

also produced a marked change in both components. As

observed in slow movements, the increase in the first

‘comppnent was st}ongly dependent upon‘force magnitude, The -
decrease in the second compénent was also graded with
- . perturbation magnitude in all subjects. :.?

No short latency reflex activity (25-30 mé) was observea‘
in biceps following loadind perturbations.or in triceps,
following unloading perturb?tions. The apgearénce of long

A latency reflex activity (6@—%06 ms) was more difficult to
determine'especialiQ in those movements é&hibiging a
- \ ‘ )
‘reductSOn 1n response timgé However, ia movements where
load perturbations preceded Agl onset by more thab 100 ms,
no reflex responses were observed (cf. %}g. 23, Load 1;130
ms) . , ) ‘ . : J

- »

Brief perturbations apPlied prior to movement onset had -
no consistent effect on” the duratiomr of either the first .or
second component. Tables 4 and 5 give the percentage

differences in component durations between perturbed and
™ :
control movements for all i.fjects shown in Figs. 18 and

N

19. In slow movements, duration differences greater than 10

per cent of control values were distributed across most
- perturbation magnitudes for both load and unload conditions.
No effect of either perturbation magnitude or direction

on the degree of duration ohange was observed. 1In general, -




w

94

(uN) sze38w uoIMeN UT spnyTubew UoTIRCENYTEd e
L]
vT - 9°7 - 0°0 €1 - 89 - 92 - vel- . T°L - 8°€ + veE + xa
-— €6 - 9'8 + . oed -— 0°0  v'8+ —— L*0T-~ o
-— L'9%~ . 8'VT= -~ # - 9 - — 9'LT- Ty - — ER NA
17 “E'€T-» 86 - g0 by o+ o'y - vz - L'z - 0°0 v'9 - A
Lrg7- 8'6 - 8'9 -  Z°2T- * T'97- 9'% - gz - 0'Tl- _ €T~ 210~ 20
v g <
0-= 0°¢ 0°2 5T 01 0% 0°¢ 0'2 G'T e0°T
pesTun :
— C4 -—  g'T - 8y + 0°¢ - -— —_— 9 Tet 5T - bl - m
—_— — 9° 21~ 9L = 8% + —— — 9'T + L°s - T T+ NA
5'7T- 6°C + 0°'0 61T+ G TI- 29~ (9« 9'z - 9°7 + 0'0T- Ja
A S veT + 8'z + vL o+ T 1T+ T+ T0T- €T + 0°0 TeveT 4+ 20
5°¢ - 0% o't 0°2 0°1 0°S o'v 0°¢ 0°'2 0'T (ems
g o9 ’ eTby
peoT

A

(SZUBUPAON MOTS) suoTaecnated PROTUN pue peoT U3TM' uoTjelnp jusucdoo ut afxreyn abejusorsg
» 4 i

AN

¥ IEYL

* L]



' Ui Ut apnytubcu nomunuunuhwun

ﬁw - NS Ly - 8 p- 8 e+ . $ T+ 0e -~ g - 875 c-01- 2a
-- 2reT- 5°T - --- $ 1~ S——= 8°9= 031 --- 1°¢ - ¥
--- cL1- v 6T~ -—- . v~ R 6°CT+ g L - - 5 - RN
Lg < gy o+ .- 6L+ 9" 4. T'6- T+ e 95+ LorTs da
Ty - 7y - S'L o+ v G- $ 1~ LT+ 0°0 L8 + 0rg+ 9z - 02
L4
S 0°¢t 0°2 51 o1 o'y °  o'g 0°2 6 1 e0°T
X R15Y c
Exl{ud ‘
-~ --- 6t~ z 6~ 9" y- J— ——- 8'p ~ LT b 0T~ un
--- ‘e L1~ T L L1~ -—= -—- et - 00 92 - HA
. »
€5 - 6L - 8'9- 00 To.Grs Le- 00 'L+ v 1- 9°G + 3G
€22 T+ 1¢- 6°G= 6°5- 0°0 Bz - v°g - v 1~ 316°7 + oo
Stz cy 0°¢ 0°¢ 0°1 0°s o+ o't 0°¢ 001 (eng
- qiby . e{by . .
” ﬂl‘s ) R

(sauscaaon ase27) mcowumnusuuam P2OTUR pue peoy Yjtm coﬂumu:n Iusauoducs ut obueyn abejuanisg
. ”
S Javy



- ) - teton w o~ el -t e N ' I»ﬂi A ) -
o ¥ : 96

.

N ' durations\pf both components associated with perturbed'

- .

movements tended to be less than control values, but large
differences in durations (greater than 280 .per cent of

control) were infrequent. Similar variation was .observed

r ) ¢ ®
for fast mfyvements where, again, there was a tendency for

caoamponent duration in perturbed movements to be somewhat
less than control companent durations. Duration variaﬁility

within control movements was, in most cases, less "than 10

.

per cent of mean values.
- »
Kl .

»

2. Change$ in Agl dnsef time =~ "

*®

v

All subigcfs displéyed considerable variapioﬁ”in the
onset of Ag; relative to either the switch 36 tafge;
position or perturbation onset (time betweén target switch
and perturbation onset remaiﬁéd fixed at 50 ms). fjhls 1s
shown for one subject iﬁ Fig., 20. In this‘paftfculag
subject, onset éf Agl relative to pertﬁrbation:onset’ranéed
Erom 45 to 155 ms following loéding of both slow and fast
movements and from 508 to 120 ms folloQing unloading. In
contrast, Agl was always timglocked to the movement,

-

occurring some 46-50 ms-prior to movement onset (cf. Figs.-~
17,18,19). Similar ranges for Agl onset relative -to
perturbation onset were found in all other subjects exam-

.ined. This is shown in Table 6.

In general, average response times for perturbed
’ ‘ °

o




‘Frgure 20

Typical onset times of the initial agonist burst (Agl)
€. . . !
relative to the onset of brief force perturbations.

Measurements (open circles) of the time between perturba-

AN

tion onset and Agl onset were obtained from individual

movements in one subject. Perturbations either opposéd” (A

P

- Load) or assisted (B - Unload) the forthcoming movement.
In goth A and B, data from slow movements are shown in the
upper set of measurements while fast movements are }epre—
sented by the lower set of measurements. The letéérg to
the left of each set represent different perturbétibn‘
magnitudes in Nm (a;l.a, b:ils; c:2.0, d:3.0, e:4.8@,

LY

£:5.9).
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TABIE 6

. to perturbation onset

A

v

- Range of initial agonist burst (Agl) onsét times relative

99 .

Perturbation Magnitude (Nm)

1.0 ~ 1. . . . .

5 2.0 3.0 4.0 s 5.0
Slow locad
cc 40-752 — 60-145 30-95 40-70 40-65
DF R 60-145 . 40-95 55-70 50-70 50-125
VN 55-80 — 70-100 50-120 — —
WR 60-110 — 50-105 55-105 — —
Slow Unload +
cc 60-100 50-95 50-95 60~100 55-105
DF 65-80 55-95 70-95 60-90 50-90
DC 80-180 55-105 70-80 40-70 -
VN 45-70 = ~ . 55-60 45-60 —
WR 70~105 — 70-100 65-100- —

4

Fast Ioad
cc 70-90 — 60-80 45-60 60-80 60-75_
DF — 75-105 70-100 °  80-115 60-150 60~125
VN 55-95 - 60-80 55-85 — -
WR 70-105 - 70-100 65-100 - -
Fast Unload '.
cc 60-115 80-105 80-95 60-80 65-125
DF 80-120 65-120 — 70-95 70-125
‘bC 70-105 40-125 55-95 65-100 70-115
VN 65-80 — 60-80 50-80 —
WR 55-70 — 60-105 55-100 —




- *

' " 100

‘ . 3y P

movements’ were 5-30 per cent- lesé thén“tespénse‘gimes o

. . =
T

observed in control movements. Response timés in both *

.
.

control and,perturpea movements were measured from the time
between the switcﬁ in target- position and Agl onset,. Siﬁce
the target switched with predictéble timing. (every 4 sec),
these measurements. may not Qccurately reflect Eypical
reaction‘timés.' Average response times té perturbations.are
shown in Table 7. Percentage éhange over control values are
given for all subjects in Table 8. Despite the overall
redﬁctidn in response time in perturBed movements, the onset
of Agl relative to perturbation onset was not affected
by - either the magnitude or direction of the perturbation.
This is shown for all subjects in Fig 21, The indepenéence
of Agl onset from perturbation onset held for both 316w (A)

L J
and fast (B) movements.

3. Effects of perturbations preceding .small amplitude

movements
™.
i

The above results show that perturbations applied prior

to the onset of large amplitude moveménts affected both

components of Agl. Small amplitude movements were also

examined since these movements characteristically -‘have

initial agonist bursts of only one ‘component. The experi-

mental procedure was slightly modified to accommodate the

)

small intertarget distance (15 deg.). In general, subjects

e
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TADLE 7
Averags response time for perturbed movements (time between target switch and Agql onsc!f

Perturbation Magnitude (Na)
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" TABLE. & T 102

-

Percentage difference in response time? between, perturbed and control
"large amplitude movements~ . -, . - i

Perturbation Magnitude (Nm)

2.0 3.0 4.0

N

+21%

-17%
WR +13%
oy
“
Fast UnLdad

-

cc +12% -15% -25%
DC i 1% -11% -24%
DF .- -20% - - 9%
VN - 7% - 4% -l4%

WR - 8% -22%/ - 3%

»

8response time defined as the time between target switch and Agl onset
‘ FAE

»




‘. Figure 21

. .
B .
o ’ :

Average onset times. of t#e initial agggg;:\burst (Agl)

: y -
relative to pértu{;;tion onset, In A and B are shown

average nget times of Agl following onset of either
loading or uhloadi&g perturbgtions of different maghi-
~tudes. ZS{OQ hoveménts are represented by data shown in a,
fast movements in B. 'Different symbéls represén§ data from
each of five’subjecﬁssand coirespdnd to the symbols used in
Figs. 18 and. 19. Each data point is the avefage of six to
ten movements. Vertical calibration: Agl onset in ms;

horizontal'célibration{ perturbation magnitude in Nm. .




LOAD UNLOAD

w
g
St £t
O._ -
@©
."4
oL L.
e T
. A
i . L 1 4 s 1 L
1.0- 30 50 1.0 30 50 Nm

LOAD UNLOAD




195
found it difficult to track the small target fb}lowing
unloading, and thus only two perturbation magnitudes:

were examined in any one subject. In addition, small

movements, when made rapidly, were allhost always associated
with varying levels of cocontraction which made FMG analysis
difficult. Therefore, - subjects were asked to make slow,
accurate movements during all experimental tfials involving
these small amplitude movements, ‘

Typical'reco;ds fgom one subject are shown in Fig. 22,
In these movements Agl consisted of only one component. The
éiming of ghis compodéht identifies it as cor}esponding to
the first component (Agla) seen in large ampl;tude move-
ments. Averaging of data around movement onset resulted in

an apparent increase in Agl duration from approximately 7@
to 106 ms. Agl increased in magnitude witﬁ both loading
- and unloading. The increase in magnitude dépended on the
étrengtg of the perturbation. For both 1oading‘and unload-
ing, large perturbations (%.9 Nm) produced a greater
increase in burst magnitude tpan did smaller perturba-
tions (3.4 Nm). Althoggh more striking in movements which

were unloaded, this dependence on force magnitude was

consistent for both conditions in all three subjects.

As shown earlier for large movements, the onset of Agl
was not timelocked to perturbation onset. Individual
variation in timing between perturbation onset and Agl onset

is clearly'illusirated in Fig. 23 whiotrshows individual

- -




Figure 22 '
' .

Effects of bexturbations precedigé small amplitude
movements. Iﬁ each set of records (Load;and Unload) the top
Atwo traces show movement velocity and agonist EMG activi£}
ffom non—perturbgd (control) 15 deg movements. The Sottom
two recéras show EMG data obtained from movements which
were p?eceded by perturbations. The vertical dashed lines
indicgte the onset and termination bfvthe initial agonist
burst. The range of perturbation onset timeé is indicated
by the horizontal baf'below the . EMG records. The numbers
to fhé left of the records‘reérésent perturbation magnitude
in Nm,. Data are shown from one subject. ﬁach record is
the average'of five to seven movemeﬁts synchronized around

movement onset. Vertical calibration: 168 deg/s. Time

scale in ms.

ot
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Figure 23

- - - é
. . P PR

Variability in initial agonist burst (Agl) onset times

relative to perturbation onset. Individual agonist EMG

records associated with 15 deg slow flexion movements are..

-

‘shown for one subject. The, vertical dashed lines indicate
- onsef and termination of Agl. Filled érrows indicate
perturbation onseg and open arrow, movement onset. Time
betweeﬁ'perturbation onset and EMG onset is given by the

-

number/ﬁo the left ofreach record.” Horizontal calibra-

R . '+
. . ) ’ P . %

tion: 100 ms.
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records of EMG activity from one subject. Onset of the

first compoﬁent relative to the onset of loading perturba-
[ ., -
tions (Load - filled arrows) ranged from 55 to 13¢ ms in

these movements, A similar range of latéencies is shown for

unloading perturbations K (Unload) where Agl onset times

ranged from 85 to 115 ms. With both loading and unloading, -

- Va : -~ ’ -
¢ ~—" however, the onset of the first componknt was timelocked to

' the onset Jf movement (open arrows). As obsetved 1in'large
\ amblitude movements, a reduction in response time following

’ . both loading and unloadiﬁg perturbatiohs compared to contrQi

movements was seen. (Table 9). "Lﬁ general, there was no
‘ , apparent- relationship between resbonse time and pertuyrbation

magnitude or direction. . .

~

B.Effects of starting position on the initial agonist burst

< .
! As shown in the preceding section, both components of
w

r/ the initial-agonist burst were modulated independently by

the central nervous system in response to unexpected
' .- » .
peripheral disturbances. In those experiments initial -

.

start&ng position was kept'constant from trial to trial and,
"as a -result, -Tresting (tonic) hMG'activity did not change.
J* is known that tohnic muscle activity varies with static

“ imb position (Lestienhe et al.,, l§81; Cooke and Brown,

1983), these changes reflééting differences in muscle force

110
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TABLE 9

Perturbation Magnitude (Nm)

111

Percentage difference in response® time between perturbed and control
small amplitude movements

2.0 3.0 3.5 4.5,
Load .
SS -18% - -20% -
VN 4 - -28% - -21%
X - -24% - -38%
Unload
SS . -12% - ~25% -
VN - -26% - -23%
DC -11% - -15% -

.

[
dresponse time defined as the time between target switch ard Agl

onset.




112

output reguired to hold the limb in a given position. For.
instance, holding the elbow in an extended position requires
increased tonic activation of the triceps muscle relative “to .

tonic biceps activity. Experiments were performed to

determine 1if static force changés with different limb

~

positions might be sufficient to alter phasic drive to the

agonist muscle.

1. Baseline EMG correction

v

Ten degree movements were made from seven different

starting positions. For a given experiment, each subject

was encouraged to maintain movement peak velocity constant

from trial to trial. As expected, tonic EMG activity varied
with different starting positions. This is shown for one
subject in Fig. 24. As movements were made from progres-
sively more extended positioné, tonic triceps activity
(prior to movement) increased relative tb premovemeht tonic
biceps activity., In more flexed pbsztions tonic biceps
activity increased relative to triceps activity. '

Because of these changes in tonic EMG activity with limb
positioq, it was necessary to express integrated Agl
magnitudes as a percentage change over baseline control EMG

values. Two methods of baseline EMG correction were

examined. In the first method,\tonic EMG activity was




Figure 24

Baseline correction of phasic EMG activity for posit-

ion-dependent changes in tonic EMG activity. In A afe

shown the relation between tonic biceps (filled circles)

and triceps (open circles) EMG activity, associated with

different starting position;. Eaéh data point is the
average ;f twenty movements obtained from one subjeét. EMG
bur§f magnitudes following correction for tonYc backgrqund
éctivity are shown for the same subject in B. Data were
obtained from 1¢ deg slow flexion movements about the elbow

a

made from different starting positions. Each data point is
the average of twelve to twent; movements. Circles
reﬁresent the initial aéonist burst (Agl); squares, second
agonist burst (Ag2) and triangle, antagonist bu;st (Antl).
Open symbols show data corrected by subtracting the tonic
activity at each starting position., Filled symbois show
data corrected by subtracting the minimum tonic EMG
acé}vity observed across all starting positions. Stippled

areas indicate the di{ferences in EMG magnitudes resulting
from these two methods of background EMG correction.
Vertical axes: A - EMG éagnitude in arbitrary units, B -
percentage incréaée in phaéic EMG activity over tonic
background EMG, activity. Horizontal axes: A and B ~ elbow

angle (stayting éosition) in deg (18¢ deg equivalent to

full extension).
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subtracted from the integrated EMG value of .the phasié

bursts. As the tonic activity varied with starting position

(Fig. 24Aa), a differént correction value was used for eﬁch’
- initial arm position. 'The open circles i; Fig.24B show data
corrected by this method for the initial agonist 5urst
{(Agl), second agonist burst (Ag2), and the antagonist burst
(Antl) at different starting positions. In the second
method of correction for backgreund activity, the minimum
tonmic activity observed across all starting positions was
. subtracted from each integrated EHG value., For example,
tonic égonist (biceps) activity was minimal in_the mosf'
extended position. This value was then subtracted from all

, agonist burst magnitude values. Data corrected &ﬁ this

manner are shown by the filled circles in Fig. 24B. Both

methods)of béseline correction re€sulted in an increase in
Agl magnitude as starting position became more extended. 1In
*relatively flexéd positions where tohic agonist activity
increased, baseline correction using the minimum tonic
agonist EMG 1level produced a‘smaller.inc;ease in Agl
magnitude compared to Agl magnitude values determined by the
first correction method. Similarly, each method produced a
slightly different magQitude val;e for. the antégonist burst
associated with extended initial starting positions.

Although these two methods of correction for background

b EMG activity yielded different.relations, the differences

were quantitative rather than qualitative. In some subjects
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phasic éntaéonist activity associated with extended starting .
positions were preceded by a period of antaognist inh;bi—
tion. Under these condit%ons, the integratéd-magnitudé of
the antagonist burst in some movements‘did not exceed tonic

premovement EMG levels so that baseline correction using the

first method actually resulted in a negative 'value. PBecause

of this, subtraction of the minimum tonic EMG level from all -
'positions was employed throughout the sﬁudy as a means of

. baseline EMG correction.

2. Changes in phasic EMG activity with different starfing

positions N
~
- N Al .

¢ Since Agl magnitude varies with movement peak velocity
(Hallett and Marsden, 1979; Brown and Cookp, 1981a) ,
‘. subjects were encouraged to produce~movements of cémparable
speed at each starting position. In ‘general, average peak
velocity was unaffected by changes in starting position.
This is shown for five subjects in Fig. 25A and Table 14.
Although averége velocities varied considerab%y from subject
to subject, the varigbility from _one startigg position to
another for any given subject was small. In addition,
movement duration remained relatively constant for each

shbject across different joint angles (Fig. 25B, Table 19).

' .
While there was a tendency for movement duration to decrease
R .

»




Figure 25 -
=~

[\ .
Average. peak velocities and- movement durations for

moveme made from different starting positions. Data are

shown for five subjects (different symbols). Each point is

the - average of&eighteen_to twenty 16 deg slow flexion

a

movements. Verbal feedback regarding movement speed during

’

the two to three min praétiée period prioer to data collec-

tion was given so as to "assist each subject in matching

peak velocities, Vertical -axis: peak velocity in deg/s,

horizontal axis: elbow angle in deg.

-

&
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in movements made from more flexed positions, a comparison
of durations associated with the most flexed (65 deg) and
most extended (125 deg) starting position; éhowed a less
than 20 per cent difference. For starting positions ranging
from 85 to 125 degq, mo&ement durati?n varied by only ten per
cent. As will be described in more detail later 1in this

" section, movements made from the different starting posi-
tﬂ?ns were closeiy matched in both their time course and
thé}r position—velocity'(phase—plane)‘trajectories.

Movements made from all starting positians were 1nit-

iate& by phasic EMG activity.‘ In Fig. 26 are shown:avérage\

recorhs of EMG activity associated with 10 deg flexion

movements made from different positions (A - F). At all
\ :

3

startiné positions, Agl consisted of only one component of

a!!ivityi the duration of which was approximately 70-8¢
\

ms. The magnitude of Agl, however, increased as starting

position Aecame more extended. Both late agonist activity
LS

(Ag2) and\ghasic antagonist activity (Antl - cf. Fig. 27)
were also ﬂore pronounced in extended compared to more
)

flexed posithonsA As expected, tonic EMG activity 1rlor to

movement var1qd with the changes in joint angle. As the

. J
starting p051tﬁon became more flexed, tonic agonist activity

)

increased. Conversely, tonic antagonist activity 'increased
L]
in the more extended positions. Inhibition of tonic
. » ’
antagonist ‘activity both before and during the time of Agl

was often seen in movements made from the most extended

R




¥

Figure 26 N s

Q .

EMG activity associated with 10 deg slow, flexion

‘movements made from different starting positions. Each set =
of data shows average records of position, velocity, bi¢eps‘

. o , P A
and triceps EMG activity from one subject. -~ Initial .

starting position ranged from 65 deg [(A) to 125 deqg (F)."

‘

Each set of records is the average, of eiéhteenlfo twenty

movements. Vertical calibration: 20 ‘deg, 20870 deg/;;"

*

horizontal calibration: 200 ms.

'
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positions (Fig. 26F). The changes in the magnitudes of
the phasic EMG bursts with starting position are shown'!;r
five subjects {n Fig.‘27. EMG magnitudes are-expressed
relative to the minimum background activity, i.e. (integra-
ted EMG ~'back§}ound) / background. ‘In all but one subject,
Agl increased in magnitude as joint angle increased. 1In one
subject.(diamond symbols) litFle overall chaﬁée in the

magnitude of Agl occurred. However, most movements made by

.

this subject showed a reduction in tonic antagonist activity.

preceding the antagonist burst (cf. Fig. 26F). This will be

discussed in more detail in relation to Fig. 29. In One
B N . :

‘other subject, Agl decreased in magnitude at the most

-
.

ektended position (Spen triangle, 125 deg). In these
particular movements, however, there was a period of marked
antagonist inhibition prgceding the phasic anmtagonist burst
(cf. Fig. 26F). ‘ ' - '
Theuﬁecond agonist burst (Ag2) was obs§rved in only two

subjects. This was presumably due to the relatively slow
5peed of these movemen;s (Brown and‘Cooke, ;981a). In one
subject (sduare symbols) Ag2 activity wds minimal 1in
movements made_from midrange positibﬁs {85~105 aeg) wﬁile
a tendency to increéée in mggnitdde was qbsefved in the most
flexed and extended,positionsi In the second ;ubject
S(circles) Ag2 increased inAmagniéude as starting position

shifted from midrange to exterided positions.

In three of the five subjects examined, phasic antago-
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Figure 27
.~ ¢ .
\ .

Dependence of phasic EMG magnitude on starting position

of the 1limb,. In this figure are shgwn average magnitudes

for the various EMG bursts. Data were obtained from five
subjects (different symbols) each of whom performed a
series of 10 deg slow flexion movements from different

A
. L ) . -
starting positions. ic agonist bursts are represented

S

- WA .
by the upper graphs gigl - 1initial agonist burst, Ag2 -

phasic antagonist activity ig””‘—_‘\\\

represented by the loyer,graphs’(AntCo - period of in-

o

second agonist burst)

creased antagonist activit& coincident with Agl), Antl -

phasic antagonist burst occurring at or just prior to the

time of peak velocity). Each symbol in all graphs repre-
sents -data obtained from the same subject. Vertical
N :

axes: percentage increase in phasic EMG activity over tonic )

background EMG levels; -horizontal axis: elbow angle in deg.

- ] -
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nist activity consisted of two bursts, the first coincident
.with Agl and the second correspondirng the the typical
antagonist burst associated with the triphasic pattern of

- EMG activatfon (cf. Fig 26B). The early burst of antagopist

\
1

ac;ivity (AntCo) tended to decrease in magnitude (e.g.- Fig.
26), or show 1little chanée as joint angle increased. DaE?
from three‘subjects showing this period of aﬁtagonisﬁ
co-contraction 1is shown in Fig., 27. Of particular inEeres;
was that, in gome.éubjects, this early antagbnist burst was
present in movementss madé from the mést extended poéitions,
i.e. durihg the‘beriod'of antagonist inhiSition. The
anfagonist burst commonly associated with the triphas-
ic patteranAntl) varied‘unpredictably with joint angle and,
in generél, showed 60 consistent patterﬁ of change.

The increase in Agl magnitude in extended positioﬁs also
.occurred in large gmplitude movements. Typical data from 40

deg movements made by one subject are shown in Fig. 28. Agl
in these large movements was comprised of two components:
The magnitude of Both components increased at more -extended
starting positions. As was seen in the 1¢ deg movements,
a period of antagonigt'inhibition preceded Agl at‘the most
extended positions. This period of inhibi1tién was followed

by increased antagonist activity. Similar results were

found in four subjects.
@




Figure 28

v

EMG activity associated with 40 deg,’ slow flexi\h

. - \
movements made from different starting positions: In each \

set;of pata (A - C) are shown average (n=15) records of \\
position, velocity,. biceps and triceps EMG activity
obtained from - one subject. Starting position was 85 deg in

A, 185 deé in B,.ahd i35 deg’iﬁ Cee Each subject was in- - L
structed to make each set of movements at the same speed.
Vertical calibration: 25 deg, 200 deg/s; hdrizontal

calibration: 200 ms.
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3. Comparison of moyeﬁent trajecteries

Although phasic EMG activity varied with starting
position,'movéments showed 1little difference in their peak
. , -~

velocities or durations (cf Fig.-25). 1In addition, move-
ments made from different.starging positions were virtually
identical throughout their course. In Fig. 29 movement
pPase—plane‘trajectories‘(velocity versus position)‘are-
shown for twolstjegts. ‘%¥he data shown in Fig 29A corres—'
pond to the square symﬂols in Figs. 25 and 27. In this
subject Agl (open bars) increaged marked}y as starting -
éosition ;hapged from. 65 deg {left hand bar in each set) to
. 125 deg (right’ hand bar in each set). The antagonist burst
(filled bars) was relatively small in this subject in

movements made from starting posifions less thép 125 deg
(Antl magnitude increased abdye backgr&und’EMG levels by
less than 20 per cent and are not included in the histo-
gram. aln this subject, a period of ;ntagonist inhibi-
tion (stippled bars) was only seen in movements made from
the most extendeq positions (115,125 deg).

In CSngrast, the second subject (B), showed - little
change in burst magnitude with starting position. This data
corresponds to the diamohd symbols in Figs. 25 and 27.
While aéonist activity did not increase with exfension there

was, at all but "the most flexed positidns, a period of

anptagonist inhibition (stippled bars) preceding and coinci-~-




Figure 29

Movement trajectories assdciated with position-depende-

nt changes in phasic EMG activity. Each set of open bars,

represents the magnitude of the initial agonist burst (Agl)
as starting position changed iﬁ'ﬁ@\deg increments from 65

"deg (left hand bar in each set) to 125 deg (right hand bar

H

in each set). Phasic antagonist wctivity is shown by the

solid bars and the duration of antagonist inhibition by the
stippled bars. Each bar is the average of twelve to twenty

movements, EMG magnitude is in arbitrary units, duration
« .
is in ms. Position-velocity (phase-plane) trajectories of

movements made at different arm positions are shown below

each histogram. The starred bars in each histogram

indicate the movements whose trajectories are plotted

b&}ow. Arrows indicate Ehe direction of movement.

2

9

-




EMG .MAGNITUDE

100
T

s

NAA A
DOO I'.'I'.'.'
OO
BRI
ASA DAL A.-

131

[[]sicers masniTUDE
) rricers macniTUDE
B TRICEPS INHIBITION

3o0

150
DURATION




132

dent with Agl.
{

While agonist (Fig. 294A) or antagonist (Fig. 29B) EMG

lactivity changed with starting position, the resulting

movements were virtually iQentical. In Fig. 29 phase-plane
trajectories. of movements made from the different starting
positions indicated by the starred histogram bars are
overplotted below each histogram. Although EMG activity
varied from one starting position to another, the resulting
t;ajec%ories were virtually unchanged. while most subjects:
showed a progressive increage in Agl magnitude as joint
angle inéreased (e.g. Fig. 29A), some subjects combined a
modest 1lincrease in agonist magnitude w{th a period of
antagonist inhibltion in movements made from the most
extended postitions, This wps previously noted in Fig. 27
N where one subject (triangles) exhibited a decrease in
agonist magnitude at 125 deg coupled with a period of ;
antagonist inhibition. In this particular subjecti movement
trajectories associated with the two most extended positions
* (115 and 125 deg) were essentially identical.

-
¢

4. Effects of changing equilibrium position on phasic EMG

Eosition.

OneApossible explanation for the observed position-de-
pendent changes in phasic EMG activity could be related to

the associated changes in tonic EMG activity. For example,
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the increase in Agl with extension might be due to the need
for increased agonist activity to overcome the elevated

tonic antagonist jvity in extension. This was tested by

applying a small, steady load to the handle which d1ép1a¢ed

the relaxed limb into an, extended position (liS deg joint
angle). Thus, the arm cou .e maintained at this position
without the usual increased triceps activation. 'The effects
of such a shift in equilibrium position (the position at

which net forces acting about a joint are zero) are shown «-m

~

Fig. 30."Average records in ‘Fig. 36¢A .and B show‘the
characteristic triphasic EMG pattern and, in particular, the
increase in agonist burst magnitude (in this case both Agl
and Ag2) as the limb b?cam; more extended (stippled bars in
the histograms). Shifting the limb equilibriumg/ position

(Fig. 3¢C) decreased the amount of tonic antagonist drive
required‘to-hold'thé limb in extension prior to movement
(open'ﬂistogram bars). The agonist bursts were greater than
in the flexed position (Fig. 30@A) but‘aittle changed fromn
those in the same position when no force was applied

(Fig. 3@B).

TII. Phasic EMG Activity Associated with Changes in Movement

Trajectory

-

In general, both single and multi joint movements are




"tions are shown for one subject in A and B. - Passive

Figure 30

)
Effects of changing passive limb equilibrium positidn

on movement-related EMG activity. Agonist (biceps) and

’

antagonist (triceps) activity associated with 10 dea slow

flexion movements made from two different starting posi-

.
equilibrium position of the limb in both A and B was|{

1
{

approximately 75 deg as {ndicatéd by the dashed lines. In
C, application of a small, steady fdrce shifted equilibrium
positiop from 75 to 125 deé. ’Each set of records (A - Cf
is the qyérage_of eight to ten movements. A comparison of43
phasic EMG activity is shown in the corresponding histo—“
grams to the right of each set of EMG records. Stippled
areas in both EMG records and histograms show phasic

g

agonist activity (Agl and Ag2) and hatched areas show

-

phasic antagonist activity (AntCo apd Antl). Tonic agonist

EMG activity is shown by the solid bars and tonic antago-

nist activity by the open bars.

&
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5
associated with bell-shaped, symmetrical trajectories in

*which the durations of the acceleratory and deceleratory
phases are approximately equal. The movements descriBed in
the preceding sections were characterized by such symmet-
;ical velocity profiles. To determine if changes in Agl
were related to changes in the initial acceleratory phase of
.the movement, a phasé—plane'trajectory tracking paradigm was
employed (See Methods, Section IIC; Cooke and Brown, 1986).
Uéin% this tgacking'éechnique, it was possible to vary the
ratio of accelerat}on duration»ﬁo deceleration duration
while, at ,the same time, keeping movement amplitude and peak
velocity constant. ' |
_Typiéal exémples of movementsgmade by this teéﬂnique are
'shown for one subject in Fig. 31. A&erage régords of’
‘velocity, acceleration, agonist (triceps) and antagonist
(biceps) EMG activity associated with 48 deg extension
mgvements are showa for three different movement accelera-
tion - Qeceleratfon'duration ratios ‘(A = @.4; b = 0.9; Cc =
1:4)// Movement profiles comparable to those'seen in

step-tratking movements a£e shown in .B and, as - expected,
vefpcity and acceleration records Q;re syﬁmetrical in
appearance. Similarly, the associated agonist EMG iecord
(B) showed an ‘initial agonist bursa.éf abproximately_lGB
ms in duration. Although obscured by averaglng, inspectibn

of 1nd1v1dua1 records showed that Agl was comprised of two

components of a¢tivity. As seen in step-tracking moveménts,

v




~

Figure 31

’

Effects @f:;hangin{ﬁhgvement profile on phasic EMG
N

activity. In this figure\ are shown "averaged (n = 6-14)
records of velocity, acceleration and EMG activity obtained

from 40 deg extension movements about the elbow. Velocity

and acceleration records ‘are overplotted to illustrate

' -~
‘different movement profilegs. The upper set of EMG records

(A) cérrespond to rapid acceleraéion movements (A). The
middle set of records (Bf correspond to movements in which
durations of the acceleratory and déceleraﬁory phases were
approximafely equal (acceleration recérd B). The lower set
of records corresponds to slo; acceleration movements (C).

.

Filled arrows indicate time of peak velocity. In all

-pases;'movement amplitude, duration and peak Qelocity

¥

rgmained\g&nstant. In averaging movements with a ratio of

> I'.8, time. of peak velocity was-used- to synchronize

movments.*  All other movements were synchronized about

movement onset,
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y S 2 .
phasic antagonist activity occurred near or at the time of

peak velocity (filled arrows). A period of early antagonist
activity (AntCo) céactive with. Agl was alsé seen iﬁ these
movements. Early antagonist activity was also observed in
step-tracking movements (cf. Figs 26A - C, 28 A and B).

In contrast, movements made with a movement ratio of g.4
(A) were associated with an initial agonist burst of
approximataely 90 ms. Inspection of individual records
comprising this average showed that Agl consisted of oniy
one. component. In these short acceleration - long deceler;—
tion mpvements, notKonly did Agl duration decrease but onset
of pha%ic antagohist activity occurred eariier/reiative to

movement onset. This will be discussa&’fbrthgf in relation

. to Fig. 34. "No late phasic agonist activity was observed.

Movements made with a movement ratio of 1.4 (C)_showéd a
very different pattern of EMG,activation coméared;to
movements in A or B. In, these movements (C), Agl appeared
to be comprised Jf both tpnic and phasic activity. A
gradual increase in acti&iﬁy occurred during the first 150

ms, followed by a phasic increase also lasting approximately

150 ms. Despite the prolonged period of agonist acfivation,

aAgl terminated befote onset. of peak welocity. A delay 1in

" onset of phasic éﬁtagonist activity corresponded to the

delayed onset o»of' peak velocity. In sharp contrast to

agonist EMG activity in A and B, these short deceler-

ation movements were always accompanied by large increases

A

\
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in late agonist activity. This period of agonist activity

persisted throughout the deceleratory phase and, as a
result, was often coactive with the later part of the
antagonist burst.:

A quantitatfve analysis of the dependence Af Agl
duration on movement ratid'is shown for four subjects in
Fig. 32. Movement amplitude was kept constant at 40 deg and
500 ms in- duration. In each subject (A - D), .Agl duration
was clearly dependent on the ratio of acceleration -

LN
deceleration duration. Short acceleration movements- (ratio
. < #.8-1.0¢) wefe associated with short duration Agl bursts
while long acceleration movemipts were associated with long
<y duration Agl bursts: Symmetrical movements (ratio =
0.8:1.9)/were associated with initial agonist bursts of

. . iatermediate durations. In ald sdbjects (A-D) , however,

. short duration bursts were longer than that observed during
step;tracking_movements. In A, for instance, Agl duration
‘ asqocia%ed with shért qccéleration movements was approxi-
mately 150 ms while in B and C'Agl duration was approxiﬁate~

. iﬂ ly 10@ mé. - ' )
' ‘  Although in some -subjects a clusiering of Agl durationé
occurred- at different movemént ratios (Fig. 32 B ‘and C), it

L4

was not possible to determine from these preliminary
'
fi?dings if the large increase in Agl duration was the

result of ‘adding several components of agonist actfvitya

However, in one subject, individual movements of different




Figure 32

Effects df changing movement profile on the duration of

the initial agonist burst (Agl). 1In this’figure are shown
Agl durations obtained from 48 deg movements in which the
ratio of acceleration duration to deceleration duration
changed from approximatély 3.2 to 2.2 (abscissa). Data are
shown for four subjects (A - D). In each case all move-

ments were of the same amplitude, duration and peak

velocity.




NOILYY 313030 / NOILVY 31300V

(024
r v Ll ¥ ¥ T O<~ T T T T OAU
™~
M.. nOquE< Ao
%.o o +3
. ~ 3
foo
g o o ;W
o© °o® ®
0, O -mw
° S
(o]
B
.
g Jg
(®]
02 ol 0
r T T T v T Y T T T T Q
.Ovqu< AOW
[o) —_—
° 0@ 9%060 18
& oﬂ
o
QO o N
10
O
o® o
)
10
[ (o]
o
o
° J
-4
o
o %0 o g

o2 O0v

«

NOILVY31303d £NOILLVH 31300V

ON 2 - O— Al T 04» v OO
O—-nQE<>O§
. ‘ 2 ®
0@ o0 S
(@]
O B
o Bo .
OO W
0o° o 3
g ,°
o
o
L
N
Q
(&)
7R
~ OdN T T ¥ 4 O<_ Il T T Te OO
eOquEq\,oE .
0 o
{O
omm
(o}
nmm ’ N
o 3
o -
0o ©
o MM Q m
o o
) oo °
o_.
6 -
- @ o
o) o

Wwoos - 00y

19V

NOILVYENA




.

movement tatiqs were accompanied by multiphasic initia‘

agonist bursts. .This is shown in Fig. 33. In these

&

movements duration and movement amplitude were kept constant

at 609 ms and 48 deg. .As movement ratio increased from @.4

-

(top record) to 2.5'(bottom record) Agl duration ingreased
and time of peak velocity occurred later in ‘the movement.

In this particuldr case, duration of‘Agl increased due to

the addition of individual components of activity.
7
* Figure 34 shows the shift in timing of phasic antagonist

‘activity associated with movements of different movement

acceleration - deceleration ratios., Antagonist EMG records
corresponding t§ movement ratios ranginé from 9.4 to 1.9 are
shown in A (top to bottom). As‘velocity profiles shifted
from short acceleration (@.4) to long acceleration (1.9)

movements, phasic antagonist‘kctivity was progressively

delayed. Onset of the antagonist burst was independenf of

3

‘'peak velocity since peak velocity as well as ‘movement

amplitude remained constant in all movements. Rather,
antagonist onset depended on the relative duration of the
acceleration and deceleration phases. This is.sho&n
guantitatively for,five subjects in Fig. 34B.

As mentioned earlier, late agonist activity was cléarly

1

affected by changes in the ratio of acceleration - decelera-

P »

- tion duration. This is illustrated for one subject .in

A
Fig. 35 where movement ratios ranged from .25 (A) to 2.0

*

(). Symmetrical movements (B - ratio = 1,8) show late
. A ]

.,




Figure 33

Addition of injtial agonist burst (Agl) components with

increasing movement ratios. In this figure are shown

individual records of agonist (biceps) EMG activity assoc-
iated with 4@ deg flexion movements. Reco;ds were filtered
at 20 Hz to illustradfe the component-like structure og
Agl. Vertical dashed line indicates movement ons;%‘and

filled arrows indicate time of peak velocity.
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Figdre 34

»

o

Effects of changing movement profile on antagonist

(Antl) onset time. Averaged records (n = 6-14) of vélocity
&

and antagonist (biceps) EMG activity obtained from 48 deg

extension movements are shown in A. The overplotted
delocity records show a progressive shift from very rapid
acceleration movements (mowement ratio = @.4) to very slow
acceleration movements (ratio = 1,9). EMG records (top to
bottom) ére\from movements of increasing acceleration
duration. The ratio of acceleragion duration to decelerat-
ion duration is given to the left ¢f each record. 1In
averaging movements with a ratico of > 1.8, time of peak
velocity was used to synchronize movements. All other
movements wefe synchronized about moveﬁgpt onset. ‘The onset
of phasic angagonist activity (Antl)-rglative to movemegt

onset (ordinate) .is shown in B for four subjects at

different movements ratios (abscissa).
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, PR
agonist activity similar to that seen in step-tracking

movements. In short acceleration - long deceleration
movements (A) virtually no l&te agonist activity foll&wed

Agl, Long acceleration, short deceleration moyemeéts {C),

however, were accompanied by a distinctly phasic second

period of agonist activity.

The magnitu&% of late agonist.activity depended strongly
on the relative duration of the acceleratory ,nd decelera-
tory phases, This is shown in Fig. 36. Movement amplitude
remained constant at 20 de{‘"in A and 40 deg in B and C.
In each cése where mové’ent amplitude, peak velocity and
movement duration remained constaht the magnitude ©of late
agonist activity increased with movement ratio. While
little late agonist activity occurred in ldng deceleration
movements (ratio < @.5), late agonis® activity increased as
acceleration duration increased and deceleration duration

¢

decreased (ratio > 1.4).

ean)
?




Figure 35

Effects of changing movement profile on late agonist

activity (Ag2). In each set of r&cords are shown ‘averaged

({n = 12-16) of velocity and agonist'(triceéé) EMG activity

associated with 20 deg extensign movements. The upper set .
. nsig

L3

of records (A) corresponds to éapid acceleration movements
(ratio = .25). The lower set (C) cﬁrrespdnds to slow
accelerétioq movements (ratio = 2.4¢). Movements -in which
durations‘of acéeleration and gecelerationvwere appro§i_

mately equal are shown in th middle set of recof&s (c -

+

ratio = 1.4@). In A and B ,movements were averaged about

.

movement onset; in C, movements were averaged about the

time of peak velocity. Vertical dashed line indicates

movement onset. Arrows indicate'time of peak velocity.

-~ >
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‘Figure 36

Dependence of late agonist activity on movement

profile. The magnitude of late agonist activity (ordi-
nate) is plotted as a function of acceleration to decelera-
_tion ratio (abscissa). for three subjects (A-C). In cases
where it was difficult to detérmine onset of Ag2 (e.g. mov-
ement ratio < @.8), EMG activity was intégrafed‘ over the
timg from peak velbcity to move&e;t end.' Int;grated EMG

values are in arbitrary units. Movément amplitude was kept

constant at 20 deg™Nin A and 40 deg in B and C.

-
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- DISCUSSION

<<r -

I.Change in Agl Duration with Movement Amplitude

A. Results of previous studies

In the past, 'several investigators have claimed that the
s i
duration of the initial agonist burst (Agl) is not affected

by changes in movement parameters (Hallett et al., 1975a;
Hallett and Marsden, 1979; Freund and Budingen/ 1978; éheé
and Vicario, .1978; L;gqienne, 1979; Brown and Cooke, 198la;
Sanes and Jeqnings, 1984). The apparent constancy of burst
duration led to the notion that movement initiation is
cqqtrolled by a preérogrammed descending pulse of fixed
durétion and variable amplitude. An analysis of the vérious

“s'experimental protocols employed in these studies, however,
n T ¢

Lot . i oy .

shows,

'

that earlier concldSipns drawn about Agl duration

-3

appl} only to the particular experimental condition examined

4

_Aand do not represent a global description of how movements
are initiated.

. » ;
Hallett et al. (1975a) examined 10 deg movements about
b Y

the elbow and concluded, that the average duration of Agl, 88
. ‘ M

ms, was "sufficiently Tharrow.... to be useful as standards

for evaluation of patients with movement disorders." A mean

burst duration of 88 ms is compagable to the present

A -

153
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findings but only for small amplitude movements. In
addition, Hallétt found considerable variability in Agl

duration for the eighteen subjects examined with meén

duration values ranging from 68 to 185 ps. It should be
noted, howevér, that for nine subjects the numbetr of
measurements comprising an averége duration‘value was
restricted to five or fewer movements, and as such may not
represeﬁt accurate mean values. Later studies ihvolving
; :1%umb movements led to similar conclusiéns feégrding Agl
duration, (Hallett and Marsden, 1979). In these experiments
movements of 5, 10'and 20 degrees were examined. For.,a

.

given subject, burst duration was not significantly affected
. »
- by differences in movement amplitude although considerable

intersubject“vari;bilfty did occur. The fact that Hallett

and Marsden restricted themselvég to movements of less than

2@ deg amplitude presumably explains why they found no

changet in Agl duration. ;
Freund and Budingen7{4978#»haveJ%ugg;sted that, for move-

ments of different amplitudes, movement duration is kept

constant by appropriate modutation of Agl mggnitude over a

fixed period of time. This “"speed contrél" theory was

based, in part, on agoqist EMG activity associated with

rapid flexion movements of the finger. Aalthough no EMG data

was shown for these particular movements, it was stated that

. Agl duration remained constant across movement amplitudes.

This was reportedly the case for isometric movements as




155

well. Despite the paucity of EMG data presented, Freund and
R e
Budingen went on to conclude that constancy of movement

duration was achieved by maintaining a constant Agl

_ burst duration.

In extending the speed ceontrol hypothesis to 'include
PR programming of phasic antagonist agtivity, Lgst}eﬁne (1979)
compared 3¢ and 6é deg eibow merments made at differept

* speeds and against different inertial loads. He concludéd s
that, above a certain velocity threshold, duration of Agl
was constant regardless of movement velocdty and amplituaé.
- » One of the difficulties with this study is that his conclu-
sions were 5ased on a comparison of 39 deg flexion aﬁd 60
’ ] . deg extension movements, While, in the>pr;;ent study, Agl
assqsiated with extension movements showed a doubling in
" burst duration with movement amplitude, only +the lateral
head of the triceps brachil muscle was examined. It is
. not known wﬁether the long and medial heads behave in a
similar fashion. Since Lestienne did not state which head
of triceps was used, it is difficult to compare results. It
is also known that synergistic muscles acting about a joint

are differentially affected by changes in initial joint

angle (Hof and van den Berg, 1977; viitasalo, 1982; Darling

and Hayes, 1983) and thus extension movements made from two

: + -
different starting positions as in Lestienne's study may not

be comparable. Finally, data obtained from two movement

instructions were combined by Lestienne to construct
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relatio;shhps between Agl'duration and speed.< Given
the small number (5) &f movements used in each averaged data
point, it i§ qﬁite.possible that instruction-related

differences in movement kinematics such as changes in

acceleration invalidate any conclusions regarding constancy

S

of Agl duration across movement amplitudes.

A pulse—s;ep model developed by Ghez and co-workers to

explain control of ;apid movements has relied heavily on the
assumption that duration of Agl remains constant for

movements of different amplitudes and peak forces (Ghez "and

Vicario, '1978; Ghez, 1979). The pulse-step model consists

. of an initial phasic command or "pulse" of activity of fixed
duration foliowed by, a lateg tonic command responsible -for
maintaininq final steady state force in the case of isomet-

r ric movements and final limb position, in'the case of
isotonic movements. Ghez's model arose from a detailed

analysis of 9lectromyographiciand force patterns associated

with rapid force tracking movements in cats (Ghez dndu

Vicafio, 1978). In this study, fpur major pétterhs were
distinguished -and in each caée,lthe duration of Agl was
different. 1In type "a" responses, there was a rapid

increase in the rate of force change (dF/dt). In these

movements, Agl showed only one burst of activity. This

responsé was seen in 10-20 per cent of the total number of
‘movements analysed, In 406-60 percent of the movements Agl

- - consisted of additional bursts of activity which occurred
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eithéf during the rig?%g ("b" response) or failing ("c"
response) phase of dF/dt. These bursts of agonist activity
were associated with separate peaks superimposed on the
force record. .

In both "a" (rapid,fo;ce rise times) and "c" (slower

force rise times) responses, movements requiring different

force outputs were generated by modulating the pégnitude of
a fixed duration pulse of agonist activity. While Agl

‘duration did not appear to change within a given classifica-

¢

. tion (i.e. "a"™ versus "c" response), duration of the initial

pulse was clearly modifiable by changes in the pattern of
force production.| Thus in this particular’ study, Agl
duration remained constant only as long as the pattern .of
force broduction did not'change. Despite this caveat, thqi
pulse-step modelrin which the initial pulse is of fixed
duration has received wide acceptance ' in the field of mofor
control. )

In an earlier study (quwn~and Cooke, 198la) it was

rconcluded that the duration of Agl was not affected by

either movement amplitude or instruction dependeﬁt changes

-~

in movemént ;glocity.‘ The primary reason why a change in
Agl duratiéh was not observed in this study is due, no
doubt, to the method of data analysis employed. All data
used in the Eonstruction of . regression curyés was derivedv

\
from avetaged EMG records. As was illustrated in Fig. 11,

not only is the fine structure of Agi obscured by averaging, o

!
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but because of. variability in Agl onset relative to the
synchronization point (movement onset), mean burst durations

are often 10-20 per cent greater than burst durations

associated with individual movements. For three of the four
move%ent amplitudes (32,48 and 64 degz examined in the 1981
study, Agl‘duratiop varied by only 36 ms (130-1606 ms).
Given the Jariability which occurs "with averagind 1t is
reasonable to assume that movements made at these amplitudes
were* in fact initiated by long duration, two component
initial aganist ursts. That small amplitude (16 deg)
movements were t associated with short duration initial
agonist pu;sts is presumably related to averaging pr;cedures
as well., 1If, for example, both short an% long duration
bursts were present in any~of the pooled.- data included
for gveraging, mean burst durations would not ‘accurately
reflect burst durat{ons associated wtih/ individual move-

ments. N -

, The present observation "that duration of Agl increases

with movement amplitude has recently been confifmed by two

independent studies, Berardelli et al (1984) have found

‘that, for rapid flexion movements about the elbow or wrist,
! . N

Agl duration increased witﬁ~movement amplitude. While Agl
duration doubled in dqrafion from approximately 80 ms for

15 deg elbow movemehts.to approximately 15@ ms for 165 deg

movements, *casual -inspection of the data indicates that

burst duration changed in a Graded fashion. Absence of a

~




step-like change in burst duration in Berardelli's study is

probably d)b, in large part, .to averaging of movements

across all subjects. . »

: - #
This method of data analysis has also been employed by

Benecke et al,(1985) who have recently demonstrated changes

in Agl duration with both movement amplitude and inertial
loading. Twenty degree rapid flexion movements about the
elbow were associated with burst durations of approximately

r

80 ms while for 808. deg movéments, burst duration was

<

appioximately 142 ms. For intermediate movement ampli-
- .

ntddea,/changes in Agl duration appeared to be graded.
Again,Ahowever, mean ?ursf.duration>for each movement
ampligpde was obtained b§ poéling ofuaveragéd data from
several subjects.

It is important to note that, in comparing mevements

made about different joints, limb inertia must be taken into
' . a}
: Y 1

‘J

. N4
account. Most of the studies exa%ining movement. injtiation.

have focdssed‘on%ﬁoqements about the finger, thumb, wrist or

g ‘ X »

elbow. For each of tﬁese movements, the load which must be
overcome in order to accelerate the limb is clearly differ:
ent. For mgvements‘involving.smalI loads such’ as movement’
about the thumb, changes in Agl duration may not become

apparent until moyement amplitude appr&ébhes the full range

of joint rotationX With the exceptiom of very la}ge
- »
‘ .
movements, modulatiohiof Agl magnitude.may_pe/%uffjcient to

‘produce increases in initial force output demanded by
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o

increases in movement amplitude. In contrast, the present

) study has shown that, for movements abouyt the elbow, only

twenty per cenmt of the total excursion range need by
. -
utilized in order to produce a doubling of Agl duration.

’,

B. Fine structure of Agl

The change in- burst duration with movemeﬁt amplitude is
s not graded but océurs in multiﬁles of approximately 78
ms. This is due to the presence of a second discrete
bhurst of agonist aétivity immediately following the initial
period of agonist activation. Both components of activity
are part of what has been considered for the last 85 years i’
to be the "initial impulse"™ (Woodworth, 1899) or the initial
agonist burst of éhe triphasic EMG pattern. The second
component is completed well before the mgvement reaches peak
velocity and before the oecurrence of peak antagonist
activity (Hallett et al., 1975a). Thus the second component
is clearly distinct from the second "burst. of agonist
activity which 6ccurs during the deceleratory phase of the
movement. In addition, both components of Agl ceriginate in

the same muscle. T was confirmed /by intramuscular

recordings from the'lPiceps muscle which, for flexion

.

movements about the elbqw, showed a grouping of multi-unit

activation into two discrete time periods corresponding to

' )
the two component pattern seen in the accompanying surface




161

EMG records. The appearance of individual components’
/
comprising Agl has recently been confirmed for large

amplitude movements about the elbow by Benecke et _.al.

(1985). . ’ .

~

C. 'Central determination of Agl duration ‘

Changes in burst duration with movement amplitude were
o’

clearly eQident in a functionally deafferented patient.
Although individual components of activity were not seen in
single EMG records, the change in burst duration with
movement amélitude occurred in a manﬁe: comparablg to thqt
seen in normal subjects, Small amplitude movements (6 and -
12 deg) if the patient had a meén burst duration of 65 ms -
compared wi{h a mean burst duration of 67 ms for pooled 10
deg movements in normal sub}ects.. In both the deafferented
patient and normal subjects, intermediaté amplitude move-
ments (36 deg -~ deafferented patient; 38 deg- normal
subjects) had a mean bu;st duration of 136 ms. Of interest
here is the observation th;t, in the deafferented patient,
large amplitude movements (6é deg) were initiated by even
longer duration burst; (approximately 200 ms). Whereas in
normal subjects a doubling of burst duration occurred, ghe
deafferented patientlexhibited a tripling of duration as

movement amplitude increased from}é to 66 deg. Since, in

porma} subjects, doubling of burst duration is. due to

1
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the "recruitment" of a second component of activity, it 1is

‘suégested that the chahge.in burst duration seen in the.
deafferented patient is the result of recruiting one or more
components each having a duration of approximgtely 70 ms.
Previous studies have indicated that Agl dura;?bn in
deafferented patients remains constant (Hallett et al.,
1975a; Rothwell et al., 1982). In’Ha;lett‘s study, howeveg,

- - only 20 deg elbow movements were examined. Simila}ly, for

thumb movements (Rothwéll eQ’al., 1982), amplitudes were

restricted to 25 deg or less and thus do not reflect the

. . full range of movements possible about the .thumb joint.

IT Modulatipon of Agl by peripheral feedback

’

A. Effécts of perturbationsffpreceding movement onset

It is clear-from the résults of the present-study that
duraigon of Agl increases with movement amplitude.’ More

‘ importantly, this increase is not graded but occurs as a

doubling of. burst duration due to the addition of a second
burst or component of phasic activit;. Thﬁs it 1is né longer
- possible to consider Agl duration to be &n invarwt subunit
of the descending motor command. The work presented here

has shown that both components of Agl can be modified by
peripheral feedback. Pe;turhations exert a differential

.

effect on both component&:— perturbations which oppose

- = -

’
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movement Jload) increase the magnitude of both components

while perturbations which assist the movement (unload)
increase the first component and decrease the segond. It-is

e clear that the two components do' not act as a single unit’

since the response of the second component is not linked to

the response of the first qompohent. Thus both coﬁponents
pompris%gg‘Agl can ?e considered to Qe indepenq?ntly .
controlled subunits and, at least for large amplitdde
movements, represent a double pulse ra#her that one large” o
- pulse as previously thought. L. o -
The duration of the.individual compbnents.(pulseé) appears’
to be relatively fixed. While overall duration of Agl could ‘ .
be effectively halved by large unload'gartufbations;'the
- duration of the "indjvidual components was re}ativelj
- constant. Thus the- duration of the first;component was
approxiﬁatelx 70 ms whether or not the ‘second component
- was present, In small amplitude ﬁovements where only orie
~oomponent was present,~perturbat19ns preceéing movement'
resulted only ‘in changes %g_Agl'magnitudeQéutynot ddra£ion.
P Althoégh Agl duration as & whole’is not fixed, -the durations

of the individual components are. Given the present

observations that Agl is comprised of separate components of i '27
. activity, approximately 7¢ ms in-durafion, and which'are

independently regulated,(it is sudgested that stheseé compoh—
1 » ‘ ‘ .

—

ents represent the invariant subunit of the motor program.

. . - . . . "
A? initial burst of approximately 7¢ ms can be thought of as

-

A s j ,\
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sthe minimal pulse duration which the motor system can

produce for initiation of movements about the elbow.

»

Previous studies have been inconclusive as to the extent
I N

. [y ‘ .
to which Agl magnitude can be modified by afferent feed-

e back. Garland and Angel (1971) “reported that passivé

)

shortening of the agonist muscle prior to shoulder adduction

.

did not affect Agl magnitude. Hallett et al. (1975a), ’

hdwever, found  that extension of the elbow before onset 6f a,

IS

., fast flexion movement did result in an ‘increase in Agl
maénitude. Observations from preliminary experiments
~ & ~ .

Preceding the- present work (Brown and Cooke, 1981lb) indi-

, : cated that brief perturbations applied prior to movement

* -

onset altered only the late, part of Agl. The lack 'of any

change in the first component in. this earlier study may be
- . - "’.‘ . -

explained by two giftprs. First, these movements were
relatively ‘fast aﬁd'bf la;gé-amplitude. Thus it may not
have‘been possine p6 Ygrtqg}_increase motor unit actiqiiy
durihg the tiheiéorfeépqnding,tg'the first componént.
Ce}taiﬁly, in the pregént sthdyﬂlincreasés in the first
_componént with loadfng\and uﬁloading of fast movemgnts

. were not as Jreat as those Seen ih slow movements. Second-
s R ‘
ly, data averaging emiployed in the earlier work may have

obscured slight increases in the magnitude’ of the first .

& .

"component. ' ’

. . ,
" © ' It is important to note here that the responses to
perturbations, either loading or unloading, were related to

s ) :
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> uqloading perturbations showed only slight increases in the

. following the perturbation. This is the time when short and

'1956; Hagbarth, 1967; Tatton and Lee, 1975; Thomas et al.,
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the subjects' ability to "ignore" the perturbation and move
according to the instruction given. For instance, movements

in which the subjecg'drifted into the target following large

S

firsg component. .However, the reduction in velocity and
increase in;movément duration of “these movements clearly
indicated that the subject had altered his strategy and was .
no longer following the instruction.

Hallett "and Marsésn (l9f9)'reported that perturbations°
occurring pr;or to,ths onset of rapid thumb movements
elicited reflex increases or decreases in Agl magnitude
depending on perturbation direction. The present stuéy
indicates that the response to pérturbations is nbdt mediated
via refléx mechanisms. The lack of apparent short or long
latency reps?nses following loadiné of’the appropriate
muscle is cgnsistent with earlie; observations’(Brown and
Codke, 1981b) . In this study, load perturbations applied

prior to movement onset did not elicit reflex activity in ;f

the agonist muscle in the time period from 28 to 88 ms

.
-

Ilong latency reflex activity would be expected to occur
(Hammond, 1956; Lee and Tatton,” 1975; Hai&ett and Marsden,
1979). The effects of vdluntary intent on both shb4t and ‘\
loﬁg latency reflexes has been well décumented (Hamﬁond, . v

-

: . . N A
1977; O'Riain €t al., 1979; Rothwell et af:, 1982). In
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these studies the presence of short and iong 1aténcy reflex
responses depended on how the subject was told to respond to
the perturbation.l It is reasonable to conclude that the

instruction "do not correct for the perturbation" in the

present study effectively gated long latency reflex activ-
ity. The relatively relaxed state of the subject's arm no
doubt also contributed to the absence of any observable

reflex activity.' Similar findings have ‘been teported

by Hallett et al (198l1). They showed that brief perturba-

tions preceding voluntary contraction of the thumb flexor

-

' muscle did not elicit short or long latency responses as

long as the muscle was relaxed prior to movement. While the

.

~ absence of reflex responses'd%ring the time between perturb-

-

ation onset and movement gnéet appears to conflict yith
observed increaées in,spinéifexcitabiiity 30 - 100 ms
_prior to movement (PieertJDeséill{gny and Laﬁcert, 1973;
Michie et al., 1976; Hayes and Clarke, 1978; Sullivan,
- 198@), the present findings may simply reflect instructioﬁ -

-dependent modulation of reflex activity.

.

The contribution of long loop reflexes to perturbation

" induced changes in' Agl is cénfounded, however, .by the

v

‘observed. reduction in movement response time. Althoudh-’

- "analysis of~the.timé between perturbation onset and onset of -
- Agl showed wide, vawjation in response time, averaging of ’ ,

A, data revealed an overall decrease in response time compared )

to control values. This has recently been reported for

S /

a,
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similar trackinq tasks about the elbow (Day et al., 1983).
When a brief stretch was applied to the agonist muscle

during tHe'period following an auditory cue but before

.

movement onset, reaction time was significantly reduced.

It is well known.in the psychological literature that
- *

stimuli of different modalities. which pccur‘in close
temporal proximity to each other willf reduce reaction time.

This phenomenon has generally been described as evidence for

’

iﬁtersensory facilitation (Bernstein et al., 1969; Nicker-
son, 1973; Michie et al., 1976). 1In the present study, the

application of a kinesthetic stimulus_(perturbation) soon
. .

after the ptesentation of the visual "go" étimulus (change
e . . .

in target position)’ may thefefore have contributeq to the
. .

. observed *reduction' in reaction time. Because of the

decrease in reac;ioﬁ time, the poskibility exists that

-

long loop reflexes were, in fact, elicited by loading but .

wefe obscured by movement-related EMG activity. This might

Y

explain the increase in the first'component with loading

.

but, of course, fails to explain increases in.magnitude

. -

foffowrnéﬁunloading. However, the time relationshié
. 13

~

between. Agl onset and movement onset in individual move-

ments, and the timing of both components in relation to the

5

movement profile, strongly sSuggest that Agl, as defined in

perturbed movem?nts, is equivblént to the pulse of actizity

-~
L3

‘tesponsible for initiation of codtrol ‘movements.

NEd

What is tpe functional significance of these perturba-

L . X ,-,

b3

+
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L4 .
\ tion® induced changes in Agl?- %he incréase in both compo-
nents with loading wés appropriate considering that the
‘perturbation moved the arm away from its intended target.
‘"The increase in the first component with unloading, however, .

s appears inappropriate since the perturbation moved the limb

towards the intended final position. However, this increase

- L 4 . I . .
was coupled with a decrease. in the second component.which,

1

. : . 2
for large perturbations, often reg;lted in its-+complete

suppfession& The net result of these changes would be a

N 3

large, short duration pulse of activ&tion which, would be
apprépriate.to accelerate the %imb rgpidly and move ié the
shorter disténcé to the target within éﬁé'same tim¢ span as
in;c;nérol movements.

While both Agl magnitudé and durat;on were modulated in
a functionally appropriaée way in the large ampl}tude movem-
ents, orly magnitude was moduiaEed in small @3yements.

Invariably, 15 deg movements had initia¥ agonist bursts

. comprised of only one component which increased in magnitude
following both loadirg and unloading. More impartantly, the

duration of this component was not altered despite the arm

being moved toward the final target‘wifh unloadingl Thus

0

the increase in magnitude of the first component, regardless

~

-

of'perturbation direction, may reflect a constraint placed .
on the.central qervou§ system. 1It'ﬁ5y be, for example, that
. the jnitial drive to the muscle .- the first pulse or

<

compohent of activity .- is tonstrained to increase in the

~

[ [ ¢ .
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- faces of, an altered peripheral state prior to movement and
that, at least for large movements, appropriate modulation

L}

of the second combonent subsequently occurs. In this sense
it may be pogsible to consider the increase in the first
component following loading.and unloading as a triggered
fesponse.KCrago et al., 1976) but timed so as to coincide
“with voluntary, movement-related activity.

B. Modulation of Agl by changes 'in initial starting

position’ :

*

s

In geﬁeral, for flexion movements about the elbow, the
magnitude of Agl increases as joint angle increases and the

limb assumes a more extended position. "In some subjects,
A

however, a net increase in initial agonist .drive was
obtained not by increasing Agl magnitude but by decreasiné

.antagonist activation near the start of movement. 'Thus
. ’ g' ' ’ P o ) ’
- adjustments for changes in initial starting position -are .

- F

achieved by altering the relative activity of both agonist
. ‘ —
- - .

ad% antagonist muscles.
Under isometric conditions .EMG activity is a measuare of
muscular force (Lippold, 1952; Bouisset and Goubel, 1968;

Milner-Brown et al., 1973). 1f, in the-isotonic situation,.

the driving- force responsible for movement initiation is

reflected by the magnitude of Agl, then position-dependent

’

changes in the magnitude of this burst must reflect changes
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v -

* in the amount of force used to-set the limb in motion. One
explanation for.the increased'égonis;.acﬁivity in extended
positions might‘simply be that more aéonist drive 1is
required to overcome the iqcreased.ton;c antagonist activity

associated with 1limb extension. ~ It has been shown that the

level of tonic muscle activation in antagonistic muscles

vafies with joint anle ({Lestienne ét al., 1981;'Cooke and
Brown, 1983). I1f, for e;ample, the forearm 'is held in
prsgres;ively more extended positions, tricéps activity
increases relative to biceps activity. Conversely, as ghé
arm is held én more flexed positions,.biceps‘activity
increases while triceps decreases. The changes in tonic EMG
levels with joint angle reflect tﬂe forceé required to hold
.the limb in different positions in the face of chénging
W e'l_astic force pro.duced by muscle s{:ret;ch. Thus as the limb

v ¢

is held in progressively more flexed positioffs, the elastic

/

-

- ' ' - force exerted by the more stretched triceps increases. "In
\ . ot order to cognterbéiance this and héld the limb stationary,
an increased force must be prd&ucea by the biceps.
‘ It is unlikely that increases in agonist activity
resulted,sole;y‘from increase§ in tonic antagonist activa- ~
. _ tion. Fifst, inFreases in joint angle were accompanied by.
- large ianeases in p@asic agenist drive compared to the muéh
smaller change in tonic antagonist acé{vify responsible for
holdiqgﬂ[he limb in'an extegded‘pogition; secondf'a

« reductio

" in tonic antagonist activity prior to amd coinci-
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»

dent with Agl was_ofted seed as the limb become- more
extended, Since tonic aptagodist drive exerts 'a force .
opposing. movement, ; red;ction in this, drive wéuld‘actually ‘
augment. the force produced by the agonlst Third ‘redueing .

the level of ton1c antagonist exc1tat1on by changlng the

passive equilibrium position did not prevent the position- ,
depepdedt inbreases in ‘agonist burst magnitude. This
increase, however,dwas not as great as -that observed when

tonic activation of the antagonlst muscle was requlred to
Px
hold the limb .in an extended 9051t10n, suggestlng that‘tﬁe

increase in Agl magnitude -is partly related to\position—de—

%

. pendent changes in tonic antagoniet activity.

. It is also poséible that incieased agonist activity.
.. ‘ -~ » - - i #/ . .
associated with différent starting positions was related to
» . ) : . ' e
changes in the length-tension properties:‘of the biceps ,

. i muSc}e. The amount of force, which a muscle Eéh éiodﬁqe will
depend on the length ofgthe_muécle'(kalston et Q{f,’@9§7;
-Gordop et al., 19§6LL' For muscle lengths,lees'{?aq resting .
‘length, this relatiwnship is primarily "due to fimitations
1mposed on vross brxdge format1on while at 1longer muscle
' ‘ | '1engths, changes 1naéass1ve elastic forces contribuke

e
sigmificantly to the total force the musclie produces.

If the pasSive equilibrium position of the arm is equivalent

to the resting length of those muscles acting abou? the

\ -

elbow, then it would bé expected that this position would .o

. * represent the highest point on, the length~tension curve.
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i : Consequently, at this position the muscle would produce‘the
greatest isometric force for a given legvel of muscle

activation., Assuming that movement initiation must take

/ into account the inherent ability of the muscle to produce a

B given force at a particular length, one might expect
. g -
v~  movements made from the biceps equilibrium position to be

assogiated with a smaller Agl. In the present study,

‘

’ minimal agonist burst magnitudes . occurred at approximately

75-85 deg. Since the pass{ve equilibrium position of the

2

. arm is approximately 80-9¢ deg (Lestienne et al., 1981;

’

Cooke and Browd, 1983), it may'>be that at this position
minimal agonist activity’does reflect maximal forece output,.
'It is difffcult, however, to ekxplain the 'large ing}éases in

: agonist burst magnitude at increased joint angles on the

Basis of decreased tension production at’ longer- -muscle’
! _ lengths. 'With prior stretching’ of the muscle the tension

developed will-réflect not only the.activeften;ion due to
= cross-bridge formation but alsoc a passive cqmpon?nt'due;ﬁé
stfefcn of«therpararlel\elastic structuies: " This: additive

P ' .
! effecg'reSqits in a flatﬁénjng of-fhe‘leng;h—éension

.

curve, ' o y
. » - * - . P

A more likely gxplanation for the increase in’Agl magni-
L tude 1is related;tS the loss of "méch@niqal advantage" as
» ‘ . . T .

joint angle is incrgased. The maximum torque which cen_ be

produced by contracting muscle will depend on both the .

mus @ moment arm and total muscle force. Thé total force

-,
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E applied alonq the biceps can be resolved ‘into two component
o . vectors: one which acts along the kfngth of the forearm

contributing to elbow stabilization and one perpendicular to

the forearm which is responsible for movement Ebouf the
.elbow.. Anatomical studies have shown that the actual
moment arm of biceps in humans is twice as lérge in midrange
positions compared td fully extended positions (Amis et al.,
1?795 An et al., 198%). Several studies have- illustrated
the combined effects‘of changes in both muscle length and
moment arm on tension developed. by fhe'contracting muscle.
For'isome;rié biceps co%traction, is has éeen shown that
torque is.mid}mal ih flexed and extended positions and is
p maxiﬁal near @he-miérange éf movement (Doss and Karpovich,
.1 1965; Singh and Karpovich, 1966; Komi, 1973). similag’
telationships\ha&g Seen found to exist” for kne? extension
mgvemenis (Mogi;z et al., 1973). Since both rotatory forcé
asfwéll’as biceps moﬁent arm decreasés in maggitude‘as elbow
angle increases, a greater agonist Arive to the muscle is’
_therefore required in thé more extended positions ;3

. . . -
cgmpensate for the decrease in. torque.

Although changes in the in.dtial drive to the agonist
MR - ‘ m';.

4 " muscle was the most prqminént featufg.following éhanges in
joint angle, it isaimportant éo realize fhat compensation
for'alfered ldmb mecganics can be effected by modulation of
either the agodist or antagonist muscle or both. While

; . increasing agonfst drive is perhaps, the most‘obvious way in

’ : / . I4

°




: A 174
2 increase force and thus compensate for a loss in mechanical .
advantage, it is also possible to increase force by main- s
/- )

/ .
- taining a constant phasic agonist drive and, at the same

time, decrea&ing antagonist activity. Thus 1t 1s the

’

relgtive-actithies of opposing muscles "which- must be
adjusted so as to produce a ériving.férce apprdpriate fo?
the changes in mechanical conditions. 1In static positioning
» ’ tasks, for example,-changes in the relat}we activity o§
opposing muscles acting about the eibo& are_respoﬂsible for
- holding the arh in"diff;?ént positions (Lestienne et al.,,
1981). In the case.of movements made from different '
v\\;’ positions, compensation for angle-dependent changes in limb
‘ @echanics isTélearly goal-directed. .Given the instruction
to "make movements the ‘same way",.éubjecté were able to
closély matéh movemené trajéctories once a particular
pattern of EMG modulation had been adoptdd. It is possible
' then to consider movement trajectory as the actual pro-
'grammed variable underlying these particular movements (cf,
s cgoke, 1980a,b) . . Thus‘EMG m;dulation, esSpecially of phasic Y
aéonist drive, appears to Be more éoncerned‘;ith moving t%e

-’ .

T &}mb along.a predetermined path rather than compénsating for

angié-dependent force changes per se.
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.

.III. Relationship between phasic EMG drive and movement

trajegtorz

. The results discussed so far have shown that the number
¢ N

of components comprising Agl depends on movement amplitude.

However, other experiments indicate that Agl duration does

: not depend on movement amplitude but rather on the relative
. -

durations of the acceleration and deceleration phases of the

4

b movement.

In movements with the same amplitude, peak velocity and

movement .duration, changes in the ratio of acceleration

duration to deceleration ration (movement ratio) produced

.

movement profiles of va ying degrees S?Wasymmetry. Individ-
ual, movements with al symmetrical profile (ratio = 1.9)

showed a multf—component structure of Agl similar to those

.

Qf seen in step-tracking movements (cf. Fig. 33). Short
acceleration movements 4{ratio < 1.¢), however, were init-

iated by initial aéoé&s; bursts having only one component “

@

despite the fact that movement amplitude, duration and peak

-

velocity.did ndt change. Long acceleration movements (ratio

>'1.8) were associated with prolonged agonist activity.
This often appeared as a combination of tonic and phasic
changes in the initial agonist drive.

» ~

Although the fine structure of Agl as well as its

‘temﬁbfak'relationship to movement pmrameters such as

3 3 ) ,
P Al
. *
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movement onset were qualitatively similar in‘both tracking
paradigms, the dufgsion of Agl assogdated with symmetrical
and short acceleration movement profiles was greater

compared to Agl durations associated with s?ep—tracking

movements. Minimal base duration increased from approxi-
e

mately 78 ms in step-tracking movements to approximately 1060 .

ms in phase—élané tracking. Despite this increase in pulse
duration, several éubjects (ef. Fig 32 A,C) exhibited a

. step-like change’in Agl duration with movement ratio. Thus

for movements about a given jo’t, it may be possible to ,
change the minimal pulse duration depending on the task

requirements.

Onset of-phasic antagonist activity was also affected by

changes in movement ptofile. Regardless of govement ratio

¢

‘(and qgnsequently Agl duration) onset of the antagonist

, burst closely followed the termination of Agl. This may

1

suggest that onset of antagonist actithy is determined

v
b4

primarily by Agl duration. The change in antaqonist\gpset
* in movements of the sdme peak %elocity suggests that. timing
\\\ of phasiciaﬁtagonist activity is not de%ermined'by movement
speed as has been sugges%ed Ry other inveséig;tors (Lest-~
“ienne, 1979; Marsden et al., 1983) but rather by the
/;elative durations of acceleration and deceleration.-
v " The effects of changes in movement profile were perhaps N\

most dramatic with respect to the second agonist burst, 1In ’

symmetrical, step-tracking movements, late agoniét activity

i
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is often poorly Wefined and. consequently ﬁas not been

-

»

subject to rigorous analy?&;. ThlS burst o}~agpnlst
s

"activity 1is generally thought, to- be characterlstlc oT’

N

relatively fast _movements.wh,erei 1t_ a‘ to stablllze the
™Y . - B

limb .following movement termination GGhez and Martin, 13ﬂ2;

»

Meinck et al., 1984) The pfesent re%urtsfindicate¢5

v

however, that movement speed - 1s not the %rltlcal factor

in determlnLng the presence and magnltude of" the second

! )

adonist burst. Virtually no late agonlst act1v1ty was!
a .

observed in short acdeleration movementsw Ln,contrbst,' ong.
. 1 . - ' - - .

acceleratfoq movements of the same peaki velocjty were
-~ o . BRY
consistently characterized by large phasic bursts 8f agomist

activi®y beginning after the time ef peak wyélocity and

lasting throughput the deceleratory phase. This sugges ts{ *

. - . ‘
that the second agonist burst, as sedn with the: timing of

-

the antagonist burst} is net related ‘to movement ampl itude

or speed but rather to the charact:>1§t1cs qf-the mayement o

1

profile. There was often’ agpartlal ovetlap between late

3

agonist activity and the antegonlst burst. This coactiva-

- )

tion of both agonist and‘antagon%sijmdecleé'wduld increase

- -

~Jjoint stxffness and thereby decelerate the 11mb more

rapidly. This would explaln the complete lacktof late

-

agol;st activity in short acoeleratlon'i long* deckleration
. 4 -

¢
an

- . -
o L]

movements.,
L~

.

* Previously, all studies of movement—related;EMG activity

have been conceruned with step-tracking movements which are

» “ L

4 v -

-,

7

FJ

.

-
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- of experiments were performed. In the frrst, brief perturba-

' Vol 89
ments, the target bar display was turned off before initia-

tion of each flexion movement. Mean durations ofLAgl were

.

62 + 22 ms . for 6.deg movements.

{
II. Effects of peripheral feedback on the 1nitial agonist ,

-

»

burst .

">The results 1n the preceding section show that, for .

‘large amplitude movements, Agl consists of 1ndividual

subunits or components of activity. Furthermore, the change
in Agl duration resulting from the presence of one or more
components does not depend on 1nformation arising from the

periphery. To determine 1f these centrally generated

components could be altered by peripheral feedback, fwo sets

- -

-
-

tions were applied 1mmediately prier to the -omset of

movement. In the second, the effects of changes in initial
starting position on Agl wére®examined.
&
. # N -

, ~ . A T
.

- “

A. Effecgﬁrof;perturbat1ons preceding movement on Agl

- .

s Y . . .
. Loy
A

‘1. "Changes in Agl magnitude and duration - o -

>

- - A s !

. B . Coh :
Brief (50 ms) torque pulses whjich either loaded or

¥

’
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characterized by symmetrical movement profileés. The results

/ -, L.
presented here, however, illustrate that the timing and

intensity of the various components of the triphasic EMG

.

pattern can be independently controlled by changes'in the

relative durations of the acceleratory and deceleratory

~phases of the movement. Clearly, the.planning by the

central nervous systgm of a reciprocally organized pattern
of agonié;’and antagonist muscle activation will depend on

how the movement is to be made.

’
2

IV Programming of the initial agonist burst

The view has béen widely held that, 1in order tO‘producé

movements of different amplitudes and speeds, the central

a <

" nervous system is constrained to modulate the magnitude of

v

Agl over a fixed period of time. The preseht studies have

shown this - not to be so. The central nervous system has, 1in

fact, two mechanisms\\by&which the acceleratory force

produced by the contracting muscle can &° varied - namely,

- -

Agl magnjtude and dpration. Although the change 1n burst

" duration is centrally detérmined, it 1s clear from the

- >
results of perturbatien experiments that Agl 1s accessible

to modification prior to movement initiation,

Of particular interest is the finding that changes in

‘

Agl duration are effected through the "“recruitment" of

-

N ' ~ /\
4

”



individual subunits or pulQes of activity. The duration of

these subunits appeared to be relatively immune to peripher-,
* .

> al feedback.” This suggests that these separate pulses of

activity may, in fact, represent a programmed component of

thre descending command underlying movement imitiation. One

]

can _only speculate as to the functional signficance of a

pulse duration of approximately 7@ ms in duration, It 1s

possible, perhaps, that activation of the motoneuronal pool
’ * ’ . .

for this period of time may represent the: most efficient

means of closely controlling muscle fdrée; poss1lbly by’

taking advantage of summation properties of a pérticular

population of slow and fast -twitth motor units.

.

The question arises as to where these components or

pulses of 1initral agonist activity are generated wrthin the

central nervous system. To date,' there have been no

3

published reports of neurcns 1n primate motor cortex which

exhi1bit a biphasic discharge pattern prior to movement
- . . ..

initiation. However, area 4 neurons which are ‘acti¥ated
prior to rapid elbow movements have been found to exhibit
fractionation of the 1nitial cortical burst (Jennings,

personal communication). Given 1ts role 1in regulating the

- .

timing of phasic, movement-related musdle activity, 1t is
tempting to speculate tg!t the number,K of components compris-
ing Agl are determined by the cerebellum. This would

involve the generation of one-or more components of agonist

activity depending on the characterjétips of the ‘intended

179

s
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movement. The response-of 1ndividual components to unex-
pected perturbations suggests .that such modulation may be

under cerebellar control. The cerebellum recei&kf‘not only

a copy‘of the descending motor command but also receives
continuous infprmation from perlpbera} receptors incfudlng
muscle spindles. 'fé1s ?llows the cerebellum to act as an
"comparétér" of central and peripHerEl information (Oscars~

son, 1973; Allen and Tsukahara, 1974) and, 1in the particular

case of movement initiation, would pérmit corrective

updating of Agl prior to activation of the agonist muscle.




SUMMARY - ) .

1, The initial burst of agonist EMG activity assoclated
with visually-gquided, step-tracking movements about the

elbow were studied. Experiments were conducted to examine

~

the effects of movement amplitude and peripheral feedback on
initial agonist burst duration and magnitude. Expdriments

. § B :
were performed og a total of fifteen normal subjects and oné
-/

deafferented patient.

-

L]

2. Duration of the 1nitial agonist b®rst was greater for

/ :
large (4¢-5@ deg) than for small (5-28) amplitude move-

ments. Burst duration was not continuously graded but was
>

either short (approximately 76 ms) for small ampliktude

" movements or long (approximately 14¢ ms) for large amplitude

movements. Movements of intermediate amplitudes (20-30 deg)

were made with ei1ther short or long durationm initial

agonist Bhrsts.; This pattern of change 1in burst duration

7/

was seen 1n both fast and slow movements and 1n all eight

sub'ects examlned, :
) ) ¢ L) . ©

-
3. The 1ncrease 1n 1nitial ragonist hurst duration assoc- *
. ) v TR . o . '
iated witn 1arge‘ampkitude movements was . produced by the -
- ) .

.
.

appearance of a second ,peak or component of agonist activ-
. . . ‘

» - . .

ity. Both components were approximately the same duration

s

movement peak velocity was reached.
[ ]

.

and occurred befor%

N -

’

181
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Intramuscular recordings from biceps brachii showed that
poth components of the initial agonist burst associated with

flexion movements originated from the same muscle.

4. The magnitude of the first component increased with

' .
movement amplitude. When the second component appeared at

intermgdxate to large movement amplitudes, the magnitude of
both components increased in paréllel with further 1increases
s ,

in movement amplitude.

5.' These observations show that, in contrast to previously
held viewsﬁ the cénéral nervogs systém has a second mechan-
ism for altering the iﬁipla; drive to the agonist muscle.
In addition to moduiatlng xnit1al~agonist burst magnitude,
Hurst duijtion is also modulated by the generation of ;

second component or pulse of agonist activity at the start

of movement.

6. To determine if afferent feedback.wag required for the
modulation of 1nitial aéonist burst duration, similar
experiments were performed in a deafferented patient. Th;
patient had been functionally deafferented for five years,

having no touch, vibration, pressure J’ kfnqsthetic sensa-

tion nor any tendon reflexes in the four limbs. Pain and

‘temperature sensation were intact and motor fibres were
. ) )

¢

unaffected. "For flexion movements about the elbow, 1nitial
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-
3

agonist burst duration 'imcreased with movement amplitude.

”

Burst duration was approximately 65 ms' in small movemerts
- - 4

(6-12 aegr, and increased to 136 ms in intermediate mdve-
ments (36 deg) and 208 ms in large (54-6¢ deg) movements.
Similar changes 1in burst duration with mo§ement amplitude
were‘seen when non—visually—gulded)movements were made.

e

LY

7. It is concluded that changes in initial agonist burst
duration are’ centrally determined and do not depend on

information arising from_ the. periphery.

-
.
» R
BN - ot
4

. .
a second set of experiments, the effect of unexpected

8. 1In
peripheral disturbances in modulating the idigial agonist

burst was investigated. Brief (50 ms) torque pulse perturb-

’

ations were randomly applied 1mmediately prior to movement
onset. Perturbations either opposed (load) or assisted
.

(unload) the forthcoming movement.

14

-

9. In 3@ deg movements1.§oad perturbations caused both

-

components of the initial agonist burst to iﬁcrease in
. .
magnitude. 1In contrast, unloading increased the magnitude
of tﬁe first coﬁponent but decreased the magni‘tude of the
second. Changes in cémponent magnitude were graded wtih the
- . .
size of the perturhation, large perturbations causing &

greater change in component magnitude than small perturba-

tions:s These effects were ‘observed in both fast and s)ow
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movements and in all five subjects examined.

, .
19. Durations o¢f the ind1vidqal components were relatively

»

# unaffected by either 1load or unload perturbationsf In

general, however,,K movement response time (onset of ‘the

- v

* initial agonist burst relative to the signal to move) was
decreased in perturbed movements compared to control

movements,

11. The effecté of perturbations’ on the initial agonist

" burdf provided additional evidefice that the initial agonist
burst is comprised of individual subunits of activity which
can be independently modulated by the central nervous system

-

prior to‘moyement. a

12. In a third set of experiments, the effecﬁs of changes

in initial elbow position\on movement-related EMG activity

(S .

were examlned.‘hgivé Euﬁjech made relatively slow,ﬂstep~

trééﬁing ﬁovementg from starting positions ranging from 65
to 125Adeg (joint‘angle). ) .
. , : | )

. ' 13. Iﬁ}general, thé magnitude of the initial agonist burst

associated with fléxion'movements increased as sgtarting

jgosition became more extended. This i&ctease in initial

’ R
agonist’ burst magnitude occumred in both small, one-com-

o g
ponent (1@ deg) and large, two-component (44 deg) movements.




14. 1In one subjéct, little change in Jinitial agonist burst

\

magnitude was observed across”d!fferent starsing positions.
. However, movements made by this subject were accompanied by
greater antagonist iﬁqibition occyrring prior to movement

. ” )

'

Qanset as compared to other subjects.

A

4

15.° Movement (phase~ plane) trajectorles assoc1ated with

dlfferent ;tartlng positions were not altered desplée large

differences 1n‘1n1t1al agonist burst magnitude. It is .
therefore hypothésized that the change in EMG activity

associated with -movement initiation '(either an_ increase 1in /

agonist activity or a decrease in antagonist activity, or
both) compensate for angle-depgsdent Chahges in limb

mechanical propertie's so as to maintain a prelearned

(-

movement trajectory.

-

-

- " 16. Experiments utilizing a phaseTplane-trackund°paradigm
were conducted to examine the relationship between phasic

EMG activity and movement trajectory. In these experiments,

9

movement amplituaeﬁ peak velocity and movement éﬁration'were

kept constant while altering Fh? ratio of accelergtion

) duration to deqeleratioﬁ durétipn. : . ' L}
- ' ' ~

17. Changes in thg ratio of acceleration to deceleration

'
duration affected the duration of the initial agonist burst,

[ 24 i - . . -




RN

) ’ 186

.

§

the onset of phasic antagonist ac:;?;;x and the magnitude of

late agonist activity. As movemant profiles progressively

A,\sﬁifted from short acceleration, gong deceleration movements

o

‘ to.long aéceleration, short deceleration movements, the

'3

Vduration of the initial agonist burst increased. In
addition, phasic antagon%st activity was delayed relgtive to
mo@ément onset. Pronounced increases in¥the magnitude of
late -agonist activity were associated with long accelera-

tion, short deceleration movements.

k)

£y
.

18, These findihgs suggest that the timing and magnltude'of
movement-related EMG activity are not related to a single
movement parémetér such as amplitude or speed but rather to

the profile of ethe intended movement.

_;)
.



APPENDIX A .

(4

NOTE ADDED UPON FINAL REVISION
During the course of this work and its examination within
the University of Western Ontario, there has been considera-
ble discussion about the statistical treatment of data. The
reader is referred to recent papers (Cooke and Brown, 1985b;

Munhall and Kelso, 1985) for an analysis“of the different

points of view held on this subject.
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