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Abstract

‘Regulation of velocity and amplituae in 'ballistic’

reciprocating movements- and ;egulation of velocity in
, ak _ ' ' ‘ S
'ballistic' flexion movements of the interphalangeal joint

r c-

of the thumb were‘investigated by examining movement

'

‘trajectories' tterns of activity in the e§tensorvﬁ
pollicis longuWgEPL) and flexor poll&cis longué (FPL)
muscles. . |
| Subjects performed three t&sks involving regulation of
movemeht amplitudé and/or peak flexion velocity éf |
recigrocating;mo&ements. When a constraint was imposed on
only one of tﬁese parameters there were always strong linear
correlations between peak extension velocity, peak flexion
velocity and movement ampliﬁudef.

1t was noé&fposéible to increase tﬁe slope of peak’
flexion velocity versus moveméntegmplitude by keeping '
amplitude fixed, but the siopelwas reduced when veiocity was
kept fixed. Attempting to disrupf‘the pfefqzed strategy in
thi;v;ay, led to an increase in movement variability.
Constraints imposed on peak flexion velocity did not affect
peak extension velocity, indicating that the two phases of
reciproéaéing movements cpuld be sepafately.regulated.

Reciprocating movements' which were scaled in amplitude
also ténded to be scaled in time. This scaiing was more
adequately described in terms of szcle activation patterns’

than by step shifts in the mechanical propertL§s of the

antagonist muscles.

v
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N

When rec1procat1ng movements were 11nked together in a .,
‘w’

'rhythmlc sequence the relat1onsh1p between peak: veloc1ty and“}
movement amplltude remalned relatlvely unaltered over a

'range of tempos, even though movement ‘time shorte;ed as
frequency 1ncreased Maintenance of the slope of thlS
relationship was achleved by shortenlng the duration and.
1ncrea51ng the amplitude of e.m.g. bursts in both the EPL
and.FPL muscles.

Although velocity was regulated with con51derable
accuracy in 'balllstlc flexion movements, it was apparentlyﬁ
not sensed with the same prec151on, Con51stent velocity
erfors were made wﬁen‘subjects attempted to metch the peak
velocities wnder conditions in which Qhe.relationshiph‘ |
between muscle activity and joint acceletation had‘bee%‘
altered, e.g._increasing the angle from which movement was
initiated or altering the load. ‘

| 4It seems that rather than relying on afferent feegbeck
from pergpheral sensory receptors for information'about
velocity during 'ballistic' movments, subjects are mofe

likely to base their judgment of velocity on sensations

evoked by the voluntary motor command.
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1. “INTRODUCTION

A. Rapid Voluntary Movements -

Voluntary limb movements about single joints can be
broédly classified according to théir speed and the patterns
of muscle activity associated with them. Stetson‘éna McDill
(1923) described three categofies based on speed: fixation,
slow movements and rapid movements. Fixation, refers to -

‘movements of almost imperceptible amplitude which occur when
'a limb is maintained in a fi;ed position. Slow movements
consist of movemen£s in whicb‘a-limb is actively displaced
as the result of continuous activation of agonist muscles
which may be accompanied by varying amounts of activity in
antagonist muscles (Wachholder and Alfenburger, 1926;
Lestienne and Bouisset, 1968). Includéd in thié category are
"'smooth' movements (Hallett et al., 1975a) and 'r;mp'
movements (Desmedt and Godaux, 1978a). In contrast to slow
movements, répid movements, which are impulsive 1in nature,
are characterized by discrete bursts of activity in -agonists
and antagonists (Wachholder .and Altenburger, 1926; Lestienne
and Bouisset, 1§68; Hallett et al., 1975). | &

The pattern of activity seen invagonist and antagonist

musclés auring rapid movements is particularly dependent
upon the nature of the br king process. Rapid ﬁovements are -
generally initiated by a Zwrst of activity in the agonist

muscles which imparts an accelerative impulse torgue to the

limb. If this impulse torque'is sufficiently small,



Lo

l§5;
visco- elastlc forces developed by the 301nt c;; provzde
enough decelerative torque to brake movement of the limb. No
1ncrease in antagonist muscle activity is- requ1§$d unless it
is de51red to decelerate more qu1ckly To limit mc%gment

-.\'..‘

ampl1tude, antagonlst muscles must actlvely part1c1pate in

generating decelerative torque (Lestlenne, 1979; Hotfman and

'Strick, 1982; Marsden-et "al., 1982). When the antagonlsts

are being used in this way, the overall pattern of muscf%'\’

activity is either biphasic or triphasic, i.e. a burst of ¢,

LN
2.

activity in the agonists followed byna burst in the
antagonists, usually foilowed by a second burst’in the
agonists. This reciprocal pattern of muscie activation‘was'
first described by Wachholder andlAltenburger (1926)._15'15'
a characteristic feature of rapid limb movements in which
the momentum is too great to be overcome.by passive forces
alqne. . : he |

However, when braking is provided by the action of a

mechanical stop, there is no need for any active

participation by the antagdnists. In.this case, the movement

can be executed by means of a single burst of activity in
the agonist muScles.(Waters.and Strick, 1981; Marsden et
al., 1983).

Considerable atteREion has been Qéiused on rapid

movements recently, because they have characteristics which

suggest that they are preprogrammed by the central nervous
system, In order to be prepfogrammed, a representation or

program for-a desired movement must exist in the central

4



nervous system priorlco inktiation of the ;movement'. During
execution of the mdvement this program can presumably be
observed as a patterned sequence of activity distriouted
among neuronsdtnrougnont movement-related areae_of the brain
which interact to generate descending command signals to
motoneurons; For a movement to be'fruly preprogrammed, this
activity must be organized in such a.way.that the desired
trajectofy‘can be achieved without the need for
erfor—cdrfecting feedback loope. Thus, a preprogrammed
movement is one which could be executed by the central
nervous system without reliance 6n sensofy feedback from the.
periphery.

& - ;

One reason why rapid movements are believed to be
preprogrammed is because they are carried out in such a
short space of ‘time that it ie doubtful whether even the
“fastest feedback loops from peripheral sensor% receptors
could pronide effective error correction. Even the fastest

; reflex«pathyays require at least 60 milliseconds to effect a
. ;eerrectlng response to a dlsturbance of limb trajectory
(Crago et al.,” 1976; Carlton, 1983). This delay is
sub;;anfTET'fﬁr a movement which lasts only 100-200. )

mil iseconds. Unless deviations from the desired trajectory
could be predicted before-chelr occurrence, by the t1me they

were detected it would beftoo late to correct-them...wii‘

rnFurthermore,ibecause of the" 1mpu151ve nature ofhrapidu

AT \f;'zr , Arq . .
S N “he o\ kR SR o S T ‘,., i . ‘
_ movements, any correctlng 1mpulse would have to occur edarly v
; i’-' ES a I =] fcdoanchd u;:f- E

in the movement in ordef to ‘Pe effectlveﬁ It 'wtthereﬁoceye Wem



unlikely that any provision is made during-rapid movements
for effective error correction,

Keele (1968) defined motor-program as’fa_set of mussle
commands that are structured beforefa-movement sequenceu
begins, and that allow the entire”sequence to be certied euti:‘
uninfluenced by peripheral féedback." While this may be an
operational definition, it is certainly not physiological.
Taken literally, its tange of applicetionfwonld be
restricted to situations in which peripheral feedbadk.had
been eliminated either‘pathologically or as the result of
surgical intervention. Otherwise, it would imply thatv
perlpheral reflex pathways are gated off durlng the '_ f‘ :
execution of the motor program. Even the fastest movementsb
- wthh -@ppear least’ susceptible to the influence of afferent'
activity originating from peripheral sensory receptors, are

never completely 1nsen51t1ve to pnexpected:lqading or- N
‘unlbading,.as Hallett aha Marsden (1979) hané demonstfated,

The‘position taken by Desmedt and .Godaux (1978a) is
less entreme. They distinguish betweén movements which are
continuously controlled in feedback servo fashion usingfl
sensory inputs from the perinhery and movements thet ate
triggered as units which must run their fullfcourse'*without
the possibility of modification.” The.letter are termed

preprogrammed or ballistic movements. This is more in line

. m,“with the view presented above,. that any error- correcting

command which could be_ 1ssued to the motoneurons follow1ng

.

';*movement pﬂsggnwould~be too late to be effective in altering
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the trajector’xof a preproorammed movement.

- “The strongest support for preprogramming of raprd
movements comes_from observations of human subjects with
feuropathies which have resulted in severe peripheral
sensory'loss‘(Hallett et al., 1975a; Rothwell et al., 1982).
«fhese]subjects were able tofexecute rapid target-directed
iimb'moyements quite accurateiy'while exhibitinga normal
pattern ofbagonist/antagonist muscle activation.

Although under these circumstances appropriate motor
activity for rapid moveﬂlﬂts was generated in the absence of
peripheral sensory act1v1ty, this does not preclude the
possibility that sensory feedback plays a role when

{
sensation is intact. Yet, it appea;s,that the short duration

+

of'rapid movements and the relatlvely'long delay between
movement onSetQand subsequent reflex attions of*peripheral,
sensory receptors make it unlikely that’peripheral afferent
activity can significantly influence the\initialnburst of
activity in the agonist muscles. In additionTWthe efficacy
of tne myotatic reflex is depressed‘in both‘agonist and
an@!gonbst muscles during the acceleration phase of rapid
movements (Gottlieb and Agarwal*‘1980 Soechting et al.,
1981), even.further limiting any‘potential role for sensory
feedback. However, during braking the myotatic reflex shows
enhanced sensitivity, suggesting that the antagonist burst
is reinforced by: perlpheral afferent act1v1ty (Soechting et
al., 1981)% This 1s supported by obServations of

deafferented monkeys and humans (Terzuolo et al., 1974;



- . ’ . , - ) . 6
Forget ana_Lamarre,~1982; Jennings and Sanes, 1982) and”cats"
subjected to unexpected limb displacementsi(Ghez'and Martin,
1982). It is possible, therefore, that;peripheral'sensory
feedback is suppressed when its effecti&eness is minimal and

. : . ¥ ’ )
enhanced only when it can be used to advantage.

B. Movement Control Theories o

Two theories on the natnre of the control process
during rapid positioning movements have come into prominence'
recently. The first, which will be referred to as -the
equ111br1um p01nt theofy, or1g1nated with Asatryan and
Fel'dman (1965) and has been subsequently elaborated by.
Fel'dman. (1966a, 1966b 1974a, 1974b, 1980a, 1980b). The
éecond is known as the impulse- var1ab111ty theory. It Qas
orlgrnally proposed by Schmldt et al. (1979) and has since -
been modified by Meyer et al. (1982) Wallace (1981) related
kinematic aspects of the - theory to muscle act1v1ty

“

. Eguilibrium Point Theory ‘ 4“ ~
InvFel'dman;s equilibrium point theory, an analogy. is
drann'hetneen muscles and springs. The acti&e generation of
muscle force is described in terms of the same parameters
used to characterize a sprimy, namely, stiffness and.zero
length. Zero length can be défined in a straightforward
manner for a spring. It is the minimum length. at'which a
spring begine producing force. It is not s0 obv1ous how the

zero length of a muscle.could be deflned Whlle ‘a spring
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begins.to produce force when stretched beyond its zero
’length -éfmuscie'enly begins to actively generate ferce when
its motoneurons become active. A logical link between
motoneuron act1v1ty and muscle length is, through the static
.stretch reflex. Con51der~the exc1tability of‘the motoneuron
pool in a subthreshold state. If‘the'muecie is stretcnea to
a new length, the exeitabilityiyill increase aqe to afferent
input from muscle stretchirEceptors. The more the muscie is
stretched, the greater the afferent input from streteh
receptors. By stretching the muscle sufficiently, the
excitability of the motoneuron pool will reach threshold and
~active genefation of muscle force will beéin. The muscle
length at the activation threshold is its zero length. The
‘Zero length.of the muscle can be voluntarily ;ontrolled'by
controliing the ievelvof’excitability of the motoneuron
pool. The less excitableethe otoneuron pool, the greater
the zero length. |

Active muscle force dep’nds on tne_mnscle length and
the level of vbluntary excit tion of the motoneuron pooi. Ae‘
defined above, zero length is -a measure of voluntary
excitation. Therefore,,a muscle behaves lifefa'épring in
that its active force will be a function og‘stretched lenéth'
'and.zero.length; Unlike a- spring though, this reLationShipv
ié'nét'linear. Asatryan and Fel /dman (1965) measured the
active muscle torque as a function of JOint anble for

different levels of voluntary exc1tationL i.e. different

zero lengths. They concluded_that'eaeh zeFO'iength

q
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determined a unique torquefangle curve and that'no curve

1ntersected any other. They called these torque angle curves

1nvar1ant characterxstlcs (F1gure 1A) Each 1nvar1ant

‘characterlstlc intersects the torque axis at a unlque angle

whlch is the static threshold angle for muscle actxvat1on,

i the jo1nt angle whxch corresponds to the zero length o£v7=

the muscle.

Fel'dman's equilibrium point theory attempts to explain.

the process governing the final maintained state'of'a

'movement He proposes that the f1nal joint angle or

~

-

equ111br1um point is ach1eved by selecting a zero length
whose correspondlng 1nvar1ant characteristic passes thfough
the point in torque-angle space defined hfithe desired‘joint

angle and the actlve muscle torque requ1red for equ111br1um.
) -
When two antagonlstlc muscles -act across a jo1nt the

resultant anvarlant characterlstlc will be the sum of the_

" invariant character15t1cs of each muscle. The zero length _

may be set 1ndependent1y for each muscle, allow1ng varlous

degrees of coact1vatlon for any de51red joint angle.

vMovement can be effected by a shift in the resultant

Y : W
invariant characteristic, The final joint angle will be the

equilibrium point on the resultant invariant characteristic.
The equilibrium’point theary, askpresented,above, does
not describe the klnematlcs of a movement between two ]o1nt-

angles. That would requ1re a descrlptlon of the

transformatlon from the 1n1t1al to the f1nal %nvarlant

' characteristic. However, establishment of the invariant
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characterlstlc determ1n1ng the f1nal joint angle appears

B s

,relatlvely 1ndependent of the 1nterven1ng process (Fel dman,__'

1966b), so Fel' dman concludes that "the maln part of the
central program of the movement seems to be reduced to a

LY

. qu1ck establlshment of the. flnal 1nvar1ant
characterlstlc... (1980b) ’
| Fel' dman (1974a, 1974b) has extended his theory”toi~'
1ncorporate movement k1nemat1cs. To account for the patternsT"
of muscle activity ‘seen durlng rap1d movement from one - Jo1nt N
~angle to another, he proposes a dynam1c threshold angle Tor
musclesgctlvatlon The dynamlc threshold angle represgnts
the minimum length at which a muscle is active for a g1ven/
velocity‘of stretch or'shorteningh Like’the'static threshold
angle which determines the boundary between muScle
'actlvatlon and silence in one- d1mens1onal joint angle space,
the dynamic threshold angle determlnes a threshold curve or:
activation boundary 1n the two- d1mens1onal space of Jo1nt
angular velocity and 301nt angle (Figure 1B) The threshoId'
‘curve displays the,characteristic feature of a reduction in
theshold wﬁéhIAA ihcreasehin the rate of muscle‘stretch,
i. the faster the muscle is stretched theAShorter the
length at which it flrst becomes active. Thus, when a muscleJ
&s being stretched the dynam1cvthreshold is lower than the
;tatic threshold. When a threshold curve is crossed’in one

-

direction an active muscle becomes silent; cr0551ng a

’ -

" threshold. curve in. the oppos1te d&rectlon causes a 51lent

muscle to become actlve. The dlrectlon in whlch the



.
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threshold curve of an agonist muscle must be crossed for
actlvaflon w111 be opposite to that of its antagonist.
One way in which movement may be initiated is by a

-

shift in the dynamlc threshold angles of both muscles such

that the agonlst is -active while the antagonlst is silent,

At some point during the movement the threshold curve of the
égoniSt muscle will be crossed and it will fall silent.
Reciprocal eccivation of the antagonist will occct when 1its
threshold curve is crossed. Towards the end of the movement
the angula:vveloéity will decline to zero due. to the

combined braking action of the antagonist muscle and the

visco-elastic forces of joint, tendons and muscles.

‘Generally, though, movement_will'not cease when the velocity

GEECE

: characterlstlcs enc@mpasses the entlre torgue &ngle space,

feaches zero, but will oscillate before the final endpoint
is achieved. As fhe.angular position and adgulac velocity
Qhange'during these~osciilations, the threshold curve of the
agonist muscle may be crossed again,'reactiveting‘it.
Fel'dman's theory would then provide a qualite;ive

description of the triphasic pattern of muscle -activity’

<

s
N

normally characteristic of rapid movements.
The validity of Fel'dman's equilibrium point theory
hinges. on the existence of invariant characteristics. The

suﬁficiency of their existence to validate the theory makes

Q'lt appeabang Since any p01nE on an 1nvar1ant characterlstlc

- x - o

is a potentlal equlllbrlum p01nt and the set of 1nvar1ant

‘the flnal equ111br1um po:nt must be on an 1nvar1ant

w



characteristic. Therefore, if inuarjant chareoteristics“
ex1st " the movement will have begun on one 1nvar1ant -
characterlstlc and ended ‘on another. ‘That is thepessence of.dq.
the theory. However, attempts to reproduce some of the‘;
results reported by Asatryan and Fel dman (1965) have been
unsuccessful (Gottlieb -and Agarwal, 1983),‘Asatryan and
Fel'dman claimed that the final angular position.attained

»

. *'was independent of the previdus history of tﬁé muscle, hut
puh}fshed only part of their data in support.-Gottlieb,
houe%er, found thé}%unloadingvthe muscle in, two"Steges or
that unloading and reloading it resulted'intfinalrjoint
angles which differed con51derably from those obtalned by a
51ng1e loadlng or unloading to the same f1nal torque.u

“

_Fel' dman (1974a) appears to be avare of this hysteresls, but

fails to elaborate on its 51gn1f1cance for his theory. 'JT‘-'”' '

While there may. be shortcomlngs in Fel' dman s attempt

tc give his theory a phy51ologlcal ba51s, the 1dea that

RS e T e WU e T e

central nervous system control of muscleées durlng 1imb o

LT e w o

T

p051£10n1ng Ls ahélogous to cohtrolleng-the length-tens1on

M

characterlstlcs or - stlffnesses of sprmgs7 has. proven

“fruitful--for . other 1nvest1gat0rs (Pollt and B1zz1, 1979'._2

Cooke, 1980). Cooke attempted to comblne the processes |

governing movement kinematics and flnal 301nt angle. He

suggested that movement is accomplished by a step‘chsnge in
" the net stiffness of the combined agonist and antagonist

muscles astlng about kY ]OLnt i.e. the net joint angular

- . . . )

stiffness. '1‘,},’rwﬂ
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Cooke's model appears to be too simplistic.'lts

‘
‘-
L2

.application.is limited since it does not make a distinction
between the net joint angular stiffness and‘the individual
contrlbutlons from. agonlst and ‘antagonist muscles acting
about a 301nt. Thus, it predlcts that the same. flnal
equ1libr1um angle will be attained as long as the sum of the
1nd1v1dual stlffnesses remains constant even though it is B
1ntu1t1vely obviocus that changlng the 1nd1v1d«al stiffnesses

whlle keeping.the sum constant will cause ‘the equilibrium -

angle to shift in the direction of action ©f the muscle :

group whose stiffness has increased:-Co e'(1980)'claimed'

that hls model could :provide an explanatlon for the llnear_
relationship between movement ' amplytude and veloc1ty which-

he and others, (Bou1sset and Lestlenne, 1974; Wadman et al.,
_1979; Ghez, 1979; GeorgopoulOs et al., 1983b) havefobserved'

“during ‘rapid’ movement. If the 1n1t1al spring stlffness mps~'"ww o

-x"v’“' o

kept constant while the final sprxng stlffness 1ncreased

& e - " -

:p:ogre551vely wlth movement amplltude, Cooke s model e

predlcts thlS llnear relatlonshlp However, When he actually

[ESN

__measured the net ]01nt angular stlffness dur1ng these
movements, Cooke (1982) found that-the stiffness remained

'constant as movement amplltude 1ncreased This result can be

"explalned only if the ratlo of the stlffness of agonIst'tO'

e om
cew N

while the sum of. their . stlfﬁnesses remained constant
'Polit‘and BiZZi’(1979)ﬁproposeavan,equilﬁhpiumupoint e

theory in which the length—tension characteristics of
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agonlst and antagonlst muscles were 1nd1v1dually regulated
during movement in order to achleve a de51red final -
'endp01nt. They found ‘that monkeys trained to point7tota”
target, were Stlll capable of executing coarse p051t1on1ng
movements to the target location after being depr1ved of
afferent feedback. This suggested to them that the monkeys-
had learned a motor program which could select, tor the
agonistland antagonist muscles, a set of'lengthitension
characteristics or stiffnesses, whose equilibriumtpoint
corresponded to the target location; Although.Polit and
Bizzi have demonstrated as a consequence of this g
experfment, that Stretch reflex mechan1sms are not necessary
for the productlon of p051t10n1ng movements, - there is little
doubt that they normally contrlbute to muscle stlffness |
(Nlchols and Houk ', 1976) | '.4 "d "A' N"d-b R
Fel dman (l;74b) has con51dered the effects of
deafferentlng a muscle on movement control Loss of the
}w;agstatic and’ dynam1c stretch reflexes w111 result in a‘
reductlon of muscle stlffness which could reduce the
endp01nt stablllty of a movement , ‘as well as «its peak
veloc1ty and acceleratloni Deafferentation also removes one
of'the possible sources for shifts in the invariant
characterlstlc or zero length namely, the gamma loop
‘ Therefore, after deaféerentat1on the range of p0551h1e
equ111br1um p01nt shlfts may ‘be restrlcted consequently

11m1t1ng the operatlng range of the muscle in torque angle

space.
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Pdlit-ahd Bizzi (1979) postuléted éhat the process
dontrqlling2movement~vélocity might bé independent of that
controllimg final joint.éngle. This is in contrast to
' Cooke's model iﬁ which both the kinematics and the final“-
equilibrium.point were determined by a single step change in
net joint angular stiffness. The resulfs of further

;Svestigations suppdrtéd the view that the processes
contfolling position andﬁtrajectory wefe independent.
Lestienne et al. (1981) found that final EMG activity in
agonist and antagonist muscies~qgrrelated well with the
final position, but not the velocity, direction or amplitude
of the movement which corpelaté well with the initial EMG
activity, particularly in rapid movements. Thefr results
aléo suggesfed that final joint angle could be coded iﬁ the
central nervous system as the ratio of activity in
antagonistic muscles acting about a joint.

'ﬁoth Fel'dman and Cooke assume that the shift to .the
final equilibrium point or final muscle stiffness occurs in
a sfép—like manner. Bizzi et al. (1982) testéd this
hypothesis for movements performed by monkeys. They found
‘that the equilibrium point shifted gradually rather than |
abruptly, but their observations were restricted to
movements made at moderate speeds. As they pointed out,
rapid movements are genera£ed by a more step-l;ke shift in
the equilibrium point.

The equilibrium point hypothesis, aS‘proboged~by Polif:w“'

and Bizzi, has been criticized by Day and Marsden (1982) and



Rothwell et al. (1982) They reasoned that if POllt and

B1z21 were correct in postulatlng a centrally programmed

16

selection of‘agonlst/antagon1st muscle st;ffnesses then.the'

unexpected‘alteration of a viscous load, although<affecting‘
the m6;ement kinematics, should not affect'the final-
equ111brzum p051t1on Day and Marsden tested thlS predlct1on
us1nJ\a thumb flexion parad1gm in which subjects pos1t10n
sende had been 1mpa1red by anesthesia of jOlnt and cutaneous.
afferents. When a v1sc0us load was unexpectedly changed
subjects produced consistent errors in flnal angular
position. Similar results vere obtalned w1th a.
pathologically deafferented subject in the study by~ Rothwell
et al. (1982) In additlon the deafferented subject showed
a complete 1nab111ty to compensaterfor an unexpected ”
external disturbance which halted movement at a p01nt
halfway to the target for a perlod of 200 mllllseconds. Th1s‘
1s contrary to the f1nd1ngs of Pollt and B1221 (1979) and

B1221 et al (1982) that perturbatlons had llttle effect onf‘

“a deafferented monkey's ab111ty to successfully achieve a

designated angular position of the elbew; regardless of.thae~

point in the movement trajectory at which the disturbance

~occurred. One possible explanatlon for thlS d1screpancy is

h.'.-la. .

that movement of the dlstal phalanx of the thumb may be

PR Cnnd N e-

subject to a, large amount of nonllnear Coulomb fr1ctlon,.f

_.relatlve -to. rts 1nert1a..The frlctlon arlseslfrom Iong

.,.-, P P e

tendons uhlch couple the thumb to muscles in, th”

'forearm. ERPR

Movement»of-the ﬁoreanm Js.achxeved through—comparatlvel,,f”fxf’
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shorter tendon llnkages, whlle the moment of 1nert1a 1s at ;_.

least two orders of magnxtude greater than that of the ;

dlstal phalanx of the thumb‘ Consequently, once slowed down

;;or stopped the dlstal phalanx o{ the thumb would~be less-

'overqome,the_ st1Ck;n¢ss»,Of*thef€gul0mhu£;lct;Qﬂg; w e

° a-

‘likely to contlnue moviné to” the 1ntebded posutzon than the

forearm unless add1t10na1 muscle korce was developed to

P R R B
NI .

CONTT s

The equ111br1um po1nt theory and the =
1mpulse-var1ab111ty theory are not mutually exclu51ve,
rather, they tend to focus on_pos1t1on1ng movements-from
different viewpoints;>While the former directs‘attention
prlmarily to,observed movement trafectories and,maintained
equilibrium endpoints,_the latter is more concerned with the;
processes;underlyingbvariabilityvln endpointe, whlch imoose -
limitations on*acouracy. | |

Observations that prov1ded much of the groundwork from
Wthh the 1mpulse varlabll%ty theory has arlsen were made by

WOodworth (1899).and Fitts (1954). ondworth found that

. - p . . .
‘aimed movements were composed-of two distinct segments: an

\

~initial- 1mpulse phase and. a current:- control phase._He

__regarded the 1n1t1al 1mpulse phase aslpreprogr'mmed and A N o

e

PR

eredback ;o c@rrect for any'deViat1ons from.the intended

Balllstac, whlle the current contréi‘phasi;ﬁ_

w-r. 4\5‘.

7fed ‘6’ v1s&alf.?;‘w'

LR

path Both phases contr1buted to a tradeoff between speed
7.

. and accuracy Fltts formallzed thls tradeoff quantltatrvely

-
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"speed—accunacy tradeoff 1n relatlon to- the 1n1t1a1 1mpulse .

'in a form wh1ch has become known as F1tts bay::fsﬁf-'

Schmldt et al (1979) proposed a model to explaln the

phase of a rap1d movement They examlned movements whlch
were restrlqted to an 1n1t1al 1mpulse phase w1th no t1me
allowed for add1t1ona1 correctlons, i,e. no current control
phase They found that the error in f1na1 posmtlon varled

l1nearly w1th the speed of subjects‘emovements. Theestandard

»

dev1atxon of the flnal p051t10n error (wh1ch they called the

»

effectlve target wldth) varled dlrectly as the dlstance'toQ_i _;
the target and 1nversely as the. average t1me taken to. make ‘

the movement . In other words, the effectlve,target Mldth,was“.v
dlrectly proportional to the average yelocity.ofﬂthe
movement: To expla1n the observed linear relatlonsh1p
between speed and error,: Schmldt et al proposed an i

impulse-variability theory. Accord1ng to this theory,prapid,

kytarget—directed movements are produced hy the'generation of

. .

D]

a force impulse in the agonlst muscles which propels the

: Y
1limb toward the target. The force impulse can be represented

by,a,fOrce-time curve w1bh a characterlst1c shape that can

be scaled along either the force or time axls. Essentlally,

the theory -assumes that sub]ects adapt the force 1mpulse to

the regu1rements of a task by approprlately scallng it Ln‘ RS

force and trme, The scallng parameters for force and tlme

are assumed to be random varlables whose standard'deVLatLons .“g

;t'sa;e proporbronal toathelr;means. From thls,llt follows that

; the varrab111ty in- the ﬁorce and tlme parameters w111’3:*f

49» Comien I

b .

v .:7,, ...4: e



Sa -

determ1ne the effectlve target w1dth rheg;theryariabiiity’
in f1na1 p051tlon.”5dfi' | | ' |
Although the data presented by Schm1dt et al supported

‘ the emplrlcal aspedts of thelr theory, Meyer et al. (1982)

p01nted out several serlous f aws 1n its: der1vatnin \The'f_g
.‘4 e

errors resulted from overSJmplltffatlon of. movement

dynamlcs, mlsappllcatlon of phy51‘al laws and v1olatlons of
probab111ty theory The corrected ver51on of the theory

”}7 actually predltted that the efiectlve target “1dth "°Uld be

: 1ndependent of movement tlme, 1 e.‘1t would be a 11near

>

[ S B~

functlon of target dlstance ohly. Slnce thls was'inot. 1n"

accordance Wlth observat1ons, Meyer et al went -on to o
develop a new 1mpulse varlablllty theory whlch avoided the -
shortcomlngs of the-prev1oue one‘and-could account-for the
observed 11near speed accuracy tradeoff L1ke the theory of -
Schm1dt et al., 1t assumes that an¢a1med movement 15 }j,} ng;{;
produced by generatlng a forCe 1mpulse whose magnltude and

- - - e

duratlon are dependent on the values of a force parameter ".

and a time parameter. vIt assumes that a prototype curve
exlsts which can be scaled in force and tlme w1thout
‘?affectlng its shape, ‘i.e. the scaling prosess 1s'11near
(?igure 2). Whereas Schmidt‘et al. Qere concerned maifily: | L
w1th the acceleratlon phase of the force 1mpulse, Meyer et \
ll put equal empha51s on ‘the decelerat1on phase. They
proposed that the 1mpulse curves are symmetr1c with equally
-.strong acceleratlon and deceleratron phases. The second halfp

. ) > ‘,_.» & ]
54¥~oﬁ each curve as~an'1nvetted-mynror 1mage of the flrst In -

Ce e R}
: L . .

S



'FIGURE 2, The thlck 50lid curve. to the rlght represents a:

prototype time functlon that can be ‘time scaled. or- force-
scaled., The thin solid. curve to. the left- represents a second
time function obtained- ftom the flrst by time..scaling. Note-:
that time 'scaling 1nvolves both “a’ compress1on -along the t1me.

‘axis and a reduction in amplitude. The two dashed curves:

represent force-time curves obtained by force scallng the
..second tlme function (Meyer et al.

1982)

. - e e
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,i ordbr to account for the llnea: speed aocvracy tradeoff _the

new theory specrflesmthe prec1se shape of the force 1mpulse

curves; i.e.-the shape 1§ determlnedkas_a.umlque Tun“t1on ofm

B 7

time. TIt, therefore, pred1cts “the- ‘precise -shape” of

theoretlcal movement trajectories, someth1ng Wthh was not

-»«p0551ble from the theory formulated by Schmldt et al

The symmetrlc 1mpulse var1ab111ty theOry proposed hy

Meyer et al. is g1ven substantlal support“from experlmental

-»observations,,Bounsset;and:Lestlenne (1974) have presented

evidence for bpth the symmetry and unigueness of the shape

‘of the force-time curves: Flament et al. (1982) suggested

‘that there mlght be some var1ab111ty in the symmetry from

trral to trlal, but the movements Whlch they studxed may not

haVe“been'of“anball}stlc nature- The postulated Stalablllty

Lm A et e

“of the fdrce-time curves by a force parameter is supported

Hby the studles of Freund and Bud1ngen (f978) and Ghez and

e d P«-‘

V1car1Q (1978a) uho have shown that in: tasks requzrlng rapld

1sometr1c force adjustments, there is often a s1mple

'amplltude_sgal1ng-oﬁ’the'force-t1me curveshwhlchupreserves;f

‘their basic shape. In addition, Mishima et al. (1981) have

‘'shown that when movements are made as fast as ‘possible,

switching occurs from scaling of acceleration amplitude only

(forCe scaling)'to scaling of acceleration‘both in amplitude

" ‘and tlme, as. movement amplltude 1ncreases Finally, the

.agreement between theoretlcally predlcted movement

tra]ectorles and those observed experlmentally is remarkably

e

good. o S
. | | ¢



';:1mpulse var1ab111ty theory,'namely, that the force 1mpulse.u

- e | . PR .
: e P [
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;. Meyer et al (1982) have ot attemptedsto determlne how

S the1r force tlme curves mlght ‘emerge- from known

~

.b1omechan1cal and neurophy5101091cal mechan1sms. However, -

A

they draw attentlon to the fact that thelr theory can be

;made compatlhle w1th the equ111br1um po1nt theory. Schmldt

R
b"’ %,
. e W Lt T fe T

and McGowan (1980) had argued that the fa1lure of . unexpected
load perturbatlons to: cause systematlc errors in f1nal
position, while dramatlcally alterlng movement tlmes,:was
contrary to pred1ct1ons of the 1mpulse~var1ab111ty theory;

but supported the equilibrium p01nt theory. Meyer et al

countered the arguments of Schmldt and McGowan by accu51ng

Schmidt (1980) of plac;ng an unjust1f1ed constralnt .on the-,rﬁw

PR Wl e @l 2 e
[ .

-must have an invariant t1me course regardless of movement
perturbatlons. They went‘on to demonstrate that,‘lnl

prlncxple, the1r force t1me curves sould be achieved by

1‘ approprlate adjustments of stxffnesses and/or restlng

lengths ‘of Ehe agonlst and antagonrst musclgs The muscles

generatlng a net 1nterna1 force whlch would alter the t1me

_course of ‘the force 1mpulse. Meyer et al. concurred w1th

Lestlenne.et‘al. (1981) in concludlng that rapld movements
1nclude two 1ndep@ndent process- a phas:c process or 1n1t1al

1mpulse wh1ch qu1ckly adjusts. the stlffnesses of the muscles

- at the movement onset and a ton1c process responsable for

malntalnlng the llmb-at the, f1na1 equ111br1um p051t&on. =

Tgelr symmetrlc 1mpulse var1ab111ty theory characterlzes the
- . }J .

JUBPRRP
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“would ‘then respond to an unexpected external perturbatlon by ‘



kinematics of the initial impulse in the.absence.of
;perturbatlons | |

., Wallace (1981) has focused on the 1mp11cat10ns of an
impulse- t1m1ng theory for t1m1ng and intensity. of act1v1ty
1n the agonist’ and antagonlst muscles responsible for
generatlng the force 1mpulses He refers to the theory as an
1mpulse timing theory, wh1le achnowledglng that there can‘be.:V
1ndependent_regulat1on of both the amplltude and duratlon'of
the’impulsel In fact, the theory which he discusses is an
impulse—variability‘theory; hccording‘to himy the theory can
be summarized as follows: 1) the average velocity‘of
. _movement yjll.determine "the "sizes df*fhé’aaéeieEAEEBE andj
deceleration impulses' é) movement tlme as opposed to

movement dlstance wlll determlne the duratlon of" the_,

acceleratlon 1mpulse, 3) thls duratlon w1ll always be’SO% of

e

' the total movemént tlme From thzs he deduces four
postulates about the t1m1ng and 1nten51ty of act1v1ty‘iﬁ1"'
) agonlst and antagonlst muscles.

The f}rst postulate sta%bs that "the_duration of the
initial agonist burst -and onset of antagonist activity will
be positively related to the total'movement time." A‘
SUbsequent‘study-by Wallace and Wrightv(1982)_supportedﬁthis
hypothesis, but when viewed in light of other inyestigations y'
it appears to be only part of the total picture .Seen asvai
whole, they suggest that there is a degree of flex1b111ty in

the relatlonshlp betwepgn . t1m1ng of muscle act1v1ty and

movement<t1me.'Lest1enne (1979) sowed that for movements

D d



NS

. movement amplitude increases, in agreementvwith'Lestienne's

wh1ch were'fast enough to be cons1dered ba1115t1c, the
agonist - burst durat1on rema1ned relat1Vely constant over a:f
two- to threefold range of movement times and ampl1tudes.. h:"
The antagonlst onset t1me showed a sl1ght 1ncrease\zi5h

increasing movement tlme which ‘was 1ndependent of movement
ampl1tude..Wadman et al. (1979) and M15h1ma et al (1981)'
looked at movements made as fast as p0551ble. They found

-

dth small amplitude movements (smaller than those examrned
by Le t1enne) which had relatively constant movement t1mes
also had constant antagonlst'onset t1mes, whereas movements
of larger amplltude with progre351vely longer movement tlmes

had similar 1ncreases 1n antagonrst onset t1mes. Brown and

Cooke (1981) observed the -same constancy of agongl' burst
RS

durat1on as Lestlenne, but over a greater range of movementv v

amplltudes. However,’ they sav a sharper rise 1n antagon1st"

onset t1me w1th movement t1me. Marsden et al.’ (1983) whose-

. data were more- comprehen51ve thaﬁ;lhose of Brown and Cookef:3ﬁ~**7

‘ showed that antagonist. onset time becomes more constant as e

§

observationsrwhich'were'made on relativély large amplitude”
movements:AIt appears, therefore, that in rapld-movements,
the duratlon of the agon1stxburst remains relatlvely ' :
constant while ad}8§;:jnts are made in the 1nten51ty of the
burst to- produce dif ent initial accelerat1ons..Thls
conc1u51on is also supported By the 1nvestlgatlons of Freund

and Budingen (1978)", Hallett and- Marsden (1979) Hallett and

Khoshbin (1980) and Hoffman and'Strick (1982). As movement f;




éamplltude becomes large antagonist braklng tends to occur
}progre551vely later, result1ng 1n longer movement tlmes For;
-small movement amplltudes, the antagonlst onset time is more
'closely‘related to movement time. Thus,»the‘flrst postulate

t

is'partly;.but not totally oofrect.

e

. The second postulate states that‘"the rat10 of the

-

duratlon of the initial agon1st burst to the total movement
.tlme will be unaffected by changes in movement lengthh
movement t1me ar inertial locad of the movement." Neither the ~
- data of Wallace and erght (1982) nor: those-of the
1nvestlgators c1ted above supports thlS hypothesis. First,“
the agonist burst duratlon is constant over a wide range“ot

movement times. Hence, the ratio of}agonfst burst duration

-

to movementtime varies inversely with movement time.
Secondly, srnce aﬁtagonist onset time becomes more constantt
as movement amplitude becomes large, while mobement’tlme
concurrently increases, the ratio of antagonist onset to
"movement time will vary both with movement time and

amplitude. The second postulate is, therefore, 1nvalrd4«l

,r.—

The third postulate states that "the intensityﬁﬁﬁathe

initial agonist and antagonist burst will be positively
\ v .

L, : C '
related to'th%_velocgty"qi'; movement.." The first part of
) . . ’ = . 7 . : | TR “"D' . -
this postulaté enjoys-considerable support There’ seems to

be A consensus’ that-both the amplltude and the 1ntegrated
. - klvt@
area of the 1n1t1a1 agonist burst: is well- correlated with
peak veloc1ty,under“almost all‘movement ggﬁdltlons to which
.r w({. ~
<%

the theory apblies’(Bouisset and Lestienne, 1974; Lestienne,
. ' . LIRS ~ ®

-



1979 Hallett and Marsden, 1979 Brown and Cooke, 1981-

“Hoffman‘and Strnck 1982; Marsden et al., 1983) There 1s at o

S & W"i 2 (2T dwy &My e .-; .-
east one c1rcumstance though where this is’ not true.
R ARE ..:_;;., P
. Mlshlma et al (1981) shpwed that for large amplltude
#
movement's made as fast as p0551b1e a p01nt 1s reached where

e s

the amplltude of " the agonist burst saturates and. further

"1ncreases in veloc1ty can ocdur only by delaylng the onset

,)ﬂ wetr W g

of the antagonlst However, th1s 1s a 11m1t1ng case and does

not undermlne the general valldlty of the hypothe51s{.

The second part of the postulate, related'to the. N; :
~intensity of the antagonist burst, must be quallfled
Hoffman and. Strick (1682) and Marsden et al. (1983) Z?ve

‘shown that when small amplltude movements, hav1ng sh‘

movement times, arg’ made w1th the same peak veloc1ty as.

larger amplltude movements, hav1ng longer movement t1mes,ve

O

the small amplitude movements have.larger antagonlst bursték
A positive relation between antagonist burst intensity and

movement velocity holds only when movements are of the'Same

v

amplitude and begin from the same joint angle. When
single-joint movements of simil _amplitude and’VElocity are

produced along dlfferent arcs leds antagonist. activity w111‘

/

be requ1red to ‘halt those movements which end nearer the

'extremes.of jo1nt rotatlon (Marsden et al 1983) ‘because

e

extra braking force is supplled by’ the actlve length ten51on
properties of the stretched™ antagonist muscles, as well/as

from the visco-elastic properties of the joint, tendons and

muscles which increase in a nonlinear fashion near the



“vextremes of jo1nt rotat1on.

vl
g “'.le«'._,:‘

The flnal postulate states that "the 1nten51ty of the
1n1tral agonlstmburst w1ll be - posrtzvely Ielabed to changes
in 1nert1al load when movement velocity is held constant.
This statement is almost a tru1sm It follows 1mmed1ately
from the f1rst part of'the thlrd postulate. Changlng T
1nert1al load for a g1ven veloc1ty requ1res a similar. change
in the acceleratlve force 1mpulse as a. change in velocity
fforja given load. The results of Bou1ssetvand Lestienne
(1974)‘and Lestienne (19755 confirmrthis{“l%m'

The : fact that some of Wallace S postulates are neak or
seemlngly 1nva11d does not necessarlly cast doubts on the'
symmetrlc impulse-variability theory of Meyer et-al; (1982),
It does point out some flaws in his reaSoning though.
Basically,‘he makes too strong a link betweenlmovement time
and-duration of the‘agonist burst. This is because he fails
to take into consideration the fact that the braking process

is influenced both by the time of onset‘bf the antagonist

burst and 1ts 1nten51ty Clearly, the agonist burst is’

‘regulated in'a pulse—helght rather than a pulse- w1dth

fashion. Taken together, the data of Hallett and Marsden

(1979} and Marsden et.al. (1983) suggest that the same holds

true for the antagon1st burst. Wallace correctly deduces

. that -the timigg of antagonist onset is important, but he

LY NN

‘relates this to mo%ement time only, when, in fact, it is
: i

related both to movement time and amplitude. Marsden et al.

(1983) show that to achiete a faster velocity (shorter



_ movement. t1me) wh11e mov1ng through the same amplltude,:notb ﬁfﬁeif
~~ only must the pulse he1ght of . both the agonlst and

aﬁtagon1st 1ncrease, bat” the antagon1st onset‘must,ﬁe*nv‘~*:ll4:;ﬂfo
o earller. As movement amplltude becomes progressxvely larger,f

the strategy changes because muscle act1v1ty saturates and

the visco- elast1c1ty of the ]Olnt tendons and muscles

beglns to play a more promlnent role in braklng than for

smaller amp11tude ‘movements. Th1s reinforces the suggestlon

by Bizzi et al (1982) that the central nervous system'

takes into account both length tens1on and b10mechan1cal

properties of muscles and-jolnts.ln der1v1ng control.:

strategies for movement.

C. Brain Motor Centers
Although the the execution of motor programs governlng

rapld movements has been well- characterlzed perlpherally,.
the nature of the central representat1on of these programs
remains obscure. A number of brarn areas have been
implicated in the 1n1t1at10n and emecut;on¢of rap1d o
movements, butAlittle”is'known‘about thehtranSformatioﬁS.
between neuronal activity:and motor 6utput7 éeneral ideasi
about the funct1on of various brain. centers 1nvolved in -
motor control have, nevertheless,_emerged as the. result of
-observatlons of motor- def1c1ts suffered in pathologlcal
condltlons or follow1ng surg1cally 1nduced les1ons, as - well '

as from direct recordrngs of neuronal_actlvrty; R

o . X w



the roles of varlous bra1n structures nrmovement (FIgure

A ~Qﬁuo.o.0 qy-..o,.

'- 2 ~3F. ,,dI"ta rs basuccaliyoa 4:hree°“stage model ofo mo‘ton contro‘lf

ot

i The lowest stage 1s the executlve level 1nvolv1ng the motor

'cortex and the 1ntermed1ate cerebellum wh1ch is thought to

‘ of proprloceptlve feedback from the moving 11mb The second

r.level is- concerned with the plannlng and programmlng of the

" motor commands.~Thls~1s.thozsht to occur through two main
] ».ﬂ . : L . . e

“%'motor cortex. Ope 1nvolves the cerebellum, the other the

> e N
fbasal gangl1a. In addltlon assoc;at1on areas can 1nfluence
'the motor cortex d1rectly‘ At th@ hlghest level are ‘the

events whlch precede plannlng and are presumably

man1festat1ons of the 1ntentlon to move. Allen and Tsukahara.

have not attempted to- locate this flnal stage 1n any
part1cular bra1n structure. Pa1llard (1982) regards it as

e

being a mysterlous process.
Basal Ganglia
Much of what has been proposed regarding the role of

the basal ganglia in motor. control 15 based on observatlons

- of the motor dlsorders of Parklnson [ dlsease. Kornhuber

(1974) proposed a model for motor control in which the basal

' ganglia functioned’ as a ramp genLrator 'i.e.-as a generator

';'of smooth movements which could be performed at any chosen

°

speed, in particular, slowly. The cerebellum,@on,the other

. T —

-T‘update motor commands in"a cont1nuous £ash10n¢ on’ the basrs"“

pathwaysllinkdngﬂthe cortdécal aséaciation“areas?wfbhfﬁhei;ﬁ'*
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Scheme shéwmg the proposed funct1ons of several

brain structures in motor control (adapted from.Allen and.

Tsukahara , 1974)



ffhand, was respons1ble for generat1ng rap1d balllst1;mf:iyﬁf*’“'

érmovements. The ev1dence whlch he presented as p051t1ve

'av,, ...,_ gy

,q,support for v1ew1ng the basal ganglla as a ramp generato: LA,_

.. Wag. twofold, F1rst, he percelved much of the ak1ne51a seen |

- .
- e

in Parkinson™s dasease as. arxsxng i srtuat;bns where ,°‘f'ff";'j

an1t1atlon or change of ramp movements was essentlal

. Secondly, he c1ted the work . of DeLong and Strick (1974) who

had seemlngly showh that neurons.ln the putamen and globus e e

pallldus flred more often in relatlon to ramp than balllstlc

e e

movements., Although there has’ been no d1rect evidence to

. e e

contrad1ct the v1ew~that the basal ganglla part1c1pate 1n

the generat1on of ramp movements, there 1s ev1dence whlch

vchallenges Kornhuber s dlchotomy of functlon between the

o . ; i _
- disease. While the reciproca

s

basal ganglla and cerebellum. ,
DeLong and Georgopoulos (1981) p01nt out that many
neurons in the basal ganglla dlscharge in- relatlon to rapld

movements, therefore, precludlng an exclu51ve role for the

basal ganglla 1n the generatlon of slower ramp movements.

‘They also draw attentlon to the fact that s1mply because /

neuronal d1scharge covarIES‘w1th slow movements, for

\

example, does rnot 1mply that®this act1v1ty is. related to

processes controlllng movement speed. It may 1nstead reflect

ranvolvement in & process such as afferent feedback control

Hallett and Khoshb1n (1980) demonstrated moreover

e

. that ball1st1c movements ere often abnormal 1n,Park1nson s .
pattern of agonist/antagonist

~activation appeared temporally\pormal, patients with




.'h 1ncrease agonlst burst ampl1tude. As a’ result, thEIﬂ‘

movements were often slow and were SOmetlmes characferlzed

by a serles of alternatlng—bursts subsequent to. the three'

f'-... 3

bursts of the normal tr1phasxc patter?

. *vd

tended to octur more~often for larger amplltude mfff

-

proceSSes 1nvolved in the productlon of a movement Onew,

RIS
= L o
L IOV

‘which they called“'tlmlng _was concerned w1th t1m1ng,

: sequenc1ng and relat1ve amplltude of musclewactlvatlon. They*

-attr1buted thls role, at least in part to the cerebellum.

| The other PfOCGSS,'whlch was termed ener91Z1ng wasrlv*"“

respon51ble for selectlng the approprlate muscles for a'

partlcular movement and settlng the ab$olute 1nten51ty of

muscle act1vat1on. It should be noted that energlzlng
&

(
view, .energlzlng was the functlon of the basal gang11a.

._,‘

Flnally, they argue’ that V1rtually every type of mOVement

dysfunctlon resultlng from dlsorders of the basal gangllav

can be explalned as a- consequence of a derangement in the %

energ121ng process.

Some more d1rect ev1dence for energlzlng comesvfrom ’

'work by Horak ‘and Anderson (1982) who showed that both
ka1n1c ac1d produced le51ons and m1crost1mulatlon in the
golbus pallldus prolonged the duratlon of rap1d reach1ng

movements made by monkeys, but dld not delay movement

.

‘1n1t1atlon; The magnltude and‘bu1ld0p~of«EMG aqt1v1ty in the

1‘Prolonged utstlng

1ncluded the 1nh1b1tlon of 1nappropr1ate muscles. In thelr




"fd1fferent muscles: part1c1pat1ng in the movement was 51mply
- \ e
*.scaléd W1thout affectlng the sequent1al organlzatlon ﬁfﬂ .

.

_muscle act1vat10nr
' Observatlons made by Hére and VlllS (1980) on- movement
| d1sorders 1nduced by cool1ng the golbus pallldus are also =

;.compatlble w1th the concept of eher9121ng.f Ag?ommon cause /”'

o

e <‘.‘

antagOnlst muscle act1v1ty, at a hlgher level of 1nten51ty

e anq,w1th a longer duratlon,uthan normal. Thls prolonged
) E N : _ : :

activ1ty was usually accompanied»by—coacEivatiOhfOf‘tﬁe7: “
agonlst muscles wh1ch suggested that the absolute 1ntens1ty
- of antagonlst actlvatlon was _set’ too high and that’ this had
' caused an earller and more powerful recru1tment of
aantagonmst motoneurons than normal - The subsequent fallure
H\to achaeve the correct balance of agonlst/antagonlst
'/ﬂact1v1ty further impaired the movement.eﬁ
Georgopoulos et al. (1983b) have observed

movement4related'activity in the globus pallidus and .

—

subthalamic nucleus of the basal ganolia. fhey7sugqested'
that this act1v1ty was derlved ‘from two processes. The
prlmary process was a step- change in the rate of firlng
'whlch was, related to movement d1rect10n. In addition, there
'.‘was often a secondary process produc1ng modulat1on which o
Qvarled with movement.amplltude.uThey stggested that this
_activity'might'haue”a.facilitatorylaction on populations of

neurons in the motor cortex since: 1) it occurs later in the

basal gangl1a than correspondlng movement - related act1v1ty

-~



1n the motor cortex- 2) there are anatomzcal pathways wh1ch

S e et -
PR S

'jfwourd allow afferent i from the motor cortex to ben'

.-processed and sent'back to ,recentral motor aj765' 3)
m1crost1mulataon of the globus pall1dus slows/ he ensu1n'.
movement when dellvered just pr1or to- movement onset 1 e.,
\__Just after the f1rst changes 1n e. m g. (Anderson and Horak
:1981) 4) lesions and coollng of the globus pallldus
“Qprolongs movemengs{nrthont affect1ng react1on t1mes (Hore
and V111s, 1980 Horak and Anderson 1980) Thls is 1n

agreement with the view of Dennwarown and Yanagisawa (1976)

- e ~

‘that the basal ganglla are in a p051t10n to contlnuously
sample act1v1ty pro;ected from cortical areas and can

fac111tate one partlcular actlon wh11e suppre551ng others.

Marsden (1982) has conce1ved the basal ganglla as be1ng

, éflmarlly 1nvolved in motor‘glann1ng Hls moto& plan is a -
type of operatlng system which manages the execut1on of |
fmotor programs. On the ba51s of an objectlve and a N
.perceptual judgment of the. state of the env1ronment (both
1nternal and external) it assembles and sequences motor )

, programs to produce ‘the de51red‘output The basal gang11a
draw.upon a library of small motor programs stored
.elsewhere, deciding at what polnt in spacett;me each'one
should be executed.'The motor plan is able to mOnitor the -
Aresultlng movements .in order to make adjustments, 1f

.necessary ‘Marsden's view 1s based largely on: c11n1cal

observat1on§ o£ patlents w1th Parklnson s dlsease. He does'

. not see’ ‘them as havang def1c1ts in perceptual judgment or in

‘{',1\-' ’._r,\»,,

S



. L - . - (A e L L
! . N M : PR . .- g - . PR : . .
P N . , : . I RN SR S
. L P S 3 i .

“\ the ablllty to! execute 51mpl "movementxsequehcesgfiVet.motor
fiprograms, but they appear unab
concurrent or - sequentlal executlon of several motor
programs- Thus, ' they are- 1mpa1red in thelr ablllty to ‘

‘2 - LN

_execute 51mdltaneous movements, change cr1ter1a in mqtor

tasks: w1th alternate p0531b111t1es, correct 1nappropr1ate—-—~

E2

=respon5es and yse . predlctlve cohtro}ﬂﬁurmng v1suoﬂbtor"
tracklng Marsden has taken a more global view of \
Parkinson's. d1sease than Hallett and Khoshbin (1980) who
“concluded from the1r observat1ons that the’ basal gangl1a |
were’ prlmarlly 1nvolved in the process of energlzang ‘In
AMarsden,s scheme, 'energizing' could be cons1dered a.
:secondary'function,'i.e. a motor’ program that is- both"

. resident.in thegbasal ganqLia and managed by the basal
_ganglia. | 4 T
.Cerehellumf‘-

\&“Kl; .As noted above, the role of the cerebellum in motor
. : . : o <
. . o

control appears t'o be distinct from that of the basal

ganglia. It is also more clearly defined. Brooks and Thach
‘(1981)'have reuised the original scheme of motor cbntrol
proposed by Allen and Tsukahara (1974), as it pertains to
the’cerebellum. In their revision, the cerebellum functions
in~concert with the primary motor cortex to prepare and‘
.execute 51mple movements by trlggerlng small, stored

programs which are prlmarlly concerned with the t1m1ng of

'agonlst and antagonlst muscle act1v1ty. They point out that

to effectlve&y organlze the,u



such control is advantageous when feedback correctlons are
unneceSsary It/permlts execut1on to ocgur faster and ina-
more contlnuous fash1on than would be p0831b1e u51ng ‘

feedback regulatlon. They also suggest that the cerebellum

_'may serve as a comparator of central and per1pheral

.uv-‘“ :

:'1nformatlon for the early detect1on and correctlon of motor T

'

. :t

errors.
Most of the movements which Brooks and Thach con81der

in relat1on to cerebellar control are s1mple movements\ ;f’:f'

. [ ..‘,_. X
about a’ s1ngle Jo1nt They have further cla551f1ed these .

. t‘)’
'51mple' movements accordlng to the manner 1n whrch they are

arrested The term 'balllstlc u1sﬂused to refer exclu51ve1y

jto very rapld movement$’ whlch are termznated w1thout the

actlon of antagonlst muscles. Such movements are arrested

e1ther by a mechan1ca1 stop or: by the comb1ned v1sco elastlc

retarding forces. of the ]01nt tendons and muscles. As

:

1previously noted, these movements can be executed by means Y S

of a 51ngle agonlst burst - 'Simple’ .movements whlch involve;
antagonlst muscle activation afre termed ‘'self-terminated’

movements. : . Y
- A
/

Brooks and his coll/agues have made extensive use of
the technlque of brlef local cool1ng to 1nduce rever51ble
focal les1ons in the monkey cerebellum Conrad and Brooks
}(1974) looked at rhythmlc, alternatlng 'balllst1c arm-'
'movementS-made between two mechanlcal stops ’On cooling’the-
.

_dentate nucleus, they found that the-durat1on of’ eggh burst

of muscle aot1v1ty was prolongeﬂ wh1le the 1nten51ty
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"remalned about‘the’Samef_Thls resulted in more. tlmevbeing
’:spent at the extremes of the movement range and hence,

'1ncreased the cycle time. It appeans, therefore, that the

\

o cerebellum governs fhe t1m1ng, but not’ the 1ntensxty of

6

'-‘muscle act;v;tg_ln.thése‘movements.L._;‘ T
o Studies'Sff'éelf-terminating' movements infpatients
mwith Cerebellarideficits (Hallett'et al., 1975b Marsden et‘
!aﬁ., 1977) have\shown that movement 1n1t1at10n is delayed

and butst durat1on in the agonlst and/or antagon1st muscles

8

is prolonged. In addtt1on, when the antagon1st‘muscles were
preloaded‘ the normal-inhibitiOn-of antagonist muscles seen
prlor to actlvatlon of the agonists was delayed or absent in
most of these patlents Terzuolo and V1v1an1 (1974) studled
movements-;nmwhlch.the re51st1ve_Ioad.oppos1ng.a-~
lneaf—maiimal vOluntarvHjsometricgcontractionésuddenlyfgave
way and decayed to almost aero.'Patients with cerebellar
disorders were less successful in braking such movements
than normal subjects. Failure could be attributed to their
inability to quickly silence agoniSt muscle activity and
activate antagonist muScles.iAgonist activity was,
therefore, prolongedhandlantagonist onset delayed with_
‘respect'to normal subjects. These findings‘support the idea
that the cerebellum is involved in 'timing,' conceived in
the sense used by Hallett and Khoshbin (1980).

A delay in movement 1n1t1at10n, similar to that seen in
batientsqzith cerebellar disease, is seen ln monkeys\

'following cooling of the dentate nucleus (Meyer-Lohmann et



””vpresumably because alternat1ve pathways whlch were.. slower‘

Jn
.- Lot
- *

”'al},'1977) Records of act1v1ty from precentrallneurons L f; : -;f

’sug§est that th1s delay occurs because ¢heﬂcerebe11um 15 e

9.

“late 1n 1ssu1ng a t1m1ng trlgger to the motor cortex.‘The

e e

v - / .

 timing tplgger may Orlglnate as a. movement command from the»t“
‘assoc1at10n areas, subsequently processed by the cerebellum
and relayed to the motor‘cortex via the thalamus. In,af{,f

rcerebellectomlzed monkey thlS tr1gger was delayed

A

© . . -7 *
" .

' had to be used (Lamarre et al - 1978). i'”?lﬁﬂ-fnﬂts'fh"‘fl
Terzuolo and V1v1an1 (1974) have shown that durlng a lt y:ﬂ‘fi

sudden- release movement wh1ch subjects were 1nstructed not - 5

to voluntarlly arrest a burst of - act1v1ty, c01nc1dent w1th kxd

peak acceleratlon occurred in the antagonlst muscles and R

o

s1multaneously the agon;st muscles fell 51lent The'

amplltude of the burst was correlated w1th‘the

R _
the peak acceleratlon. Both the antagon1st burst and agonlstﬁ"
| ~ g
sxlence were - abollshed by dorsal rh1zotomy in monkeys

‘ gnxtude of

(Terzuolo et al , 3274) 1mply1ng that this patterned

antagon1st 1nh1b1tion whlch norgally accompanles the f1rst
"agonlst burst in rapid "self- -terminated’ movements,;
dlsappeared following limb deafferentatlon. However, the
absence of a silent perlod in the agonists and the fa1lure
of antagonlst activity to be’tightly coupled to actelerati n
in cerebellar pﬁtlents (Terzuolo and Viviani, 1974)

indicates that these segmental responses may normally be



l.regulated_by'theVderebelfhmulThislisﬁturther suppeftedﬁby
,the Observation'that-whileva deafferented cerebellectcmized
lmonkey could generate patterns of muscle act1v1ty wh1ch were:
qualltatlvely 51m11ar tb those seen’ 1n a deafferented monkey
;w1th‘§n intact cerebellum, 1t was unable to time the ’
antagonist actiQity appropriately (Lamarre et al.fd1978):
iTerZUolo and VlViani (1974) ;zund that.normal subjects
"wprolonged and intensified the antagonlst burst when

o

1nstructed to voluntar1ly arrest sudden release movements.
Cerebellar'pat1e;ts d1d not do this and consequently fa1led
“in the1r ‘attempts to arrest these movements. This suggests a’
,role fqr the cerebellum in controll1ng the rec1procal
behav1or of agonlst and antagonist muscles, as well as -
' pred1ct1vely determ1n1ng optimal times for the mod1f1catybn
'of on901ng segmental act1v1ty, partlcularly for the purp#se
" of braking movements. .
~ There 1i% emidence that the interpositus nucleus may
‘haye such a predictive capacity. It receives inputs both
from the motor cortex;and peripHeral sensory receptors and
‘could~conceivably act as a comparator of the tvo signals.
Furthermore, Burton and Onoda (1978) and Soe;hting‘et al.
(1978) haQe found that the discharge ot interpcsitus neurons
rece1v1ng perlpheral‘proprlocept1Ve input often shows ~
con51derable phase advance w1th respect to angular

displacement. This would-allow the interpositus nucleus to

provide -dynamic control of:an ‘evolving movement.
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Vilis-and‘Hore (1950) have'examined aﬁtagonist-muscle»'

°act1v1ty wh1ch occurs: when a torque pulse brldfly dlsplaces

the arm, of a monkey tra1ned to’ ma1nta1naa target p051t1on.” ﬁ'?

S

The agonlst muscles normally respond o the perturbat1on
with a burst of act1v1ty that causes the_arm;to move backg}.

toward its original podition. Thisvactivity.is‘cloSely
followed by a burst of act1v1ty in the antagonlst muscles,.

timed to occur sl1ghtly before or Just after the begznnlng

of antagom}st stretch 1n order to actlvely brake the ré(urn

- movement. As the dentate and anterp051tu__gucle1 were cooled lhe?5

&

'the onset of antagonist act1v1ty became delayed and 1ts

duratlon prolonged ThlS led to the productlon of a serles
S

of overcorrectlons 1n the form of undamped'osc1llat10ns or ,;

tremor. To further ;nvestlgate th1s degeneratlon 1n the

V. v'.‘.-

braklng process; Vilis and Hore exam1ned the responses of
precentral.neurons¢whosevact1V1ty.was recrprocally;related‘:we
to the d1rect;o of initial stretch' They f0und“that*these'
units responded with a burst of act1v1ty that preceded
act1v1ty in the antagon1st muscles and often occurred even
before the muscles were stretched Follow1ng coollng th1s
response;wa delayed until after the onset ofﬂantagonist
activity. <¢.:\. | v‘ | |

They suggested two ways that the cerebellum mlght
. function to fac111tate braklng The cerebellum couldvprovade y:
the motor cortex wlth 1nformatlon that zs phase advanced in ?

.relation to movemeﬁt<:£g & result, the act1v1ty in

preCentral*neurons begins prior to muscle‘Stretch‘and will



generate muscle act1v1ty whlch precedes stretch reflex
l}act1v1ty In add1b10n, there is an 1nh1b1tlon ofnlong..
latency stretch responses whlch prevents muscle act1v1ty o
.from be1ng prolonged and thus, acts to prevent the
~1n1t1at10n of subsequent osc111atlons. During cerebellar
dysfunctlon braklng becomes an unreguiated reflex process
wh1ch breaks 1nto osc1llat1c@ AIternatlvely, the motor 4
corteX’mlght respond.to stretch of the agonlst muscles by
Asendlng a 51gnal to both the sp1nal cord and cerebellum.‘
nW1th practlce, the cerebellum could’ learn to generate an
approprlately timed command to the motor cortex for
‘actlvatlon—of'the antagonist muscles in advance of
antagonlst stt‘tch | |
Further evidence that the dentate nucleus is 1nvolved

.1n generatlng adapt1ve motor resppnses has been obtalned by .
| Hore ‘and VlllS (1982). They tra;ned monkeys to resist a’
torque pulse applled to the arm. Once a stereotyped response
had been establ1shed they occa51onally substltuted torque
fsteps for the expected torque pulses. The procedure was
later reversed after the monkeys had been trained to prepare
-.for torque steps, i.e. pulses were then occasionally
substltuted for the expected steps. The responses to
,unexpected steps or pulses were d1fferent from those
observed for expected steps or pu\Ses. The former werel
" interpreted as’beingmere~purely reflexive than the latter.

When the dentate nucleus was cooled, the responses to

‘ expected pulses or steps changed Qualltatlvely, they were



more l1ke the responses to unexpected pulses or steps seen
prevlously These results 1nd1cate that the dentate nueleus

1s requ1red for the express1on of learned adapt1ve L

responses. The fallure of cerebellar patlents to show »"e | zu,}rﬁ

N
adaptatlon of reflex responses to changlng condltlons of

“'postural stablllty (Nashner and Gr1mm 1978) further

reinforces the idea that the.cerebellum plays a\role:;nﬂti

adaptive motor learning.

Motor Cortea |
'The'motor cortex 'is the chlef executlve locus for motorbsz
“control'. While the basal ganglla and cerebellum seem to be
~1nvolved 1n sequenc1ng and structurlng motor commands,:the
motor cortex functlons more llke a processor,'sw1tch1n§,
gatlng and 1ntegrat1ng 1nformatlon accordlng to 1nstruct1onsfiqﬁ55
'.orlglnatlng elsewhere. However, it is. con51derably more thanhv
a simple swltchboard Whlch d1rects commands | to motoneurons.v‘
The motor cortex recelves 1nputs from secondary motor areas
of the cortex,.lncludlng assoc1at1on,}sensorlmotor,
supplementary motor and premotbr_areas, as well,as from thelr'
cerebellum, basal'éanglia and spinal cord"via’the thalamusr;ff‘
. Its outputs.are able to 1nfluence many of its 1nputs by way
‘0of collaterals from pyram1da1 tract flbers dlrected to the
: thalamus, the dorsal column nucle1 and sp1na1 1nterneurons.
Such recurrent . loops certalnly suggest that the motor cortex

operates in an 1nternal feedback control- mode..There may "be

other reasons for,pyramldalsactlons on ascend1ng,sensory;

-«



a3
v551gnals though partlcularly 51nce th1s 1nformat10n is not
d1rected exclu51vely to- the motor cortex. It may be
vde51rable to fllter or sharpen sensory data in order to
-focus motor commands to a part of the body whose movementlls
fbelng prec1sely controlled Internal feedback mlght also be
lused to prov1de a 'sensory 1mage of a. motor command wh1ch
‘mlght be 1mportant in error correct1on or detectlon.
wlesendanger (1981) and McCloskey (1981) dlscuss some oOf
these sensory functlons of the motor cortex.
Returnlng to the execut1ve functlon of the motor

cortex, con51derable attentlon has been focused on the,t'.
'relatlonshlps between f1r1ng patterns of cort1ca1 neurons
and parameters of motor responses. Close ‘correlation is to

be expected because motor cortical cells pro;ect more or

less. d1rectly to motoneurons. Dlscharge rates of partlcular
:”cells have been shown to be correlated with veloc1ty,
‘acceleratlon, force and/or rate of change of force (Evarts,
'1968; Humphrey et al., 1970; Schmidt et al., 1975;vSm1th et
al., 1975; Lamarre et al., 1978; Cheney~and Feta, 1980;
‘ Hamada, 1981; Evarts et al., 1983). Lamarre et al. (1978)
were able to show a srmllar correlatlon of dlscharge rate\to\
velocity and acceleratlon in both intact and deafferented pj
‘monkeys, prov1d1ng conv1nc1ng evidence that their
observatlons vere not’ 51mply due to peripheral sensory

feedback modulatlon of the motor cortical cells. The

' response of a particular cell to movement or change in

isometric forc¢e is generally quite stereotyped. However, a.



K varlety of cell types, class1f1ed accordlng to thelr

exists between the d1scharge rate of motor cort1cal cells =

»and the 1ntens;ty of muscle actlvatlon. Cautgon must be

'target muscles than the - 1ntegrated act1v1ty 1tse1f._d

Voo
B

Rt

” "" RN

istreotyped d1scharge patternsf_have been found Some cells

’”requnded to. both the. dyaamlo and statlc phases of muscle

"actlvatxon-'others responded to only one phase or the other

: _Hl(Smlth et al.,»1975,_Conrﬁd et al., 1977 Hepp—Reymond etvhtt
,la .y 1978 Cheney and Fetz, 1980) A common observatxon has
~‘been- that cells wh1ch flred tonlcally durlng the stat1c o

4(hold1ng) phase ‘pften showed a: monotonlc relatlon between'

dlscharge rate and stat1c torque. -p.'j'TTfP"ng'Hﬂflhﬂfjgéiigiff

nThere ;s.a strong 1mpl1cat10n that a, tlght coupllng

y

exercised. though 1n com1ng to such a conclus:on 51nce

pha51c act1v1ty in motor cortlcal cells often'more closely

resembled the rate of change of the 1ntegrated act1v1ty of

"

Furthermore, there were cells wh1ch showed ramp 1ncreases 1n

4 .

act1v1ty whlle muscle act1v1ty rema1ned relat1vely constant

-

(Cheney and. Fetz 1980) It is possrble, nevertheless, to

ret&ln the view that motor cort1ca1 cell d1scharge rate

‘reflects muscle actlvatlon. The pha51c act1v1ty may be

»

11nked to motoneurons that fire pha51cally when muscle force
changes, whlle the ramp ac%1v1ty may counteract the effects
of adaptat1on of firing rate in tonlcally actlve E;f""”'
motoneurons. It is more d1ff1cult ‘to explaln the act1v1ty 1n‘
cells whlch fqred much more weakly durlng balllstzc ‘ i

movements,_than durlng ramp and- hold movements made at lower

>
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Aﬂjﬁpeak ve10crt1es, requlrlng less act1v1ty 1n target muscles.‘;:d
% pIt may be due to a dlfference 1n the central control ;
‘t;strategy for the two types of movement and may partly ‘be
'explained by the observatlon that per1phera1 1nput to some
Tmotor cort1ca1 cells is less 1nfluent1al durlng balllst1c
than durlng controlled movements (Evarts and Fromm, 1977){J
;vvFetz et al. (1980) 1ssued the fOllOWlng warnlng about the 3_
';~danger of be1ng too narrow-mlnded 1n 1nterpret1ng the

‘act1v1ty of 51ngle neurons.;
-The search for neural correlates of behav1oral
functions often assumes that such’ functlons are .
recognlzably coded in neural response patterns. i
Since behavior is the. consequence of interaction $
 between widely distributed neurons, their.individual
. responses need not resemble - particular ‘behavioral
parameters .any. more than ‘the” spat1a1 patterns on a
- holographic plate"” resemble the 1mage produced by its
: proper 1llum1nat10n.' e O v .

Wlth thlS in m1nd it should be ngted that motoneurons

.‘/.:‘ ..'»
tE

are acce551ble to the motor cortex via pathways other than

those that actlvate them dlrectly One of these pathways'
_1nvolves the red nucleus and the rubrosplnal tract ‘Recent
“'studies (Ghez anduvlcarlo, 1978b ‘Kohlerman et al., 1982)
.,have shown that neurons in the red nucleush llke the motor
cortex,lmodulate their act1v1ty 1n advance of movement onset
._1n relation to parameters of movement. Slnce both pyramldal
and rubrosplnal flbers pro:ect to sp1nal 1nterneurons
‘.elther d1rectly or by way of collateral flbers, one of the
functlons of the motor cortex ‘may be to use neurons of the

propriospinal apparatus and segmental reflexes in activating

motoneurons. In this way, coordinated spinal activity at

L 45 S
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lmult1ple levels may be employed 1n the product1on ofgjfffkdff5glr

synerglstlc muscle actlons. Proprlosplnal c1rcu1ts,,1n
“themselves or 1n comb1nat1on w1th multlsegmental branch1ng
-of descendxng tracts may represent the anatomlcal substrate':“5

l' T . \ . ,‘!",
of movement subroutlnes that can be executed 1n var1ous

N

comb1nat1ons, dependlng on the spat1a1 and temporal patterns 'ff'

Tof descend1ng act1v1ty The'%lrectlonally sen51tive motor

»
-cort1ca1 cells observed by Georgopoulos et al (1982 1983a)

Vmay command such act1ons.-Wh11e 1t is pOSSIblq that they

fproduce muscle synerg1es by d1rect actlons ‘on several motor'

.mnucle1,¢1t may well be" that these neuronsgﬂivoke synerglst1c

¥

muscle actlons through exlstlng proprlosplnal c1rcu1ts when
. ( \ g .

generatlng movements along certa1n Spatlal traJector1es-v}lN”ﬁSIv

Such a mode of operat1on is avallable to the cerebellum, as
:well 51nce cerebellar outputs have access to the_ | |
rubrosp1na1 .vestlbulospznal and retlculospinal tracts. ThlS T
) would be a potentlal means whereby the cerebellum could o @1bf
regulate adapt1ve postural responses of the type that are .)‘ l%
-1mpa1red as ‘the result of cerebellar dysfunctlon (Nashner "

and Grlmm, 1978).

D.‘Kinesthesia
The sensat1on of Jo1nt movement or klnesthe51a 1s
medlated through the actlons of. perlpheral sensory receptors*
o]

stlmulated as the resu t of the movement Thls is apparent

from the observations 'hat klnesthe51a is 1mpa1red in the'

flngers when thelr d1 1tal nerves are blocked (Goodw1n et



,ndev1a and McCloskey, 1976) Th1s.

»movement. Transect1on of the postefﬁbr columns?'anterlo
. b
__lateral splnothalamlc tracts and ventral and. dorsal

1"

sp1nocerebellar tracts In parapleglcs rendprs them
E
1nsensxt1ve to movement of ]01nts, whose assoc1ated

1nnervatlon (artlcular cutaneous’ and muscle) or1g1nates
.‘_helow the level of the le51on (Guttmann '1976)

‘ There has. been’ con51derable debate as, to whlch sensory
'-receptors are respon51ble fpr k1nesthe51a (Matthews,.1982)
:tCurrently, there seems to be general agreement that muscle

‘and cutaneous receptors are . the most 11ke1y candldates.

Artlcular receptors of the JOlnt capsule are probably not .

o 1mportant ‘for consc1ous awareness of speed or d1rect1on of

]01nt movement since these'sensatlons‘are not.}mpalred to~
any.appreciable degree“when artfcular receptor actiuity is
lost (Burgess et al. 1985)' Muscle spindle endings (Cooper,
._ 1961- Matthews, 1963) and Golgi tendon organs (Alnas, 1967;
.Stuart et'al., 1970) ‘both respond dynamlcally to movements
whlch stretch the receptor- bearlng muscles. Cutaneous
receptors (Hulllger et al. ‘1979) respond dynamically to”
movements of nearby-Jolnts which affect the stresses and
strains in the receptorfbearing'tissue.

| The extent to-which eachﬂtype.of receptor is normal}y
involved'in kinesthesia has not'been‘resoired.iEheirt

»

~



,relatIVe lmportanee is llkely to zary ;\gh such factors, as .

'”receptor dens1ty, angular p051t10n of the 301nt w1th respectl;f‘?f~

: to ‘ps extremes and parameters of the movement e g.
'amplltude, Veloc1ty and acceleratlon. Body reglons wlth a

-relat1vely h1gh den51ty of cutane’”s receptors w1ll llkely

‘experlence a greater contrlbutlon by these receptors to',‘,_;

uk1nesthe51a than reglons where the dens1ty 1s relatlvely

"_low. Jolnt angular pos1t10n w1ll affect muscle length

passnve muscle tension and stresses and stralns 1n eprdermal“ﬁ
'tlssue\ Consequently, it w111 determlne thewbackground :
dlscharge rates of stretch receptors, tens1on receptors and ;
.mechanoreceptors, aga1nst wh1ch %@namlc responses must be |

"gauged Movement amplltude,'veloc1ty and acceleratlon w111

« 'S

fdetermlne the 1nten51ty and duratlon of- these dynamlc .
N e
Burgess et al. (1982) have" p01nted out that there are'
Qtwoaways in whlch receptors related to k1nesthe51a may
funct1on _The f1rst “is in a prlmary orrspec1f1c role; Thel
'output of- receptors actlng in thlS aﬁpaclty w111 be
correlated wlth a k1nesthet1c varlable such as veloc1ty,

acceleratlon or'force. The second _means of actlon is to

facxlltate the spec1f1c response. When actlng 1n a spec1f1c

role, sensory,receptors prov1de-srgnals ’rchmare=sensedlas
the kinesthetic variables'with hhichttheyfa‘e correlated'

.Afferent act1v1ty or1glnat1ng from sensory receptors act1ng o
in a fépllltatory role 1nteracts with the prlmary 51gnals to

increase kinesthetic sen51t1v1ty

' ) o
< )
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"\ the spinal cord. On the other hand, if the fingers are

49

"}‘« Whether the actibn of a receptor is spec1f1c or E
~"vfac111tatory 1sfoften d1ff1cult to assess. For example,
AVklnesthetlc sen51t1v1ty and 1nten51ty are reduced by -

,cutaneous anesthe51a (Goodwln et al., 1972; Gandev1a_anq

MCCloskey,A1976). This may be a spec1fic'effect; since -

cutaneous activity which might be correlated with mdvement

" has beénteliminated or the effect may be’ due to the removal

of a general fac111tat10n at spinal or h1gher leve19~that

enhances movement correlated activity of muscle receptors.

-Cutaneous afferents, 1n comblnatlon with joint afferents,

are certalnly capable of 51gna11ng movement without the

action of muscle receptors since kinesthesia per51sts,

albeit in a somewhat crude® form, following disengagement'of"

the musclesbto_themdistal_interphalangeal joint of the

Vhiddle.finger (Gandevia and McCloskey, 1976). In the same

vein, a fac1l1tatory role for artlcular receptors need not .

K]
be ruled out even - 1f their responses are not spec1f1c.-

Receptors may even play more than one role depending on how
they cre involved in a movement . Cutaneous anesthe51a of the
adjacent fingers has been shown to reduce movement
sensitivity of the mrddle finger (Gandevia and McCloskey;

1976), suggesting that when the adjacent fingers are

fstationary, discharge of their cutaneous receptors

ﬁfffacilitates the transmission of kinesthetic informatien up

3

Y

3»

moving, the discharge of some of the same receptors will

likely be cOrrelated with the movement, making their role a



"spec1f1c one. |
The ev1dence for a‘spec1f1c role for muscle receptorsvf
in’ k1nesthes1a, part1cularly pr1mary muscle sp1nd1e endlngs,
;1s compell1ng Muscle VIbratlon whlch is known to be a- '!j:
-Jpotent stlmulus to muscle splndle/prlmary end1ngs, w1ll
‘induce an 1llu51on of joint. movement in a restralned l1mb
'(Goodw1n,gt al., 1972). Although v1brat10n is not a stlmulus
ﬁwhlch i's purely select1ve for primary elengs, thelr
bact1v1ty is more highly modulated than- that of any other A
stlmulated receptors (Burke et al., 1976). Moreover, then
vibration induced'reflen muscle‘contraction uhich |
accoﬁpanies,the movement illusion is: s1m11aruto the ton1C'”T

R
’,v1bratlon reflex seen in cats, wh1ch is assumed to be

mediated by prlmary endlngs (Matthews, 1966 Brown et al.,“u
v1967) Evidence agalnst the p0551b111ty of Golg1 tendon
:organs belng 1mp11cated in the 1llus1on cdmes from |
observatlons of the effects of v1brat1on and loadlng durlng S~
‘ muscle fatigue. The perceived angular veloc1ty of the o
illusion decreases with increasing voluntary contraction’of

the vibrated muscle (Goodwin et al., 1972' McCloSkey, 1973).

In itself hlS does not d1st1ngu1sh between muscle splndle
and tendon organ afferents .since both would be expected to
;dlscharge at higher rates with 1ncrea51n§ mu5cle
vcontractlon, the former beqauSe'of;qu;motor effegts and the
eatter becaus® of their sens&f?;;ty\to‘aetively-generated

muscle force. However, the fact that muscle.fatigue‘further

reduces the perceiged'velocity for the same loading
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| (McCloskey, 1973) suggests that the 1ncreased discharge.due

to v1hration has become a: smaller fraction of “the total

discharge. This would be expected as a consequence of

"V‘coactivation of alpha- and gamma- motoneurons 1f muscle

spindle afferents were’ respon51b1e but tendon organs should

not 1ncrease their discharge rates unless active force

[

1ncreases. It appears, therefore, that the movement 111usion-‘

.

is indeed the result of,exc1tation of muscle spindle

0

afferents, particularly primary endings. - -
Since the illusion always.appears as one of movement in

the direction of stretch of the v1brated muscle, the eXCeSS;
spindle primary afferent discharge ‘is being 1nterpreted as

lengthening of the v1brated‘muscle. Increa51ng the frequency

of vibration, which produces a corresponding one-to-one

.increage in the rS{e7of spindle primary afferent discharge
SR » - < Xge ‘

uptto 30—50 Hz, :causeS-the illysory velocity to increase, as

well (Roil and Vede13"

,,'__1982) ' R

. It is pos&gble that ‘during voluntary movements ’
kinesthe51a$§$y@result from corollary discharges McCloskey
(1981) derf@ésﬁthe concept of corollary discharges from the

. 3 . » - . .
concept of motor commands. A motor command is to be

- -2

understood gs a discharge or pattern of discharge which is
generated W1th1n ‘the central nervous Zystem and leads to the
exc1tat10h of spinal motoneurons All signals that stem. from
- motor commands and that remain entirely within the central:

nervous system are termed internal command collaterals. When

these internal command collaterals affect sensations, they



R

| become corollary dlscharges.; o

. . Corollary discharges may effect a centﬁal modLilcatlon ;.'
of the proce551ng of sensory‘s;gnals generated perlpherally ;;‘
.or?they may. evoke sensatfon by their‘own 1ndependent RIER
aEtTona. The latter‘couldlhe;thought of ‘as a central imaéeY
of thg-ﬁovementhWhichfia derived from the motor,commandf":::.\
precedihé the movement rather than beLng a cohsequence of _5_v,
the. movement. There have been reports that sensatxons of 7
movement’ can ar1se in, the absence of perlpheral feedback as g{‘

for example, in a’ 51tuatlon where a d1g1t has been .

anesthetlzed and an attempted movement iy unexpectedly g';gfi.dE:’

e prevented from occurrlng (Kelso, 1927;rKelso.and Holtﬁ

":'1980). However, it 1S‘doubtful whether‘such'muScle

contractlons are ever percelved as. movements. It 1s-more
R.
llkely that the subject, realizing that hlS klnestHEtlc
sensnb111ty is 1mpa1red 51mply 1nfers that each movement

)

attempt has been successful - L :f'g' - "yf s
e Cor

The view that corollary discharges“alonefdoanot1Lead';dw-"
movement sensation is euppOrted by the ohservation,tﬁaﬁein
.the'situation obtaining when both'afferent;and‘efterent
transmission are severly impaired, movements may be: f»“
‘Commanded and executed w1thout be1ng perce1ved (Goodiln et .
al.; 1972). Even stronger ev1dence is the fact: that 5n’f'
attempt: to move /a paralyzed ﬁinger is not perceived;as ah
movement, even when_sensory-stimuli{appropriate.;qr the
sensation of movement are’provided artificially (Mccloskéym

and Torda,f1975).
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A
The maJorlty of ev1dence favors the view that 1nternal
\_command collaterals 1nteract with 1ncom1ng per1pheral
‘sensory 51gnals to e11c1t sensation during voluntary
movements. For thls reason, illusions and mlslnterpretatlons
of sensory data would be expected when the normal ‘balance
fbetween*outgo1ng and.lncomtng signals is altered. Such
-«effects have been observed and are well documented In
wyadd1t1on ‘to the 1llu51on of movement 1nduced by muscle
v1bratlon, there are 111u51ons of the extent of movement
when dlgltS are anesthetlzed or muscles partlally paralyzed
(Goodwln et al 1976). Fel' dman and Latash (1982), in a
logical extension of Fel'dman' s equ111br1um point theory,
have shOwn how kinesthetic illusions could arise if the
motor commands which are 1ssued do not result in thelr
1ntended or expected consequences
While'a motor command for movement may not result in
the sensation of movement on’its own, the motor command is
’undouhtedly sensed in a manner which reflects the‘intensity
of the commanded muscle action. Even if movement does not
ensue, the subject can distinguish roughly between commands
that would have resulted in relatively'faster or slower
movements. The question then arises -as to whether this sense
of€effort is simp;& a consequence of a peripheral sensory
. signal related to gorc .or whether it arises independently
of'afferent.feedbacf. Gandevia (1982) concludes that

afferent input is not essential for producing sense of

effort since this gensation persists after dorsal rhizotomy



or splnalvtransectlon. That sense of effort 1s causally
related to the motor command has been demonstrated by the
_vobservat1on that patlents w1th paralys1s result1ng from_7
nhem1plegla, thhout accompanylng sensory symptoms, sense no

_ I
effort when attempt1ng to contract completely paralyzed

.<muscles, i.e.. when no motor command 1s 1ssued there 1s no

sensation of effort. Only when paraly51s 1s ;ncomplete 1s s

A

-~ o

| effort sensed. L 1ﬂ'>.fm;iff?fll 'ﬁff 7‘5rki
Although sense’ of effort is related to the strength of
the motor command rather than the resultlng muscle force‘fp]
.(McCloskey et al., 1974- Gandev1a ‘and McCloskey, w. L
1977a 1977b Cafarelli and Blgland R1tch1e, 1979) by
itself, sense of, effort does not appear to prov1de a '
long last1ng, rellable estlmate of muscle actlvatlon. ThlSp g :1\
is suggested by the 1nab111ty of a deafferented patlent to‘L_;; ﬂ
maintain. a prescrlbed joint. torque (Rothwell et aI{ 19829%'\4
In thlS case electromyograms were not .shown’ 's0. 1t is not o
possible to ascertain whether changes'ln jOlnt torque weée;'
accompanied by changes in the balance of’activityvbetweeng“
antagonist or‘synergistic muscles which may have'still beéh*“‘
sensed as the same effort. As Gandev1a (1982) noted 1n the"~
absence of afferent 1nput to the ‘motor centers, it may be.
difficult to focus signals of effort to act1yate the
appropriate muscles. 0
Kinésthesia involves‘the ability to perceive'felative,
movement‘yelocities. As noted above, musclelsplndle ;l :
afferents have been implicated in this regard( particularly

14
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| for movements of slow constant‘angular veloc1ty.such as.
ithose of ‘the v1brat10n 1nduced 1llu51on (Roll and Vedel
'1982) However, ‘any attempt to unequ1voca11y ass1gn the
‘.functlon of velocity sensatlon to muscle splndle afferents
1s_beset wlth‘compllcatlons.,Flrst, the requnses to stretch
are}highlm mOnlinear, involving a transient_at stretch oﬁset’
_(Lemnerstrena and Theden,‘1968; BrOWn_et_al.,:1969).followed
b&kaqtivity which is dependent énnboth muscle "length and
stretch ye;0c§£y (Houk et‘al.,w1981).,Seébhdly, an increasé’
in spindle afferent discharge can depend equally on muscle.
‘stretch or fusimotor activity, but fusimototE%psigns do not
1nduce movement 111u51ons (Vallbo et aL 1979 Hull1ger and

*

Valle, 1979 Hull1gen et al., 1982) For muscle spindle
afferents to function as rel;able veloc1ty sensors, the1r‘
outpu;avould have to unde;govcon51derable proce551ng,
partiehlarly in.feference:£o £he efferent commend to
gamma-mbtoneurons,,beforehreacming consciousness. Houk et
al. (1981) have suggested'ihat?mmscle'spindle receptors may
be better suited for movement detection than for signaling
the bfecise velocity at which movement occurs. s

‘Even though muscle spindle,afferéht activity has Been
shown to be correlated with velocity for constant velocity
stretehes, it is probably not a very sehsitive"meesure of
‘instantaneous velocity during rapid movements in Which
angular velocity and hence, stretch velocity.is never

constant. For such movements, average velocity or peak

velocity would be a more appropriate measure of movement



,speed gzven the 11m1tat1ons 1n sen31t1v1ty of sensory |
receptors. Of the two peak veloc1ty would more adequately‘
characterlze the 1n1t1al acceleratlon assoc1ated w1th rap1d
'movements. However, there 1s st111 amb1gu1ty 1n'the

response' wh1ch must be - resolved by hlgher level proce551ng.a-fa
As Hagbarth et al. (1975) have shown, muscle sp1nd1e | |

afferents dlscharge with bursts of act1v1ty both dur1ng the

act1ve shortening and passive lengthenlng phases ot‘rapld
movements, but in this case the s1gnal may be ea51ly dh v
resolved since, even though agon1st and antagonlst Spindle

_ act1v1ty mlght coincide, both would be related to the |
initial acceleration. Resolut1on would 51mply be a matter of
-determining the dlrectlon of movement s

L] v

E. Objectives

The present study was undertaken to galn a better'
understandlng : some of the processes 1nvolved 1n the
regulation. and perceptlon of veloc1ty ‘in 51mple, o
preprogrammed movements. Brooks and Thach (1981) c1a551f1ed -
these m&vements in two categor1es- 'ballistic’ movements
Wthh 1nvolved no actlve brak1ng actlon by antagonlst
muscles and self termlnated' movements:whlch did.

'Ballistic' rather than 'self-terminated’ movements were
chosen for this study in order to'extend the ‘range of
veloc1t1es that could be achleved and to. prov1de a more
direct causal link between agonlst muscle act1v1ty and

movement veloc1ty.
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.;f As noted above, the 1n1hial acceleratlon of -

elf termlnated' movements 1s regulated by varylng the .
:oamplrtude‘of the “initial agon1st»burst,vwh11e keep;ng its
;”éuration'constant.'Thefagonist a;tivity is»torrelated.with
:hoth;movemEnt'amplltude.and velocitv (Bouisset andvz.
'lLestlenne, 1974; peétlenne, 1979; Hallett.andlMarsden, 1979;
‘Cﬁoke and Brown 1981; Marsden et al., 1983). It has also
been. reported that such movements exh1b1t a linear
relationship between movement amplitude and peak angular @
‘velocity (BouiSset'and Lestienne;, 1974; Wadman et'al., 1979;
-Ghez, 5979- Cooke, 1980; Georgopoulos et al., 1983b]
suggestlng -that 1n1t1al accelerat1on and movement amplltude
may both be parameters used in the regulatlon of peak

angular veloc1ty. . .

The flrst part of thls anestlgatlon examines how these‘
two parameters interact in thegregulatlon of peak.angular
‘velocity during 'ballistiq' movements.'lt was hoped that by
imposin nstraints on movement amplitude and velocity; it
wou}d/gz/::ssible tq identify movement'strategies'and gain
some insiqht into the flexibility of theﬂcentral nervous
tsYstem‘s capabilities'in programming simple'movements:

The.remainder of the study focuses on the role that
afferent input plays in'the programmingﬂprocess. 'Ballistic'
movements are executed in too short a period to be
continuously regulated. Therefore, the motor command cannot

be updated by..peripheral sensory feedback. Judgments-<based

on sensory feedback ‘can.only be made'following execution of



t e movement To be successful 1n atta1n1ng the objectlve

(1n th1s case the ach1eyement of a prescr1bed peak angular'7"h

velbc1ty) the programm1ng centers must adapt the programmed
motor command to su1t the prevalllng state of the 1nternal
aand external env1ronments.iThat 1s, they must take 1nto |
aceount the ?tate of the actuator (the target muscles and
the1r motoneuron pool) and ‘the external forces oppdaing ’
motlon..Thzs 1nvolves an assessment of. relevant afferent
Nfeedback If condltlons change, the programmed motor command

must be modlfled accordlngly

The programm1ng centers would be expected to evaluate

kY

sensory 1nformatlon generated by ‘the movement 1n maklng an _ff» 5

assessment of how successfully the movement met the
Obgectlve.thether or’ not: peak angular veIOC1ty 1s actually
sensed . some aspect of k1nesthe51a must be taken as a B

relevant standard for an assessment of peak veloc1ty. The

‘chosen sensat1on,,wh1ch may arise from corollary dlscharges, ;2 o

as well as from perlpheral sensory feedback must be graded

w1th peak angular veloc1ty if Judgments of relatlve movement

speed are to be p0551ble. N o
This study attempts to establlsh the cr1ter1a used by

- the programm1ng centers for asse551ng the success of a motor.

Jcommand in produc1ng a prescribed peak angular veloc1ty. It

focuses on mlsjudgments brought about by changes 1n the

.-—__ .

- state of the 1nterna1 and external env1ronments. These

‘changes in state were 1nduced experlmentally by vary1ng the

1n1t1al muscle length and the force oppos1ng movement



11. QENERAL paocznuna

:.A total of 14 male and female volunteers bet en the ages ofde.uL:J

:19 and 56 part1c1pated in. th1s study Subjects gavé 1nformed5:1'la

Jconsent to- the exper1mental procedures. I was a subject 1n.
all experlments.‘u" ‘ " B . |

o | Movements of the 1nterphalangeal Jo1nt of the r1ght

nthumb were stud1ed Subjects sat 1n a chalr of adjustable

?Qhe1ght ra1sed to a level wh1ch allowed the forearm to rest B
;comfortably on a table. The rlght forearm and hand were |

‘rlgldly supportedigf the elbow and wr1st to preventslateral

‘movement.: The proximal phalanx of the right thumb was f1rmly_r4

clamped so’ that movement of the dlstal phalanx could be'
effected only by contractlons of the extensbr pOlllClS ,
};ongus (EPL) and’ flexor pOlllClS longu? (FPL) muscles. These".
.Lre the only muscles whose tendons are: attached to the |
d1stal phalanx of the thumb The end of the.thumb was
clamped in a, llght cage whlch rotated 1n a vert1cal planev
.-about an axis pass1ng through the center of rotatlon of the :.1
*1nterphalangeal 301nt of the thumb (Flgure ).

Joint angle or angular pos1t10n of the thumb was
Ameasured u51ng a l1near potentlometer attached to a. shaft
along the axis of rotatlon. Angular p051t10n was taken as

- zero when the. cage was horizontal. ThlS was the p051tlon in
Whlch the EPL and FPL muscles were most relaxed where
" e.m.g. act1V1ty was minimal when - tHe prox1ma1 phalanx of_theh'

\

thumb was supported in the clamp.
B . .. :\‘ -~
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FIGURE 4. The exper1menta1 apparatus con51sted of ‘a 11ght
metal cage. in which. the distal phalanx of the thumb was
secured by t1ghten1ng the screw (S). The thumb was .- o
. positioned to align.the. 1nterpha1aneal Jjoint ‘with the ax1s
of.rotation of the cage (A). The .proximal phalanx was held:
in a clamp (C) to constrain movement to ‘the 1nterpha1angeal
jOlnt A mechan1ca1 stop (M) limited fiexlon.“



.dfiy' Joxnt angular veloc1ty was obtalned from the output of

ﬁg:)vmg cozl galvanometer wh1ch rotated on the same axls as

potentlometer. Pos1t10n and veloc1ty sAgnals were

4L;low pass ﬁlltered w1th a cutoff at approxlmately 100 Hz.'

?;'They were then ampllfled and were e1ther recorded on tape or

_digltlzed and stored on d1sc, together w1th the e.m. g.

obtalned from EPL and FPL - muscles.

61

The. e.m.g. from the FPL muscle ‘was’ generally recorded

‘u51ng a pa1r of 51lver chIorlde d1scs 1 cm in diameter whlch

,were attached to the " sk1n overlying the dlstal aspect- of the

‘muscle. EPL ‘e.m.g. was recorded in a 51m11ar fash1on usrng a

Lnfpalr of s1lver chlor1de dlSCS 3 mm in d1ameter The smaller

,ldlscs vere uséd for EPL e. m.g. because less muscle area‘was

_access1b1e for record1ng The " electrodes were positioned to

max1m1ze the amplltude of e.m.g. bursts recorded durlng

;brlsk flex1on or extens1on of the dlstal éhalanx of the

thumb S
On-occasiOn e.m.g. was recorded using concentrlc

electrodes con51st1ng of a 1 em 51lver chlorlde dlSC

“surrounded by a flat ring cut from g, 0125 mm brass shlm"ﬁ

stock. The 1nner d1ameter-of £B€f?Ihg was-approxlmately
-and~its width approximately 3 mm. These electrodes were
d1ff1cult to use and were less sensitive than the

conventlonal electrodes, but they proved to be somewhat
selectlve in restrlctlng s1gnal pick-up to the closest
- muscles, Generally tﬁbugh,-there was llttlefev1dence=of

cross-talk in records obtained from EPL and FPL muscles

2" cm

more

more'

when’



;USLng conventlonai electrodes.gﬂdd e 7 TR

“" E m g. s were fed 1nto a preampllfler w1th a hlgh pass

1““cutoff of 10 Hz and subsequently amp11£1ed'at a second stage
gbefore gglng recorded on tape or- d1g1tazed for dlSC storage..;
‘If e.m. g. was to be dlg1tlzed 1t was rectlfled at thelfif[

, second stage of amp11f1catron.

the e. P g. 's were not low ~pass flltered?before belng

d1g1t1zed Only 1n the flrst exper1ment descrlbed 1n the;fplf
next. chapter were the e.m.g.'s flltered A Paynter f11ter
jw1th a low- pass cutoff of 100 Hz was used and the sampllng _
’rate was reduced to 500 Hz. all d1gltlzed €. m. g..recdrds

. were. subsequently analyzed using programs wr‘-

'PDP11/34 or LSIll computer. At thlS stage, ‘e.m. g records. IR
were smoothed u51ng software 1mplementat10n of a f1n1te o

1mpulse response fllter with a low- pass cutoft~og 10. Hz.

) All voluntary movement s of thlS study brought the

rotating cage of Flgure 4 into contact w1th a mechanlcal

‘-stop at their lowest extent. The stOp l1m1ted flex1on to an

~angle of approxlmately zero radlans as measured from the
horlzontal This angle was taken as zero rad1ans of
;?exten51on.,Thus, angular pos1tlon 1ncreased w1th exten51onh'w

- and decreased w1th flex1on. The surface of- the stop was

fspadded to5Cush1on the 1mpact of the cage._Thlsqreduced‘thegi



:amplltude of v1brat10ns transm1tted to the galvanometer and
_attenuated stlmull durlng 1mpact Wthh were potent1a1

sensory cues for movement reproductlon." o : Fy




,»et?ec1procat1ng movements in rapld succe551on. Each sequence

H'angular flex1on veloc1ty whlch fell 1nto -one of three

¥

111, RHYTHMIC RECIPROCATING MOVEMENTS . = .

A Methods R S S

I was the only subject of the 1n1t1al experlment whlch

was undertaken as a quantltatlve study of the relat1onsh1p

)

veloc1ty of movement. The task was . to perform a sequence of

cons1sted of 11 movements wh1ch followed a strlct temporal

pattern. The object of each movement was to attaln a peak

spec1f1ed target ranges us1ng the sequence

1,1 r 1 2 3, 2 1 3,2,2, 1 (veloc1ty 1ncrea51ng w1th target »”'

number)

Seven.sequences were'performed each at a sllghtly

between movement amplltude, muscle act1v1ty and peak angular

faster tempo than the prev1ous one. The slowest tempc had an

average movement frequency of 2 Z.Hz, the fastest 4 8 Hz.

.’

The task proved to be too complex to be executed accurately,

>

partlcular y when the average movement frequency exceeded 4
Hz. It did, however, provide: useful data regardlng the _~j
N

regulatlon of velocity and stimulated a more systematlc

investigation which is described'in the'nextichapter.

"B. Results ' - -

RaVAE

Figure 5 illustrates a'typical ’ballistic'x |
reciprocating movement. The’e}m.g.‘s.oﬁ the EPﬁ'and'FPL
muscles ‘are characterized by brief bursts of activity

t\,
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100 me

FIGURE 5. Typical reciprocating movement. Extension
(increase in angular position) was immediately followed by
flexion (decrease in angular position). There is no overlap
between the e.m.g. bursts in EPL and FPL. Note that the FPL

e.m.g. burst begins less than 25 ms prior to the onset of »
flexion.



’:‘

',;precedlng exten51on and flexlon respectlvely. The basellne

of the angular pos1t10n trace represents the zero angle of

extensxon- the, basellne of the angular veloc1ty trace

represents zero veloc1ty. ASAthe dlstal phalanx oﬁ the thumbld :

‘1s extended the angular p051t10n rlses.-Movement amplltude»

L

is taken as the peak angle of extensyon. Flexzon beg1ns when?ﬁ‘lfd:

angular velocity crosses the baselln

When a sequence of 'ball1st1c rec1procat1ng movementSf

was performed so that” the peak flexlon veloq1ty§var1ed Etomf‘"

_movement to movement (equ1valent to varylng thefforce of dfg;i:;f‘”
impact with the mechanlcal stop) velocity covarled w;th u-jiidnfi:
.movement amplltude and 1nten51ty of muscle actlvaty lh‘;ﬁfp *gﬁ?
4(Bou1sset and Lest1enne,41974t Lest1enne, 1979 Hallett and
.Marsden, 1979, Wadman et al., 1979 Ghez 1979 Brown and

Cooke, 1981; Hoffman and Strick 1982 Marsden et al., 1983-

“

Georgopoulos et'al., 1983b). ThlS observat1on applred to

o

both peak exten51on and flexion veloc1t1es.

In the analys1s of sequentlal movements, the tlmef
between the 1n1t1at1on of one movement and the- next was R
separated into two parts. The flISt part was thewmovement”

A

duration, lastlng,from the 1n1t1atlon of exten51oﬁ\to the”

termination of flexion. These two events were QUlte clearfﬁldi“t
from records gggangular velocity'(éigure 6). The second part "
was the inter-movement-interval the time between the |

termlnatlon of flex1on for one movement and the 1nitlat10nﬁi

of exten51on for the next. This 1nterva1 appears as the flat e

reglon in records of angular veloc1ty The average frequeﬁqy

oy
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FIGURE 6. This series of rec1procat1ng movements illustrates
" that peak veloc1ty covaries w1th movement amplitude and
muscle act1v1ty - « .



bof a“Sequence of movements was determxned by d1v1d4ng the
.tnumber of movements 1n the seguence by the txme between
‘termlnatlon of flex1on 1n the f1rst and last movements of
"the” sequence. | | | . | .p |
L1near regre551on analy51s was carr1ed out .on . the
‘pooled data. of seven movement sequences(average movement';tgfx
:frequency ranglng from 2.2 to 4. 8 Hz) There were strong Z
correlatlons between peak exten51on veloclty and movement Fn
amplltude (r=0 71), and peak flexion veloczty and movement
amplitude. (r=0 '87), as well as between the 1ntegreted EPL
e. m g. burst amp11tude or area and peak exten51on veloczty
(r= 0 70 L= 0.82), and the 1ntegrated FPL e.m g hurstnv ;kﬁff'i
,amplltude or area and peak. flex1on veloc1ty (r=0 76 B
£=0.82). S S B e
When movement sequences were analyzed 1nd1v1dually,:fh375i
| s1m11ar correlatlons were obtazned w1th1n each sequence when;;}
the average movement was below 4 Hz. Above 4 Hz the ordered jff
relat;onsh1p between movement ampl1tude, e m. g..burst =
1ntens1ty and- peak veloc1ty sometlmes broke down, weaken1ng
‘the correlat1on. F1gure 7 shows sequent1a1 movements 1n '
Whlch peak flexion veloc1ty vas nearly the ‘same, but :{5'
movement amplltude andvFPL‘e,m.g.,lntens;ty va;%ed:*“m

‘1nversely S } _

The second to flfth movements of each eleven movement

A-sequence encompassed a. range of peak veioc1t1es, but were_' i_;
approxlmately equal 1n duratxon for a g;ven sequence.(F;gure

8). It was, therefore, p0551b1e to examlne the relat:onshxps




69

| . 100 mc . . , _ } v
FIGQBE‘7..DiSqtdéting'ofgthe;relationsh;p between amplitude,

 ‘velocity and e.

m.g. at fast tempos. First movement has

‘greater amplitude but lower peak. flexion velocity than the:
,mche;'two;_Sécohdxmovement:has;lowef3amplitude than third

. but approximately sam peak flexion velocity. This inver

'te;atiqnshipfbgﬁwegn',etWeen amplitﬁde’and'yelocitY{(wit%%ﬁ\

respect to Figure

inVerted;:elati

e 6)'is accompanied by a corresponding
onship between amplitude and " FPL e.m.q.



' ANGULAR VELOCITY

-

ANGULAR POSITION

1 )

0.2 rod :

FPL EMG

EPL_EMG -

200 ms :

v;,FIGURE 8 Second thzrd fourth and f1fth movements of ,t-h'r:ee
11 movement sequences (average frequenc1es'~i .5 Hz, 3.2 Hz
and ‘4.4 Hz). Movement .duration, inter= movement;“"'-n_terval ang’’
e.m.qg. burst duratmns all decrease as the tempo 1ncreases ;




'”Fj"between movement frequency and varlous t1m1ng parameters.lrp;f:f

”,{fThese parameters vere averaged for each set of four L;y'

§ ?_movements and correlated v1th the1r average frequency. ghe

w”{results appear 1n Table 1..;"

Both the movement duratlon and the 1nter-movement

- f1nterval were hzghly correlated as 1nverse power functlons

&

”’v*of frequency (r>0 99) The 1nter—movement 1nterval decreased”

‘{faster w1th frequency than the movement duratlon (F1gure 9a)

H*f.as Stetson and McD111 (1923) had observed in. the1r early

*study. The durat1ons of the EPL burst and the FPL burst alsoj
dfdecreaSed w1th movement frequency,lEPL durat1on dropp1ng
"Jmore rapldly than FPL duratlon wh1ch was relatxvely more

Zconstant (F1gure 93).‘ L »if o <]

v ) N : e . P ER
L QT e : . \w . e e . . . . ~ 0

>



Vs Anpggtude

'-v vS Integrated FPL- E. M G;f;-:ﬁ,c'

 vs EPLE.M.G. “Duration

: TABLE 1

Velocaty, Ampl1tude ﬁnd EM. G. of Rhythmic Movementsﬁa
(l1near regre551on o pooled déta from 7 sequvw;iv =
;Correlated Parameters f~~} '. Slope[s e }(ﬂ 77)

? Peak Extensmon yeloc1ty,_,, .,:‘,,’9 2%}1 05] ' 251ﬁ“lp&b;
Vs Amp11tude e : Lo R RS It

vrPeak Flex1on Veloc1ty    ff’ in'20 88[1 35}

_ Peak Extens1on Veloc1tyafi L "f7;0;351Q}03j;;ffi;i‘m
. VS* lntegrated EPL E. M G,,, LT ,

. Peak F1ex10n VeIOC1t ﬂ@ff*v}q~'; 1 06[0:,8]
“Peak” Extensmon Velocltydf,i”ffjf*7-0 0f7[0 004L;J
'Peak Flex1on Veloc1ty _ffffff'ﬂ _g 0 032[0 021ff
vs FPL E.M. G Durataon C -

LR
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| 1V. SINGLE RECIPROCKTING MOVEMENTS

~TA Methods { ‘ v o
| To 1nvestlgate 1n more deta11 the strategy used'to 5g'7f£:2

,control 'ball1st1c rec1procat1ng movements, SubJects were{“7<'

“asked to execute S1ngle mOVements rather than the sequences e

- of movements descr1bed 1n the prev1ous chapter. Slx subjects

L regulatlon of peak angular flexion veloczty and the thlrd

Virfmovements from the d1sp1ay of a storage osc1lloscope. The':

J“f};fbut gave the subject opportunlty to assess the ace ”acy of

H

'fpart1c1pated in thlS ser1es of experzments. They each

.performed three tasks durlng a 51ngle recordxng sessxon.-fw
o The flrst task 1nvolVed the regulat1on of movement S
amplztude, i. e.-peak extenszon angle, the secona task the gﬁ'”
:~task ‘the. regulat1on of both ampl:tude and veloc1ty,,__f_{}*-

SubJects were prov1ded thh vrsual feedback of the

‘dlsplay consisted of a £1xed target w1ndow de11m1ted by two
br1ght h0r1zontal l1nes, albng w1th an 1nstantaneous dlsplay |
'ﬂ‘of e1ther angular p051trqn angular veloc1ty or both ‘;fffh{f
‘Angular p051t10n was d1splayed by a brlght dot wxch moved i
upward. durxng extensxon and downward durlng flexlon('The dot

'u5was located at the bottom of the d1splay when the thumb was f};h

*; p051t10ned aga1nst the mecﬂanlcal stop. The{perilstence of L

:”the movement..r~ﬁﬁ




"’é@” _ S S e T . : T
A second dot dlsplayed angular veloc1ty, mov1ng upward :
v”;dur1ng extensxon and downward dur1ng flexlon‘ The dot was ;)j’-

J}%located at the top edge of the dlsplay when the velo,1ty wasfdj

*;fzero. Thus, only flex1on veloc1ty could be seen by ‘the

subject. . L :]f,““g';’,ff:f'*,}f _*,If;.ﬂ;:*:f:,itﬁv“

SoTs

’ In the f1rst task only angular p051tlon was dlsplayed"‘3'”.

"1n the. second only flex1on veloc1ty, 1n the th1rd both

t'jangular posat1on and flex1on veloc1ty were d1sp1ayed

- It was not necessary to h1de the hand from the

subject s v1ew s1nce there were no not1ceable d1f{erences

‘ between results obta1ned when the hand was v1s1b1e and when.'

it vas mot. | “ o
‘rh the’first task subjects were 1nstructed.to make‘

,7s1ngle 'balllstlc rec1procat1ng movements of an amplztude '

.wh1ch constralned the pos1t10n dot to be in the target zonef

fn;at the p01nt of max1mal extensxon. They,yere told to make

Ieach movement rapldly and accurately, but to separate .
1nd1v1dual movements by several seconds. They were presented
w1th four to six targets ranglng 1n amplitude from,O 15 to
1. oo rad. | _m" — o

In the second task sub]ects were glwen 51m11ar wd,lw- }"

';1nstruct10ns, but were now . requ1red to- get the veloc1ty dot -

a.1nto the target zone at 1ts p01nt of maxxmal downward

A

‘,,excur51on durlng flex1on.vThey were presented w1th four to
7ﬁs1x targets rang1ng from 5 to 34 rad/s.-';"”
In these tasks, two subjects were presented w1th a

t

target zone whose locatlon on- the osc1lloscope screen var1ed




‘lfl1n order to enter the target zone, the pos1t1on or””

o ‘the target poszt1on or velocxty was 1ncreased For the otherf-

-‘;whlch put both dots 1n the target zone.

=“and movement durat1on w1th move

'-{;wh1le the pos1t1on or veloc;ty ga1ns remaxned flxed. Thus,~-h

,1ocityv;.f‘

'Tdrﬁ—had to be moved greater dlstances as thetmfgn1tudevof

.,[subjects, the p051t10n or velod1ty garns were varled t@ keepf,

fjthe target zone in the same locatzon Qn the dlsplay.

= results obta:ned under cond1t1ons of f1xed or varrable ga1n

‘The

-~

Z-d1d not d1ffer.-t‘

3,

In. the thlrd task three subJects were preseJ!{d thh aQ-

51ngle target for movement amplltude along wlthfone of four '
'*(or in one 1nstance,,f1ve) targets for peak flex1onv5n’ﬁff
veloc1ty..The other three subjects were g1ven a s;ngle

f”_target for flexlon veloczty along V1th one °f four targets

‘for movement ampl1tude. The flxed target amplltudes}or

‘tveloc1t1es Were chosen to be approx1mate1y midvay between ;;:

1 'the extreme ranges of the flrst and second tasks..PoS1txon

rfand veloC1ty gazns were adjusted so that 1n each"ase ';c;f*

_'p051t1on and veloc1ty target zones comnc1ded The'subgects

’ ,were 1nstructed to make 'balllstzc rec1procat1ng movements

v:;fjfL

B SRR : TS A
L1near regresslon analy51s was used to correlate peak

‘,angular exten51on velocity, peak angular flexlon veloc1ty

;nt ﬂmpl1tude._All




ﬂ?all movements made to that target' the second that all f1ve B

3:_ftasks, records of angular veloc1ty, angular pos1txon and

gf-;e m. g. were averaged Flve movements were chosen from among

'k’fg30) The ch01ce was: based on two cr1ter1a.~the f1rst be1ng
'f;fthat the target parameter (mOVement ampl1tude or peak o

7‘*f1ex1on veloc1ty) be w1th1n apprﬁxlmately 5% of the mean of

gfjsmovements have approxlmately the same duﬁatlon

To check that th1s procedure prov1ded a representat1ve R

'ngample, the regress1on coeff1c1ents for the relat1onsh1ps"a

'ff_between movement parameters for bhe whole populat1on ‘and the-

'1selected sample were compared and found to be 51m11ar. In

'-the th1rd task f1ve—movement averages d1d not prov1de a

P A‘)( '

ﬂB;-Results -
g,; ‘There vere stron'

*extens1on veloc1ty and“

representatlve sample and hence were not used.

‘,. ”’gltliipr_d_v ;(

‘}

inear correlationS'between peak

-

‘ofjtpeak f1ex1on veloc1ty and movement amplltude (0 BBSrSO 97)

}for all subjects 1n both the amplltu and veloc1ty tasks

(Boulsset and Lestxenne, 1974 Wadman et al., 1979 Ghez,’
1979 Cooke,v1980 Georgopoulos et al.,,1983b)

Fxgures 10 and 11 compare plots of peak extenszon

’*L'pl1tude for the three tasks. In F1gure 10C the veloc1ty

1i}mﬂ§”%§et was flxed while the amplltude target var1ed

u-FFlgﬁre 11C the ampl1tude target was flxed wh1le the veloc1ty

vement amplltude (0. 72Srso 98) and .

ffj“:all of the movements made to each target (generally 20 to hﬂlh

. veloclty versus ampl1tude and peak flexlon Veloc1ty ve us_;.f
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w-slope of peak flexzon veloc1ty:versus amplltude was

100

1ncrea5ed.,
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FIGURE 12. Examples of scaled movements fwrom two subjects.

A) Traiectories of increasing amplitude are correspondingly

scaled in duration. B)*ihe two trajectories of least

amplitude and the next two trajectories form pairs which are

cotrrespondingly s-~aled in time. The ‘trajectory of largest

amelitude =ppears to be a scaled version of the first pair
e red ba the gecond pair.
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Figures 13 and 14 show thg ligear regression lipes
obtained for the relationships bqt@gen'Qérious e.m.g.
parameters and movement parameter% for one fepfesentative
sbbject. In general, the.correlationé between e.m.g. burst
amplitude or integrated area and movement amplitude or péék
velocity were stronger thén the corrélations between e.m.g;
burst duration and movement amplitude or peak velocity, but

p .

there was often a_strong trend for e.m.g. burst duration to

increase with movement amplitude or peak velocity.
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FIGURE 13. A) Plots of EPL e.m.g. amplitudd®, integrated area
and duratinn vs movement amplitude. B) Plots of EPL e.m.g.
arglitude, integrated area and Auration vs peak extension
o o iry o ATE mInate jre for the same subject.
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: V. SINGLE FLEXION MOVE
,( - | i

A, Methods ‘ﬁ

The strength of the l1near dorrelat1on between peak.
flexion veloc1ty and movement amplltude 1n~'balilst1c
_rec1procating movements and the difficulty e«perienced'bz
subjects attempting to requlate’ either parameter |
1ndependently of the other, suggested that movement
amplitude might not only be involved in the regulatlon of .
velocity,” but also in the judgment of veloc1ty A 51mllar
correlation between peak flex1on veloc;ty and the size of
the 1ntegrated FPL e.m.g. burst 1nt1mated that 1t mlght be
linked to perceptlon of veloc1ty through the sensat10n<of
effort experienced when the FPL muscle was voluntaraly
activated. To’further 1nvest1gateﬁthese p0551b111t1es the

task was simplified, a v;sual feedback dlsplay was,

constructed and the method of data acqu151tlon was

streamlined. ’ h ; B
The"modifipd task consisted of 'ballistic' flexion
movements wh1ch were initiated after the sﬁbject had
p051t10ned the tHumb at. a spec1f1ed angle of exten51on In
few expeplments a mechanlcal stop was used to 11m1th
extension and subjeCts were igstructed to’begLn flexion from
this limjt. In most’ experlments though extension was
unobstructed. A v1sual dlspla" prov1ded the subject with

ition of the thumb. The

'1nformat10p about the angularhpw

display is described in detail iater in this chapter.
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. R
A second VYisual display consistlng of a column of redé“
LED's was constructed to signal peak angular velocmty..A- \
sample- and hold peak detection c1rcu1t was' de51gned to
sample angular flex1on velocity. Its. output was fed 1nto a
comparator c1tcu1t where it was compared to tgn drfferent
voltage thresholds. Voltage steps between su¢ce smye
thresholds were equal creat1ng nine voltage . qudows of
equal width. The output from each of the ten Fompa!'tors was
.applied to a‘separate LED. An LED would light up in response
to an inppt voltage which exceeded the comparator:tnmeshold
which it was monitoring, but which fell below the next .
tnreshold level. Peak flexion velocity was displayeﬁ-as%a
brief flash (approximately 250 ms in duration) of the L?ﬁ o
corresponding to the voltage window into which the veloo}tY?

& e

signal fell.. o | .

M

s,
51

The circuit was wired so that an LED progrgssively
farther down the column was activated as the ma;nitude'of
peak flexion velocity increased. When the magngtuoe of the
velocity increased monotonically until achieving its
maximum, only one peak was detected and hence only one LED
flashed durfng flexion. However, the velocity-time profile
was often irregular at‘lower velocities, triggering more
than one LED. To prevent this, a lock-out circuit was
employed to deactivate the LED display until] the movement
had crossed an angular position threshold near the stop.
This ensured that only the ahsolute peak ~f the velocity

artivated an LED,
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The veloc1ty d1splay could be swbtched by a log1c

A

o 7
.ny-fc1rcu1t Wthh dontrolled 1ts actlvatLon and deact1vat10n‘

n‘;_based on the log1c output levél of a counter, The counter
lwas used“to count movements. Its output level changed after-
. four counts. Thus,.when the veloC1ty dlsplay was be1ng o
.controlled by the counter visual~“feedback (knowledge of

results) of peak flexion velocxty was alternately supplied

. 3
‘\T\<\)to the subject for' four movements, then w1thhe1d from the
' .subject for four movements. ' ' '

To m1n1mlze memory‘errors when match1ng velocities
after knowledge of results had been w1thdrawn the number of
movements per block was kept to a m1n1mum. Four movements
was felt to be the m1n1mum number which would still give the
subject enough of an opportunlty to adjust to the altered
visual feedback condltlonsa

The p051t10n d1splay was regulated by a logic c1rcu1t
that switched two LED's to signal an angular position target
corresponding to the angle of extension from which flexion
was to be initiated. The circuit conslsted of two '

comparators w1red to-two LED's mounted one above the other.
The comparators were'wired in such a way that when the input
voltage signal wvas between their thresholds both Lbes lit
up. when the input voltage was below the lower thresholad
'only the bottom LED lit up and when it was above the upper
threshold only the .top LED 1lit up. Thus, when the angle of

extension was w1th1n the limits of the target window both

LED's would light up 1nform1ng the subject that the thumb



‘
was properly positioned to initiate a 'bal}istic' fle#iow
movement. The angu;af position window was approximately~0.f3
rad.wide.
- The re;ative position of the tafget window couia be
changed without altering its width by means of:a relay which
added or subtracted resistaﬁ%g Erom fhe aisplay circuit. Th;
diSplay circuit could also_be;switchea by the counting
ci;cuit so that the initial aﬁgle would change in conjuction
with activation or deactiyatién of the QeloCity display
every four movements. Thé position display always remained
active. A change in the output level of the counter only
affected the angular position of the target window.

)

To facilitate data analysis, rectified EPL'and FPL
e.m.g.'s, angular position and angular velocity were
averaged on-line. All four signals were filtered and .
amplified as described in the precedinq chapter, before
being digitized. The analog signals werersampled at 2 kHz.
The averaging routine was capable of saving data acquired up.
to 500 ms prior to a trigger pulse. This feature allowed the
averaging sweep to be triggered from the velocity signal
without losing information about the portirn aof the FPI
e.m.q. burst which preceded movement onset.

The trigger pulse was generated by 'a Schmitt trigger,
trigdering from the angular velocity signal. The trigger
threshold was adjusted to a level slightly above that of the

small velocity fluctuations which octurred during thumb

positiening prior to movement initiation. The averaging
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sweep, therefore; began shortly after movement ohset, but -
included sampled‘data acquired before thisAtime, as
describedlabove. |

u Subjects were told that the veloc¢ity disolav measured
peak flexion velocity.’ They were instéudted to aim for a-
target velocity which was rndicated by two LED'slmounted
side by side in the sixth® ‘position of the pED column, Both
LED's flashed when peak flexion velocity fell within the
target window. When an LED above the target flashed, the
subject knew that the peak flexion veloc1ty achieved ' dur1ng'
that movement had fallen short of the target. Similarly,
when an LED below the target flashed the subject knew that
the target velocity had been overshot.

Subjects were allowed to practice untll satisfied with
the degree of consistency they had ach1eved from one
movement to the next. Since it was not possible to be
-on-target with 100% reliability, even after considerable
practice, no attempt was made to impose a criterion for
consistency. During averaging, no discrimination was made
between successful and unsuccessful attemots to achieve the
target velocity. Each trial consisted of 40 movements which
were executed without interruption unless technical problems
arose or the subject expressed dissatisfaction with the
performance If a trial had to be 1nterrupted it was
repeated in its entirity.

During practice, subjects were ptovided with a

knowledge of results (in the form of the LED velocity



/

displaY) for each'movement During trials, the velocity

: d1splay was swltched by the counting c1rcu1t. In some

)

eﬁﬁerlments the position d1splay was also sw1tched by the

counting circuit. Thus, the state of the velocity display

(and in Som riments also the state of the angqhar

position ) changed predictably after each set of four

\ movements during a trial. Movements recorded when there was

knowledge of results and when there was no knowledge of
reéults were averaged in.separate arrays. Each trial,
therefore, resulted in twé 20 movement averag%s} oné of
which represented a visual feedback condition (knowledge of
reéults), the other a no-visual feedback condition (no

Yy

knowledge of results).

buringdpractice, subjects Sere always asked to produce
maximal velocities under each’of the experimental
conditions. This ensured that any undershoot of the velocity

target during an experiment was not due to the subject's

physical limitations.

Experjment 1

Eight subjec;s participated in both Experiment 1 and
Experiment 2., Experiment || established a baseline for the
effect of withdrawing knowledge of results during the

no-visual feedback condition. 7+ also examined the effect of

changing the initial angle from which flexion -was inivtiated

-y

which also altered the mrament amplitunde
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Subjécts:uére instructed to‘regulatetg;exion‘so aslté-
match peak fleiion velocity hnder bofh;xhe visual feedback
* and no-visual feedback conditions. Two .sets ot three pairs
of trials were run. Ia_the first trial &t eaéh pair, the
initia; angle.remained constant. In the ;eéond trial of the
pair the initial aﬁgle ¢hangea according to the state of the
velocity display (visual feedback or no—visual feeaback)
When there was visual feedback the initial angle was the

7

same as it had been during the first trial of the pair. When
there was no visual feedback ‘the initial .angle was reduced
in trials belonging to the first set and was 1ncreased in
trlals belonglng to the second seg. . ‘

Each pair of trials in a set had a differentigarget
velocity which was changed by adjusting the velbc1ty galn.
In the first set the target velocities were 6.7, 10.2 and
13.6 rad/s. In the second set they were 9.0, 13.6f%ﬁd T8.1'
rad/$. The initial angle from which flexion was to be
initiated was approximately 0.55 rad in the visual feedback
conéition 0 35 rad in the no-visual feedback condition for
the first set of trials and 0. 78 rad for the second set. 7
Each set of trials was carried out in increasing order o}
target velocity. | |

i
E¥periment 2

Pxpernment 2 attempted to establish the sensitivity of
‘ s
the cuh]er*q Judgment of flexion velocity during voluntary

movements. Three pairs of trials were run, each pair hawving
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a diﬁferent target vel&city.'Tge t;;get.velocitiés were 9.0;
13.6 and 18.1 rad/s. Triais wefe carried out in incfeasing
order of t;rget vequ{ty. Ail movements began from ‘an

angular position of appro#imatély 0.55 rad. In the jirs£
trial of each pair the subject aimedvfor‘a farget yeloé{ty
during the visuai feedback condition, as in the’prev{ous ,
experiment. However, durin§ the no-visual feedback
condition( the subject was instructed to make movements
whiéh(were: according to the subject's judgment, slightly
faster-than the«novements under the visual feedback
"condition. The same prééédure was uséd in the second trial
of tRe pair except that the subject wasfinstrucfed tobmaké
slower tather‘than faster movements. It was impressed upbn
the subject thatiéhﬁse movements be only as much'fastér or
slower than the movements made when visual feedback was
available, as was necessary for them to be perceived as

A

being faster or slower.

Experiment 3
_ ~

Experiment 3 and Experiment 4 were carried nut to
determine whether the effects seen in Experiment 1 were due
to the ~hange in movement amplitude or the change in the
initigl angle from which flexion was initiated.

To farilitate these experimonte, the relay in the
rircuit contr~11ing the position disrlay was also wired intnm

a eeceond circuit which regulated the svwitching of a

retr= table stp. The ret'a-t-hlc et v -sngjgted of a



.
solen01d wh1ch was- securely clamped to a r1g1d suppoft When |
actlvated the core- element was pulled forward creating a |
mechanlcal stop about 0.2 rad above another f1xed stop. ‘When '
deactlvated the core- element was pulled back by a spring,
retractlng the upper stop. . —_— 'J rt

SlX subjects part1c1pated 1n Experlment 3 All.s1x had
also part1c1pated in Exper1ments 1 and 2. In Experlment 3
the 1n1t1al angle remalned the same under both viZual - |
'feedback and no-visual feedback conditions, but the
rtetractable stop was interposed under the visual feedback
condition only Thus, although the 1n1tfal angle.was . the

same, the movement'amplltude was greaterrUnder,the no-visual

feedback than under the v1sual feedback condltlon.

Subjects were 1nstructeﬁ, as: before to regulate K )
flexion so as to match the target veloc1ty under both v1sua1x
feedback and no-visual feedback conditions. Three trials
were run using target velocities of 9.0 13, é and 18“1 rad/S‘
respectively. Trials were carried out in 1ncrea51ng order of
target ve]oc1ty Flexlon was 1n1tlated from an angle of
Approximately 0.75 rad.‘Under the visual feedback condition
movement amplitude was, therefore, limited to approximately
o .55 rad, whlle it was increased to approx1mately 0.75 rad
under the nn visua] feedback condition. = . w
Experiment 4

Six subjects participated in Experiment 4. Of these,

five had aleen participated in Experimente 1, 2 214 3, In
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Experiment 4 movement amplitude was kept constant while the
initial angle alternated. Under‘the visualvfeedback
condition the retractable stop was withdrawn and the ~
position display signaled an initial angle of approximately
0.55 rad Under the no-visual feedback conditioh the stop
was in place and'the position display 51gnaled an 1n1t1a1
angle of approximately 0.75 rad. Thus, in both conditions
the movement amplitude was held at approximately 0.55 rad.
Agaln, there were three triale with target velocities of

9. 0 13,6 and .18.1 rad/s respectively and trials were

¢

carried out in increacing ~rdcr of starget velocity.

. Experiment 5

Experiment 5 was carried out to determine whether
judgmenf-df velecity was deprndent «n the force opposina
motion. Force was applied to the rot-tinnal axis of the
apparatus in Figure 4 by couvr'!'ng it '~ a printed cirruit
motor. The circuit controllinra the mot empldyed A negat’
velocity-feedback lorp *“‘pr“ﬂ”'“ a f rre oppreing motion
which was similar to vi~ 'ous fricticen The velnrity fredh.
loop was wired in seri- = with a relay which permitteq4 ti-

loop to be interrupted either when the velorityv display @ e

activated or when it was deart’ 1~ Whonlfhn
velocity-feedba~k lrop was int ' rted there was a resid '
"load congisting of the inet' i~ f the p;iurpd circuvit

91.8@?\“\1'- and the frictirn f +the hrusher e~ tacticg "' The

(‘\g;kiﬁq d{rrﬂ:m g G [ I ' T A vyt

\
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so that the initial angle wcdid-be the same under visual N
feedback and no-visual feedback conditions,

Six subjects participated in Experiment §, All six had

: : .

participated in Experiments 1, 2 and 3. Five had also
participated in Experiment 4. As intother experiments, they
~were instructed to move so as to match the target veloc1ty
under both visual feedback and no- visual feedback -
conditions. Two sets of three. trials were run. In the firet
set the viscous load was introduced only under the no- v1sual
feedback condition. In the second set the sittation was
reversed with the viscous load present only under the visual
feedback condltlon. The three target veloc1t1es were 7.8,
10.9 and 13.6 rad/s. Trials were carried out in 1ncrea51ng
~tder of target ve]oc1ty : '

Subjects were allowed to practice a few movements with
the load before beginning the first set of trials, Bht were

»

not given knowledae ~f regults.

Frveriment §

Fxperiment 6 was carried out to examine how the d
length tansion characteristics‘of thé EPL and FPL'muscles
aff rted the peak angular velocity of flexioq. The author
was the only gubject of thisg experiment .

A mechanical stop was set to limit extension. There was

.

neoetop to restrict flexion. The thumb was positioned

Tanine’ the stop and held there either voluntarily or by the

v

Pttic 1 s weak spring. In the first case a small amount of
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T

activity wasuréQuiréd.iﬁ EPL; in the second case EPL was
~relaxed. The médian nerve of the right arm was stimulated
near the elbow using the twin-pulse output of a Grass S9
stimulator.

There were two pfotocols. fn:the first, the strength of
the stimulus was set above thellevel which-pnqdﬁcea av
maximal e.m.g. response in thé FPL muscle. By carefully
probing the nerve it was possible to find a position where
the stimulus was quite selective for FPL. Five stép
positions were chosen and at each position the responses to
ten stimgli were digitized and averaged. The'sampling~5weep
was t;iggerea from the stimulator.

In the second protocol; tﬁe stop was fixed in one
position and five different stimulus levels were chosen. Ten
responses to each stim;lus level weée digitized and

averaged.
.B. Results

,Experimént‘1r

‘Figure 15 illustrates the effect of the withdrawal of
knowledge of results on the ability to match a given target
velocity. There is very little difference between movements;
made under visual feedback and no-visual feedback |
conditions.‘Téble 2 gives the mean change in peak flexion
velocity and movement time under the two conditions for the

eight subjects. Neither of these means were significantly
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ANGULAR VELOCITY

S rod/s

ANGULAR POSITION

0.2 rod

FPL EMG

EPL EMG

100 ms

FIGURE 15. So0lid lines and dotted lines represent averages
of 20 movements made respectively with and without visual
feedback of peak angular velocity. Angular position and
velocity trajectories are almost identical and e.m.g.
profiles are very similar when subjects attempt to match
peak velocity under the two visual feedback conditions.

.
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’ ' "‘ -o:f: »"?(:>
different from zero for any given target vekec1ty (2P>0.3 . _
‘for veloc1ty, 2P>0 1" for movement'tlme) Stat;st1cal

analysis of dlfferences between populat1on means 1nvolved a'
two-sample t-test (when the test 1s two—talled.:%e,notatlon-

2P is used; when it is one-tailed the notat1on P is used)

‘Figures 16 and 17 illustrate the effects of changlng
both the initial angle and movement amplltude on thq@abxl1ty
to match velocities under visual feedback and no- v1sualv
feedback cond1t10ns. When the initial angle was reduged the
peak flexion velocity was consistently lower dur1ng the
no—visual feedback than the visual feedback condition B
(Figure 16). When the initial angle was increased the N
velocity was consistently higher (Figure 17). The nelocity
undershoet was nsually accom;aniea by a reduction in the
size of the integrated FPL.e.ng. burst while the errshoot
was accompanied by an increment, although these effects;
occurred even when the e.m.gt_changes wete minimal.

lable 3 gives the mean undershoot or overshoot in
velocity for the subjects at each-target velocitf, as well
as the mean change in movement time.‘The undershoots were
significantly gteater than zero for target velocities of
10.2 and 13.6 rad/s,m(P<0.0005), but not for 6.7 rad/s
(0.05<P<0.1). The overshoote were g}gnificantly greater than
zero for all three‘tatge:'veloeities (P<0.01). In the five
cases where undershoots or .overshoots were significantly

greater than zero they were also significantly greater than-

the corresponding mean change in peak flexion velocity
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’ ANGULAR VELOCITY

S rod/=

0.2 raod

b
FPL EMG

‘s, EPL EMG

/\—\

TOO me o ’ o T ‘  '1

*J”ELGQREmjﬁv;Rﬁﬁﬁ?gggwiﬁgéiﬁl éﬁgle-énd~moveméntwampliiﬁde'
when visual feedbaFk of peak»velocfkyuweswwithhggg,&ggtggg

.  lines) caused the subject to undershoot peak velocity -when i
~FittenPting te mateh the-.peak=velocity of the visual feedback -

condition {solid liﬂgs) even though FPL "¢.m.q."s" were" " &ftent
very similar., - G . _

-
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obtained nhen the initial angle remained constant under both
visual -feedback and no-visual feedback condltlons (P<0.01).

whenever the 1n1t1al angle was reduced during the
no-visual feedback cond1t1on there was a decrement in
movement time which was significantly greater than ‘Zero
(P<O 0025) and 51gn1f1cantly greater than the change in
movement time obtained when the”initial angle did not differ
hetween visual feedbac} and no-visual feedback conditions
(P<0.005). Corresbbndingly,rwhenever the initial angle was
1ncreased there was an increment in movement t1me wh1ch was
51gn1f1cantly gréater than zero (P<0.005) and significantly
greater than the change in movement time when the 1n1t1al
angle remained flxed (P<0.005). |

In Figures 16 and 17 the velocity trajectories of
movements beginning from different positions are renarkably
similar for about the first 30 ms when the sdbject ds
attemptlng to match peak veloc1t1es. For comparison Figure
18 shows the velocity tra]ectorles of the sanr\subjects for

a series of different target veloc1t1es all 1n1t1ated from

the same position.

Experiment 2

éable 4 summariaes the results of" instructing aubjects
to make movements during the no-visual feedback condition
which were just perceptibly slower or faster than those made

under the visual feedback condition. The mean decrement or

increment with respect to the target velocity was always
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AD . ANGULAR VELOCITY : - ' .
S rad/a
FPL EMG -
B) ANGULAR VELOCITY
‘5 rad/s
FPI. EMG
. y o 2

ST 100 ‘me -
FIGURE 18. Velocity trajectories and FPL e.m.g. profiles for
movements with three different target veloc1t1es All theee
movements were initiated from the ‘same angle. The initial
phases of the velocity trajectories were very similar. A)

" Subject of Flgure 16. B) Subject of Figure 17.
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_siénificantly greater than zero (P<0.025). Movement times
showed a 51gn1f1cant 1ncrease for slower movements (P<0'b25)
and a 51gn1f1cant decrease for faster movements (P<0 05)
However, caution must be exercised in comparing Tables 3 and
4 since initial angle:changed in the former, but not in the
latter case. For 51m11ar target velocities,, the velocity
undershoots and overshoots were within the range of the
correspondlng velocity"* decrements and increments that could
be judged by the subjects. : .

Since’tne_initial angle and movement amplitude were not
varied in Experiment 2, finear regression analysis was
carried out to determine Wit% which of severalvF?L'e.m.g.
parameters, the peak flexion velocity was best correlated.
The parameters tested were e.m.g. burst amplltude, duration,
integrated area and slope of the rlslng phase of the burst.
The poorest correlatlon was obtained between veloc1ty and
burst duration (Brown and Cooke ;- 1981). The correlation
coefficients were less than 0.44 for five of the seven
subjectsatestedf.Tne other three parameters correlated

almost equally well with velocity (Fiqure 19). In nearly all

cases the correlation coefficients were greater than 0.9,

Experiment 3

| Figure 20 illnstrates;the effects of increasing
movement amplitude‘without changing the initial angle. Peak‘
flexion,velocity was essentially the’same aIthough the

movement Jlasted subhstantially longer. This longer movement
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FIGURE 19. Plots of FPL e.m.g., amplitude, 1ntegrated area,
rate of-rise and duration vs- peak flex1on veloc1fy All
plots are for the same subject.
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FIGURE 20. Increasing mévéﬁent'ampﬂitudejwithout.changing‘
initial angle when visual feedback of peak velocity was
~withheld (dotted lines) produced little difference in peak
velocity when attempting Fo match the penk velncity ef the
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duration is reflected in an ‘increased ‘duration of the FPL
bnrst (Wadman et al. 1979 Mishima et al. . 1981). Table 5.:
shows that while the mean change in veloc1ty for the 51x.
subjects is not 51gn1f1cantly different from zero under
visual feedback and no-visual feedback conditions for any
target velocity (2P>0.6), the -mean change in movement time

-

ts significantly greater than zero (P<0.0025) .

Experiment 4

Figure 5?‘illustrates the effect of increasing the
initial angle without changing the movement amplitude.>The
velocity overshoot under the no-visual feedback condition
was sometimes accompanied by a larger FPL e.m.g. burst, but
occurred even when the e.m.g. burst showed little change -
from that of the visual feedback cdndition.u | l‘ |

Table 6 gives the mean overshoot for the six subjects

for 'each target velocity. AlL»are sagnlflgantly.gxeater than~"’

4

zero (P<O 01) They were also slgnlflcantly greater than the

-~ e Y e

f correspomd1ng dlfferences observed in Experament 3

(P<0;O25).‘Table 6 also indicates,'as'expeéted,1that N
velocity overshoaots were accompanied by significant
reductions in movement times urider the no-visual feedback

condition of Experiment 4 (P-0.05),

Experiment 5

"The outcOme of - Experlment 5 was equ1vocal Three

sub]ects Con51stent1y,produced a veloc1ty undershoot when =

109
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’ velocity'whenqattempting to match the peak velocity of the
visual feedback condition (solid lines) even when FPL
e.m.g.'s were very similar.



112

vouv

[O"L)E 6- 9 [t 1)96° 4 L84

(s Llv L~ 9 [e6 0OlvL 9 €}

{s'61)6°61- 9 [00° 118G 4 0°6
Hmu.muﬁmevmsvk juBwaAow u} Bfgiey) ueay u ['p s}(s/ped)Ar}doian u} 8buey) ueay (s/ped)Ayo0|8p 38b0uey

21buy |BI1IIU] pue 3oeRQPBaJ=Sa|(Qe|JeA :8W}| IUBWAAON pue A} }D0|8p dead uj sabuey)

9 .,378v.L



¢

rd

the viscous load was introduced under the no- v1sual feedback
condltlon and they consistently produced a veloc1ty
overshoot when the conditions were reversed. These ‘
undershoots (?igure 22) or overshoots.(Figure 23)'were-often
very Iarge. The FPL e.m. g records show that these errors
resulted because there was little or no compensatory
adjustment in the size of the burst

Two subjects compensated much more adequately with
appropriate increases (Figure 24) or decreases (Figure 25)
in the size of the FPL e.m.g. burst. These adjustments were
usually quite large, as shown.

The remaining subject produced undershoots similar to
those of the first three subjects when the v1scous load was
introduced under no-visual feedback condltlon but he also
undershot when the conditions were reversed, as shown in
Figure 26. There is a dramatic reductlon in the amplltude of

the corresponding FPL e.m.g. burst.

Experiment 6

. 3 \- ‘
Figures 27 and 28 show the responses obtained when the

median nerve was stimulated'supramaximally with the thumb

p051t10ned at various angles of extension. The results were

similar whether the thumb was voluntarily:extended 0r,x ﬂ--ﬁgny.

..,.}» > - e L iy

supported in exten51on by the action’ of a weak spr1ng The o

;fintegrated FPL e g d1d not yary by more than 10% over the

.Jrange of 1n1t1a1 angles.,Th4s varlatlon was not systematlc,...

- . a R e I T & 00\5 -oam C e

;“but was probably due to sllght Qarlatlons the p051t10n and .

- - E - . ...7.' " SN -
’
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FIGURE .24. One  of. the-two SUbJECtS who compensated
-adequately for_ 1ntroduct10n of- the viscous load by

.veloc1ty was w1thheld (dotted Iines)
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FIGURE‘26QuOné"Shbject overcompensated when the viscous load

was removed and visual feedback of peak velocity was
withheld (dotted lines). He réduced-FPL activity much more
than necessary causding an undershoot 'in peak velocity when
attempting to match the velocity of the“visu€1 feedback
condition (solid lines). ' .
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FIGURE 28. Stimulation of the median nerve to evoke a
maximdl e.m.g. response in the FPL muscle produced the
greatest velocity and acceleration for an initial angle of
approximately 0.6 rad (dotted lines). Peak velocity and
acceleration declined progregsively as the initial angle
decreased. The reduction in peak acceleration was not as
great as when the initial angle increased (Figure 27).
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pressure of the stimulatihg electrode<agaihst the nerve. The
peak flexion Qeiocity, on the other hand, decreased1 | -
systbmatically as the‘angle increased (Figure ZZl/or  :
decreased (Flgure 28) from the'mlddle pos1t10n (0. 6 rad) It -
changed by about 30% w1th respect to its largest value. Peak -
angular acceleration waSjaffected 1n,the same way as o
velocity, although the decremeh s were greater aﬁ the
initial angleg increased (Figdreu27) from the mid-position
than as it decreased (Figure 28).

Figure 29 shows that veloc1ty and acceleratlon 1ncrease
in proportlon to the magnltude of the FPL e.m, g. .for -a g1ven
1nltlal angle. At lower levels of stlmulatlon‘-he e.m.q. o
begins later and has a slower rate of rise. This 35 also
'reflected in- the delay to movement onset. As the e.m.g.

increases movement begins sooner and accelerates more

rapidly. | . -

T2t
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FIGURE 29. Incrgas1ng~the strength of stimuv¥ation of the
medlankngrve.whmge keeping the initialsangle fixed produ-eg
progressive increnges in plak veloCit§and hceeleratin: 1l

delay betveen one t ~f movrment and FPL e.m. ~, crsrt
deelineq ~hout Yot pe Frjmulnag abrenatt . a0
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ey L. VI. DISCUSSION

At

In thlS chapter &he results of experlments 1n the precedlng

vt

g ;uchapters and thelr implications in the motor control of

'ballistic’ movements w111 be d1scussed

w -

'Ballistic' movements are employed in- a number ofwtasks

where the objectlve is to impart an impulse force to an
object. The golf sw1ng;.tenn1s serve, baseball pitch, and -
vofleyball spike are examples. Sometimes 'ballistic'
movements are arrested by an obstacle. This 'occurs in
striking a nail with a hammer, playing a keyboard or

percussion instrument, fingering a woodwind -or brass

instrument, typing or producing certain consonant sounds in .

speech.,

The conclusions of this study’have implications for ﬁhe
regulation of velocity in these types of movements. Although
only single-joint'movements‘of the thumb were ihvestigated,
where the moment of inertia is relatively low, some of the
principles underlying the organization of 'ballistic' thumb
movements may carry over to movements where inertia is
greater or where there is motion at several -joints. For
example, Marsden et al. (1983) have shown ;hat there are
similarities in the regulation of velocity in
'self—tefminated?'thumb.and elbow movements while Wadman et
&1. (%979, 1980) have observed simiief velocityvamplitude
relationships in rapid single-joint and twqffoiht movements.

This study has focused on the way in which velocity is

requlat~d and how it is judged by Subjects executing o

179
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'balligtic' movements, in particular, what aspects of
§en§aqibp.are'used as criteria in reproducing peak velocity.
o The control strategies which subjécts employed in
regulaéing amplitude or velocity in reciprocating movements
resulted in a linear relationship between peak velocity and
moyement amplitude. Although this relétionshiplwould foilow
from pﬁlse-heigbt);egulation of the neural iﬁput, the data
indicate thét in general, subjects also modulated the
duration of the néural.impulse. Thus, in many cases
movements of different amplitudes were ééaled in time.

The ektent to whiéh the relationship between peak
velocity and movement amplitude could be altered by changing
task conditions or movement frequency indicates that there

‘are limitations within which the centfal nervous system is

constrained to operate when executing 'ballistic' movements.
The peak velocity df a 'ballistic' mov%ment is

appa;ently not judged on the basis of peripheral sensory

information, but according to an internal model of the

movement which is based more directly on the motor command.

A. Muscle Function in Reciprocating Movements

Consider first the roles that the antagonistic muscles.
: : : N

. .
7

piayfinrthe génefatioq of 'ballistic' reciprocatiné
mévements. These ﬁovements were generated by two consecutive
force impulses, the first delivered to the EPL muscle, the
second to the FPL muscle. The function of the impulse

[N

delivered to the EPL muscle was obviously to initiate
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eXtension; causing the dxstal phalanx of the thumb to moVe

until re51st1ve forces brought its veloc1ty back to zero. .. .

L . : F «@ O .
A - L A R I P T R S A .t

hThe‘rmpulse dellvered to the FPL muscle may have had more
than one function though. In addition to producing»flexion
of the intenphalangeal joint of the thumb, the flexor = -
impulse may have acted to brake exten51on. However, ’there
are several arguments against such a role for the flexor
impulSe.

Careful examination of Figure 5 shows thatractivity‘in
'FPL begins only about 25 ms before the angular velocity~v
reaches zero. Figure 29 shows that'the,delay.between the
onset of FPL e. m.g. and the onset of movement is
approx1mately 20 ms when the median nerve branch to FPL is
stimulated supramax1mally The delay increases to 30 ms as
‘the strength of the stlmulus is reduced Thus, in Flgure 5
extension velocity may have already decreased to zero by the
"time the FPL muscle began to actlvely generate force.

A similation was carried out u51ng ‘the model of
,Oguztoreli and Stein (l982)'to determine what role the
fle#or might play in braking. The implementation of this
model is outlined in Appendix 1. In one simulation the
extensor muscle alone was activated for 120 ms (Eigure 30,
trajectory A). In a second 51mulat10n extensor activation
was followed 1mmed1ately by flexor act1vat1on (Flgure 30
trajectory B). Activation of the flexor had almost no effect
on the extension phase of the simulated movement . According

-

to the simulation, passive visco-elastic forces developed by

LU
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FIGURE 30. Position.and velocity trajectories of simulated
reciprocating movements using the model described in
-Appendix 1. Trajectories_ labeled A were obtained when only
the extensor muscle was activated. Those labeled B were
obtained when extensor activation was followed immediately
by activation of the flexor muscle. Velocity trajectory B
returns abruptly to zero during flexion when contact is made
with thg mechanical stop (zero position). There is almost no-
difference in the extension phase of trajectories A and B.



bhe muscles are 5uff1c1ent to stop extensxon. Therefore,,the S

FPL force 1mpulse need play llttle, if- any role in’ brak1ng

- ~ &

RS

- - A - e . ,“ e . gy . . .
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extension. T ST T e e e T
‘The' simulation also ~shows that only one process

(extensor contractlon) 1s respons1ble for producing

‘”"‘m ~ e

extens1on veloc1ty, wh1le two processes (return of the

RO

stretched flexor~to 1ts relaxéd length and. flexor
X B i mmesn ags L e,
dontracflon)»sumetoaproduce Ilexlon veloc1ty

- o ] Do

: Because the mathemat1ca1 modef is llnear FUit pred1cts CEE
linear relatlonshlp between peak exten51on veloc1ty and' 'W;" N

movement amplltude,when the amplltude of the ‘neural 1nput 1s_

PR Ty, Y ah

e e .
A ] g ..,

scaled in a llnear fashlon (pulse helght regulatlon) Thus,-fu“ i

if subjects had regulated only the ampl1tude of the neural

“ﬂ’ 1npuﬁ bt not ‘its durat1onr thelr mcvements would have been

o .
W ..‘

-

2'constra1ned a pr1orﬁ to exhlblt a - 11near relatlonshlp : )l, i
between peak veloc1ty and movement- amplltude ‘

The fact that e.m. g. burst duration could be reduced by '
increas1ng movement frequency (Flgure 8) and that burst ‘
duratlon tended to increase with movment amplltude (Flgures,,.
13, 14 and 20) 1nd1cates that burst duratlon 1s regulated by
the central nervous system While the prlmary determlnant o{
the observed 11near relatlonshlpibetween peak veloc1ty and~

~movement amplltudells probably pulse—he1ght regulat1on of
%he neural input, there is also pulse w1dth modulat1on whlch

is dependent on movement amplltude.
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B Muscle Functxon in. Flexlon Movements

The flex1on movement was in some" respects 51m1lar to

.,,‘.

the flex1on phase of a. reclprocatlng movement. However,_:'

'vbhere wefe a}so some - majqr dljferences. Slnce flex1on was
:ﬁgz.__, - ® o - o .

R W TN

not 1mmed1ately preceded by pha51c exc1tatlon of the

e e

antagonist muscle, any constraints which would have been

inmpoSedgby therneed*to_coorQinatevreoiprocal muscle activity

-

were e11m1nated
- Furthermoren there. was little room for flex1b111ty in
Strategy in the flexlon movements ‘since both amplltude and
,§ peak veloc1ty were spec1f1ed Peak veloc1ty could be
‘regulated only by alterlng muscle actlvatlon. The 11near
”frrelat1onsh1ps observed between peak flex1on veloc1ty and FPL
“.e.m,g (Figure 19) mlght be‘ixpected They are. con31stent'
. with the Oguztoreli and Stein muscle model which predlcts
such llnear relat;omsh;ps between peak veloc1ty and<neural_
input when movement amplitude'is constant, provided it is
large enough to’allow‘beak velocity to occur before impact
»is made with the mechanical stop.
E The results of the gﬂperiments invoiving single.flexion
movements show that 'ballistic’fmovements can be5performed
over approx1mately a three fold range of veloc1t1es without
‘altering movement amplltude. Since rate of rjise, ampl;tude
and imtegrated area of the FPL e.m.g. burst.all“correlate‘u
linearly with peakpangular'flexion.velocity”wﬁile:burst
duration correlates relatively poorly,_velocity must be

regulated by a pulse-height command to the motoneuron pool.
)
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Slmllar correlatlons between burst amplltude or. 1ntegrated
';';area and peak ve10c1ty have’ been reported by a/number of
1nvest1gators (Bou1sset and Lestlenne 1974- Lest1enne,
'1979 ‘Hallett and Marsden, 1979 Brown and Coo e°'1981-

‘Hoffman and Strlck 1982 Marsden et al

-

Zangemeister, et a1, (1982) 1nvesflgat1ng the control of

[ ‘.
head rotat;on found that the rate of rise of'the e.m. g.;‘»

pey

lﬁ.burst conrelated as well with peak acceleratlon as d1d the'
burst amplltude.-It foliousbthat a—strong correlatlon would
‘also have existed between rate of rise of the e.m.qg. burst
,.and peak veloc1ty, as in the present study
CrnMovement Control Theories , i
The 51mulat10ns do not prov1de 1n£ormat10n,about the
control strategles ‘of the central nervous system but only
indicate what the response of the antagonlstlc muscle system
will be, given a partlcular neural 1nput |
Given that the amplltude and 1ntegrated area of the
e.m.g. burst were better correlated with the- parameters of
movement than the duratlons of the burst (Flgures 13 14’and
19), it f i ows that durlng 'balllstlc movements the .
1n1t1al (rlslng) phase of the e.m.g. was more 1mportant than'
'the duratlon of the burst in determlnlng the movement |
trajectory Several of the controd strategles which. were
descrlbed in the Introduct1on focus on these 1n1t1a1 events
and dre discussed ‘below. Cooke (1980)- Fel' dman (1980b) and

s

Bizzi et al. (1982) all suggest that rapld 51ngle 301nt



- movements are 1n1t1ated by an’ abrupt (step lzke) sh1ft in

- the:- length ten51on characteristics of antagonlstlc muscles.

"Thelr 1deas dlffer though, as toﬂthe.partlcular aspect of |
.the length tenslon characteristlc Wthh 1s be1ng regulated.
Cooke (1980) proposed that there was a shlft ‘in muscle

‘ stlffness, Fel'dman (J980b) clalmed that the inyarlant
characterlstlc or the muscle zero 1ength shlfted while

B1zz1 et al. concluded that it was the equilibrium point

that shifted. . - . . oa . aer ot

r

Str1ctly speaklng there 1s no equ1l1br1um'p01nt in a
‘balllstlc movement 51nce it con51sts onlynof‘an impulse
-phase. There is only a transient response which eventually
returns to the 1n1t1al p051t1on if muscle act1v1ty"returns,
to, its pre- movement level This is ev1dent from the
simulation discussed above (Flgure 30) Furthermore, the
changes in muscle act1v1ty and force are pulsatlle ratherr
than step like. However, it is Stlll reasonable to ask
whether the characterlstlcs of the force could result from a
Shlft in muscle stlffness or zero length.

Cooke s model characterlzed an antagonistic pair of
muscles as a 51ngle ‘damped spring. This is quite restr1ct1ve
.as was p01nted out . in the Introductlon The model can be
made more reallstlc by using two- sprlngs actlng in
opposltlon to one.another, The differential equation which
describes the model can be solved analytically. It is
possible,vtherefore; to test whether_step changes in muscle

stiffness can result in.a linear relationship between peak
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‘Velbclty and movement amplitude. The general solution to the

SRS
©

_dlfferentlal equation is given in Appendix 2. It shows that
even when 51mp11fy1ng assumptions are made peak vehltity
w111 be prOportional to the square root of the movement
'amplitude. Under a log log transformat1on ‘the slope of peak

'veloc1ty versus movement amplltude will be 0.5 1f the

LAl s
@ [ :

: relationship is square root and 1. 0 if it 1s llnear Log log

@

transformation of the data in Part B of Chapter V (for all
six subjects, 1ncluding those in Figures" 10-.and 11) gives
slopes for the relationships between peak exten51on veloc1ty
'and movement amplitude that ‘are closer to 1 0 than 0 5.

_(0 80+0 15[s d.], "n= 18) so it is unllkely that balllsth'
movements are regulated by step- like changes in muscle
'stiffness only Measure"nts of torque versus angular
p051tion (Cooke, 1982) 1nd1cated that net 301nt stiffness )

, remained relatlvely constant for movements of progre551vely
;1ncrea51ng amplitude, prov1d1ng empirical ev1dence that
.changes in muscle stlffness are unlikely to be the mechanism
regulating the veloc1ty of rapid movements.

According to Fel'dman, rapid movements are initiated by
sudden shifts in theizero length of the agonist muscle
(Fel'dman,,1974h% He'gives only a qualitative description

—of this process. To test whether his theory predicts a
?llgear relationshlp between peak veloc1ty and movement
amplltude M was’ applled with certaln 51mp£1fy1ng

assumptions z
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. First, consider Fel'dman's invariant-characteristics.

. - -

They all have downward convexity, impiying that muscle
‘ . ,

stiffness. is reduced as muscle torque decreases (for a given

-ﬁuscle zero length). As Fel'dman (19é6a) érgued,‘ is is
probhbly a property of the integrated reflex inputé to a
.motoneﬁrons;'ln(this.discnss;on, muscleIStiffnéSs.wili be
é§sumed‘to be constant for all muscle ‘zero lengths.‘Fel’dma
(1966a) drew attention to the fact that the shape of the
"inQariaﬁt éhérééteristicslwas relatively.indepenéént 6f
mugclgrzefo length. Making thé further assumptioncphat the
stiffness is constant can be justified if there is little
difference between initial ahd'final muscle torques, since

—~the slopes of the-the'initial.a:é final invariant
characteriétics, i.e. the inifial,and final stiffnesses wiil
then be épproxiﬁ;tely equal.

/ © Fel'dman. does not  give anjexpiicit mathematical

_-description of muscies”in his theory; although he

characterizes shem as damped springs;.The differential

equation used to quantify Cooke's model in Appendix 2

describeg damﬁéd springs. It has been ﬁppropriately'modified

in Appendix 3 to provide a mathematical description of

Fel'dman's theory, incorporating the simplifications

discussed above. The solut{on’shows that Fel'dman's theory

predicts a iipear relafionship between movement amplitude

.and-ﬁhe'shﬁft in muscie zéfo lqufh. Since peak velocity is

directly prdportional t@‘mévement ahplitﬁde in such a

system, provided stiffness and damping remain constant, it
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folloWS that- Fel'dman“s theory'predicts a iinear
relat10nsh1p between peak veloc1ty and the shift in muscle
.zero length o _ | o , .

Fel dman's theory is also compatlble w1th the observed :
llnear relatlonshlp between peak velocity ‘and muscle |
act1v1ty (F1gbres 13, 14 and 19) since muscle zZero length is
dlrectly related to the exc1tab111ty of the motoneuron pool.

- The equ1l1br1um shlft hypothe51s of BlZZl et al (1982)
is equ1valent to either one or the‘other of the.above
hypotheses (or some combination of the two) if antagonistic
muscles are characterized as damped,springs.'ln a system of
springs there are only two parameters which can be. varled to
ehangekthe eguilibrium point, namely the'sbring stiffness
- and the zero length. Therefore; an abruot shift in’ thec‘
equilibrium p01nt could produce a linear relatlonshlp
between peak veloc1ty and movement amplitude if it were
brought about by a Shlft in zero length

The symmetric 1mpulse—var1ab111t¥ theory of Meyer et
al. (1982) cannot be applied in its entirety to the
movements of'this study becapse these movements did not
'requ1re a decelerative force 1mpulse for braklng The
flex1on _movements consisted of a single §ccelerat1ve force
impulse while the rec1procat1ng movements were effectively
composed of two opp051tely dlrected accelerative torce
1mpu15es which were delayed suff1c1ently with r;sbect to

each other that they did not overlap. Thus only those

vaspects of the theory which do not require the incorporation
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of a decelerative force impulse can be applied. The

fundamental principles of time and force scaling do fall

into this category.

As Figure 12 {ndicates, reciprocating moveménts were

. 2 ateRs . tt

-often time scaléd, in contrast to the constancy of movement

time which Freund and Budingen (1978) had.}eported. However, .

this was not™trict time scaling in terms of its definition -

in theAsymmetric impulse-vériébility theory,'Acco:dipg to

. s ‘&

" the theory, when movements are scaled”in ﬁim@ only,
acéelerétién will initially be higher for shorter (smaller
amplitude) movements than longer (laréér amplitude)
movements’(Figﬁre 2). This will produce a steeper initial
slope for«the-angular‘pos{tiohkdf Smaii'amplitude movements.
It is clear from Figure:12_that the initial slopé is;u
genefally smaller for small amplitude movementsvand may be
relatively invariant for movements of intermediate and large
amplitude.

The observed trajéctories are more likely produced by a
combination -0of time and force scaling since force scaling -
results in initial accelerations which are higher for
merments ;f larger amplitude (Figure. 2).

”In“fiexiOnlmOQements there wgs often a remarkable
similarity in the initial phase of tﬁe velocity trajectories
which»gppeared to be relatively independent of initial angle
" or ta?%et velocity (Figures 16, 17 and 18). Althoﬁgh i£ may

not be obvious how this could arise from a simple

combination of time and force scaling, it is a feature of

¢

q
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. the Oguztore11 and Steln model. Whenever the in1t1al slopes
‘of the neural 1nputs agre the same, veIOC1ty trajectorles |
will c01nc1de This is a consequence of the 11near1ty of the
model. ) —

' Therefore, the 1n1t1a1 51m11ar1ty of veloc1ty
‘trajectorles durlng 'ballistic’ movements is most adequately
explalned if patterns of motor un1t recruitment are taken : -

" into account. The 51m11ar1ty of the. r1s1ng phase of FPL

. ‘e
e.m.g. bursts when veloc1ty trajector1es c01nc1de (Flgure | B 3
" 18) suggests that the shape of the acceleratlve force
1mpulse is governed by the manner ‘in which motor un1ts are
recru1ted Durlng 'balllstlc ‘contractlons motor un1ts
follow an orderly pattern of recru1tment and are actlvatedv u3'>f}

more often as the strength of the contraction 1ncreases

. ) e " o
(Desmedt and Godaux, 1978b). They .rarely fire more than
three times during the course of a ’hallistic' contraction

though. Therefd e, there may be a saturation in the f1r1ng
3 T

otor units which when comblned with the}r
'ht nd the force veloc1ty properties of af
muscles, llmlts the initial 3§celerat10n and ‘causes the
initial c01nc1dence of all velocity trajectorles beyond th
saturation point.

The similarity in the initial phase of the velocit
trajectories opposes the notions that 'ballistic' movements
of greater velocaty or amplltude are produced by greatpr -

ShlftS in either the muscle zero length or stlffness. Both

/
predlct that 1n1t1al acceIeratlon should be linearly
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£l

l'%ifh the magnitude of'ﬁﬂé shift.and hence shqﬁld'intrease
for higher peék velotitieé (Appendices 2 and 3). Inétead, it
;bpears that the inipial'shift in the length—tenéipn‘
characteristics of the muscle is often very similar for ali
'ballistic"moveménts and that there is a later shift which
.depends on'amplitudé or p:ak velocity. |
D.'fndependent,Regulation in Reciprocating Movements

As was mentioned above, both the extensién and flexion
phases of 'ballistic’ feciprocating\@ovements were similarly
regulated. It is noteworthy, té%refqre:\that a‘de;tain
degree of independent control of the two phases could be
achieved by ;arying the amplitude target while keeping the
velocity target (peak flexion velocity) fixed. In Figure 10
peak extension velbéity retained a high lineaf correlation
with amplitvde and fheﬁrelationship showed little change in
slope whil~ peak flexion welocity became rélatively poérly
+ correlated with amplitude with a dramatic réduction in the
slope of the relationship. Hoffman and Strick (1982) have
seen similar independence of.agonist and a2 tagonist mus~]e
activity in "self termipated' movements.

Nanetheless, the central nervous system apparently
prefers to use a stgategy which links the amplitudg and
velecity nof 'ballistié' mqveﬁents whenever possible. Thus,
when the amplitﬁde target was fixed th]e the velocity
target varied, both é*Lénsﬁoﬁ and flexion velocities wereé

aga ' n ~'wmi’-orly linked +n amplitunde (Figure lﬂz.-The veducen
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linear correlation was probably a'comoination'of the demands
of the task, i.e. forc1ng the veloc1ty hlgher for a g1ven
movement amplltude, and the attempt to disrupt the. mode of -
velocity regulat1on preferred by the central nervous system.

Since the slope of the relatlonshlp between peak
flexion velocity and movement - amplltude could not be
increased by keeping the amplltude target fixed 1t is llkely;"
that in linking peak velocity and movement @mplltude, |
subjects were employing a strategy which'either maximized’
peak velocity or optimized the process of regulatibn.

The fact that there was a tendency for the slope of
peak exten91on veloc1ty versus amplitude to be reduced while
the slope of peak‘flexion velocity versus amplitude
increased in going from the amplitude to the velocity task
(Figures 10 and 11)’suggests that the focus of the central
strategy shlfted accordlng to the parameter belng dlsplayed
during the task, allowing ‘the peak velocity to increase for
‘any given movement amplltude -

E. Cobntrol of Rhythmic Reciprocating Monements

Individual reciprocating movements which'werelembedded
in a rhythmic sequence had all of the characteristic
features of the movements described above, but beCauSe_the
sequence could be performed at different tempos it was
possible to observe temporal scaling featnres which were

relatively independent. of movement amplitude.
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vStetSon_(TQOS)raﬁd Stetson and;MEDill (1923) studied
rhythmic 'ballistic’' movements withoutithe‘aid of e.m.g.'s.
They had subjects perform rhythmic'up—éﬁdfdown‘movements of
the upper limb. Thej called the up-stroke of these |
hoVements, the back—stroke,_ahd the do&n-st;oke, the
beat—strdke, in analogy to the movements used in percussion
or music conduction. In the reciprocating movements of the
present study extension corresponded tovthe.back—stréke andi
flexion to the beat-stroke. . a

Stetson (1905) suggested that braking of the
back-stroke might be achieved passively withéut requiring
‘activation of the muscles generating the beat-stroke. This
was.borng‘éut in the presént study, as discussed in the
first section of this chapter. |

He showed that ;hé aQeré@envelocity of the beat—stfoke
was dépendent on the length of the stroke and.not on the
tempo of the éhythm and that its duration was less dependent
on the tempo than the duratibn of the back-stroke. The
present(study verifies these findings. There was a linear
relationship between peak flexion velocity and amplitude
dUring.the beat-stréke'which’was relatively invariant over a
range of tempos and as Figures 8 and 9'demonstrate, the
duration of the EPL e.m.g. burst (backfstfoke)_was more
strongly dependent on tempo thén the duration oflthe FPL
e.m.g. burst (beat—stroke’.

Sﬁefson and McDill (1923) presented evidence that the

inter-movement interval was longer than the movement
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duratlon and that when tempo 1ncreased this 1nterval was
reduced by a greater proportlon than the movement duratlon.
This is agaln ev1dent from Flgures 8 and 9

The studles of Stetson &1905) and StetSon and McDili
(1923) did not report any breakdown of the relat1onsh1p
between velocity and amplltude at fast tempos.- However, —they
did not examine a very wrde range of tempos and movement
amplitudeés. This'breakdonn‘ which is 1llustrated in F1gure
7, was most likely a conseguence of 1nsuff1c1ent t1me
‘between movements to allow the central nervous system‘to'
prepare an organizedgmovement structure.

dne striking feature'about the'timing of muscle _
activity is,the‘reLative.duration oflEPL and FPL bbrsts. The
EPL.burst seems to occupy the entire inter-movementvinterva;
and. extends well into the extension phase of movement |
(Figure 6). It was often twice as long as the FPL burst
Yet, there was apparently a net force in the flexor |
direction for about half of the inter-movement interval
'since angular position declined during that period (Figure
8)."Onset of extension was delayed at least‘80 ms from the
onset of EPL aotivity;in some cases. This'suggests that
following flexion the EPL muscle isxrelativelyginefficient
in generating force. The inability of the EPL muscle tote
generate force quickly folloying flexionbmay, therefore,lbe
a significant factor,in.l;miting the frequency of

reciprocating movments.



. | " | T a0
Jis_noﬁed earlier, the linear relationship between peak
veiopity and movement amplitude remained relativeiy
in?ariént over a range‘of tempos. Since e.m.g. burst
durétion’dééreased-as mo&ément frequenéy-increaSed (figure
9), there had to be a compensétOry increasé in e.m.g. burst
‘amplitudé (Fiéure 8).'Unlike the rhythmié forearm movements
which f;l‘dman (1980aj observed, moQément amplitﬁde was not
reduced as frequenéy increasedvbecause the task'reqﬁired
thét'the‘same peak - flexion velocity be’maiptained; ?eak
velocity was linked to movement amplitude,“ﬁencé amplitude
did not decline. At very fast tembos it likely became
increasingly more diffigult to provide the ﬁecessary
coﬁbensation in e.m.é; bursfvamplitdde as burst duration

shortened, causing performance to deteriorate.

F. Judgment and Pérception of Velocity

The'velodity mismatch, induced by instructing subjects
to change the angular pqgsition of movement initiation
(Figures 16 and 20), appears to result. from the change in
position, rather than any accompanying change in movement
amplitude, since it does not occur when amplitude increases
while initial angle is fixed (Figure 20). It miggt be argued
that no mismatch occurs in the latter case because the
central nerwvous system utilizes the same vol ry motor
éommand during the larger and smaller amplifude movements,
the only difference being that the smaller amplitude

movement is terminated by the mechanical stop at an earlier
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p01nt in the movement trajectory As F1gure 20 demonstrates,7"
this is not the case. The FPL e. m .g. burst durat1on is
longer for the larger amplltude movement although the rlslng
phases of the e.m.g s “are very 51m11ar.

Velocity undershoots or overshoots seen nhen'changing
both initlal angle and‘amplltude were generally accompanied ’
by: decreases (F1gure 16) or increases. (Flgure 17) 1n the
respective FPﬁ e.m.g. burst amplltudes. Yet when amplltuder
was held constant and initial angle 1ncreased overshoot1ng

,1.

occurred eVen though FPL e.m.q. bursts often dlffered llttlev'

(Figure 21). Both muscle length—ten51on characterzst;cs;and; ,"h

muscle actlvat1on strength were, therefore, tactors",
respon51ble for the overshoot. | | N

The velocity and acceleratiOn.trajectorles}resulting'
from supramaximal stimuletlon'of the“FPL nerve'(Eigure 27)
haQeﬂvery similar initial profiles, not unlike.thé .
coincidence of velocity trajectories illustrated ln Flgures
16 and 17. There is a major difference, of.course;'in thet
synchronizetion of'the'entire motoneuron pool by peripherel
n;rve stimulation produces higher accelerations. The -
greatest acceleration is achieved for an initial-angle of
. approximately 0.6 rad. Both peak acceleration and'QeIOCity
diminish wheg the angle is incremented or decremented b&l
approximately 0.1 rad (Figure 27).

Thus( when a voluntary movement-is initiated from an
angle-of 0.75 rad it first oasses through'arregion where

acceleration is an increasing function of muscle length,



142

:whereas when 1n1t1ated from an angle of- O 55 rad it 1s
entirely’ w1th1n a reglon where acceleratlon is a decrea51ng
functlon of musc}e length.‘Thlsfwould explaln how a movement
1n1t1ated from an angle of 0. 75-rad and hav1ng the same
amplltude and pattern of muscle activation as a movement
1n1t1ated-from an angle of 0.55 rad (as Judged from the FPL
e.m.g; burst), could result in a hlgher peak veloc1ty '

Subjects apparently were unaware of the added
acceleratlon generated by pass1ng .through this region of
1ncrea51ng acceleration and d1d not adjust the voluntary
motor command to the FPL muscle. FPL e.m.g. records 1nd1cate
that muscle actlvatlon e1ther remalned the same or was
“1ncreased An- 1ncrease was not necessarlly due to an

{1ncrement in voluntary: drive to the motoneuron pool

Instead, it may have reflected an.1ncreaséddexci;ability of
the'motoneuron pool .due to reflex inputs from muScle'stretph
receptors whach 1ncreased the1r flrlng rates in response to -
the add1t10nal pass1ve stretchlng of the FPL muscle
(Hulliger et al 1982).

Therefore, in matching peak velocities, subjeets were
probably matching the voluntary'motor command. This is even
more evident in thelmismatching which occurred when loading
conditions changed.JThe differences between the peak
velocities of loaded and unloaded movements were often very

large because subjects did not compensate with appropriate‘

changes. in muscle activation (Figures 22 and 23).



Although subjects were undoubtedly rece1v1ng‘sensorv‘xnv
’lnput whlch could have prov1ded a falrly rellable measure of lh'
v-peak veloc1ty, they apparently did not use 1t match1ng X
’veloc1Qy when v1sual feedback was. w1thheld For éxample, the
.force of 1mpact with the mechanc1al stop or the t1me taken'"

o reach the stop followtng movement 1n1t1at1on should have
-been the same for movements of the same peak veloc1ty
1n1t1ated from dlfferent .angles but hav1ng the same
amplltude. Had Subjects been Judg1ng veloc1ty accord1ng to
1mpact force or movement ‘time, it is kely that they
would have overshot the veloc1ty they were attemptlng to
match. ) B } B

There was one;suhject who claimed to'be'matChing
movement times, Her results bore this out. _She was less
prone to overshootlng when amplitude was flxed and 1n1t1al
position changed than other subjects; but was more prone to ;
overshootlng when 1n1t1al p051t10n was flxed and ampl1tude |
"1ncreased She was also one of the two subjects who
vcompensated adequately when loadlng was: varled . .

One of the supr151ng flnd1ngs of this study was that
subjects d1d not appear to base judgments of peak vefoc1ty
on signals from peripheral Sensory receptors. Cafarelli- and
B1gland Ritchie (1979) arrived at 2 similar conclusion from
thelresults of force’ matching experiments. When sub]ects
were asked.to match forces in contralateral muscle palrs

where muscle lengths dlffered they found that e.m. g.'s were

much better matched than muscle forces, suggest1ng that



idependent on, the state of the perlpheral nervous s;stg%u The.
'irepresentat1on or model of a 'balllstlc‘.movement in the'-L
;1nternal reference frame 1s a comblnatgﬁn of'sensatlonsi
Zlderyved from perlpheral sensory receptors and voluntary
:-}motor commands. Fel dman and Latash (1982) descrlbe how th1s
“fprocess can lead to klnesthetxc 1llu51ons in. relatlon to
.301nt p051t10n'sense;,51m1lar phenomena may lead to the'{l
mlsaudgments of veloc1ty durxng 'balllstlc movements
‘descrlbed in the present study

The mapping'of the external“reference frame to the
1nternal reference frame 1is probably pecullar to each

'(1nd1v1dual partlcularly in terms of the per1phera1 sensory

- -

~cues. which are selected'for-attentlon. As a task is
,pract;ced,.an internal‘model'of the movement is memoriaed>
‘and it ‘is this model that is recalled and reproduced It is
not veloc1ty, as measured in the extg%nal reference frame
wh1ch is- belng matched, but'an internal representatlon.of
the movement which may or;mﬁy not_incorporate a peripheral
sensory representatlon of velocity.

When the external reference frame is manipulated
wlthout providing an opportunity for recalibration .of the

external to internal mapping, i.e. withholding knowledge of

results, a subject will match the ‘internal representatlon of
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'1'those aspects of the movement wh1ch reproduce the sensatlon.L’:"

4

iﬁhat constltutes the 1nternal model of the movement (Goodw1nfis~“

et al., 1976) For 'balllst1c' movements thlS sensatlon 1s

related more dlrectly to the voluntary motor command than to;n“ ~

perlpheral sensory feedback . fjvf I,f:;;_{m
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Appendik 1,

The antagonlst1c muscle model of Oguztorell and Ste1n (1982)&
was- 1mplemented using parameters whlch made the flexor ' |
- muscle 2 5 times as strong as- the extensor. ThlS rat1o was -
'chosen on- the ba51s of. the max1mal forces wh1ch could be_hl
generated by extension and flexion of the 1nterpha1angeal
301nt of the. thumb The model 1ncorporated a small 1nert1al
load (0.05 kg) .which corresponded to the comblned masS‘%f
the distal phalanx. of the thumb and’ the cage in wh1ch 1t was

: clamped There was also a relat1vely large v1scous load (100:
N-s/m), chosen because it produced 51mulated trajectorlesm;;iﬂ
which were 51m1lar to observed movement trajectorles. The :
extensor and flexor musbles were actlvated rec1procally
us1ng a neural 1nput wh1ch was trlangular in shape. The
triangle was symmetr1c, peak1ng at 60 ms for the extensor
muscle and 40 ‘ms for the flexor. These values were chosen on
the basis of EPL and FPL e m g. burst proflles recorded
durlng 'balllst1c rec1procat1ng movements. The.values of

- the muscle parameters used in the 31mulatlons were based on.
the standard' values used by Oguztorel; and Stein (1982)
They ‘are listed below. I

Extepsor act}ve state v1sc051ty ’ I 40 Nes/m’

Flexor active state viscosity . ' 40 N»s/m
Extensor series elastic stiffness - 2200 N/m
- Flexor series elastic stiffness ' 5500 N/m
Extensor parallel elastic stiffness 880 N/m
Flexor parallel elastic stiffness g ' . 2200 N/m
Rate constant for ac¢tive state decay’ _ ~ 30s""

In order to apply the results of this simulation K\

directly to movements of the interphalageal joint of the
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ofthumb it 1s‘peeessary to show ‘that" rotatlon of . thlS 301nt 1s
’“dlrectly propoftlonal to linear movement of the EPL and FPL
muscles; The dlstal phalanx of the thumb is modeled .as as a
block slld1ng along a curved surface in response to forces
‘dexerted by the EPL muscle 1n one dlrectlon and. the FPL
l»muscle in the opp051te dlrectlon (Figure 31) Muscle forcests',
are transm1tted to the block by ‘means of long tendons wh1ch

hfollow the- contours of the joint. Change in 3o1nt angle 1s f

well-approx1mated asga linear functio% of change in length

B L . o .
of either muscle, as shown below» o

For the extensor muscle (Flgure 28A) change in muscle
length is dlrectly proportlonal to change in the length of
B tendon lying along the outer contour of the 301nt. Th1s

'change in length will be dlrectly proportional to the change

in 301nt angle. . . o ~

It.ls not as obvious that changes innjoint angle can
pfoduce proportional changes in the length of tendon lying
along_the'inner-contour_ofsthe joint, i,e}ithelflekor tendon
v(Eigure 31B)i'Equathn 1.1 glues_the telationship'between-
fhe angle 6 and -the length of-tendon l.‘ | | |
l=r¢la’¥2(2+al(1—cose)+Zasin0]- - l.m
where r is the radius of curvature of the interohalangeal '
joint’and a‘is a scaling-factor that depends on the pointiof_
insertion of the tendon This relationship is plotted for a
range of values of a in Figure 32, The‘l1near correlation

coefficient was greater than 0.999 in evefy case. Therefore,

the error made in assuming that the relationship is linear
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TENDON LENGTH Cr units)

o I 1 1 L ]
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ANGLE (radd
L
FIGURE 32. Plots of Equation 1.1 over the angular region 0
to 1t rad for several values of the scaling factor a. e
linear correlatigp correlation coefficients are all ater

" than 0.999.
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over the angular range O to 1 rad 1 e.. the re91on to.w“”ch :

“the movements ofethls study were conflned 1s negllb1ble.3h'




) ‘;'AbbéndiX‘i
Figpré 33v§ﬁ6ws asimple:aampéd-spring deei fofud'pair°of
’ ﬁ'aﬁfaéoniStic“ﬁusgleg, fhis'¢§de1 Yi11ibe used'tq deﬁéfmine
A whethef;a'step.¢héngé iﬁ'stiffness can produce .a 1ineér
relaﬁionship bétﬁégn péak veLécity*énQ mévément;agplitude,
The equation of mé}iénQis éiveh-below.. B ‘ ‘
M (£) +0k (£)+ (K #k %8 (£)%A5 (£))x (6] =8, (£)x,Ag (£)3,20 2.1

’ N o . ) :
A, (t)=0 U t%0, i=1,2 ‘ . : 2.2
- =k i '~k i t>40 ) AN

_k1x1+kzxz¥6 - e : 2.3

" u'where k, are the'init{él'stiffnessés, k,* the final

- stiffnesses and the positions x, and x, correspond to the

respective. zero lengths. Using 2.2 and the fact that x=0 at

t=0, 2.1 becomes .
 mi(t)+nk(t)+(k1'+k2')x(tl;A,kt)x,—Az(t)xz=O | 2.4
Let B=7/2m and wo=/(k1'+kz")/m ;hen\téking the Laplace

transform of 2.4 we get

mE(s)[s2+2Bs+wo?1-1/s[(ky "=k, )x,+(ky ' ~kz)x21=0 * 2.5
Using 2.3 and simplifyingnwe'get
X(s)[s2+28s+wo?1=1/5L (k, "k, +k;"x5) /m] 2.6
Let a=(k,;x1+kz‘xz)7m,then “
x(é);a/[sksz+2és+wb’)] A T 2.7
Inverting X(s) wé get
x(t)=d/wo’{1—exp(—Bt)[coshwt+(B/w)$inhwt]} | ‘ 2.8
where w=y (B8 -wo?). Differentiating 2.8 we get. ‘ 3
i(t)=a/w[exp(-Bt)sinhwt],; ‘ : 2.9
The.maximum value-of 2.8 is given by

L)
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FIGURE 33.

Damped spring model of antagonlstlc muscle palr.
The spring stiffnesses are k, and k., the respectlve

positions of zero length are x; and Xz, M is the mass and. n

the coefficient of viscosity. The equ111br1um po1nt 15 x=0 -
i.ev kyX,+tKkz+x,=0.
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. Xm=a/wol ' C PR ' >t L : .t, 2.10
| The maximum value of 2. 9 is given by - e o
kn=woexpl- (B/20) I 6B%0) /(B Voo T e 2.
It. is. .obvious that there is no 51mple llnear relatlonshlp
_.between peak velocity xm-and'amplltude Xmae' Even if ye,make.
the 51mp11fy1ng assumptlons that kz is .zero and that B=wo

(cr1t1cal damp1ng) Xm 18 proport1onal to the square root of

v n

Eme

e



Appendix 3

The model of F1gure 33 w111 be used to establlsh whexher a" -

step change in zero, length can produce a 11near relat1onsh1p

between peak veloc1;y and movement amp11tude. The equat1on

of motion is given below.

mx (t)+x (£ )+ (k +k, )x(t) -k, (x,+A (t)) k., (xz+Az(t)) 0 3.1

A, (t)=D t<0, i=1,2 3.2
=X;'—X| t>0 .

k1X1+k2xz'=0

3.3

-~ where x; are the positions corresponding to the initial zero

lengths, x;' fo the'final zero lengths and k,:ahd k. are’fhe'

respcet1ve stlffnesses Using 3.3 to 51mpl1fy 3 1 we get

mx(t)+nx(t)+(k +k )x(t) ‘k41A,(t)-k8,(t)=0

Let B=n/2m and'wo=/(k,+kz)/m then taking the Laplace

transform of: 3.4 we get , R E .

mx(s)[s’+ZBs+wo’]-1/s[k,x,}+kzxz']=0
x(s)[sl+ZBe+woz]=1/s[(k,x;'szxz'5/m]

Let &=(k,x,'+k2xz')/ﬁ tﬁen ’ : '
x\s) a/[s(s’+2Bs+wo’)] ) |

Inverting X(s) we get

x(t)=a/wo*{1-exp( —Bt)[coshw£+(B/w)sihhwt]}
where w=y (B ~wo?) . Differeﬁtiating 3.8 we Qet
k(t)= a/w[exp( Bt)s:nhat] |
The maximum value of 3.8 1s glven by:

Xm=a/@o @ | |

"The maximum'valﬁe-6£e3,9 is given by‘“

km=woexpl- (8/20) In[{B+w) /(B-0) 1} xXn

165
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| S1nce wo and B are constants peak veloc1ty xm 1s dlrectly

proportlonal to amplltude xm.



