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ABSTRACT

.
e o

Many o6f our daily norhal activities require a close
matching and coordination of movements of the two arms. In
et the preseﬁb stydy an attempt was made to answer the follow-

. *
ing questions: 1) How precisely are movement properties

matched for the two arms? 2) I3 matching of movements of

the two arms affected by visual information? 3) Are

~

: movements of one arm affected by kinesthetice information
L - ° -
M ' arising from the contralateral arm? 4) Does alteration in-

< . th -
the motor performance of one arm affect movement-  performance

in the other arm? . e

i‘ Stédies were made of step-tracking movements in norm{l '
humans. Dufing expe{iments,'subjects grgspéd a.QQréical rod
attacﬁed to a horizontal manipulandum bar. Thé subject;s
shoulder was abducted to 90.de§{ﬂith the ‘wrist semi-pronat-
edg The manipulandum,bar was Eivoted above the,subjeci';_

elbow and could be rotated in the horizontal plane. Subjects
- ., .

made. flexion/exténsion movements about the elbow. Both
simultaneously (using two mandpulanda) and independently
made movements of the two arms, performed at the subject's

I -
own speed, were studied,

During simultaneous arm movements, movements of. the two
- 4

arms vere 1pitiatcd at the g same times. The degree .of.

* matching of movement parameters as*llplihudc, ducatian and °

’ N ! . .
- s .~
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peak’ velocxty was dependent on Viaual information from the

~

e ,a:ns. In the absence of visual-infornation, these parameters

were exactlg matched 'in silultaneous novenents of the two
arms. When visual information was ptovxded by dlsplaying the

4

position of tight or left arm to the subject, the movements

of the “non-displayed"‘arn were consistently of greater

amplitudes.and velocities than thos& of the "displayed”

. arm. Movement durations were affected only when the lett arm

position was visually dxsplayed and showed asyunetry for

0 M .-

. handedness. The relation between qpvenent:peak zalocity and

- . ¢ . .
- movement amplitude was linear for each arm and was the same’

(matched) for ‘both arms under al]l visual conditions. This

-

matching in Rovement ve}ocity-anpiitnde relation was  seen .

faor ‘both the simnltaneous\and the indepéndept movements. |

In some experzments the norwal motor performance of

the left (non-preferred) arm was experimentally altEten ‘Du-
ring trials on siuultaneous movements, a weight (L 1b or 12'.

lb) was added to the manipulandwm durxng the experi-

.- .ment. Duting trials oh independent movements, subjects

- ’ -

é%ntinuously wore a 1 lb weighb on their }eft forearm fOor

one iEek. In both conditiona, loading altered the slope of

~the peax velocity amplttude relation in movements of the

h )

lett (loadbd) nrnf In bbth.caseu, ainilar changes occurred

- 1in the velocity-aaplitude relation of the right (non- ocaded)

atm. . \

. a .

The effect of proptiogeptive input on arm movement




W ’
performed without yisual information was also tested. High

ffequency-zlzo Bz)‘-echanical vibra;ion of muscle tendons
wés used to stimulate muscle spindlegrof the biceps or
triceps brachii huqcles. The ;ffects of this “%Pration on
movements . of the opposite arm were studied. Vibgation of the
stretched triceps uusc%e of a stationary arm (arm flexedf
produceq'OVershooting of the' intended fiexion end-position
By th;.Opposite (noviﬂg) arm. Vibration of the léngthening 
triceps nu;&le of one arm produced: i) uqderéhooting of the
‘intended flexion end-positiof by the same arm and ii)
overshooting of the.{nténded flexion end-éﬁéitioq-bj tﬁe
opposite (non-vibrated)’atn. The data show that vibratidn of
the muscles in one arm ;ffecﬁs movements being made at the
same time @ith.the opposiée arm. The changes in moveméntg of

the non-vibrated arm are opposite to those occurring in the

vibrated arm.

A

It is concluded that the motor adtigns of the two arms '
are fqnptionally!ﬁinked and the two arms work as ‘an ensem-
ble. Matching of movements made by the twb arms may reflect -

the operation of-a common ‘motor command or program which can

be modified by visual 'and kinesthetic infotmativn.

»
-~
.
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A S

INTRODUCTION

-

In many normal motor activities, such as walking,

jumping, sbimning and flying, etc., matching and co-ordinat-

ion between‘thé movements of the opposing limbs is a

necessity for the movement to be successfufly perform-

A"

ed. A bird, for eianple, has to make exactly similar

' -
“movements with both wings in order to fly. It is also

- -

obvious::that overadl step lengths, speeds, durations,
etc. must be the same for the two legs to enable an individ-

ual to make a straight balanced walk.'The_sane must be .true
T

-

in an activity such as rowing § bpat; any consistent
mis-match in movement performance -of the two-arms causes the

boat to move in a Tircle. ’
. = . »-
- . ’ -
' Bilateral multi-limb movements are older than

unilate;a} {unimanual) noveéents in phqugenetica} develqp—
ment. Molormcenttes.as low as the spinal cBrd have been
shown Eo have thg‘capability to genérate Ehe neural patterns
‘needed for such multi-limb movements as in walking iqrill-
ner, - 1981). The skilled novéments performed by one limb
(Jninanual movement) in- man and‘in the Prinates c;n be

coandpred as an extension of ‘an evolutionary ptoceil,

eierétng ftbn the development of the original multi-limb -

*
n

movements. )




So far studies on bilateral limb movements are

.

relatively few as compared to the amount of research devoted
to the studies and understandings of mechanisms underlying
single limb movements. In,these studies, some investigators

N\

have compared movements of the.two limbs with the aim of

, ‘6.determining whether there were consistent differences

Y o .,
v ;elated to handednessa Such differences have been found in

tests requiring either simultaneous or ‘independen{ movements

. (e.g., Flowets, 1975; Peters and Durding, 1978; Wyke, 1967,

1968, 1969). Many of these studies involved a tappiné task,

S

often-as a variant of Pitts'pa;adigm (Pitts, 1954).
Ho;ements made by the preferréd limbé, either right

or left, were more accurate, fister and- less variable than
those made bz-the.nqn-preferted limb. Interesting exc%ptibns

o to tﬁis were found by Flowers (1975) and Kelso, Putnam and
Goodman (1983). \ Floﬁers, for examgle, found preferred hapd

e performance ;as better in a Pitts tapping task but no

. N

diffetenceg when a pattern of tapping was required. He

suggested‘that the latter consisted of ballistic movements
énd :heifbrn;r of feedback-controlled movements and that
dlffarencec in bergorna ce ot.éhe two limbs were speed
related. Kelso et al.(1983) Xound no diftc;ences in réaction
time or lov?ncnt time for independent tapping novoaen;aﬁ

They also found that mQvement trajectories were the same for




both limbs during simultaneous bimanual movements, If the
limbs were to,SE moved to targets of different sizes (i.e.,
the noveneq‘s were of'&ifferent difficulty, cf. Pitts, 1954)
the arm moving to the "“easy" target s::wed while tha£ moving
to the "hard" target speéded up.

Many studies have also Qeen made on sSimultaneous arm
:movenentS'ie.g}, kelso;-éouthard and Goodman, 1979 a,b;
Marteniuk and MacKenzie, 1980) and of tightly linked limb
movements as in walking (g.gw,langlish! 1979, 1980; sStuart,-
Withey, Hetzél and Goslow, 1973). In Rany of these studies,
interest has been focussed on the space-time structurg of
inter-limb co—ordinatioh or on the patterning of movements
in the lihbs-during walking. gngiiah (1979), for example,
shawed thatfthé?éqfa;ion of EMG activity in the same, muscles
of the two fpre¥ ot‘hindlimbs was'identical du;ing.the
walking cycle in tﬁe‘cat. In other séud)es .related to
walking novenonts; it has also been founé that within the
mammalian spina1¢coré.there ate neuronal circuitﬂ that
regqlatea stereotypiocal and th?thnical movements of the hind
limbs (Grillner,1981; Blegkinblit; Deliagina, Peldman,
Gelfand and Orlovsky, 1978; Selverston, 1980). These
neuronal g!rcuits,“callad central pattern denerators (CPGs),
;ot the poriodiéityt~iutralinb synergies, and interlimbd

-

coordination.




In one of the more theoretically interesting studies,
qusb and his colleagues studied simultanecus cyclic
noveneﬁts of th; inqex finaets of the.two’hands (Kelso,
Holt, Robin and Kuglet, 198l1). They reported that there was
f’light phase coupPling of movements by tke.two fingers. In
addition, the frequencies and a;plitudes of free novene;ts
were-the same fofﬂgﬁg*;wo digits. St;die& have also been
made on the effects of altering the motor performance of one
limb on movement performance by the contralateral limb.
Movements of an.intact limb are inéaited by concommitant
attempts to move the contralateral paralf:ic limb YCo?n,
l951f'Bausmanowa-Pettusg;icz,’1959). Cohen @1970) reporied
changes in the sequence of rhythmic movenen{gﬁgﬁ one. limb
when rapid movements is started by the contrafat;ral
limb. Moye recently, Kelso e} al., (iSBL{ showed that the
phage relation between.sildltanEOus finger movements in the
two hands remained constant even in th; fsce of external
neéhanical pettﬁrbation. Indeed, they showed'xhat movements
of the two sides tend to become. entrained wtch one another.
Kelso and his colleagues interpreted their findinga in terns
of the propgntiec of non-lineap, 1in1t-cygle gsciilatots
(see also Stein, 1956). It 1s'élear;theietoif from all. the

A\ ]

ovidqnc; presented above that movements af Ehg opposing

limbs are very closely interrelated.

In the present investigation, this interrelation




. - A :‘o
- " '
. ’
. . ‘ -S
between the movements of the opposfﬁé limbs was examined.
' 1+

The characteristics of movements made either simultaneously

or independently by the two arms "at the subject's own'
speed” were studied. An’attempt was alsa made to investigate

the mechanism behind the control of these bllatetal arm

movements using unilateral short- and long-term loading as

well as unilateral muscle-tendon vibration. .
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X HISTORICAL REVIEW
.

I. control of Hulti-lilb'uovenentst

A. Locomotion

LA . L
Many movementg by man and'anina;s are parts of
co-ordinated activities of two or.no:e limbs. In activities
such as flying, swimmipg or walking, noveneni& of one wing

or limb are tightly linked with those of the other wing or

limbs. It has long been recognized that many co-ordinated _

~ - b}
N

motor .behaviours qad'occui.indépgndenﬁ of the brain as-:a

.

whole. The phenomenon of ‘the chicken with its head cut of £

running gboutvtpe backyard is ‘wéll established in. popular

. ;Snéuagea; B - == e L

AVHOtO formal description of this phenonenon, thac-

.18, reflex stoppfng in docapitated or apinalisod cata and

doge was given betore the dayg of ’ Shetrgpgton (Dennx

Brown,1979), It was believed that the stepping obtained in

. [
-

thooouprdparationo-wan‘d~rhythl1c series of reflex responsgs

oxcitcd by continuous stilulation app}iod pither to various:

Q

peripheral pofht. outside tho ‘limb or to tbc ctoas-cection

of the cord itself (Denny.Brown, 1979). The tole of pori-

.\ *

pheral signals from the limbs in initiating and naihtain[@gf

‘-

-
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walking movements was considered essential bgcause of the
observation of serious impairment in wélking ability of
monkeys following dorsal root section (Mott and Sherrington,
1895). IE was hypothesized; therefore, that the process of
walking was a 'chain of reflexes' that would continue once

initiated and for which afferent input from the limbs was. an

essential mequirement. ~ : .

. -

An early obéetvétion was that stepping movements
could also occur under deep anaesthesia when‘peripherar
reflexes were abolished. Brown (1911, 1912, 1914) shewed
‘that alternating rhythmic activity of ankle flegor.and
extensor muécles could be generated by the isolated spin;l,b
cord after -bilateral transection.of the lumbosgcral dorsal
roots, He postulated Qhé existence of two centres qf
neuronaryneéworks in the spinal.cord, one éentre for each
limb, that were responsible for the rhythmic walking. This
pcstulaté ;as'teStea moré than'fifty years: - later by many
ygrkers (see below) and préved to be a basic concept in the
. physiology of locomotion. ‘

.

“
L]

The undersianding of the mechanisms of locomotion was
_.advanced follewing the studiqs‘ot Orlovsky and co-workers.

They denonatfated‘pbtnai:walktng movements in decerebrate

L] . -

jcitslfbliowins electrical #timulation of an area of the

brain just caudal to the section made.Tor decerebration

o




- *
(Sshik, Severin and Orlovsky, 1966). They called this area
the mesencéphalic locomotor region (MLR). The mesencephalic
cat preparation was of great use in the research on }oco-
motion since it allowed stimulation, recording and drug

adminstration on a well controlled animal that could be made .

to walk in place on a treadmill as desired.

Deafférentation or curarisation, ;hich excluded all
movement-related feedback were used to.deuonstrate loco-
motion in .the mesencephalic cat preparation in the absence
of peripheral feedback {Grillner and zangger, 1975, 1979).
Tpe {yythmic muscle activity in the absencé of movement in
the curarized animal was termed fictive locanotion (Gtiliner
ahdZZgngger, 1979). Thus ;he concept was established of
centrés in the spinal cord.that can generate the motor
autpgt for locomotion. These centres were téferted to as

central pattern generators (CPGs). It was shown later that,

althougﬁ thege centreé can jeneraté a motor output by
W~

thenselveg,ﬁfhey‘w affected both by peripheral feedback

(cf£. Duysen and P: n, 1980) and by descending neural

"signals from sup 11 structures (cf. Orlovsky, 1972)., IE
was4alcp found tha"ascénding path;ays supply higher
struetures.(yi;'éentrgl spinocgrebéﬂlat pathway) w}th
-Ldfofaaiién by iela(;ng an efference copy of the CPGs
ictrvity‘(A:shiv.ky, B;rk;nblit. Geltand,‘Orlovskf and

Fukson, 1972; forAfurthcr references see Grillner, 1981).

v




Thus, the basic network of neural circuitry for:
locomotion is present in the spinal cord. This network is

scapable of generating neural patterns to thé limbs to

R4 2
initiate and naintain_ialging movements even in the absence

-

of. central commands from higher centres or centripetal

feedback input. .

In the awake walking cat, electric stimulation
applied to one hindlimb induced changes in the duraﬁion of

the stance and swing phases of the contralateral as well as
tﬁe'ipsilatetal limb (Duysens and Stein, 1978). Similar
results were obtained with mechanical pertu?batidn aphlié&
éo‘the paw dorsum of one forelimb in the awake -or decereb-
?ate walkiné Q;t ?Matsuk;;a, Kamei, Minoda and 650, 1982?.‘

Thus'peripheral feedback is needed for fine co-ordin;tion in
the act of locomotion and for adjuétmebt of timing during

the step-cycle.

B. Inter-limb reflex studies-in reduced animal preparations

’

f ' That activity in one limb can affect the contralate-

\fo ' ral limb has long been recognized. Understanding of . the -

physiological nechaniias involved largely came from studies

of reflex activity. These studies were of three main

a———

/

types. 1) studieu-bf Shctfington and his cbllquucs'on the

~
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dece?pbtate cat, these studies unravelled the neuronal basxs

‘.?’ - N

. of swcu phenonenon as the crossed extension- reflex (cf.

Shetrlngton, 1910). 2) Electtophyszologlcal studxes aimed at
specifying the receptors originating in one 1limb which are
responsible . £or nodxfyzng reflexes occurring in the contra-

1961). 3) sStudies utilizing tendon vibration in decerebrate

hY

cats to activate crossed reflexes by selective activation ‘of

muscle spindle receptors or Golgi tendon organs (Baxendale

and Rosenberg, 1976, 1977).

’ .

\

Sherrington (1909) ﬁhowed;that lengtheninghand’
ghortening feactions of muscles in one limb were- freguently
.accompanied"'by reflexes in the 'contzalatera'l limb. Por'c.;i-»
bly stretching éhe extensqr°musc1es of the knee and.ankle in -
the decefeprate cat produced éontraction of the extensor
‘muscles of the 6p§3§ité Side. This crossed excitation
acconpanying ipsilatetal inhibt;ion had originally beert

_ described by_..'(phiuppson, 1905) anag Sherrington in fact
called it Phil}ppéon'a ;eélex. sﬁetr1qgton'a1§o showed that

' noxious stimulation, applied to either skin or muscle of one

—
S

limb proddcgd crossed extenqion ofsghg contralateral limb,
the crossed extension-reflex (Sherrington, ;}10). Be
indicated the importance of this cress linkage in the usual

mode of progression such as the walking and runnihg step.'

Bhon both -‘1imbs at‘;:nqagod.in rgtlog stepping the extensor




pblge‘ot the¥step in one'Li-b‘ié treinforced by a crossed

i

exﬁens;on.reflex whose stiauius~ari§es in the flexion of the
“other.1limb; and similarly tﬁefflexion phase is reinforced by"

a*croésed flexion—reflex'detived from the other limb. Al-

lhough he went on to show that both the ipsilateral. and

contralateral reactxons durlng &he so called Philippsop's

A Y

reflex . depeqd on receptors lying within muscles, the

problen. specifying the recepturé,activated during these

reflexes As wdll as the central  connections undetlying»tﬁé

L4 <
‘crossed feflexes 'were left unresolved at\tﬁ?t,tine.

Perl (1957) dempnétrateg‘in.;he’épinaliaﬁd decereb-
cat'that a singte shock apélied to a peripheral nerve

contaigping cutaneous fibres evoked a discharge in contra-

~ .

late:allventfal rbots.'osing graded electrical stimulation

" of musclé nerves ©®r- applying épaaed load; to';hé muscle

tendon, he.attenpted to sepétate out the, effects of group I

°

components of muscle . nerves on the contralatetal linb
-tgflexeg (Perl, 1958, 1959). He concluded that the Ia, fibtea
of any pargdéulai.nooﬂ§f produced an inhibition of the

motoneurones ‘of the cottesponding muscle on the contra-

lateral side. Activation ef Ib fibres, which lnhtbited'the
motor. neutonea-of the nutcles "of origin, produced cxcitation
eontralaterally.‘uaing docqtebrate.cats, aollqvioe (1961)
-toated the action ‘of condirioninq vollcyo on contralateral -

lonosynagxic retlex dtlchgggo zecordcd from cut vcntrlli




roots. She showed Lhat the contralateral actions of Ia and

Ib fibres c¢could not in general, be:- separated. In the féw

v

cases where separation was possible, ‘the activity. in Ia

"fibres prodiced a crpsseq facilitatory action. This was not

in accord with the conéldsiods of Pet1 that crossed actions

from Ia-and Ib systems of the .knee -extengsors and flexors are
organized in a double Legiprdcai fashion. More recently,

aaxendaie and Ros!hbefg(l976, 1977} utilizing tendon

‘ 'vibrat#on, were able to selectively activate Iaaand Ib

neurones in tﬁesdecerebrate cat., They;ﬁemons;rated'thét the

activity "in Ia axons from the soleus muUscle exerted a

-

cantralatéral.inhibitory action'On‘both flexors'and exten-

sors, of the contralateral Knee and ankle whxlst Ib ictxvat-

PERN

'xon-p;oduged_the reverse effects. The;e confllcting resuleé

might be attributed to the level of decefegﬁacion used in
' -

thése'vdrious'stydiqs as well as the iéggnsity of  the,

’

stimulation used. In any-case, it is clear from theee.

d1£f§rent physioﬁggical stud1es that Yeflexes of muscle and

cutaneous origin on “one s1de of the body have modulatory'

-

effects on ‘Ehe notoneurones of the conttalatezal side.

r ki -
- i .
P

. Ca Integ-limb reflex stddieé in man

3 —
. .\ - . €
. .

Activities ‘in nubCIe§~o£ different limbs following

[

cqbun:ggs stimulation as‘wal as muscle stretching have also

'bdtd:shovn to occuf in norlal'Qunana. Xearney -and Chan(1979)

—




demonstrated tha; reflex responses to'cutaneous electrical
stimulation of the foot can be detected in both leg and aram
muscles of pormal human subjects by averaging stinglus—ref
lated changes'inftonic electromyographic (EMG) activity.
”PrOpriocepEive stimulation produced by ankle dispiacenent in
man also evoked interliﬁb reflexes demonstrated as modulat-
ion in tonic EMG activity of arm and contralateral legh
muséles (Kearney and Chan, 198l}. The interlimb responses,
evoked by ankle displacement, were greater in magnitude and
shorter in latency than Qhése obtained with cutaneous
stimulaafoﬁ.

Similar Eindingsiweré ;eporéed by MeiermxrEwert, Homme
and Dahm (1972). Electrical stimulation of the sole of the
foot, the finger-tips”and the base of the fingers .produced
bilatérg; and widespread @hanges in EMG activity: These
changes occurred at latencies sugéesting they might be
produced through long-loop reflexes (Shimamura and Li;ing;
stoﬁ, 1963{ Shimamura, ﬁor;, Matsushim{_gpq Fujimori, 1964;
bassel, 1970). EMG‘fesponQes of similar anpligude# and

]

¢latencies (50 ms) from right and left leg muscles (tibialis

anterior) in man were also ,obtained following brisk,anterior
tilt of one side (Dietz and Berger, 1982). This relatively

short latency indicated that a right-left co-ordinated leg

-

T . -
muscle activation at a spinal level p;bviding a aymmetrical

-

leg muscle activation dur;ng balancing. Thus, as deen in

e - .
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reduced animal preparations, there is eyidence that the
musculature of the different limbs "are linked and that
. » .
activity 'in muscles of one liml may affect aétivi;y in other

limbs in intact humans.

D.” Role of muscle receptors in humans .

) . .
As discussed above, changes in the length of muscle

in one limb ca&an produce changes in.muscles of the other

limbs. These effects may be related to activation ‘of muscle
spindles, the 1ength¥;ensitiye receptors in the muscle, In

intact humans, muscle spindles may be activated experimen-

~
-

tally through vibratien of the muscle tendon. Granit and

Henatsch (19$6) found th&t“high frequency muscle vibration
induced strong, sustained activation of muscle spindle
primary afferen;é. The influence of vibrating a passively
he;q muscle initiated a sustained contraction due to reflex
motqheurone discharges (Eklund and Hégba;th, 1965). This
vibration induced reflex contraction was called the tonic

vibration reflex (TVR). : ‘ 3

Knowledge about the effect of.nuscle vibration

Aaccunulafed following various experimental studies in

three gtages. o:iégnally, Bchlin'and Pessard (1938) reported

that mechanical vibration of muscle -tendons with a tuning

fork resulted in acpivat{on of muscle ap{ndle receptors

-

14
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leading to neJtél discharge‘fQOnfa whole nerve in animals’
: g
Vibration was, shown to selectively activate the primary Ia
afferents from muscle spindles in the cat (Brown, Engberg
and Matthews,  1976; Matthews, 1973). This responsiveness of .

L = v . N
muscle spindles to mechanical vibration has befn used to

igvestigate the central actibns of Ia afferents.

Goodwin, McCloskey and Matthews (1972,a,b) showed

that vibration of the muscle téndons around the elbow joint
in man produced a subjective sensation of arm position which
was different from the actual joint poaitibn. Subjecté
perceived their Aarm as moving in the directiog'.hat would be -
associated with Stretch of the vibrated muécle. For exampie,

'S -

Ef the bicepg muscle was wibrated and the forearm was. v

prevented from mov'i‘ng into flexion, apparent extension of . ,{’
. ™

N

. - the forearm was experience‘.';t was later found poséible to.

elicit illusory nopio. of the body in nearly any desired

direction by wvibrating the ‘appropriate- muscles .
N .
(cf. Lackner and Levine, 1979). These findings were

consistent.  with activatioh of length sensitive receptors
> 4 .\ ~
such a3 the ones (ptimary spindle endings) excited by the

vibratory stimulus.

P

S

Some studies have boep made of the effect of vibrat-
'ion applied during volunta;y movements in humans iCapaday

and Cooke, 198, 1983). These experiments showed that
. » _ . . o ,




vibration of the muscle antagonistic to the movement

produced a sdignificant undershoot of the required target

16

position for that novégeht. It was shown, for example, that,

biceps vibration applied du;ing forearm extension resulted
in an undershoot of the reguired extension target, Boﬁgver,
the same vibration applied during flexion when the biceps
was shortening had no effect on the attainment of the
required flexion target. This- latter result was explained by
the sudden decrease of RmRuscle spindlé discharge during rapid
muscle shortening (Vallbo, 1973; éoodwgn and Lushei, 1975).

i . ) N o \\

More recently it-was'found-that nuscle vibrstion
applied to one arm‘influences the position sense of the
oppos{te arm ih.ﬁumans (Lackner, 1984). Vibration of the
riéht biceps brachli. muscle with the right arnm posi&ion
fixed, affected the apparent pbéition of the left arm. In
th; absence of visual féedback, subjects placed their left
(non-vibrated) arm at a more extendgd ‘elbow angle (norgﬁthan
90 deg for example) th;n Tequired (90 deg) by thé experimen=-

ter.

-II. Hand Prefétence

. ! .

Most otq;he work which has been done on comparing

-ovononta of thc two aras hac been in the context of hand

preference which is accompanied by differences in the motor,




skill of the two hands. Earlxg studies by Woodworth (1899)

for exénple, described "superiority"” of the right hand over
the left hand in performing voluntary movement whether the

subject made the movement with the eyes open or closed.

Woodworth «found that: -increased movement speed severely

decreased movement accuracy of the left hand as compared to

the right hand.
’

-~

Hand preference has'been attfibuzed to asymmetries in
cerebral organization possibly linked with whatevef Under-
lies the'tendency of most humans to develop speech in the
left hemisphere (Annett, 1972, 1975)., Motor deficits
resulting fronm laterali??é damage'to either the right or
left hémisphere weré studied by Wyke (1967, 1968, i971). In
one study Wyke (1967) examined a left hemisppere lesion
group, a right hemisphere lesion group and a contgol group

on two tasks designed to measure rapidity of arm movement

— F

independently for each of the two arms. The first task
’” -
measured speed of arm movement prior to depression of a

;elegraph key; the second measur;d rate of repetitive,
alternating tapping. Similar results were obtained for both
tasks. Por the conteol gtodp tall tightfhanded); the right
arm performed SIgniftcantlk faster than the lefta‘fhe r}ght
hemisphere lesion group was ;ignificahtly slower than the
congtol group in t?rns of left arm performance only (i.;.,

the arm contralateral .to the cortical Iesion)..In contrast,

»
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the left hemispbere lesion group had significantly slower
perfofmance than the control group for both arms, although

,'the right arm (contralateral to the‘lesion) was ;lowér thaﬁ

the left.

In a later stde (Wyke,'197l) found that patients
with left heyisphere lesiong took significantly longet time
in learning a motor task and made more errors compared to
norn;I group iﬂ'petforning' it. Patients with right
hemisphere lesion showed minor -deficiencies early in
practice, but did not shsw a ‘significant difference from .
cqptrol Qubjécts in the proficiénéy attained. Wyke concluded
from these results that the leét hemisphere was sp?éialized
for bilatefal motor control as well as the organiza;ion of

. 4
motor programming.

Many investigators have associated the tyéical right
hand superiority in taéks such as rapid finger tépping, or
"\

reciprocal tapping involving a;w'movenenta, to .the tendency

of the left hemisphere for sequentiai_proceséfng (Peters and
Durding, 1979, T&dog and Doane, 1938{ Todor and Kyprie,
1980). This idea is supported by studies showing that.
lilul;aneous verbalization ﬁfoduces'a profound decrease in
thc.porfornanco of thie r}ghfohand (Bicks, Provenzano and
Ryba'tcir'{;’h‘iQ‘lS: Lokas, 1980). Apparently, this effict is due

to the- intrahemispheric interference between the left

3 L]




hemisphere's involvement in speech production and its motor

control of the right hand (Kinsbourne and Hicks, 1978; Lomas
and Ximura, 1976). Similarly, a left hand superiority in
tasks such as tactile discrimination and posigion
reptoduction‘have been attributed to a right henispheﬁic
superiority for visual spatial ability or parallel
precessing (Ingram, 1975; Kimura and Archibald, ;97‘: Young
and Eliis, 1979). Hence, the left hemisphere is s&pezior in
processing information wLxh a séqpential or tenéoral
structure, i.e.,“where the processing of current inforuatioﬁ
is in reference to prior info?ﬁation. In cgntrast& the right
'hem;séhere is superior to the left;when the task needs
parallel processing, ile.,~wher¢xiteﬁs of infognation ate-
simultaneously ptbcessed_sdcﬁ as in spltial Judgemedt;.

[

%II. Cross Education

Another approaéh uhicp has been takend to study the
influence of activity in one limb on motor performance of
the contralatéral limb has been through the phenomenon of
‘cross education or cross ttansfer of strength fron the
exercised 1ps§1atera1 uuscles to- the unexercised contta-
latetalanusclgs. Scripture, Smith and Brown (;894) studied
cross - education expetiueétally in ‘relation to the speed,
strength and accuracy of relatively sipplh novements. They

reported that after a period of exercise involving the right




~

hand, conconit;nt improvement was experiencéd in }be
unpraéticed left hand. They attributed'this~effect ts what
they termed "indirect practice"™. Davis (1898), conducting
similar research iﬂ the same laboratosy, coined tﬁe ;ern
"cross education".to describe the effects that he observed
and postulated that some ceptral nechénism,must be opgrating
in transferring the effects between the two sides. Wissler

and Richardson (1900) also found evidence of cross education

when training two subjects, suggesting thHat there was a’

diffusion of motor impulses from the exercised arm Eo the
AT ‘-
unexercised cdbntralateral arm.

Hellebrandt, Parrish and Houtz (1947) repor;ed a
concurrenﬁ.training efféét of the contralétetal-nuscles;in
subjects who exercised the knee extensors, the elbow flexors
and other quples of the arm. Hellebrandt, Houtz and
Krikorian (1950) had‘subjects made maximal voluntary wrist
extension, and founé that the contractile power and endu-
rance of the non-exercised band were increased. They
suggested that cross education is the outcome of irradiation
and tonic postural reflexes”arising in and acting on the
limbs leading to diffusion of motor impulses to the un-—
practiced side. Thls'teflbcﬁéd the possible connection
between the isometric ébcontraction of thé muscles of the

unpracticed side and the degree of the effort exerted by the

subjects in order to preserve bﬁ;ance-gnd to avoid the

4 . <
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‘shifting of the centre éf gravity. In suppoft of this view,
other investigators dendgstrated that action potentials. in
the contralaterallgqséles could be detected during involve-
ment of the ipsilateéal s%ée with physical activity (Gregg,
Mastellone and Gersten, 1957; Sills and ‘Olson, 1958)
indicating rad;gtion of nerve impulses to exttenities other

than the active ones. . . ‘ .

Slater-Hammel (19%0) administered 3 weeks of right

arm flexion exetcisesfaqd showed that the subjects "gained
significantly over a conttgl group in thé Eontra;ateral,
tleft) arm. Although he ’could noé rule out the possibility
that bilateral effects resulteq‘f;om raising the subject's
tolerance to fatigue, he suggested that exercise .of one arm
produces a positive and’significant improéement in the
muscular performance of thg;&ther arm and recommended it for
. - treatment of patients witb.jqint_imnebilization.

.,“ . .
2 2 R

+,

>

Some investigators hawe coﬁparbd the effects of

. - isotonic and ispnefric‘traininé on cross education. Rasch

-ana Morehouse (1957), for exaane.,repctted'that ;heir

subjeéts éhowedLSIQnificant tngrovenent on the unexercised
side with isotonig but not with isometric exercises. There
is some histological eviaence supporting the conccpl.ot
cross education from 1hotohié oigééisc. Reitsma (1969)

w

S, o
pertormed surgical procedures. on three groups of white rats

\

o
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sb that in the first group the rectus femoris Qas the.only
extensor, }n the second group, fhg plantaris was thé only
flexor, and in the third’g:oup,.the soleus was the only
flexor. As a result of 3 weeks running for a maximum of 12
houts/day, 5.5 days/week, there was evidencp of muscle fibre

-

regeneration in the same muscle of the non-operated side.

- - ' The physiological mechanish of cross educaiiop has
therefore, not yet bee; fully explained. It might be that
during motor activity on oné side of the body,‘irradiation

. : _of heural activity from cortical motor areas to contra-
lqterql'éymnetrical cortical Q;éas (i.e. direct iﬁtere
henigphéitc interaction of motor cozolliff outf}ow) céusing

- trans-cgllésaf facilitation that accounts for part of the

mechanism. Evidence, fé{ such a postulate awaits further

expetinenkal,étudies. )

. ~

IV. Co-ordination of Two-Handed Movements '

The uitinate'gQaI of studying interaction between

.. ' aci{vit;es of two or ﬁore %1abs is of course to understand
principles and aechanisniAundetlying motor control and
cbqtginatiqn of Eonpldx ;oveuents involving multi-degrees of
tteodon.jnovo-ent. q{ the two aris were among those’atudies

that received. some ai;ontion recently. One of Ehc Lnto;cst-

-

ing conclusions reached by workers on co-ordination of

.




" two-handed movements in humans was that of Kelso and

dcolleagues. Prom experiments based on Pitts' paradigm
(Pitts, 1954) they found that silultdngous motor actions of
the two arms in man are linked by 3 common parameter,

. ~

movement duration (Kelso et al, 1979a,b, 1983). In these
éxpe:imengs subjects moved an index finger from a starting
position to tap a plate in response to:a coﬁnand_gigdal.
Single as well as simultaneous arm movements were used,
Movements of short dxstance to large target (Lg;ped easy)
were compared with movements of long distance to nartqﬁ
targets (termed diffindlti. In all situations movements of
the two limbs st;ttedrand ended a; nearly the sa;e time in -
spiie of one being made easy and the other, made ;t the same
time, being made difficult., The concept that eneiged fro:
these experxments was that simultaneously perfo&p&d ACtions
as two arm movements share a comaon- clock even when- the
other' features of the movement (movepent kinenqtics) are
different. Based on Kelso's work and also some experiments
p;:formed by Schhigt Ehdlcolleagueé (SChpidt,'Zelaznik,
Bawkins, Ptank and Quinn, 1979) the latter propésed'a model
for the processes lgading to the two-handed aiming res-
"ponse., According to Ehig model, the first step in the
procesd is progtan ;clection. Thg.next step wodld be the

~specifications of parameters common to movements of both

siddl,?the overall movement ti-c'according_to the tlndihgo

of Kelso et al (1979%a,b). Pinally parameters are added that_ __

->




specity features such as movement amplitude for each of the
two arms. Figure 1 shows these steps as proposed by Schmidt

et al (1979) for two-handed aiming response.

24

Peters (1981), on the other hhnd, suggested éwo.

possible models for co-ordination of movements of the two
hands. In the one model, there would be- independent control

of the two limbs. That 1is, there would be two sgparéte,

central control systems. Im the other model, there would be

a single cent;:} system which acts on—Soth‘limbs;wThus, in

the one case there would be two, independently controllable

command systems far movemegts of the twollimbs.whéreas in
. - N

the other there would be a single command that would be

.distr;buted to both limbs. Peters' data supported the notion

that one singIETbystem initiates and terminates movement in
”

+ two subsystems, each of which guides one hand. This hypo-"’

thesis is basically similar to the one pentipned earlier by

Schmidt et al (L979).

V. Analysis of Simple‘Movement . - \ |
g

It has long been known since work by Woodworth (1899)

»

- RN .
that limb movements by human subjects are performed with

" increasing error as the subject moves the limb faster. That. =

is to iay; movement to a determined destinatioﬁ can be made

lori &Ech;atcly‘givcp 4 longer time. This spesed-accuracy

A .
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Motor program and order of addition of parameters

_that result inra -two-handed aiming response. (€chmidt et al,

1979)
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interrelation of movement performance was carefully examined

by Fitts in 1954 and was, for the first time, systematically

27

defined by a simple equation. The equation that is now known

as FPitts' Law states:

MT = a+b log (2D/W) .
. 2 .

where MT is5s movement time,.D is the distance moved, W
represents accuracy expressed as tatéet width ahd a and. b
are-constants that represenf complexity ?ﬁ‘ife‘mOVement
‘'under study. . .

Fitts and Peterson (1964) extended this Study and

found that this equation accounted for 99% of the variabi-

lity in'movément time for various gombinations of movement
ampiitudes and movement precisions. i1t was' later found by
many workers that this equation_was appiicable to movements
madg‘by old as well as by young ‘people, for movemgnts made
by monkeys and in a variety og‘other-situations‘(see a

©

tevieﬁ by Keele, 1981 for ref.). These-s;ﬁd{es were done on
ﬁ;bements made with visual feedback and it wa; suggested
that this feedback was an igportan£ f%cﬁo:‘fof Pitts
equation. This was because the accuracy‘of Ltanala:ing
visual perception of the. distance to be .moved into actual

Rovement was believed to affect the movement Yime. It vas

found that movements lasting longer than 250 msec were under
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<

visual control. Ho;eyer, accuracy‘fd} very fast noven%nts
. (<250 msec) was still found to be related to speed. Schmidt,
zeiaznii’and Prank (1978) and Schmidt et al (1979) postu-
lated that movement anplitude depended on the amount of
forc; generated during the movemeng, In their opinion, the
required acdcelerative and decelerative forces for movement
are ptogranmgd. They found that the variability in movement
-end point was proportional to the ratio of distance/movement
“time. ‘According to Schmidt and co-workers, since the forces
determine the distance for the’ limb movement, then movement

distance was programmed. This hypothesis gained support from

experiments performed by Hallett, Shahaﬁi and Young (1975)

28

that showed electromyograph{c activity in the form of pulses’

-correspopding to the accelerative and decelerative foides

[

{the trippasic emg pattern). In addition-to the pulses
necessarf'to covgé the movement disiaﬂée, the triphasic elg
paﬁiérn of &;f}etk and co-workers also cont;inéd a final
sugtaiqed agonist activity which was assumed to hold the

Joint in the néw position (see below for programming final

-~
-

movement position).

-

Waizzi; Polit, and Morasso (1976) on the ‘other hand

showed that what may be progrinned is not nove;ént amplitude

but rather the fln&r'positioh of the movement. They made

théir cqqg;uoion following experiments on deafferented,
- . ‘ < '?
vestibulectomized monkeys. They tested head movements in

v

A




. " . : 29

~ - v :

this nzgkey\pfeparat{pnlin tnpudark where targets for final

position were switched off once.the animal moved the head.

<

It was found that the animal, iﬁ spite of total deprivation

S

of feedback was able to attain the cortecdt final position

with the head movement. In addition Bizzi et (1976)

* showed that if the head was loaded during the movement with

a spring load the animal undershot the final pdsitiOn as

long as the load was maintained but imJediately attained thg
L

correct position once the load was removed. Similarly, -

v o

inertial loading of the head did not prevent the iﬁhkey'?ték”

reaching the final correct position. They suégested tha; the:

1 4 . .
end position of the movement was determined by setting ahead

of time the stiffness in the opposing muscles around the

'joint (agonist and antagonist muscles) for the new posit-

ion. This was later confirmed by Bizzi and Polit (1979)

using arm movements in the monkey, by Kelso (1977) anﬁ Kelso

and Holt (1980) for finger movements ié human subjécts and
later by Schmidt (1980)’for rapid arm movements in humans.

These experiments stropgly supéogted the theoretical
analysis of Feldman (Asttayan and Feldman;  1965) that

suggested that the location of the moving limb can be

-

programmed independencly of the Bistgnce by presetting the

stiffness in the opposing pair of muscles around the novfga

*Joint. .

- Cooke (1980) showed that movements similar to human




movements can be reproduced using a model that ;inulated ;pe
-human arm as a damped spring having a mass. The model
coﬁsiéted of a pair of opposing springs ;hat representeq the
agonist and antagonist muscles of the arm. Movement could be

produced by a step change in the stiffness of these springs.

The model also showed that there was a strong linear

relationship between movement peak velocity and movement
amplitude and that the slope of this relationship was an

.ggéguate of gbe.stiffne?s of the systems, which can ?e

. Pl ' - R - )
ﬁ_adjustﬁgzby changing the length-tension relation between
. ' :

agonist and antagonist muscles. It should be noted that the:
. . .

. velocity-anpiitudg relation is détermfned not by programming

distance but merely by setting stiffnesees of the opposing

—

.

.sﬁrings for a terminal location.

"Schmidt's analysis that the forée was the timed
vgriabie inEPal;istic movemehts‘gﬁinéé suppart from experi-
ments by Freund ahd Budingen (1978) on finger mévements in
humans and by Ghez and Vicario (1978) in the cat. Freund and

Budingen found that subjects moving the forefinget as

. rapidly as possible shqwed the samé movement time for
different distances of finger flexion. wﬂén the forefinger
was 1aone£rica11y flexed as quickly as possible the time to

peak force developed B?fthe flexion force was the same for

different igometric forces. This was achieved by linearly

increasing the rate of increase in the force of the finger.

*
-

~
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Ghez and Vicario (1978) showed similar results for the time

to peak force in forelimb movement of the caﬁ.

For fast (ballistic) movements, therefore, the

~

underlying mechanism can be explained by combining the two-

hyéotheses:‘the distance programming of Schmidt and col-
leagués for the first part of the movement that corresponds
to the initial emg pulses of Hallett et al.(1975) and_ the

- findl position programming 'of Bizzi and COUO[kétéFthat
N - : N ".
correcpond to the final sustained agonist activity in the

Hallett et al. emg pattern. On the other land for slow

movements the flnal equilibtiJm point Hypothesis'ot"si;zi~

provides sufficient explanation since” the emg pattern for

the slow smooth movement contéins a tonic activity in the,

- .
-

agonist muscle alone, - ' ‘




METHODS

I Subjects:

A. Normal subjects

. v

v .
e A total of 27 human subjects were studied in the

-various éapects of this thesis. Subjects were of either sex

and ranged in age between 16 and 45 years. They were all
:1§ht-hénded.-8andedn¢ss wag determined by asking the

subjéct,which{hand he/she preferred to use for normal daily

- \ .
activities. Tus. female subjects were patients wearing -an

orthopaedic cast on their left forearms (see descriptfon of
patients below).' h; rest of the subjects (25) were healthy
individuals with no known-histbry.og motor, disorders. All
subjects and patients gave their informed consent.to the

study.

B. Patients with orthopaedic cast:

The orthopaodic cast of the following ﬁwo.patients
was an ordinaty plaster cagt'uged far ;dpporting bone
fractures. Bach pﬁtient had the cast on the. left forearnm
starting from the elbow Jjoint (joipt not included) and
oxtondiqg over -the whole forearm and -wrist joint (joint

included). The cast therefore, did not {interfere with the

32 - .
@
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névenents examined in this study (elbow‘flexion-éxtension

movements).

-

({) K.G. : This 21 year old right-handed female had sus-

tained an accidental fracture of her left scaphoid bone, One

day foMowing the accident, her left forearm was put in a

plaster cast weighing 0.45 kg . She was first introduced to

- the experimental study 11 weeks following her injury with

the cast still on her left forearm. There, were no signs or

33 .

symptoms of left arm dysfunction or pain when her arms were

first examined for motor performance. She was tested 23
times (total) qver a period of 5 months for movements made

independently by the two arms (see below). The cast was

removed for a period Bf one week in the middle of the 5§

month perioa'and was repiaced by a light weight (.18 kg)
cast., The éatient was testad four times during the week the
cast was off. The patient was also tested twice with the
new cast on and for four times ther it was permanently
removed at the endhof the 5 months. ‘
(ii) U.B. : This 45 year old right-handed female had -a
Smith's fracture (fracture of the radius near its lower
articllar surface with displacement of the fragpen: toward
the palmer aspect) qf'h;q left arm following.a fall. Ber
lef't forearm was éut in a 0.55 kg plaster cast one day
foilowing the.accident. There was no pain or other signs or
symptoms when she was first examined for bilit;tal,

independently made arm movements (see below). The cast had
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been in place for one month when she was first tested. She

was tested 7 times over a period of 7 weeks with the cast on

and once after the cast was removed. S
II. General Procedures .
A. Experimental] p#radigms: - e

All experiments were done in a guiet room at a
comfortable envirbnnené}l and temperature conditions. During
expetinents,-subjectséwere'comﬁortably seated in a modified
dental chair..The forearm, kas positioned horzzontally with
.the upper. arm abducted and the elbow resting on a support.

The subjett grasped a vertical rod attached to a horizontal
nanipu1$n¢um hand%éﬂéhat was pivoted just i?ove b?e elbow.
The sulfject could then rotate the manip&landuuﬁ in the
horizontal plane by making flexion/ex;ension:movements about
the elbow Joint. Using such'movgnents,‘the subject ;as
required to follow a target displéyed as a vertical bar sn
‘.qn oqcifloscope placed 1m in front of “him. The taréet

-

gswitched eve:y three seconds between two fixed but
adjustable positjons. The width of the bar indicated the
target width., The targets were.not mechanically detectabia
'and wefo not bounded by mechanical stops, The positions ot
*‘both targets could ‘be independently varied. In all the

experiments described below the target width was 3 degrees
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and the target changed position every 3 seconds. The task

was not a "reaction time" task; the subject was not required
to minimize his/her reaction time to the change in target

position. This instruction resulted in movements that were

Cclearly "step-like in nature”", having a smooth rise in

velocity to a single'peak which then decreased smoothly to
. " .

zero again (Brooks, Cooke, and Thomas, 1973; Brown and

Cooke, 1981).

—

The angular position of the manipulandum handle (and
tﬂus of the forearm) was displayed to thé subject as a thin
vertical liné on the same oscilloscope. Handle position was:

obtained from a precision potentiometer at the axis of

rotation of the handle. The subject was thus required to

sqperfhéase theﬂhaodle cursor on the target bar, in this

visudl, step-tracking paradigm. ~

- ~ -
’ .
¢

P -

" In some exper;ments, movements made independently by

the two arms were examined, i.e. the right or .left arm was’
. _ -

tested first and the opposite arm wag tested later after a
N - - .(

short rest peéiod. For ,these independently made movements,

the chair and nanipulandum'were revérsed (;pcated'EGO

- W
. degrees) following examination of one arm to alklow repoiding

- .

from the opposite ;;u using the same nanipulandui. -

-

.In other experiments, movements made simultaneously

~




with the two arms were examined using two similar manipu-

landa. The manipulandum, for the right arm, contained a
torque motor in addition to the other recording equipment

with'which the left was provided. Control experiments were

-

performed to ensure that the presence of the-torque motor

-

did not affect the recorded data. Experiments were performed

with the chair and manipulanda in the normal position, and

the same tests were then repeated with the chair and
AN

hanipulanda in the reverse position. That ifg, the man}pu-'

v landum originally moved with the right arm was now moved

‘

with the left arm and vice versa. The reSults from the two

experiments were not different. . ”

In the studies utilising the two manipulanda, the
posiiion of eithe; the left or the rtght' arm could be

displayed to the subject together with the target. Therefore

.

* there were ghree conditions where the subject could make the

-

. : _ _
movements: a) by moying while the position of the right
handle was displayed, 'b) moving_ while the pqesition of the

left handle displayed or c¢) moving without any of the two

-

handle positions displayed on the screen.

+
a4

I‘ T

B. Movements .made independently \_

. Ps -

-

» A total oé,e subjects of either sex (G:normal

subjects and 2 patients wearing orthopaedic cast on th; left™

-4

~

L 1)
~




forearm) were examined in this study. As noted above, a

siﬁgle manipulandum was used. Each subject was required to
make’ a series of 20 movements (lOZfiexion alternating ;1th
10 extension movements) at each of five diffekent inter~-tar-
get distanc;s (5, 10, 20, 30 and 40 degrees), the whole
series of movements was first made with one arm and éhen
after -a short rest period repeated with the other arm. Move-
ments made at one amplitude Qere<separated from those at the
next amplitude by a 1 or 2 minute rest period. ‘'Once move-

ments of all amplitudes wereuconpleted with one arm, the

.

subject rested for 5-10 minutes_ﬁbfore recording from the

other. arm was started. Whether the right or left arm was

tested first was random and depended on how the apparatus

. .-

had been left the previoué day. The order in which movement

-

&

.ampl;tudes were pteseﬁied.to-the subject was also randomized

.

-

and was the same for the two limbs, .

-C. Unilateral long-term loading

.- B "

' Fof some experiments a light weight of 1 1b (0.45 kg)
was ;trapged to the subject's forearm just proximal to the

wrist. The weight was enclosed 'in soft material and fastened
, .- ’ |
to the forearm by velcro straps. Subjects were requested to

wear the weight 24 hours a day, rqggqiﬁg it only during

-

'yathing. They were particularly requested to wear it 'during

LN

-all Eheir normal dai%? activities. The weight was put on thi

-y & [

~
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subjece s non-doamainant arm (left arm in all subjects) in

order t;<;ntezfete as little as possxble with thexr noraal.\

activities. All “six subjects studied wore the weight for at
lesst one'week; They were tested, as described above, on a
sunber of days before the weight was attached and. were
tested daily while the weight was on. Testing during the

~

period of loading was made with the load on the forearm

suring the experimental session.‘Testing was cogﬁinued for a
variable petiod faddowing removal - of the weight. The two
patients with the fractures were tested in a similar way but
for ,periods of loasing longer than one week.ine éatients_
were examined with the cast on for a -number of't;mes on
different days and then immediately folbowing.renoval of the
cast, Testing also continued  for the_patisﬂss-for fey days

after the cast was removed.

-

D. Simultaneous movements

A toE:&_of 10 subjects of either seX“ were studied in

these experiments. The subject was seated on the chair anad.

T~ "7 held handles on the end Af two manipulanda. Each‘subject was
' instructed to.aake'tbe movements with the two arms simultan-
eously snd-us_identical.;o?esch other as possible. In

general, each subject was required to make a series‘qt'zq

. flexion-extension movements (10 flexion alternating with 10

eXtension nov.scnts) at eaeh sf 6 dif!etent inter-target




N

: < o
distances (6, 12, 18, 36, 54 and 72 degrees). A series of

. - ~ 3
movements at one amplitude would be separated from the

series at the next amplitude by 1-2 min rest,period. - =
- Sy

h Y
>
LY

The subjecés first made movements with visual

guidance, the position from the right arm and the target

N |
being displayed on the oscilloscope screen. The same serties

L 4

of movements was then repeated with the position of the left

arm displayed. A. ghird set of movements was then perfqoraed

.

"without any visual guidance. Por these movements, .the

oscilléqcope'was sWwitched off and the subject closed both
. ) 'll. . -._ : p
eyes., During this third series of movements, Lhe subjebt was

required to move .in fégponse to an énditory cue tﬂa;
signaled éhe'ﬁime of chénge of Earget positiop. The instrué—
“tion was[also~t§ make identical movements with the two arms
and keep Fﬁe sané-anplitud; Ehfoqgﬁbut the sesgion. In‘;he

- non-visually guided trials, the subject Qgs required to make

movements of three different amplitudes ;- small, medium and

» large (appthinatély qu 50 and 70 degEees respectively) as

described by the éxperimenter. The order in which movements

ampiitudes,wete-pteqented to the subjeci wasfrandinzed.and‘

>
A ~

wasa the same for a;l'iuhjects. . - ..

- . - R ~
.

L ' %
E. Unilateral short-term .loading:.

Six;lubjccts.patiéipa;cd_1n_th¢se g}pc;iacnin.‘hc
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deacribed.abéye, subjects made simultaneous, non-visually
guided movements of the two é;ﬁs: Subjects were instructed
83 start the iovenen;s‘of~tpe two arms at'the same time and
to make them' as identical as possible, Each sgggéct made a ,
;erieé_of 20 flg{ion;;;tension'movene;ts at each of 5
diffetent alplifhaes.(ranginé bé@ween.15-7dldegre95) as
directed by the gxpgri:entet. A series of contfo} movgménts
of all amplitudes and wtth no visual gquidance weréAfirst
obtained. The whole sequence was then repeated with a weight
of 1 lb (0.45 kg) aﬁFached to the manipulandum being moved
by, the léf{ja;-. Following® this geriesr-a third series was
.pe}for-ed with é weight of 12 1b. (5.4 kg) attached to the
handle being agved py the left atm.'A rest period of 10-15

11n was. allowed between experimental ‘conditions.
£

. s V- »
P. Muscle tendon vibration

Tendon vibration was used ‘to-stfmulate muscle gpindle

-

recgptors in the biceps'and triceps brachii muscles. A small

(6x4x2 cn),;light weight (<100 g) vibrator with a vibration

frequency of 120 Hz was used. The vibrator was placed over
" the distal téndon of the biceps or triceps brachii muscles

_and ltcapbed around the "upper arn with Velcro strips. The

vibratory stihulus ~Mas applied either as continuous vibtatb
1

1on for p‘tiodl,up to ¥5-20 seconds, or ag brief bursts of

vibtatlon. In the latt', case, vibration was applied only

-
L}
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when movement velocity was greater than a pre set value,
Thus vibration for example, would be dpmlied only during
‘flexion or exténsioﬁ movements. '
g

All the studies with tendon vibration were conducted
without visual guidance, The subject was first made familiar
wi;h the feeling of the vibration. Before testing the
effects of vibration on éovenent performance, subjects were
required'to practice movements of a giveﬁ a?ﬁliéude {usually
40 degrees) with their eyes open. For this practice session
which lasted 10-15 nihutes t-he target and handle cursor were
displayed to the subject on the oscilloséqpe. Tﬁe subject
then attempted to n;ke the movements with his eyes cfosed.
Trials testing the effects of vibration were started ;hen

the subject could perform the pobeménis in a consistent

manner without visual guidange (see RESULTS).

In some experiments the effect of tendon vibratiom on

movements performed by the.opposite arm was investigated«: ..

Pirst, subjects mgde flexion-extension movements wi;h one
arm whileftendoﬁ vibration was applied to the bicep3105
triceps muscles of the opposite, stationatf arm, P&lfowing
these trials, shbjects’nade simultaneous bilateral move-
agsts. Tendpn vibration was applied to the biceps or triceps
@uscles of one arm. Various combinations of the mwscle

vibrated and whether vibration was applied during Eloxion or

—

.
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;xtensionlnovenents were u;éd in various subjects. In 7
subjeckés out of 13, a ;ystenatic s;udy was conducted where
the left triceps Srachii muscle was vibrated and the effects
. on flexion.noveients of the opposite (fight) arm wére

N . : .
examined. The flexion end position attained by the right arm

during a. unilateral and b, bilateral arm movements were

studied. For these 7 subjects, sés;ions' consisting of 20
flexion alternating with 20 extension movenments were made
ana'tendon vibration was‘apllied sdccessively ip brief
bursts triggered by the flexion movements during the last 10

flexions. This procedure was repeated in each subjéct for a.

unilaf?}a;} and b. bilateral arm movements.

III. Data Recording

~ﬁ. . .
Handle (and thus forearm) position for the two arms
were obtained from prect&ion potentiometers mounted at the

axes of rotatioh of each manipulandum handle. The angular

“velocities of each handle were obtained from téchometers

also mounted at’the axes of rotation of the manfpulanda.

»
Data was digitized ‘in real time using a PDP 11/44

computer having 12 L;tqpnalog to digital converters. Data
wéto stored on disc during the experiment and w@;e later
transferred to digital tape for off-line analysis and
archiving. In some ;xpcrinents, daéa was Eécotded on paper.

.-
-
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as it was collected using a multi-channel recorder- (GOULD

s

RECORDER ES1000). Surface EMGs (if recordeh) were obtained

from the biceps and lateral head of triceps brachii muscles

using silver disc electrodes, 9 mm in diameter. The elect-

) -
rodes were placed- 3-5 cm apart on the muscle belly. EMGs

were amplified, full wave rectified and filtered (low cuctoff
20 Hz, high cutoff 1 kHz) before sampling. If EMGs were
recorded a sampling rate of 500 Hz was used. For other

experiments when EMGS were not &ecorded a sampling rate of

200 Hz was used.

L]
4

IV. Data Analysis and Statistical Methods: -

Data was analysed using a computer based system. Us-

ing this system, raw data (for example information about arm

position and velOcity during each movement) were analysed.

. . L d
-This was done by specifying a threshold level for movement

" acceleration (120,deg/aec/s€é,‘see APPENDIX 1). Then the
following .details about individual movements were.
determined: . _ﬁ A
a. moyement start (for tim;). ‘

-

b. movement end (for time). ' ' >

c. movement start position.

d. movement end position. - (\\

e. ‘movement peak velocity.

Details for statistical analy;e. will be givep with

-

L.
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in the section on RESULTS. .

the specific experiments
. ]
‘" B




RESULTS

I. Visually and Non-Visually Guided Movement

For many of the experiments in this study, it was
necessary for the subjects to make movements yi;houﬁ visual
guidance. Experiments were pezfo;ned to e2nsure that the'
Ssubjecdts could reliably peffor- reqhiredohove-ents undor
this condition. Representaﬁive data from one subject is
sSown iﬁ Figure 2. fﬁe subject was‘tirst given a practice
pgriod during which Nisujﬁ‘guidance was provided. As .
describgd in METHQODS, target pésftions were display;d a;
vertical bagf'on an oscilloscope. Manipulandum (and thus
forearm) position was displayed as a thin vertical 1line on
the oscilloscope. In this eiéméle, the Qarget switched
between éyo positions seéarated by an elbow angle of 40
degreés; The subject at&rted by making movements af thg
required amplitude with visual guidance. After this practice
period, he was instructed to cloae}hia eyes and to continue
making the sane movements in response to an auditory cue. He
was given a practice poriodkdurinq which he could vlqu#lly
checﬁ’thg,nécufizf-bt his movements. Once the subject felt

he 'knew' the movement, he was instructed to continue making

movements withogt visual guidance. As shown in Pigure 2, he
- 45 "



Figure 2

w

-

Unilateral arm movement made without visual guidance,

The two pairs of lines around the position record represent
the intended flexion (uﬁper% and extension (lower) target

positions. The inter-target distance was 40 degrees. The

3
"

subject made these continuous flexion-extenszon movements

‘witrout vxsual gu1dance following a session of practice to -
make the same movements (40 degrees) with the eyes open.
Such control records without visga} guidance were always
ohtained prior to further testing when visual guidance was
to be excluded. Vé}ticgl calibration Eepre;énts 15 degree’
fog'poSition and 156 degrees/sec:for vefocity. Horizoﬁtai

calibration bar represents 1.5 sec. (VN)
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continued to make movements§ of the same anpligﬁde and speed

without visual guidance. ‘ ’

-

Y
.

. In some subjects, movement amplitude altered follaw- .

: § i
ing the withdrawal of visual guidance. Movement amplitude

could either increase or decrease in these subjects. The

.fhange in general was not large and once a movement ampli-

.

-

tude was.established it was maintained for the_duration'of

-

the non-visually guided trial. -,

)

II. Simultaneous Bilateral Moveménts

-~

A. Movement kinematic¢s and durations

As discussed in the introduction, it was expected
that normal subjects would match the ﬁovgments of the two
arms when ¢&he movéments we?e made simultaneously. In the
girst series of expefiments,lsdbjects were given a visual

display of both the térget and the position of the right

R

e arm. The subject was instructed to make the "same" movemerits
simultaneously with the two arms. Movements were ‘berformed
at the "subject's own speed"; movement peak velocity was
well°below the maximum that the.subjéet could produce with
either arn. . ~ . ' ' ‘ Py

b

-

-

Representative. data from one subjéct is shown-in

)




Figure 3B. As expected, movements of the visually guided

(right) arm were made consistently between the required
targets (indicated .by the 'solid bars). Tﬁe movements made
simultaneously with the other (left) arm, however, were
'cgnsistently larger than the required inter-target distahce
pren bars). In generé& the non-visually éuided‘arm overshot
the required target in Soth flexion and extension direct-
iShs. Thus movement of the non-visually guided left arm were
larger ‘than those of thefvisually guided@ right arm.

This unexpected difference in movément amplitude
between the two arms was found to be indeéendent of which

' arm was used for the visual feedback to-phe subject. Por

Figure -3C the visual pr!é@ntation was switched to the left

49

arm, the 1ntet target dxstance remaxnzng the same as in part -

B. In thls case, movements of the vxsually gu1ded (left) arm
we;e madewaccurately between the‘required Eargets. However,
movements of the non:;isually guide& (right) arﬁ were'again
greater than’those of the visually-guided arm. In some
subjects, such as the example given in Figure 3C, movements
of the non- dxsplayed arm showed an increase in movement
'amplitude in only one direction (either flexion or
extension). This unidirectional increasé.ﬁaﬁ.no;

systematically shoﬁh for all nﬁyeneﬁt.anplitudes used in the

same subject and was not consistently seen in all subjects.




Pigure 3

Bilateral simultaneous arm movements. Traces repre-

sent position records for movement qéde with the right
(upper traceg) and the left (lower traces) arms at the same
timé. In "A" the subject made Ehg movenments without'vishal
guidance. In "B" and "C" the subject waé shown a target
(filled squares) and-the positionJof eifher‘;he right "B" or
left "C" arms on the osciiloscope:screen. The squares
indicate target poQitions: filled squares indicate the arm
where pesition was visuaily displayed ;o the subjecé; empty
squares.in&iéate no visual guidance from that arm. Each pair

of squares—represents flexion (top) and extension (bottom)

target pobitiods. Vertical calibration Qar represents 12

degrees for position and horizontal 10 sec. (PR).
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-

The résults indicated that the vxsual lnfornat;on

.gzven to the subject narkedly affecged hls abxlxty -to make

the syﬁfltaneous movements the same with the two arms.‘
'Experinents were therefoze petformed to test subjects’ .

ability to natch novements of tbe two arms ‘i the absence of

. l

visual guldance, The.subjeét was xpstructed to close,hzs

eyes and to continue to make movements simultaneously with

the two arms. The subject was given an auditory cue as’tb

<
-

when to.start movements,

In this situation (?igdre 55) wpvemeﬁis,oflmhé'twd

AN

arms were of the same d%plitude. Note théf(therefkas no

target shown in this case (subjects wefe,insttuctéd to move

& .

€ ‘two arms simuitaneously with no relagiqn to ény target)

and that the subjects's .eyes were closed. ‘Note also that

-

altbough "movement, amplitude var;ed froh movement to

moyenment, the same variation occurred in each arm. Thus a
. L I .

laféei mdveneqt by the tight arm was mat'ched with a larger

'. mgdemenﬁ by the left aru,’;h Figure 4 are‘shown'avefaged.‘

[

:redords‘of'sinultaneoué bflat al mbveﬁghts .made without ,

visual guidance. Movement anplitudes and speeds were sintlag

for the tvo arns. Extension movements made with the left arm

were sonewhat aoré variable than those made with the rfghi

arm in this exa-plq; .

Tﬂ\gn tclults aro su-narized tdt averaged data 1n

-~

[igurc Both pocition ‘and - volocitz records are shown. in

-
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_ Figure 4 - : P
N 2 ..“ co. ‘_

oo . . ! Y4
. o .

Bilateral simultaneous :arm movements made without

a

.

visual‘guid&npe. Eich,set of;traceé.teptesents_avetaged

.records of poéitton anq velocity of movements made by the

left (A & C) and tight (B & 'D) arms at the same time. A,B
e . N ;. . .
for flexion and C,D for extension movements. All traces

. -

| »

represéhé‘;he average of 10 nodenents. The dotted lines on
, aves € ‘ 9

either égdé of the average show Fhe standard deviations. The )

verticgl calibration - in D,tepfesénts 20 degrees for positioﬁ .

C o iand.170 degregs/éec for yeloqity; Horizbn;al'calibrat}on bar

tepresents 500 ms. (VN). 3
REPE p

L]

~
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Figuce 5

Effects of visual feedback .on bilateral simultaheous

arm movements. Each set of traces represents records of

position and yvelocity made by the left (solid traces) and

right (dashed traces). arms at the same time. All traces

represent th average of 10 flexion movements. In "A" the
subject made the movements without visual feedback. In B & C

the subject was shown a target and the position of either

AY

the right "B" or left "C® arms on the oscilloscope

scree;.rhe targ;t for B & C was pade to switch aé 54

degrees of inter-target distanée. Vertical calibration

represents 15 deg:ees or position and 150 degreés/seé for
o -

velocity. Horizonwal #dlibration reptﬁhents 400 ms. (KS).
- .
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~

this figure, solid traces-be;ng forﬁlwe left and dashed

“traces for the right'arn. As described; presentation of

“n

-

visual information about the position of either arm led to a
gross mis-match of movement amplitudes. As shown in this

figure, there was an associatel nis-natqh'in Rovement peak

57

velocities. Thus, peak velocities of movements of the two

arms were identical when the movements were performed

without visual guidance (Pigure 5A). When visual guidance of

one arm was given (B,”), the, peak velocity of the movements
6% the other arm increased. Thus, movement peak velocity
increased with the,inc;ease in mbvement'applitdde ;f the
non-visually guided arm. It should be noted, however, that
in° this example the subject started movements of the two
arms from a slightly unmatched éxtension'position as seen in
e fhe averaged records in A. Such slhght dszerences were

encountered in . Some subjects but they were not syetenati-

cally related to handedness.

-

~— 1)

Averaged data from ten subjects is given in Tables 1

-~ 3. These tables compare the kinematics of movements @t the
two arms made without visual guidance (Table 1), with
display of riéht arm position (Table 2) and with display of

left arm pos;tfoq (Table 3). Movement amplitude, duratiod
and peak velocity and time Go peak velocity are compared

.

under - each condition. The tables give the mean ratios and

standard deviations of these various parameters from the two

AN




Table 1

Ratios represent movement kinematics and durations

for right arm/left asm in non-visually guided movements.

~

i B - T

20 deg

Asplictude . 96
. (SD) (.07)

Duration 1.01
{SD) (.11)

Peak Velocity 1.00
(sD) . (.21)

Time to Peak Velocity. 1.07
(sSD) (.11)

&3

* mean ratio is significantly different from 1.00
(mean falls outside confidence limits of 95.percent).
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Table 2
Ratios represent movement kinematics and durations
for left arm/right arm in movements with the right arms
displaved.
" . -— ,
. § - .
6 deg 12 dee 18 deg 36 deg 54 deg 72 der /
Amplitude 1L7e* 1.50* 143t et onat oont
(SD) (.39) (.2 (.41) (.24) (.21 t.12)
. * ' [
Duration 1.04 1.04 1.03 1.10 - 1.04 L, 00
(SD) (.14)  (.08) (.08) (.08) -~ (.08) (.04 ¢
Peak Veloctity 1.66* 1.26% .17 1.8 st oot
(SD) 3 (.56) (.30) (.28) (.21) (.13 (.16)
Time to Peak Velocity 1.11 L95*  93. 4,04 1.01 1,00

(SD) (.16). (.04%) (.10) (.0%) (.N4) {.0h)

* mean ratio is significantly different from 1,00

(mean falls outside confidence limits of 95 percent).

- ’

N




Table 3

Ratios represent movement kinematics and durations

for right arm/left arm in movements with the left arm

displaved, .

6 deg 12 ce~ 18.deg 36 deg 54 deg 72 de:z

Ampucuie 179 * 1,60 * 1,41 % 1,30 116 * 114 *
(SD) (.32) (5% - (.S1) (LSO)  (.20) " (.12)
Duration 16 * 1.16* 1.21% 1.28*% 1.26* 1.13%* ~
(SD) (.19) (.18) (.24) (.22) 11y 1D
Peak Velocity - w53 * 1.50* 1.35% 1.31% 1.13* 1. 19
(SD) (5D 49 (L33)  (L42)  (.22)  (.35)
R . .
Time to Peak Velocityl:28 *'1.39* 1.29* 1,23* 1.13* .08 *
(SD) (-19)  (.36)" (.35) (.18) (.07) (.08)

* mean ratio is significantlv different from 1.00

(mean falls outside confidence limits of 95 percent).
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. arms. A movement amplitude rat®o of 1.0 indicates, for

example, that movements of the two arms were of the same

size. Calculation of the confidence limits was used to

determine whether the observed mean ratio wa# significantly

different from 1.00. Note that in Tables 2 & 3 the ratio is

of non-displayed/displayed arm (left/right in Table 2 and

right/left in Table 3). Each tablé contains data from

~

movements of all amplitudes tested.

.With no visual feedbac;, the mean.ratios for movement
amplitude, péak velocity,~durét§od and time to peak velocity
were not .significantly different from i.00 (p> .05, the t-
value was less than 2.262, n=l0). ﬁi;h visual feedback from
either a}m,rthe mean ratios‘(non-visually guided/visually
quided) for movement amplifude and peak velocitie;’were

significantly greater than 1.00 (p< .05, the t-value was

greater than 2.2‘2, n=10) (Tables 2 & 3). Movement -duration

¢ and time to, peak velocity showed some bias to handedness in
these viéually guidedrmbvements. In‘Table 2 (right arm
displayed) the me;n.ratios for movement duration and time to
peak velocity were not signfficantl& different froa

1.00. Thereforé movement durations for both arms wete‘nof

)

Significanﬁly diftetené ags-measured from each'other. In

- . contrast, when tﬁe left arm was visually displayed, Table 3,

the mean ratios for movement duration and time to peak

velocity were significantly greater than 1.00. Therefore

-




N
movement duration was longér for movements of the right
(undisplayed) arm., This difference, dependent on which arm

é?s visually displayed, was seen even after'repeatiné the

62

-

experiment with the chair reversed so that the right handle

’ -
was used by the left hand and vice versa. Again the movement

duration and time to peak velocity ratios were greater when
the left arm was visually displayed. The difference between

the ratios for movement duration for the two conditions

FS

.{right arm display versus left arm display) was

statistically significant }?'3729.1 ; df = 1,9 ; P < O"OQI).

‘ In spite of the gross diffete;ces i; movement
amplitudes afkd peak velocities of the two érms when_the
pdsition of one arm Qas visually pre3ented, the movements of
the two arms were initiated at the same time. This is
iliﬁstzated in Pigure 6 which shows reco?%s of single trials
during. . simultaneously madg movemenﬁsl'As‘seen from the
position trecords, the two arms sta:tea’moviné at the saﬁe
time during flexions (A) and extengions (B). in this
example, the’ left arm position was viguall&.presgnted to the
subject. The synch;onous onsets .of lovements of the two arms
was not influenced by.viaual guidahce and wvas obﬁerved in

all subjects studjed whether the movements were

-

visually-guided o;qnot. . E .

-

Pigure 6 shows that the initial EMG burst recorded

g




FPigure 6 .

L W

Movement onset for simultaneous bilateral arm

~

movements. Each set of traces represents (from top to

bottom) singleQrecords of ;ight arm posi;ion, left arm
position, right agonist- EMG (right biceps brachii in "A" &
right triceps brachii in "B") and left agonist EMG- (left
:bicépg brachii iﬁ "A" & left triceps brachii in 58"). The

" movements in A & B are made with visual feedback. The

.

subject was shown the target and the position of the left

arm on the‘oscilloscope sc;een.'Thé inter-target distance
for both flexion "A" and.extgnsion "B" ﬁovements was 36
degrees, Tﬂe interrupted vertical lines indicate movement e~
initiation (posiﬁ}on\t:acesr and agonist muscle activation

(EMG traces). (JS).
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from the agonist muscle of one azi started }ynchronoucly'

with that ‘recorded from the agonist muscle 6f the oppoait;f

arm, In }iguteu 7 and 8, this timing of the bilateral

agonist‘iuscle activatién is shown for an uninterrupted

series of 10 bilateral_tlexions (Pigure 7) alternating wifh
—10 extensiqﬁg'(?igure 8). The synchronism in movement onset,

shown abqy&{ was determined by.viéqplly aligning each pair

of récotd%ﬁfoz individual tria®s of the two arm movemehts.
This qassdone both. fer movement position and agoﬁiat emg
activity. By inspection of theée records it was found that
the povénent.onaet for the two arms occurred.at the ‘same

time. Results from all subjects tested showed ﬁﬁts

synchronism at thi; level of analysis. ..

14

B. Movement peak velocity-amplitude relation -

From studies on single arm movements, it is well
known that movement peak velocity incrlases as movement
amplitude is 1ucrcq-0d.'rho relation between movement peak

vclbctty and lovcaont‘anplitudc is linear (Bouisset and

-




Figure 7

4

- .Onset of biceps muscle activation during simultaneous

+

" bilaterai flexion'novenentsf/éacﬁ pair of traces represent

-

surface EMG -records from the right (upper trace) and left
(lower ﬁrace) biceps brachii muscle‘duning‘sihéle'successive

- ‘ . - »
trials :of flexion mqvements. All movements were done. with
» N Lt N .

visual feedback. Theitarget together with the position of
the left arm was shown to the subject on the:screen of the -

oscilloscope. The inter-target distance used. was 36 deg<

S -

rees. The vertical interrupted lines are drawn to mark the

.onget of biceps activation for the two Stn movements. (JS).-*

-

L)
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¢ . . =

M—
- ohset of t:ic;gs -uscrr actxvgtion durlug sxnulcaneo-

® 2

us bxlatcrai exten;;on -ove-entc. Each paxt of traces

-

lgprosonts surface ENG tecotds from the rzght (uppet ttace)'

\u- N 1

.lnd 1e£t (lower ‘trace) triceps btachxx -uacles du:xng szngle

& : .
shnce-k;ve trxals of extena;on -ovenents. All 1ove-ents wvere

. . .

- tdonq with visual- teeaback. The tatget togethet with thg

- *

polgtan fi‘- the left arm was shown to ‘the su{ject on the

tctscn b; the osc}lloscope. The interc- tatgeb dxstance used

v
- -

fbr,all qovclents-ah was 36 degz&es. The verz%:al

|
1ntgrtupted lxnes are dtaun to nazk the onset of ttiqeps
).
. qctlvatxon or the two acm -6venents. (JS) . .

‘c":
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Lestienne, 1974; Cooke, 1980). Pigure 9 shows this velocity-

amplitude re‘lation ~fton one subject. In this subject, peak
veloe?tytincreased linequy"i'th -ové-ent'alpl'itude (cor~
relation coefficients 0.25 or greater). As can be seen in
A,B and C thé:e was no strikin’diffe:ence between the two
. arms (agterisk symbols are for the left and circles are for
~the right ar-i. The elopes of .t:he regression relations
appeared s':'flilar for th'e"tw'o_‘ arms tlsolid_lines for the left
and éashed lines for the right arm). Note that the matching
»in peak velocity-amplitude relatiens betuiee_.n‘the two arms
_‘zelained unchinged ,wheth_eg the ;i'gﬁ-t- arm was yisually
presented (B); the left arm viguall‘y presented (C) or in the
absén‘,ce of the visual guidance (A). This ,natchin§ in velo-
city-amplitude relation was seen for al} sul.aject& (n=10)

.tested in this series and was not. affectéd by directing

: : ,
visual attegrion to one arm or the other.

A )

‘ i

C. Dynamic matching:

.
»

——— =
The data presented has shown that movements made
1

simultaneously by the two arms are similar in some of their

kinematic properties. It was not, howe')er, possible to tell

[N

from these results whether the movements of the two arms

were also matched on a -Q;n'éot;'to-nomnt basis throughout - the
whole movement. The movement® in the two arms could be

started at .the¢ same time and -terminated at. r.h; same ti.-.e

r . - . '\.'-




;igute 9 .
\ ) ‘ ~

-

Movement peak velocity-amplitude relations fcor the

right and left arms. For each graph movement peak velocity

is plotted as a function of movement amplitude for £lexion
movements made simultaneously by the right (cixcles) .and
left (Jsterisks) arms, In "A" the subject made the movements
without visuaf éeedback. In B & C the subject was show{ the °-
'targeé and the position of either th; right "B" or ﬁ:ft "c"
arms on an oscilloscope screen. In "A" 4 different movement
anplitudes were made. In B & C 6 different movement ahpli;:
tudes were made by the subject. Por ‘each movement aiplitude
tested the subject made 10 flexiép moyements by the two arms

. . <+
at the same time, The straight lines in each graph teptésené

the best-fit regression relations. Solid lines are obtained
from movements of the left and dashed liges from movements.
of the right arms. The slope in each case was detecrmined

from the least sguares, best-fiﬁ linear teqressio%
. . ~\ . N -

equation. In all cases, the correlation co-efficient of the .

.linear .regression egquation was .95 or greater. ¢KS).

L
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yet, during the course of the movement each arm movement
could have.been performed differently. For Figure- 10 the
position of left arm has been plotted as a function of the
right arm position during_sinultaneous novénents. Each trgace
is from the average of 10 flexion movements. The figure

shows data from 3 different visualidisplay'cOnditions: r-d,

73

position of right arm displayed; 1-d, position of left arm.

displayed, and n-d4, no visual dispiay from either arm was
shown to the subject. All curves are linear (r>0.95). The
slopes of the lines are 1.28, 0.77 and 1.04 for r-d, 1l-d

and n-d respectively. A curve that has a.correlation
., )

co-efficient of 1.00 and a slope of 1.00 represents the

.

relétion which would be obtained if the positions of the two

arms wWere exactly matched at every point during the

no@enen;s. A slope less than 1.00 indicates that the rlght

-

arm leads the left while a slope greater-than 1.00 indicates

that tHe left arm leads the right. In the right-display

e}

conditfon, for example,” the slope was 1.28. Thus, throgghout

the movement, the left arm was at a more ;kexed gosition

-

than the rdght arm. Rote also that curvature jin these {ines'

=

1n§icatés phase delayé between the two aris.'Thus{ {f the

L3

,liﬁe is concave upﬁérd; the right arm hag started moving and

completes its movement betore the feft arm. FPor the no#e-

ments jillustrated in Plgu:é 10 t correlation of 0.95 or

greater indicate that there was,
/

" the two arms. T¢O examine this'nonc t-to-moment matching-

ittle phase delay between

L4

&“'.
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Pigure 10

\\\*~ Dynamic relations for movements nade'sinultanebusly

with the two arms. The moment-to-moment changes in positions
T

"of thé two moving arné are correlated. Each curve shows the
~least squares best-fit Yegression line for averages of_lo |
bilateral- flexion movements made with the two afub at the
saQe time, Data from 3 visual-display conditions are
shown: r-d, pogition of the ;igﬁt arm ‘displayed; 1-4d,
'position‘of the left arm displayed and n-d, no visual
display (without visual feedback) was shown to'tﬁe‘subjectm
Ali correlgtioné are li;ear (r>.98). The slopes of the lines:
ate,ljée; .77 and 1.04 fbt.t-d,‘l-d and nfd'respectively..
The qorrglhtion for the left apd right arm positions was

made at S usg 1n:etV41§. (PR) .
N

o




/
Q
Q .

g/é/°

Left Elbow An

75

, -
4

Os0 7359075~ o0
- Right Elbow Angle(°)




- ’ . ° r‘.
. - ' ' Lot 76
. A -

between movements that were simultaneously made by the two

arms, positions as well as velocities of the two arms were

correlated, i.e. right arm position versus left arm position

and right arm velocity versus left arm velocity, at 5 ms

\
. ° intervals throughout the entire movement. Table 4 shows the

correlation co-efficients and slopes for correlated

positidns'ana correlated Velocities of movements of the two
)

arms for one subject. As noted above, the correlation
co-efficient is indicative of how much the two movements
_ were in phase with each other whileAthe slope is a\neasure
of equality of the two movement parameters for the two arms.
D. Summary : - ' : ,
In the absence  of visual feedback, sinult&neous,_f
\ ' bilatetal arm nove-ents ‘were closely natéhed’;f each point .- .
during the movements., Movement anplxtudes, durations and
. onset tfmes were the sa-e._groviding vééugl feedback fron

one arm markedly influencbd_the matching in novaneﬂl

I

kinematics so that the non-visually guided arm was moved

-

fasteér Fnd,tot a greater distance tham the visuall}-Quidod

) . .
arm.

4

zz.nosgonac to unilateral short-term loading:~

The above results clearly indicatéd a close naéching
N




Table 4

. - -
.

‘Mfoment-to-moment comparison of positions and velocitics

for movements of the two arms made simul taneouslvy.

- .
b POSITION VELOCTITY
.Cor. Co. Slope Cor.Co. Slope
1.00 .99 .97 .95
1.00 .97 - .99 .85
1.00 ] 1.07 .97 .97
= 1.00 . 1,00 : .90 . 1.02
ag 1.00 1.06 1.00 1,17
'S = 1.00 .99 .95 1.00
~41.00 .95 TN .96 .90
£2 .00 1.09 : .99 1.0«
1.00 - - 1,13 - 1.00 - .13 TS
1.00 - 1.06 1.00 .95 o
. N 'l.f'-'f
R 1.u0 .. 39 .99 \ 1.2 )
= LD 1.25 - . 00 1.29 .
= 1,00 1.42 . 1.00° B350
Z3Z1.00 1.43 - .99 1.4
=% 1.00 1.40 _ 1.00 .30
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bg movements .made silultahgpusly by the Eyo limbs. The
relation between nd@enehts.of the two arms was, however,
affected by visual feedback from the movements. The next
series of experiments Qere designed to test whether the
relation between the arms waS affected by kinesthetic
feedback from the limbs themselves during movement. Move-
ments of one arm were modified by applying a load to the &rm
and then having the subject petfctn simultaneous movements

with the two.arms as described..Since it wag found that
A ¢

visuaiiinfornation seriously affected the subject's ability

A}

to match the movements of the two arms the effects of

loading were tested” in the absence of visual guidance,

I

Movements of five different amplitudes were tested
both with and without the load attached to the nanipulahdui
i 6 subjects. As shown earlier, the subjects made bilateral

movements thgt\vere matching in movement kinematics before

78

loading. With a swdll load (1 1b) applied to the l2ft

mapipliandum,- no significant effect was observed on the

pbrfornaqée by either arn‘and the subject as quql made

. L . , .J_)
matching movements with the two arms:A¥stgnificant effect -

'7ga6 observed when a heawy load (12 1lb) was applied. to the

left manipulandum. The peak velocity of .movements by the
iofg‘ain vas ﬁitkodly reduced at e#ch of the movement
amplitude tested. Most i{nteresting was that this effect was

also seen 1p'th._noﬁon-nt”pcrtot-ancc‘of the right
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-{unloaded) arm, althoﬁgh to a lesser Hegtée. Figqure 11 shows
an example of this effect. Note that the peak velocity

(traces of averaged velocities) for the largest movement
k|

-amplitude used decreased in C for bdth left (loaded) and

right (unloaded) arms as compared to A & B, In order to “show

. \ .

the gffeeh on motor performance of the two arms under the
* 1 -

three d;fferent.conditions, the peak velocity-amplitude

. .
relations were plbtted}for each condition (graphs in Figute

l). In Pigure 11A thé relation is shéun for the movements .

without  any -load. In (B) and (C) the relations are shown
during left side loading.with 1 1b and 12 1lb respectiv-

ely. Note fiistly.that the " two arms have similar relations

A}

to each other in Piggre 11A and B. Secondly, this matching

.
+

in telation between the two arms petsxsted during

.

5

applicatioh of the light load (1 1b) to the left slde and
thirdly that the heavy load (12 lb) affected the loaded side
as well- as the-uﬁloaded sxde in performxmg the moveme

Al

(Pzgu:e 11 C).

F. Summary :

*

‘ . - -
Loading of one arm during simultaneous bilateral arm

movengnfﬁ Cauéed a decrease 1n‘the ;elocity_of that hrn; The

velocity of the opposité, non=- loaded arm was also dectoasod
&uttﬁg'that loading. Sililat velocity anplitud& rclationl

vere obtained for movements. ot the two arms with the light
- ‘ L 4

- . v

. | '. . {Q,,—f’ !
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Pigure_ll ’
- Movement peak velbcity-a!g}itude relations for the
. _two aArms with unilaéc:al'ioadiqu For . each gtaéh, movement

-

peak velocity is plotted as a function of movement amplitude

\

for flexion movements made simultaneously with the two arms,

-

- In "“A" the subject made the nove|pnts without‘loadingu'A

load of 1 1B and 12 lbs was applied to the left nanxpulandun A
in.B & C respectively. All lovenents wete .made UithOUb
v}éu;l fegdback. For- each gtaph~5 diftetent anplitddes of
ldvelent wete‘dade. Por each . movement a-p;isudé'pegforaéd

the subject made 10 flexion movements with the two arms' at’ .
'ih',sane time. The straight lines'in each graph zeptesedt-~' .
o . -\..‘ . "- . - R

‘ ' the’ best-fit regression .relationg. Solid lines -are obtained

from movements of the left (loaded .in ‘B~ & €) and_ fashed

lines from the right (unloaded) -arms. hoveuents,ﬁton the
- N N . . .

left arm are. represented by asterfisks and:those .frgm the

.

right arm by circles. ?br ready co-batison,‘thd dotted lines

in.B & C show the control tdtation Eoz the left arm. Etom
- A Tbe traces at thé top represent velocity records for the
Ks ) lett (upper eraca} And :ight (lower trace) gnn nouenenfd._

Bach rccord is the ‘average of 10 tlexion noveaents taken

fron—tht—iargoct sor;e of moveheénts gerforned (70 degn

,rool). v.rtlcal caIibrat on lln- :ckrcsents 60 dogrceq/ooc‘
- 1’!‘

‘ tor vclocity. aorizontal alibtation line. rcptesemt: 400

),~!; (nr)ﬁ

-
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oS wefghff(k 1b.). When :the weight applied during movements was

el -
.12 Jlbs., the effect seen was on':heKtwo arms. The value of

‘the slope of the peak uelocity-anplitude relation aof

movemeﬁts’of the loaded arm decreased when that arm moved

)with the load on, A decrease in tQhe value of the_slope" of

[

the relation for 'simultaneous movements 5f the opposite,
non-loaded, arm was also obtained. *

~ v

&
O III. Movement! Made Independently Qy the Two Arms

2

A. Movement kinematics and durations :

»

- . .

The exporxments on simultaneous blLeteral arm
movements in this study :evealed the exxstence of an
1nt1mate relation. between movements made by the two arms,.

Movements were tightly lxnked in their time of onset ,ana¥ .1f

N
were closely matched  in their Kinematic features. This.

suggested that these simultaneously performed movements of .

v

theutwozazms may utilise a shared or ‘common motor program.
. e cy
I the same motor program is used to organize movements of
- <
the two armsg, one might expect that movements of the two

~

‘arms would share sdme characteristics even 1f they were'
performed';ndepenQently. This hypothesis was approached by.

comparing motor'performance of the two arms when subjects

were asked to make the movements with each arm indepen-

- dently.




v

" In the experiments.to be degscribed, the sdbject first

made a series of movements with ope arm.and then after a
. N . ’ ;_/'
reét period of 10-15 minutes, the same ssfies of mSvements

- wag repeated by the subject using the other arm (see METHODS
- ¢ - ‘ . ®
for details)., Figure 12 -shows typical averaged records of

.

flexion movements from one subject. Bach set of traces shows
averaged records of position and velqcxty of movements of

three amplitudes made independently by the right (A-C) and

- - -~ N P .

left (D-F) arms. The position record of eaéh.mqyemeﬁt shows
M Y .

.
~

a smooth'tranplgéion of the arm from one .position to

another, Sche visual [feedback uas”ﬁfovided to the subjects,

- .
»

movements bf eixhgk arm started within one target zone and
A ,gnded Qithin the other target. Moveﬁents'were made- at Qell

-below the subject's maximum speed and the{e was thus only
snaai‘over- or undershoot of the targets. Hovement ampi(tud-

o8 were therefore. the game for the.two_arms. Fqr all

¢
movements, movement velocity started from zero, increased to
.\ . - . e
a single peak and decreased to zero again. .

In all subjects, movemenﬁvdﬁrét;bn increased with
4 .

» . . .

movement anpiitude. Pigure 13 shous'daté on mo&enent

durations frop the six subjects studied in this’series. in’
each graph, thc open qynbols are data from right and closed
. ~ symbols from the left atm. §3qh plotted pointgisq!he mean

from 10 flcxion hbvenents Standatd deviation bars are.shown.

- [ ]
»




LR

Figure 12

éomparison of motements made by the two arms indepen-

entlz Each,Kset of traces shows averaged'records of

- position and velocity of flexion movements made by the tlght
(A-C) and left (D<F) arms., Each trace is }rom the average of
10 movemehts; the dotted lines on eitﬁet siée of the average

'SQOQ‘Ehe standard deviations. Movement amplitudes were 10

degrees (A,D), 30 degrees (B,E)‘.ﬁd 40 degrees (c,P). The

. vertical calibration in P represents 10 degrees for position

and 75 degrees/sec for velocity. Horizontal calibration bar

-

"represents 200 ms. (AS).

L

LAY

A—' » ’ ..
4 .
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Figure 13

i ’
Duration-amplitude relations of movements made

independently by the two arms. Data are presented from 6

subjects. Movement duration is plotted as a function of

inter-target distance for movements made independently by

the right.(dpen symbols) and left (closed symbols) arms.

Each point represents the mean of 10 flexion movements with

-

the s;aﬁdafﬂ deviations. - .

“
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There was ngo consistent dirffferehce -between the two

érms. Thus, movenents of the r1ght (prefetted) arm were not

conszstently of shorter duratxon than those of the left

.(non-preferréd) arm. As indicated in Ptgure 12, the'variabi-

lity of the movements was similar for both arms. That- is,

-

movements of ‘the preferred (right) arm were not less.

variable or better reproduced than thbse of the

non-preferred (left) arm, Varzabzty of the duraticns of

movements made with rxght arm was not significantly_

dlfferent from that of 'the left arm. .In Table 5, are given-

-

the ratios of the varzances’of movement  durationg (right
arm/left arm). F-Test sbowed\rhat there was no sfjiificaht

difference hetween the variances of the durations for the

two arms in the six subjects stddied (P v;lue'ﬁas less than

1.7 for all movement amplitudee, df=54,5, p?.Oé)‘

- ~
.

B. Movement peak velocity-amplitude relations.:

- . L4
- . . . - ~ .
.

»

As déscribed earlier for simultapeously performed
@ovements, thege independen:ly perforMed movemrents were algp

character1zed by an . increaae in movement peak velocity as

.

\

movement amplitude was increased iggré‘14 shows velocity-

amplitude data - frou 6 subjects. Here, peak velocity {is
s N

plotted as a £unction of inter target distance beécause the

latter will corteapond ;o actual movement amplitude in these

visually-guided nobenen;s. Each point in FPigure 14 ts'tron

. .
PR )

P ‘ - .—-,.: . 88




we

Table 3

. ) ~~ i N !
Batios of variances of movement dugition (right arm/

left arm)

Jdrms.

od ey
nhavect

———

for independentlv madg'movements of the two

5 deg YO 2y oden 57 den 40 o
1.42 BT .37 .99 .26
.81 A .59 . 3.03 .87
1.82 .39 .69 L 46 1.59
1.06 .69 " L69 L3 .34
.85 P .. 81 .94 2,02
.52 o2 .76 1,10 3,50

. T

1.079/ 1.653 »1.534 1.1l © 1,427




right arm and closed symbols from ghé left arm,

Figure 14

-

Velocitx-ampiitude relations for movements nadé

independently by the two arms. Data from 6 subjects are

shown., Peak velocity 'is plotted as a.function of inter-tar-

get distance. Each point’ is the average of 10 flexion

- o .
movements with standard deviations; open symbals from the

' -
\
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the avé?ﬁge of 10 flexion nqvehents: open symbols from the -
right arm and closed symhols from the left. In all_gubjecte,
pe;k velocity increased linearly with @ovenent énplitude
(correlation coefficien; 0.95 or greater). There was no
systematic difference betw;en the performance of the two
arms, To test the simila;fiy be;yeen&}he velocity-amplitude
relations of the two arms, the slopes of the regtession
relations w?re compared for the two arms in all 6 subjects,
The unsignéﬁ difference between Ehe siopes relati;ejto thé
slope for tﬁe right arm was not significantly different.frdn
zero (t-l.i%, n=6). The sloggs‘bf the regression relations
were theref&fe the same for the two arms. )
I
Simi}at data frém one subject is sﬁéwn 15 Pigure

15A. In the|graphs in this figure, movement peak velocity is

plo&ied‘as A function of movement amplitude for movéments

- made by the fighf and'heft'}rm (open anq closgd symbols

respectivelly). Data shown as circles were obtained from

‘flexion movements and that as ‘triangles from extension

movements. BEach point represents the average from 10
movements. The SE. of the ‘mean was smaller thén the plotted

points in eVery case. Two pointp should pe_noted, ngst, for

- &%th arm the relation was the gamé for both flexion and -

r

exgension ovements (ciréT;h_anq ttiahglep). Second, the

. ' B ¥
relation was the same for both arms (open and closed

syubéls). Thus, in terihs of the relation between movement

2

..
-
J‘ .

)
-~




Figure 15

. N . - ,

< . .
Peak velocity-amplitude relations for movements made

independently by the two arms. A & B show data.from two test

days for the same subject:»qun symbols-right arm, cléséd
symbols-left arm, circles-flexions, triangles-extensipnp.fé
shows peak velocities of 30 degree movements'on‘g different

test days. D shows tp; siope of the velocity-amplitude

relation‘on the same days shown in'C. (SB).

-
. ’
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ahp%}tude‘aqd velocxty, this subject pe:forned these"

. . ' 1ndeggndeptLy nade aovenent& identically with both arms.,

-
.
’ - .
e o _a
.
% I

. o : ~; Repeated;détetmlnatxon of thzs relatxonshxp showed

hat it’ wae sbable ‘over long perlods of time. For example,

o-*

. "-Figure 158’13 shown‘analogou& aata, obtained from the same

P ’ \ subjeev tbree weeks 1atg{‘b&~§6‘ﬁag\\There was again, a
. p ’ . -

RN -11ng§§ relatzon getween ﬂbvenent velocxty‘and amplztude with

no natked giffeteﬂcesletHeen f}ex1ons and exteﬁ510ns,.or
73 between t;ght and lfﬁﬁaﬁf s. Moveover, .the slope of the

1 4 .

\ 1‘£hn J thlation appearea ve:y~§im11ar to that obtained three weeks

B previously (A). FECE
L} ’ s - .. . -
A A .‘l;' S

) .." . -’.' ' ’ . ‘ e A \

- ' . 3 f . . >
LT - . .t £
Dy

\'iq‘this péak belqcity-anplitu@e relationship and compare
' ‘ tyésg'khéngbs for the two arms, experiments were performed

L o, o . . — 2 -
. .- with this same subject on the eight experimental. days

o ,‘xndicat:ed at the botuon of Pigure 15 c,D. These experimental
| o . 4

. L 'dgys ;panned a period of 4 w@ek@. In Pigure 15C the peak

:, 5'»'velocity of, novenénts of 30 degrees anplitude is PlOtted f°f

. o -

flcxiona (uppez redords) and extensions (loqgr tecords) As

., -’ - ’

o ‘ bozotc, open syhbols are £rou novenents made by -the right

NI E ’ a:n and closod s?[bols ttou novenents by the left arm. Over

.__' N . . ' . T B o5

‘7the data ghown 1n Figure 15A was obtained on 30 April. In.

'In order to detérmine the time course of any changes
- e L ‘. : - ‘ . ' >

th. f/’isstow -days of tgpting the peak velocity of thesn‘

lovoicnts decrcated to,a leveL (30 April) which ?as then-

Tl
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maintained over the next three weeks. Note that the peak

velocities of movements by the right and left arns'changed

-

in the same .way from one teat day to another. This linked

change in the performance of movements by the two limbs is -

L]

reinforced in Figure 13D where the slope of the peak

velogity-amplitude relation -is plotfed for the same experi-

-

ments as in C. The slope. in each case was determined from .

L]

-

the i1east squares, best-fit linear regression equation. In
. ;) ~ .
all cases, the correlation co-efficient of the linear

| NP .
.regression eguation was 0.95 or greater. As seen with the

individual moVements (30 degrees, Pigure 15C), the slope of  °

the velocity-amplitude relation decreased over the first
week of testdng, reecﬁing a new level that was mainfained
thereafter. As before, there Qere parallel changes in the

,:1§ht and lefL arms, the slope of thé relatxon becoaihg the

~
ls&ne for both arms. . ] >

L] .‘ + e
hd v .

N e o ) . ) )
Figure 16 shows data from anothet subject tested over

" a period. -of 6 weeks. Th1s subject was examxned 12 tines

'duzing &hxs petiod as 1ndicated on the figure. The slope of .-

- . s Q
the velocity-amplitude relation for movements of the ight

arm was compared to that of the Ieft arm ustng the paired"
t- test There was no ,significant difference betweea/”gﬁhe
slopes ovet the 6 week period (flexion novenenta- t=1,4937,

df=11, p>0.1: extension movements: t=2.1953,, df-ll, P>0.05).

I- * . f R .

e
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Figure 16

f

" Ccomparison of movenedis wmade independently by the two

arms oQé: a 6 week periédf The slope of the peak velocity-

R ‘.amplitude relations is plotted for each of the experimental

sesgions over the six week period for the same.subject. Open
v : ' : :

* symbols show data from right and closed symbols from the

1&3% akps.‘(GW{;' -

*, N -
AT : ’
RANE
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C. Summary : .

. . -

For movements made indépenden;}y by the two arms,
movement peak yglocity increased: linearly with movement
amplitude. This relation was identical for flexion and

) extens®on movements of the same arm as well as for movements
{- made by the right and left ar®s. This matcbing in ;ndepen-

dently made movements was maintained over periods of time,

up to two monkhs.

D. Compensation for unilateral long-term loading:

As described in the previous sqction,‘the relation
between movement veiocity and‘ampliiude showed lggtie
difference for novemé;ts made by the righ; Aﬁd left arms
and, after an inittal "settling down"™ period, little change
over a period of weeks. There was thus aﬁ app;}eaé matchiné
of ;%venqnts of thg\two arms even though made independently
and whichever arm was tested first. This réis@d Jhe guestion
waether this apparent, natchfng of movement perfornance by
the two limbs was an 1nherent‘characterigqic 1n.£he organi-
zation of the motor system. This egtion was apptbached by
attempting éo produce a uniiafctal, ng-é;rn alteration in

motor performance and following the time course of changes

in movement performance by the two limbs.
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L4

§
In this series of experiments, movement performance

was altered by having subjeéts wear a light (1 1lb) weight

,'étrapped to the left forearm just proximal to %e wrist. As

for one Meek during which movéments of the two arms were
independently examined daily, Data from ope subject is shown
in Pigure 17. In A ;re shown recotds of movement velocity
f?r movements of 40_degrees amplitude, Each record is the
average of 10 flexion movements: In this subject, movement
velocigy of the left (locaded) arm ihcreased on the day
immediately following application of the weight and remained
above control levels on each testing déy thereaftef. As may
be seen from the t(acegf‘thg velocity of the right, unloaded
larm also incfeésed and was maintained* at this new higher
level. In B-D até shown peak velocity-amplitude relations
for controi movements obtained before loading of the arm (B)

4
and for the first (C) and sixth day (D) following applicat-

ion of the weight. Open symbols show data from the right

(un}oadgd) and closed symbols f:oﬁ'the\left (;oadedf arm.

. iAll lines are least'squa:e§,<best-£it regression lines. Cor-
relaéign cd—gfficlent were 0.95 or éreatet. Por ready
coméarison, the dotted lines in € and D s@ow the control
.relation from é. in eaé& case, the veiocity- aiplltudo

0 ' relation was linear with the slop?, for this subject, boihg

greater durin§ loading than for the control mQvements.

"Qescribed in METHODS, subjects wore the weight continuously °

‘e
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4 Pigure 17 . .

Matching of movements following chronic unilateral

loading. In A are shown records of movement velocity for

- flexion movements of 40 degrees amplitude. Each record is

the averqu’df,lo movements. In B & C are shown peak

‘velocity-anpl{tude'ielations for contkgol vaementB before
loading of the left arm B and for the first C and sixth day
.Q foll9wing~application of the weight.Open symbols ghod~data
from® the right.(unloaded) and closed symbols f:om the.ieft
(loaded) arm; solid lines represent Ehe relation for the

° .
left and dashed lines for the right arms. All lines are

least squarés, best-fit regression lines. For ready'cbmparit'
son, the dotted line in C & D show the control relation from
B; Vertical calibration bar represents 90 degrees/sec for,

velocitywand horizoéntal bar 200 ms. (RJ).

-




. -
—ua\ - -

102 .

() IONLINY («) IONLIAWY 0 () 30NLNDAY
o.e o.n o.N X o._ 0 op___Of* O¢ ol oy ___Of .n.w ol Q
- . 2 . d
. w : ’ . wo e d -w..v.
wo by o N
L} Ofc

7
3

@ O
8 (%) *il‘.’)O'!

)/\vl/\ll/\llv/\\x //\1//\! v o
NN N N N T e

2 koQg ¢ £oQ 1044u0)
( . ] .
_ T Myv3™Od 14T NO G _ i v

Y



103
Moreover, the relations weré(the same for both arms (open
and closed symbols) on each testing day.
. -
Not all subjects showed the same pattern of change in

‘the peak'.-velocity-amplitude relation as did ‘the subject

Ld

illustrated in Pigure 17. However, whatever the specific
pattern of change in movement pgfformance produééd by.
wearin§ the weight, Ehe consistent finding was that the same
éhdnge was seen in both arms. Data from two other subjects
are shown in Figure 18. A and C show data from one subjedt:'
add B and D ﬁfbn the otherf~The graphs show the siqpe of the
peak ve'logcity~- amprxtude curves obtained from the two
subjects, data f:om flexions and ex;ensxons being plotted
separately Open syabols show data £rom the right (non-1load- a
ed) arm and clgsed symbols from the left (loaded) afm._sach
subjgct was testéd on several.days beforéfapplicatioh offthe/
ldad;}solid,irtow)'and’dq two or.mdné days following removal

of the weight -(open arrow)., In the first subject (A,C), a

Modést increase in slope occurred upon application. of tﬁe

weight, £h18 incgeaae'pérsisting over several days and beiﬁg

the_saib tor‘éach arm, Most. striking in th;s subject was the
large incfease 4h4siOpe of the Jelodity;applitude relatidP
upon removal of thie weiglt. This inc:eaae occurred 1dent1-
“cally in both arms and was followed by a. gradual, patallel

~decrease in slope.
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. %

- - Figure 18

- ‘ , Velocity-amplitude relations following unilateral

’load}ng.-The slope of the'peak velocigy-amplitude relation
is shown from two Sybjects {A, C and B, D) both before and
aftet_they wgir a i 1b weight on the left .forearm fpr,one
week. Each data point represents the sldpe of the best-fit
- linear regression equation obtained from movements of 5
different amplitudes}_open circles répresent the.right
(unloaded) and closeq circlés the left (loaded) arms. The
. )

horizontal scale indiocates the days on which the experiments

were performed. (A,C-GW; -B,D-AS).
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In the second subject (B, D), a more striking

increase in slope occurred upon loading, with the slope

subsequently decreasing somewhat. Although in this subject
th; gyo arms were not initially as well matched a§ in the
other subjects, nonethelé;% the right (unloaded) arm (open
symbols) followed a simiiar sequence of changes as‘the left

~

<
({loaded) arm (closed symbols).

_To test whether similar ?hanges oc¢curred in the
movements of the two arms, the peak véloéities of the -
largest movement performed (40 degrees) were chosén fot
’daily correlation over the period of the loading. The dailyn
mean peak velocity for 10 movements (40 degrees amplitude]
of the right and left arms,for each of the 6 subjects were
correlated over the one d!ek period during which the left'
‘arm was loadedi Using the FPisher-2Z transformation (Steel and
Torrie, 1980), the correlation co-eféiqieﬁts for the six‘
squeets were found to be homoggnous (p>d.25) and the
correlation was therefore ppoleﬁ into oné-value for Eléxiona
and one ;htue fof extensionsl Tpe_vélues of the pdoled
correlation @oefflcienq were 0.88 for flexion ahd Olsl'to:'

. extension n&vements (p<0 00l1). Thus, for these 40 degrees

\&fﬁements beak velocitiee ‘for the two arms - changed in

parallel over the period of the unilateral - 1oad1»9.

0
y

_B. Unilateral lopg-term loading with orthopacdig cast :

i

~




e
!i\

Data fr&ﬁ two more subjects wearing an orthdpaedic
-cast on the leét forearm for periods longer than one week
were also collected. One ;atient'WAs tested 8 times over a
period of 7 weeks'witb the cast on and once when the cast
wa% removed, 5he otherfpatient wag tested 19 times over a
period-of 5 months ;ith the cast on (removed once for -
radiological checking in the nidd;e of the 5 month perioq)
and 4 times after the cast was permanently removed. The data
showed that similar changee iq maovement performance,
produeed by qearing and removing the cast, occerred'in bot@
armg. A paired t test for the results showed that the
changes ln the slope of the beak velocity-amplitude Telation
etor ‘each arm were not significantly diffetent fram the other
over the whole period for each patient, (Patient U.B.: t=2.1
df=8, p>0.05. for flexion and t=2.2, df=8, p>0.05 for
_‘exteneibn; Petiene K.G.: t=1.6, df=23, p>0.1 fOt«fle;iOp and

- tm=l,9, df=23, p>0,.05 for extension). .° )
.‘ . - * . Q

P, Suhmerx s

Chronic loading of the left arm changed the value of
the slope of the velocity anplitude relation Eor movements
" of. thc left arm. The. slope of the veiocity-anplitude

.relation for lovonents,og the right (unléadedL arl changed

in parallel so. as to remain ﬁatbhed w¢lh'the ;}qée of the




relation for _movements of the deft [loaded) arm. Re-matching
v

between the slopes of the veloc1by-anpl1tude telatxons for

-

movements ‘of the two arns also occurred followrng reloval of

the wezghtr .

-

Load:ng and unloading of the left arm led to changes

4
in the movements made by the left arm that were diffexent in-

.

'dxfferent-subjects. Bowever,‘whasever.changes occurred to

the slope‘of the velocigf-amplitude telation of the loaded

arm, the same changes we're seen in the movements made

-
A [

~

xndependently ‘by the right (unloaded) arm. .
IV. The Influence of Kinesthetic Inforhation :

1

-
Py

:?he exoerioents’whicﬁ'hare been described sﬁowedetget
there is a s%tong-tendenci for movements of the‘two limbs to .
be natcﬁed.'fhis marchiﬁg can be disfupced by visual
: fnformation.,ﬁduevei, alteration of movements of one limb by
mechenxcal means leads to changes in movements ot the other

llnb in order to re—establ sk the matching The experinenta
N ] M - ?

-

" ta be described were deoigned to define more closely the

influence of. kinesthetic infornation fron one limb on
:._movenenta nade with the other liab. Por these expcrinento

yibration was. applied to tho nuacle bekdon of ore arm both |
wheh that. a;n—was aeationary and whilo the anbjcct vas

'perforning Ji-ulcancouo btlan@ral -ovenonts. AS discussed.
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~

. under ais:ORICAL REVIEW, muscle ‘tendon vibration is a

A

;powe:‘ul stinulus for muscle spindle receptors. Such
vibration will thus ptOV1de the nervous system with incor-

rect 1nforlatton about the qcfual limb position amd

velodity.

.

A. Contralateral effects of vibrétiné muscles in scationa:x

-

arm

-

.

-

As described in detail under METHODS, subjects first

-
-

practiced nbvenenté_of the one arm with visual‘guidénce.ffhe
. ‘ T

< ‘ ] N :
subjects then performed movements without visual guidance

Teyesvclqsbd), Duripng these tfiais, an Euditory cue was used

-

‘to sddhal when'tﬂé subject was to move. As described

prev;ously subjects were able to attain the requited target

’

. poJ&tion equaliy well with or without visual guxdance

"arm of\ one subject. Brfef;burdts,of mechanical vibration -

b ¢

(cf. Pigure 2). -

-

. Figure 19 shows records of movements from the right

)
-~

(indicated by solid rectangles) were. applied to_the tendon

Y

of the tricbps auscle of the 1e£t (stationary) arm. The

racorda are of sequennial noVenen;s. No ., vibration was

,ﬂlind duting the first two f.lexiona/extensions. 'i:he
‘#

bubjcct novod between the two degired .target .positions

?indicatod by the stippled bars).'fhc‘tricep% tendon of the .
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Figure 19

[ 4

Effect of muscle-tendon vibration on step=-tracking

\
performance by the contralateral arm. The position-and

- velocity records of movements made with the right arm are

shown for successive tyials of movements. The stippled -bars
]

on the position records represent. the target (Qpper bar for
flexion and lower baf for extension). The  left triceps
brachii tendon was viprated at the time indicated by the
solid‘rectangles below the veiocity record. Vibration wag
applied 6 tines during this session and wig triggered during
the flexion movements of the right arm. The left (vibrated)
arm was kept stationary during all this session. All

movements were performed without visual feedback. Vertical
¢

calibration represents 8 degrees for position  and 60

- degrees/sec. for velocity. Horizontal calibration represents

1 sec. (VN) .
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non-moving arm was vibratéd'ﬁuting'the next three flexion
movements., No vibration was applied for the following two
flexion movements (lower set of traces). Vibration was again

applied during the last three flexion movements. Ia each
) ¥ M -

case when vibration was applied to the non-moving arm the

flexion movements of the moving arm'markedly errshot the .

-

ﬂntended end-position (upper stippied bar). The movements
i . .

. that were accompanied by the vibration were alsoc made at a
greater peak velocity in this supject.’?hese effects of
;ibtation were rapidly revers;d. Thus, the subject slightly
overshot the target in the first flexion maveﬁent following
cessati;n of vibration (first-movement in lower traces). BY.

the,  second post-vibration flexion, however, the effects of

vibration had largely dgsappeargd. This short post-vibratory

effect was not uncommon in some of ﬁye'subjects studied and

could mean that there was an after—effect of the vibratory

stimulus that lasted for a short €ime fol}obing cessation of

vibration.
. LY

In.other expeéeriments tendon-vibration was can;inu-.
ously applied to the stétionary arm during flexion/ex}ension
movements of the opposite arm, Figure 20 shows an example of
one a@ch gxperinent.‘rﬁe subject started by ?erforling the
usual £1¢x16n/qxtension movements with thQ’right‘arn without

visual feedback. Vibration of the left triceps téndoq was

then abplied continuously flor 30 sec (solid bar). The effect:

.‘ “




Figure 20

-

Effect of continuous muscle-tendon vibration on

movemept perfofned by the oppositeé arm,' Position and\\
velocity records for movements of the'right arm are showrh
The two pairs of lines around the position.record represent
flexion (upﬁe; 1iﬁesr and extension (lower 1lines) intended

-

poai:ioqs. Movements were made without visual feedbaék. The
. ) N\
‘left triceps brachii muscle of the stationary arm was

» A -
vibrated continuously (solid horizontal line) while the
right arm was being moved. Vertical calibration line
represents 150 degrees/sec for velocity. Horizontal calib-

:atign line represents 1.5 sec. (VN),

L]

«b : s
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of this Sontinuous vibration of the left triceps tendon was
an overshooting of the flexion end pbsition by the subjeét‘s
right arm. Note, in this figure, that vibration of the left
triceps affected fle;}on'énd position of movements maée by

v the right arm but did not influence the extension end
‘position of these movements. In other experiments, vibration
of the biceps tendon of the stationary arm led to
overshooting of the é*tension end position of ﬁovemen:s made
with the opposite arm. Thus, tendon vibtétion of either of

the two muscles of the elbow joint influenced 'movements of

the 3bposite arm associated with stretching of the muscle

synonymous tdé the one vibrated. Note that movement
velocities were also affected .by vibration. As seen in

Pigures 19 and 20 peak velocity associated with the',

vibration was of a greater magnitude.

In the experiments described thus{far, the v}bratédﬁ
(left) arm was restrained in a fi%ed position by mechahi-
cgllf immobilising the left maﬁipulandum. In other experi-
ments in which tgg vibrated arm was left uﬁrestrained,
continuous vibration ptoduceé‘a tonic vibratipn -
reflex. Whether or not the vibrated arm was restrained did
not alter the effects on the opposite moviﬁg arm, In scmeh
subjects, continuous vibration was also gpplied with thé

vibrated arm restraihéd and positioned at differ;nt elbow

joint'anglea to “test whether the degree of stretch of the
¢ N ‘ .
> : . ' .
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vibrated muscle would change the effects of vibration on the
opposite arm. Figure 21 shows representative data from one
subject. The vibrated arm was fixed at different angles

(A-D). With elbow angles of 45, 90 and 135 degrees (A-C),

-8

vibration of the triceps muscle of the non-moving .arm'

<

produced an overshoot of flexion end-position in the moving
arm as described previously. However, with the arm ‘in full
extension (D - 180 degrees), vibration produced no effect on

movemen;s‘by the non-vibrated arm. ~

> . In each subject (n=7), 10 flexion movements of the
right _.arm made without vibration were~compared. . with 10

e . f
flexion movements of the same (%ight) arm made during

vibgration of the trice?s'muscle of the statfﬁnazy (left)
arm. Table sashqws the means and S.D. of the differences
. between actual and intgndgd flexion éﬁd éoéifions for
movements made with and without vibration. Positive values
indicate overshooting éf the rnten&ed target. A two-way
ANOVA on the effect of vibration showed a highly significant
effgct of vibration on moveﬁen; end position of the non-

vibrated arm. (F=45, df=1,6 , p<0.0l). .

-

B. Tendon-vibration duting simultaneous arm mavements :
The experiments ju;t described showed that
) kinesthetic information from the non-moving arm can affect

movements made with the other arm. Are similar crossed

~ -




Pigqure 21 ~

‘

Effect of the static angula;;pbsition of the vibrated

arm on movements of the opposite’ arm. Each set of traces

represents averaged §6§TEionG(top) and velocity (bottom),_
records obtained from 5 fiexion move@ents made with the
rigﬂt atﬁ. All movements ‘were performed without visual
feedback. Solid and dashed traces represent averéged records
from movements of the ?ight arm’'made before and during
continuous vibration of the left triceps brachii respective-
.ly. In A,B,C and D thé vibration was applied to the left
tricebs tendon with the elbow joint of that muscle at 45,
90, 135 and 180 degrees respectively. Vertical calibration

line represents 15 degrées for position and 150 degrees/sec

for velocity. Horizontal calibration line represents 500

L4

ms. (AS).
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Table 6 119

-

Each-pumbgr represents the, mean difference and S.D.
in degrees between the intended and the actual fledion
end positions for movements of the right arm when the -

left (stationarv) arm was vibrated at the triceps ten-
. . .-

E34 .
don and in the absence of tendon vibration.

., .
-

Subjects ‘ Without Vibration With Vibtration
BR L2 (4. - 103 (4.9)
‘ . G
KW -2 aun 5.1 (2.2)
. ) -
MY : .5 (L.4) 4.0 (1.5)
Pz . 1.6 (1.8) - 3.5 (3.3)
RJ - 2.6 (3.7 6.2 (4.%)
ST - 3.9 (1.6) _ 1.2 (1.0)
vy - .7 (2.5) .1 (4.3) .
4

-

- Undershooting end-position.
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effects present during bilateral movements? A8 described in-
HETHODS,vsﬁbjectqudulé after pfactice, make the sanme
movements with the two arms sinultanedusiy yixhoyt visual
feedback. When subjects were found ready Eo pe;fotl consis-
tently such bilater§l ‘arm movements without visu§1 feedback
aé shown ,in Pigure 2 ' the effects of tendon vibration‘of'
“the biceps or triéeps brachii muscles wére then Qtudied.
Note in this figure the cbnsistency with_whicn:the subjecé
matched the movement -kinematics .for the two arns‘in\addition

to the consistency of moving between the required target .

positions. Figure 23-shows records of bilateral arm

movements with brief bursts_of.genGOn vibration applied to
the riéht triceps muscle dw{ing three trials of the flexion
movements. The subject urndershot the flexion end-pasition
with the tight (vibrated) arm and.oVershot the fléxgpg?
uend-pééition‘with left (non-vibrated) arm. Similarly d;La

from aﬁqther subject is. shown in,Pigure 24. In this

experimenﬁ'the left biceps .tendon was_yibrate(.(solid
vertical bdrs) during sevepn succgssive éxtensipn movements.
buring vibriation the'auéj;ct undershot eiteéhion
end-gpsition with th left‘(vibrated) arm and overshot
extension end-position with the riéht (non-vibrated) arm. It>
should be noted in ;hese two examples that the degree of
overshoot by the non-vibrated arm was modest cosipared to
that seen on the vibrated arm. It was also losa'thaq that '

seen whin:the vibrated arm was sgétionary (c£. Pigures 19,
‘ ‘ -




FPigure 22

. -
o . . ~ .

Movements of the two arms made’at the same time
[

' without visual feedback. The traces show successive flexion

extension movements of the‘right {(upper set) and lefﬁvtlower

set) arms.—In each set of traces the-ugpgt trace Eepresents \
arm posigidn and the lower represents velocitya The pairs of -
horizontal 11ne§ arouqd tﬁe pésitions represent flexion -
(upper pair). and extension (lower pair) intended target
positions. Movements were performéd Qithout visual feédbackx
rVe{tical calibratign.line represents 20 degrees for position
and'lsb'éégrees/sec for velocity. Horizontal calibration

represents 1.5 sec. (RJ) ’ g A
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Pigure 23
»
\ o ~ .
Responses‘to tendon vibration of the right arm during

L3
-

A A - . .
. 8imultaneous bilateral arm movements. Traces represent

pdsitioq and velocity records from movements made at the

saue;tiﬁe_by thg righ;T(uppe; traces) and left (lower
tfa%gs).arns.‘Ihe‘btfppled bars on'fhé positiqg records for
each arm fepre;ent ta;§eé gfsitidﬂs!(flq}ioﬁ;;égget is upper
bart aﬂd ;;tensipn,;arggt ts the lé;érf§‘The riggk triceps

barchii muscle was vibrated at its . tendon during these

= \ o ' ‘
movement$ indicated by the small vegtical bars below the

& « .

lowq; velocity record. Vibration was applied during. flexion

movements. All moVements were pefformed without visual

. .

'feedchk{,Verzlcal calibration ,represents 100 degrees/seé_

for vglocity and horizontay calibration represents 2

wec. “(p2). .

-
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Figure 24

Responses to tendon vibration of the left arm du;idg

simultaneous arm movements. Traces from’" top_to bottom

represent: right'asn position, right arm velocity; left arm
position a;d left arm velociéy. The pairs of horizoh;al
lines around each of the %osition f}aces represent flexion
(upper pair) and extenéion (lower pair) intended target
positibn. ﬁovenents were made without visual feedback. The
left biceps brachii muscie was. vibrated through its ‘tendon
during those exiension movements‘as indicated by the solid
vertical bars St the bottom of the figuré;.Vertical calib-
ration line fepresenﬁs loo‘degfees/sec for velocity. Hori-

zontal calibtation'reptesents 2 sec. (RJ).




B I CE@®PS

LEFT

VIBRATTING

T O

RESUPONSE

» -
NOI!1LiSOd ALIDOT3A

—

\

*——-
DL Ol
oi0uy mo0q|3
WYV  LHOIY

3

.

|

[ e—

~ «0ZL Ol
oibuy mo0qi3

NHV

126

- Toe- é‘.
%_-
A{%— .
..]%—_ .

1437

bl



127

20). The direction of change, though small, was the same for

those 'bilateral movements as for the unilateral movements.

Similar results were seen when continuous tendon
vibfation was applied. Figure 25 shows,K averaged records from
movements with continuous tendon vibzatQOn.applied té either
the left triceps (B,D)‘or the left biceps tendon (F,H). Each
set of traces éhows.ave?age position and velocity records
from 5 mé&éﬂgntstuthe sﬁbjéc; making simultaneous movements

- ", .
‘with the two hfii;,bontrol (non~vibrated) movements are
shown in A,C andVE,G- Continuous vibraciodvof the left =
tricep; tendon produced marked undershooting oé the flexion

end-position (B) of the vibrated arm. Peak vélocity of

movements® by the vibrated arm also decreased. Movements of

-®he non-vibrated (right) arm showed a modest overshooting of

the intended flexion end-position (D) compared to control
movements (C). The peak velocity of movements with the right
3rm also increased during vibration of theileft tficeps

tendon, ’ )

[

similar data from extensidn movements are shown in

E-H. Vibration was applied continuously to the left biceps

tendon (P,H). There was marked undershoating of the

gxtcncion ind-poaitlon and decreased peak velocity for the

vibrated gti (!; as compared to. control ‘novenents (B). '

Duting vibration, the non-vibrated (right) arm overshot the
‘ A\

“\
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Figure 25

Effect of tendon vibration on simultaneous bilateral

-

arm hovements. Each set'of traces represents averages of

position and velocity records. A-D répresent bilateral
flexion and E-H bilateral extension movements made by the
two ar&s at'the same time., The dotted lines around the
averaged records represent standard deviations. Averages of
S movements are shown in each set of records. In A-D a
continuous vibraiioﬁ of the left triceps brachii tendon was
appdied for th; movements.ﬁade at the same time in B & D. In.
E-H a continuous vibration of thg left biceps brachii tendon
was applied for the movements made at the same time in F &
H. Vertical calibration in D tepresenps 8 degrees for .

-~
position and 60 degrees/sec for velécity. Horizontal

calibration represents 400 ms. (VN).
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intended end-pasition (H) and had a greater peak velocity.

. Statistical analysis indicated a4 small but signifi-
cant overshoot, by the non-vibrated arm during simultaneous
movements. Table 'h\ shows ‘'means and standard deviations of
the differences between the .actual and ;ntended flexion
end-position for movements made with the right -arm before
and during vibration of the 1left triceps muscle. Data from
seven sﬁbjects is given, each mean derived from 10 move-
ments. Over- and undershooting of intended fle;ion end-
pos;tiqn are indicated by (+) and (-) signs respectively. A
two-way ANOVA on the effect of vibration showed a signifi-

cant effect of .vibration on movement end position of the

non-vibrated arm (F= 8, df=l,6 , p<0.05).

C. Summary :

<&

Mechanical vibration épplied to the muscle tendon of =
either the biceps or triceps brachii muscles in man has been

used to study the role of kinesthetic information in the

organization and control of two-arm movements, The study was

[

conducted on movements performed without visual guidance and,
included two'main gkoups of experiments. In the firtst group,

vibration. of the muscle in a statjonary arm was used, i.e.

applying vibration to the muscle of a stationary arm during

unilateral movement of the opposite ara. In the second

&

- M




Table 7 131

Each nunmber represents the mean difference and S.D.
~— — —tr degrees between the intended and the actual flexion
end positions for movements of the right arm when the

left arm was vibrated at the triceos tendon and in the

o absence of vibration during sinultaneous movements of

the two arms. |

- Subjects Wit30ut Vibration ° - Wicth Vibration
BR ey 4,2 (4.3)
KW L - .7 (3.8) 2.9 (1.1)
MY L 7 (L5 ) 1.4\ (1.6)
' pz - .8 (2.2) : 6 (2.7)
RJ - 2.3 (1.9) - .7 (1.5)
ST s . - T4 (2.7)
VN N\ - .1 2.2) 2.1 (1,47
-~

- Undershooting end-position.

~
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group, vibration of the muscle was used during bilateral
stmultaneous arm movements. In .,either situation, it was
found that vibration of a muscle tend9n of one arm altered
movement made with the other arm.- - This changg can be
.» hyperflexion or hyperextension dependiqg on the muscle
vibrated. Vibration applied to a muscle that was inactive
(i.e. in a-stationary arm) was more effective in modifying a
voluntary moveﬁent made by the ‘opposite non-v;brated arm,

than if the vibrated arm-was also moving.




DISCUSSION

I. Movement Peak Velotity-Amplitude Relations

.The present stud; focussed on movements made
‘siuultaneously or independently by the two arms, in normal
humans. The noven;n;a used were ael{-te:ninated and thus may
have involved strategies or éenttal organization diff?rent
from those used in -echanicaliy terminated movements. Thfse
}attet movements have been extensively studied, often in
relation to the finding by Pitts (1954) of a trade-off
bétw;en movement speed and movement accuracy or, more
exactly, movement diffﬁculty. In self-tetminated’Epveqenta,
speed is related to movement amplitudé. This is true of
éinglc—jolnt.novenents (Bouigsset & Lestienne,1974; Cooke,
1980}, reaching nov&nents (Jﬁ{nnerod, 1984), movements in
the speech system (Ostry &-COOkQ, in press; Ost}y, Keller
and Parush, 1983) and multi-joint ;ovenents in a pointing
task (Soechting, 1984). As .in other studies (Bo;isaet and
Lestienne, 1974; COake, 1980), thQ,ptecent data shows that
the peak velocity-amplitude relation is lf;;ar. In addition,
the ‘relation is the same for the two arms, at least vithin
the range of movement amplitudes studied here. Thus, for a

given movVement aaplitude, thc.prcfo:rod peak velocity is the
133
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same for the two limbs. In addiciOn,'errﬁllhnovenent speed
as indiccated by movement duration, is also the same for the
two arms. Moreover, matching of movements made independéntly

N

by the two arms is stable and invariant over a long period

~

of time lasting months.

~Certain theories on motor control, in the last two
decades, have focussed on the mechanical properties of the
moving systém; its mass, viscosityf stiffness and the

equilibrium positiod in performing voluntary movements in

.man and in animals (Astrayan and Fel'dman, '1965; Cooke,

"1980; Kelso, 1977; Kelso and Holt, 1980; Polit and Bizzi,
1978; schmidt, 1980). These studies presented'evidencé that
whole limbs behave similarly to ; mass-spriné system whose
parameters of stiffness éﬁg equiltbriqn position can be se}
by the nervous system. Theoretical Studies (Cooke,.l9803
showed that a secoéd order system (dgmped oséillator)
_displays mahy of the properties of simple arm movements of
thé'type stuaied-in the present wo;k:~As an .example of the
aperation of Cooke's model, if the. inttial or gtartiﬂg
stiffness of the opposiﬁg sets or sﬁrings is increased
proportionately, no chanée'in initial position occurs. rhis
is similar to conéracttng'both agonist éﬁa antagonist
muscles (éocont:action).actoss a joint with the res&l;lﬁhat

no net movement is produced in that Jjoint. Movement occurs

qnly if a step increase in stiffness of the égonist or i{f a

’
[ ]

.

{
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disproportion;te chane in the stiffness of
agonist/antagonist is pfoduced. Thus, limb final position
can be¢ specified in Eefna_o{ a b;lance (or egquilibrium

point) beiween'the length-tension properties of agonist and

U bl N - - .
antagonist muscles. Movements generated by simple changes in

mechanical ptopert{es 6f this model were found to have a\
_1inear peak velocity-amplitude relatiop. The slope of tﬁis*.
velocity-anplitude‘relatiop was.related to tﬁé evetsll
stiffness of th;'system. Eﬁgf the linear velocitf—aaplitude
relifion seen in normal subjects may be considered as
-indicative of an oscillatory process opefating in-tﬁe
generation of movement. Stiffness (as indicated by tﬁe élope'
of the peak vél&citj-anplitude relation) may be looked at,
Eherefore, as a means by which the subject(;gpes the motor
act to the behavioural requirehent of the task. The présent'
‘result of consistently high correlation beéween movement
éuplitude Snd Velocity iﬂ.all simultanecusly and
independently made arm movements and duiing‘unilateral‘limb
loading as well as with unilateral visu@l“buidance is a
gtrong evidence that the prediction'of a mass spriné model
is met. |

If the peak velocity-amplftude relation is indicative

of the operation of an Zscilla:ory process 1n.the genpratiqn -

of movements the ptocont;tcchltc show, that'tho process is

closely lipkcd for the two arms. Thus, when the movement| of
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one limb was‘attifiqially modified by ‘loading, movement of

. . . 3 . J

. the opposite (unloaded) 1limb followed the same pattern of
: \) ’ . ‘

-

-“changes occutring for the loaded limb. The results of this
bt

study are thus sxn1lar to those of KRelso, et‘al {1981) who

-

xnterpteted thezr tesults in te:ms of linked oscillatora. In

their study, rhythmic cyclical movements were phase locked
: ; h

_and both simhltanéod% and independent movements of the right

. .

and left ‘index fingers were closely similar in amplitudes

. ‘and periods.. - - % ' . .

II. Simudtaneously Made Movements:
’ ' " -_ 1] N . L’ ’ .. ) {7
‘ In 1903, Woodworth qpserved that ."it is common

‘)
1

knowleddge that novements thh the left and right hands ate:

easy to .execute simultaneously, we need hatdly try at all

-

for them to be neeriy the same™ (Hoodwogth, 1903, p..97 i;\\
Séhmidt et‘;i;'1§39) :The present stud&*sﬁows tﬁat Eheze'is “
a close matching in the perfornance between ﬂogenents of the '
tto .ArRS made at the same tiwme! There is a moment-to-moment

matching of positions anad’ velocities, hatéhing or'-ove-cﬁt

4
kinenatics and novenent durations as well-" as equality ot thc

.

slopes .of the peqk vploci;y-anplitqde rtirt;on for tbn_two

'fafna.knqw is Eh;s matching of movement of the two arms

» . L [} ! .
achieved. by the contral necvous sysgon? Analyses of various
tasks such as walking, :oaching, ‘posture, control' and speech

suggest that one way such co-o:dination is acplcvcd is by

-~

L g
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. tecruitment of the smuscle’ groups involved as a single

.tunctiona} synergy’ rather, than as independent muscles

>

E 3
(Bernstein, 1967; Grillner, 1973; Kelso et al, ISFS;

L]

Nasﬁner, 1977; saltzman, 1#79; Shik & Qxlov!ky,

w»

1976). According. to- Bernstein and. those who have followed

.
- -

his point of v;ew; the nervous'sygtem solves the problem of

movements with multi-degrées ofr freedom by linking together
< . ”

the participating muscles into units and thereby reducing

thg number of these individual muscles to a minimum number

of muscle groups These -muscle groups are called:
.~ ¢ ' . 7 ' * . .
"coordinative structures” (Kugler, Kelso and Turvey, 1980)

and defined as:: "a group. of muscles often spanning a number
.+ [N . » . .

. . [ ﬁ . ’
of joints that is constrained to act as a-.single functional.

_unit" (Kels&lgt‘al, 1983). Such functional linkage may span
. ) - ) S -

several joints or limbs, and even muscle groups quite
distant from the moving segment may participate (Belen'kii,

Gurfinkelf&*?al'tdev, 1967:“Marsden, Merton and Morton,
i i > 'Y

1983).:For exgnpie, in normal ;oconotion,'hearly all the
segments oé-the body work as an ensemble. Cerebellar
ézi-ulatioﬁ during cat locomotion affects only the magnitudé
ot‘-uséle-ébnbfacﬁion,'anﬁ not éheqtining a@ong muscles

reiitiye te the step cycle (cf. Shik and Orlovskii,

L Y

1976) . In bimanual reaching, the time-gpace behaviour of

both armg is tightly'ltpk;d, even when the movement of one &
: . . ’ - - ; . )
arm (s pcztprbod,by-am ob’%acle (Kelso, et al.,

1979€,b). There arc-1npott&nt“w6naequences of .encompassipg

'
R}
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. the many participating elements (the musculature of the two
arms, in this cas;) in a movement ?s a sinéie functional
uhit or synergy. For examplé, the nunbér of control
decisions 1is greatlﬁ reduced, lesse;ing the demands on the
computational and storage capacities of the brain.-

III. ﬁatching of Movements Made Independently

The present study has also shown matching made
‘independently "at the subject s own speed" with the two

arms. This matching, as indicated by similarity of the

N

slopes of the yglocitx-amplitude relation for the two arms,

is very stable and was unchanged over -periods of months 1n‘

the same subjectf As mentioned earlier, the results

presented here are consistent with a model %or limb movement

b
in which the nervous system operates on a second order

mechanical syséen. What is of particular interest is that
even in the case of non-rhythmic movemepnts the results of

this operation are the same for botﬂ limbs. It is perfectly
. ) C

clear thaé, under appropriate circdmstances, differences in
‘movement- performance can be seen between the two limbs (e.g.
Flowers, 1973; Peters and. Durding, k978; Wyke, 1967, 1968,

1969). How can this be reconciled with lhe evidence that

I X~

"motor pemfs?ndnce is linked between the two limbs even when
aovenent:.arc not simultaneocus? Peters (1981) suggested two
models for co-ordination of movements, In_the one model,
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thére would bé independent control of the two limbs. That
is, there uouﬁd be two, separate,.centtallcontrol
systems. In the other -model, there.would'be a single central’
system:which acts on both limbs. Thus, in the one case there
would be two, independently controllable command systems for
movement of the two limbs whereas in the other there would
be a single command that .would be distributed to both
limbs. The present finding that movements which are made
indépendently are closely natcﬁed suggests a single con;tol
system. This is of course at the very abstract level of
nogot control.}ﬁg two models suggested by Peters can be
incorgorated ih the model proposed by Schmidt et al, (1979{
(Figure 1, see INTRODUCTION).

The common motor tommand may operate at a‘rather
abstract level. It is thus possible that such areas as the
assocjiation cortex (pattfcularly the premotor association
area) together with the latetal cerebellum and basal ganglia
that are eng#ged in preprogramming of'voluﬁtary,novements
(Allen and Tsukahara, 1974) represent this <common control
system *see FTgure 26). At this level common paranetérs may
be allocated to the ;ovenents af the two arms as well as the
specified pattern of movement. In ghé subsequent path,of the

command, parameters specific to either limb may be added

before the commands reach the motoneurones of the spinal

cord. As the command proceeds to the muscles of the two
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Figure 26 .
[ 4
Diagram showing pathways concerned {n planning,
execution and control of voluntary movement. Assn Cx,
association cortex; lateral CBM, cerebellar hemigphere;

intermed CBM, pars lntérnedia: VA, VL nuclei in thalamus

<

(from Brook®sy 1984, based on Allen and Tsukahara, 1974).

LY -
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sides, it passes through many centres where the right and
left sides are functionally and anatomjcally linked sgarting
with the corpus callosum that 1links the two cerebral
hemispheres and ending at the level of the spinal cord where
the notonéuron?s of the two sides are connected as shown by
many physiological studies. Preilowski (1972) presented some,
evidence from experiments on split brain patients suggesting

that direct inter-hemispheric interaction of motor corollary

outflow is essential for co-ordination of bilateral motor

activity. He found that patients performed at a consistently
inferior level for speed and quality and were forced to rely
on slower visual and proprioceptibe feedback systems during
bilateral movement following a pértial cdmmissurotomy and
concluded that direct hemispheric interaction appears to be

important for tgg fine regulation of lower motor system from

within each hem{sphere.

N\ FPeedback systems are essentfal for the CNS to monitor
\\ ) and update the imformation abqut the limb during movement.
| Overall limb position results from the angle at which the
‘different joints of the limb are held. In order to control

limb position, the cﬁs must therefore monitor and conttoll
joint angles béth when tgg,linbs are stationarf and during

-——

movements,

. Awareness of changes in joint'angle is £a%z1y

Y 4
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-

accurate in thans. Limb movements at very low velocities
(0.5 deg./min.) producing changes in - -knee joint angle of
only 2-§_degrees can be sensed (Clark and Buzgesé{
1975). This suggested the existence of slowly adapting
receptors providing an affer;nt @;gnal.proportional,to knee
joint angle; "

-

The receptors that are involved in the éerception of

limb position are s8till unknown (cf. Burgess, Clark and
Simon, 1982). The knee joint of the cat has been studied
most extensively. Artgcﬁlar receptors signal mainly whenever
the knee is at or near the end of its ;ange (Skoglund, 1956;
Burgess and Clark, 1969; Clark anhd Burgess, 1975; Grigg,
1975; Perrell, 1980). Direct recordings from the posterior
articular nerves ahowed that there were always receptors
tonically activé at all intermediate joint positions
‘(Perrell, 1980). Specifying the receptors that signal joint

motion in the articular nerve in animals, does not

fhecessarily mean that information for the conscious

perception of Jjoint position is provided through this
channel. Some of the receptors that aiqnal joint position
may actually be spindle receptors from muscles surrounding
the joint (Burgess and Clark, 1969). BEven if the firing from
the muscle spindle roceééo;n wags to be considered affected
by joant angle pogition the problem of how movement is

potcoiyo& remains inconploteiy”colved. Muscle spindles, like
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any other receptors whose activity is modulated by efferent
input, are affected by e':xt:ernal\:‘gbzB

nge in muscle length as
well as by the fusimotor dx!%harge which changes the spxndle
tension. The problem becomes even more complicated when
muscle spindle activity is-coqsidered since this Jdctivity
has been found to increase during isometric conttgction
(vallbo, 1971, 1974). Rymer and D'Almeida (1980) reported an
interesting experimeht where they examined the ability of
subjects to match the 8static positions of the proximal
interphalangeal joints of tpe left and right -index fingers
during continuous loading of the right finge.r.chey found
that movement of the loaded finger was a crucial facspr in
determining whether the position of the loaded joint was
correctly\sensed or nét.‘That is, when the subject was
allowed to flex the loaded right joint he correctly matched
.the joint ,angle with the 1eft finger. His-m‘ing occurred
" whenever  the subject applied isometric flexion force Qith
the loaded finger. Rymer‘and D'A}meida suggested that the

joint position sense may be, "a ‘detived"quantity, computed'

from length and force-related muscle afferent signals".

.In summary, there is no conclusive evidence at
breieﬂt that articular recepéors around the knee joint are
. important for tﬁe,conscious awareness of joint position. The
existing evidence suggests that~the lignalstgono:atod by

nuacle,keceptos (spindle primary and secondary endings and
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Golgi tendon organs) need to be processed in a complicated

-

circuitry in the central nervous system before awareness of

joint position and kinesthesia are extracted. Very little is

known about such 1ntegrated circuitry at tge present time.:

Kinesthesis and position sense may be served by the
80 cal{gd, "motor outflow." Efferent control signals go not
only to the muscles but- .also via an internally der%yed
"corollary dischérge" to some comparator or correlator
strudture inside the CNS. Sperry (1950) first used the ternm
"cérq;lary diéchérge" and laQer von Holst (1954) spoke ofh
"efference copy" ¢to describe this mechanism. This
pogtulated, intérnally ménitored signai.may also be
regponsible for the "sense of effort"” described even ealier.
by Helmholtz (1925), and te;used by Merton (1964) to account
for the ability of surgically deafferentedlmonkeys to
perform accurate ngach{né‘movement even without visual
control. Following a series of interesting experiments by
_McCloskey and colleagues (McCloskey, 1973; McCloskey,
\Ebeaing and Goodwin, 1974; see also review by McCloskey,
1981), it was concluded that cofollapy disc;arges
participate in kinesthetic sensibility by generating

sensations of muscular force but not sensations of movement.

.

-~

Iv COlpenQation for Unilateral Loading:
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Subjects altered the movements of-their two- arms - and
showed similar changes for both limbs when faceq with an
added load on one arm. Loading changed the relation between
the kinematic variables of peak velocity and movement
amplitude. In the case of the simultaneous arm movements
with shorﬁ-term loading, the 12 lbiweight used affected the
lbaded as, well as the unloaded arm by decreasiné the
velocity at all amplitudes examined and therefpte decreasgd~
the, value of the slope of peak yelgcity—amplitude
relatfon. The decrease in the slope due to the loading ?as
alsg been shown by Cooke (1380) to occur in the case of the

-

mJ!L spring model.

In the chronic loading (one week period for the
normal subjects and several weeks for the two patients qith.
orthopaedic casts), the 1 1b weight used also changed the

<
velociéy-amplitude relation with the pattern of changes
S Lo

varying from sub ject to-subjeél. The most consistent f£inding
in the chronic loadfng study was that the same changg
Bccu;ted in the loaded and the'unload;d arms. It might
therefore be usefﬁl to know that the métor petfotm&nce Qith
the intact arm, in a patient wearing a cast on the opposgite
(fractured) arm, would no£ necessa:iiy be normal. This

observation‘might be of some interest to physiotherapists

and workers on rehabilitation.
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The receptors that might be séinulated by the load
include cutaneous, joint, tendon and muscle .-
receptors,. Cutaneous receptors have been shown to fire in
response to pressure and deformations of the skin (Adrian,
Cattell and Hoagland, 1931) so that they could serve to
indicate the weight applied to the forearm in the chronic
Toading process,. There ére some reports (Lee and Ring, 1954)

that interference with skin sensation around a joint does

not affect position sense for movement of that joint. It

does not seem, however, that this source of i{information

L]

could be a determining facto£ in ;he obgerved gffects of tﬁe
laad application. Golgi tendon organs (GTO) tespond.to
active tension in’the muscle (Houk and Henneman, 1967). It
is possible that movements with the arm loaded may cause the
CTOs to fire more than under normal condiﬁions as stronger
. force needs to be gené:ated.by the muscles to move a loaded

LI
- - i

- arm.

V. Simultadeou\“HBVQnents and Visual Guidance: ' °

> ' !

The results of this study show that movements of the
two.atis are matched in peak velocity-amplitude relation
irrespective of-the presence or absence of visuai
guidance. fhe‘rosults also show_ that when sinultaﬁequ§

movements of the two arms were performed, nis:;atcﬁing in-

the positions and velocities between movements of the two
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arms could pccur depgnding on the visﬁalhinfornation
gresentedf fhis ﬁis—natching was not dependent dn
hahdednqs§l The .data showed that movements of the two arms
are matched .in movement durétidns in the absence of visual
guidaﬂce. When visual guidance for one arm or the other was
provided, the data showed an effect related to ‘handed-
ness. Thus, movement duraﬁ;ons were the same for _movements
of the two atms when visgsual guidance was provided for the
right arm. There wagt however,,significant-prolongation in
movement dugaiion of the right arm when the visual guidance
was proviaed for the left arm, Ther; were therefdié tyé
kinds of asymmetries observed during these .simultaneous
b}lateral,ary movements. First, whenever-Qisual atpention
was direéted at one arm, asymmetries in mavement kinematics
(amplitJEe and velociéy)_occurred. Second,” when visual

) ‘ .
attention was directed at the left arm, asymmetTry in

‘movement duration occurred in addition to the asymmetries in

movement kinematﬁca. fhe,effects of visual information-on
bilateral simultaneous arm movements, observed in this

study, Mete unexpected and there is no ready explangtion to

-be offered to this phenonenon at the present tine. Attention

to one arm during a bimanual task has been shown to affect
the motor performance. Peters (1981) repo:ted that

right- hanﬁed subjects could follow the beat of a ncttonoac

with the left. hand while tapping as quickly as they coulad

with the right hand much bottor than they could with tho
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»
-

converse arrangenent. He suggested that the preferred hand,
because of its i{volvenent ‘in skilled act1v1t1es, denands
more attention than the non-preferred hand However, sznce
all the'subjects used in the present study were

- right-handegq, i is rather early to attribute bhrs effect

totally to handedness..?urther eﬂperinentq are needed to

NI
examine the phenomenon in left-handed subjects.

- -

VI. Effect of Kinesthetic Information:

~

The preeent experiments on the effects of mechanicil“' o

!-I
vibration were designed to define the inflience of

kigﬁfthetlc 1nfornation from one limb on movements’ made ;ith
the opposite,linb. The effects of vibration on movenents_of
the eon-;ibrated—arnlwere eignificant,.wﬁether or not the
Qibrated arm ﬁas‘noring. It must be enphasized.”hoyever,
that vfbration applied to a muscle in a stétionafy
:(non~neving) arm vas found to be more effectiVe than that

Mapplied to a noving arn. this was shown to be  true, in the

sane subject. whether the vibration applied to a stationary

arm was tested first or fallowing the.::;?_arivibfation'en

-

a moving arm. e

L] i
- t .

These reeultc showed tﬁat tendon vibration of the

bicepgtor tricepn\erachii -usc;es of one lide of the body, .

'produced eftects on the voluntary lovelents of the oppoaite




. ™

"opposite to the effects of vibration on Rovements made by

A

3

4

‘non-vibrated arm. These effects were shown to be exactly

N - L)

the vibrated arm. As was seen previousiy (Capdaay and Conc,.f
‘1981,1§83) qbvgnenté of the viﬁ:ated arm undershot gné/
intended final end-position when thé muscle antagonistic to/
the movement was vibrated. In contrast, novelent of th'

. N y . i f
opposite (non-vibrated). arm overshot the intended tlnul

end-position during vibration. The effect -of v;btatan of a

partzcular musclé was ‘not b1d1rectional i’e.Jgitecting bqth

/
qklon and extensxon movenents of the oppostte arn. Thps,
' /
vibration of tng triceps muscle affected only flemxon

”»

mo&\gents of the oppos;te arm and: d1d not atfect extembion

. movenenbs (cf. igure 20) Sisilarly, vxbration of the'lett

Al

b1ceps ‘muscle affected only eernsion movements of the right

. v(oppositeL arm and-did not affect flexLon movements. This

"unidirectional effect of tendon vibration was also;tound on

the vibrated ‘side (capaday and cOoke, 1981 1983). The lack

of effect of * agonist vibration on movenent trajectory on the. "
/"‘ .
same side may be due to a dbcreased sensitivity o] spindle

J

J‘recgptors durfng rapid muscle shortening (spindle afterbnt;

1973).~ . g o .«. ,."‘- ‘ . v. o' .

What mechanisms underly‘the cffdcts of vibration on

™

" the contralaterai }i-b? Hcchanica] vibration appliod ‘to the

1$:c10 tendon tbtough the oktn can Cttnulato vartgpl

eptors. Hochano-tccopéorl in thc sktn ate lonlttitc ‘to-

i
{

150 /

L2

" were silenced during muscle ' shortening, see e.g. Vallbo,a "
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vxbtation (Hountcastlef 1980). Pacinian corfuscles located
deeply in the border region between the’ dermal and
subcutaneous tissue are responsive to high frequency
visration. The effects of vibration on arm novemengs in this
‘'study was not due to stimulation of these cutaneous
receptors.since no effept an‘obtained by‘vibrating tendons
of fully slackened muscles, e.g. triceps tendon with fully
ex:enqed elbow (cf. Figure.ZI). Data presented by Cap;dag‘
and CoJ&e'(;98§) showed' that stimulation of cutaneous

.

receptors,: dy looéely pldcing the vibrator on the skin of

» . .

the moving arm during movement, was also ineffective in

modifying movement end position. \

. ' L%

. . y .
The,teceptors stimulated by mechanical vibration.in

. * -

« ‘
the present work, that affected movement performance, are

assumed to be the pti-aty endings of the J.Lcle spindle. The

(
pt;-aty spindle endings are hxghly sensitxve to low

amplitude, high fréqhency vibration and can be selectively
. : - ° . .

. > .
activated by such stimulation (Matthews, 1966; Brown,

- "-

.Engbcré anq'nétthows. 1967). Thg fredugncy of the vibration

used in the present study was .high (120 az) and Eherefoie,

wac oatilal for attivating the ptiuary endings. Vzb:ation

light havc activatcd thn force sensitive receptors located

’ -

"{n"the -usclo tondon, the Golgf tendon 6rgans. These

rceopto;a ptoducc éhchargc 1& Ib at.fcunts which inhibit

L . s
tho agoniat and excite ;hc antagonist motoneurones of the
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same side. They produce the opposite effects on the
contralateral side in the decerebrate cats (Baxendale and .
Rosenberg, 1977). Although it is unlikely that the
ipsilateral effects of vibration would be attributed to 1Ib
firing, the effect of such firing on the contralateral

responses to vibration cannot be ruled out.

Goodwin et al.(1972a,b) found that muscle-tendon
vibration produced disruption of hornal accuracy of joint
ingle perception in human. Vibration with the 1limb
restrained produced the sensation of an appareﬁt movement of
the 1im§ with the subject feeling the limb moving in the
direction of stretch of the vibrated muscle, Ekluhd and

-

Hagbarth (1965) repo?tg@\that vibration activates piimary
endings of muscle spindles and ‘can gtoducé a reflex
contraction of thé»vibrated muscle called the toaic
vibration reflex. There is also anatomical evidence that
mdscle affe;en::\;'Zject to the cerebral cortex in the cat,
monkey and baboon tdnderson, Landgren and Wolsk, 1966;
Oqcérsson, Rosen and Sulg, ?966:‘Phillips, Powell‘and
Hiesendanger, 1971). Thetegore, when vibration is applied
during rest the subject experiences an illusory nption of
the limb or the limb moves (TVR) depending on whether the
limb . i8 restrained 6: not. If vibration is applied during

limb movement, the subject may perceive the limb position

incorrectly and stop the limb short of its intended end




position wh;n the antagonist is vibrated. The other
possibility is that mechanisms acting at the segmental
spinal level could contribute ko this undershooting. ﬁo
effect }s prdduced,on the movement if the‘agonist is
vibrated because of the siienéing of the IA afferents during
rapid shortening.

‘t

what happens to the arm opposite to the vibrated

’

side? During vibration of a non-contracting muscle with the

arm resttained, the subject overshoots the intended
end-position that 1s in the same direction as the illusory
motion. There is no effect of vibration on the intended
end-position that is opposite in direction to the illdsory
motion. This can be interpreted by considering that the
effect of the vibration on reaching consiousness acts to
modify the movement of the opposite arm to match the
apparent position of the illusory motion. This matching
manifests itself more clearly when the subject moves both
arms ainultapeously. In thie case the vibrated sidqf
undershoots the end-position thle the opposite arm reduées
its overshooting of the'end- positionhaa if it were matching
- the apparent positiﬁn_ot the vibrated arm, It is also
| , pqs;igie to attribute some of the effects on the opposite
arm to mechanisms ;cting at the segmental spingl lével. In
the decerebrate c;tlit wasschown.that Ia discharge whicﬁ is

excitatory to the muscle of origin, produces opposite
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effects in the.symmetrical muscle on the Esntra ateral side
(Baxendale and Rosenberg, 1976) and the Ib discharge
inhibits ipsilateral and excites contralateral synonymous
muscles (ﬁaxendale and Rosenberg, 1977n. The overall effect
of vibration on the opposite arm may, therefore, be a result

of both -spinal and supraspinal actions.




SUMMARY

1. A study was made of the characteristics and
control of bilatqgal, voiuntary arm movements in normal
humans. The question asked was how the rnervous system

orgahizes and co-ordinates movements of the two arms.

. 3 X
2. A to;al of 25/norlal human subjects were used in

the various aspects of this study. In addition two patienis
wearing an orthopaedic cast on their left forearms were also
studied. Subjects made step-tracking movements about ;he
elbou: Movements were made at the subject's own
speed. Subjects either moved their two afas simultaneously
or moved each arm independently. Movements were made ejither
with or without visual guidance, .
.

3. In the absence of‘visual feedback, novenents‘nade
simultaneously with the two arms were initiated at the same
time and were similar in amplitude, durétion and speed.
These simultaneous movements were also dynafiically matched

throughout the movements with no phase lags or leads.

4. Visually displaying the position of-one arm to the
subject during simultaneous two ara movements produced a

consistent disproportion between the ‘movements of the two
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arms. Movements of the 6on-displayed arm were always greater
in amplitude and peak velocity than those of the displayed

-t
arm.

5. There was no siénificang difference between
movement durations for the two arms when the position of the
right arm was displayed to the subject dhring simultaneous
movements. In contra#t, movement duration was significantly

greater for movements of the right arm when the position of

the left arm was dRsplayed. . P

6. Step~-tracking movement speeds -were characterized
by’a linear increase in movement peak velocity with
inéreased movemen;_amplitude. This linear relation was the
same for flexion and extension movements and for movements
made with the right and left érmé. There was no significanﬁ
difference between the slopes of .the relation for movements
of the two arms whether the movements were ﬁade
simultaneously, independently or in the presence or absence
oévvisual guidance. This matching in velocity-amplitude
relation in }ts slope for the two arms was invariant, in the

same subject, for periods of up to two months.

-
’

7. Alteration of the speed of one arm hy application
of unilateral limb loading (adde mass) produced a
significant docrifsc in the s ope of the peak

——

~.
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velocity-amplitude relation for that atm. A signifdcant
decrease in the. slope of the relation also occurred in the

\

non~loaded arm during simultaneous movements,

8. Changes in the slope of.thg velocity-amplitude

relation of movements of the left arm occurred whén subjects

wore a 1 lb weight on their forearm for one week. Identical
changes.in_the slope of the velocity-amplitude éelation'were
seen in the right (non-loaded) arm wh;n‘the two arms were
tested independently fox_moyement..k similar re-matching

between the slopes of the relation for movements of the two

arms occu&red following removél of the load.\The-séme

matching and re-métch}ng was seen in- the two patients who
wore an orthopaedic cast on their left forearms. ;
. .
9. Using mechanical vibrab;éh of muscle tegdon,'lipb
_ movements were shown to be ibfluenced-by k}nesthetié
' information arising from the opposite arm boéh when that arm
was stationary and when it was moving. The effects of tendon
vibration during simultaneous arm movements showed that
vibration of the muscle antagonistic to the movement led to
undershooting of the intended end-position of thg movement
on the vibrated side and 6vershooting of the intended
end-position by the opposite arm. The 3t£ects of the
vibration were atrohgo: on the viPtated'aide than the

non-vibrated side. Changes in movement produced by vibration .
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N 7@
of muscles of the opposite arm were less pronounced during

simultaneous movements.

10. It is concluded that in the synngtfical matching
task studied, the two arms are treated by the cenftal
nervous system g; a functijional unit sharing a common "motor
compand"; Kinesthetic information is us@&d by‘the central
nervous system during movement to produce a matching of the
apparent positions of the two arms. The results are
discussed in terms of the two arms working as a‘functional
unit with the basic movemeﬁé variable being controlled as a

- .
common parameter for the muscles ¢of béth arms. i

a

. -
2 1 . Al
h -




APPENDIX 1

i{ovement analysis was done by determining movement
acceleraiion by digital differentiation of the velocity

-signal after filtering (20 Hz. cutdff, 0 phase shift) with

a differentiation interval of 12 msec. Timin§ points

(vertical markings, see accompanying figure of two examples
of single flexion movgnents) were determined using a

threshold of 120 degrees/sec/sec in acceleration.
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