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" ABSTRACT
The aim of thia study ﬁés'to investigate, in six Cebus
monkeys, the characteristics of the movement parameter and
electtomyographic (EMG) disorders Lhat occur 1n elbow
movements during cerebellar dysfunction eroduced by reversi-
bly cooling the dentate and interpgsed nucleti. Thege.
disorders ;nclude-l).an intention tremor that occurs during

3

voluntary limb movement (kinetic tremor), 2) an intention

tremor that occurs at the end of voluntary limb movement

(terminal or static tremor) and 3) dyémetria. The extent to

which these disorders might result from inappropriate
central commands or from disordered activity in pibprxchp—
. . o

- tive reflex loops was also in%estigatéﬂ. N : LT

i

T ) In tremulous movements during cergﬁélLaf.dqs{gﬂction
with two or more peaks fn velecity (kxneéic cﬁgior) the
first deflection from the normal érajécfb;y was ﬁs%éciited
with abmormally eerly~$r 1arger EMG activity in the antago-

- e . .

nist muscle. The inverse relation between the initfal’

LY v !

. yelocity bf the movement and the latency of the antagonist
burst, charactgristié of coatrol movements, was ndét seen in
tremulous movements. This sugggsts that‘the antagonist*
burst was no longer accurately proqrammed'ddring cerebellar
cooling. The deflection Eronlthe mdvement trajectory was
opposed by a second burst of activity in the agonist muscle

s

which had the properties of a s!!vo-like response. The

response occurred at a relatively short latency (50-80 ms)

- iii , :




and was proportional to the_size of the deflection.
Furthermore, this responge occurred in the absence of visual
feedback. This response d2d not, however, return the limb
accurately to the control trajectory, sucgesting that
cerebellar nuclear cooling impairs its function. Impaired
function cf the servo response is also suggested by the

finding that an external perturbation applied during a

voluntary movement resulted in a longer EMG burst duriag

cerbbellér cooling than under control conditions.

It was - found that the cerebellar 1ntent1on tremor that

foilowed goal dxrected, voluntary novenents had the same

characteristics as the tremor that occurred Iollowing-a

_torque perturbation. For.exanple, in'bOCh %i:uaiiegs -

loadlng the lxnb wlth a constant tcrque 1ncreased,the‘

ffequency and amplitude of the trenor, whereae increaeing»

the 1nert1al load decreased ‘tremor frequency 1Purthermore,_*

the treuor 1n both sxtuatxons was unaffgpted by remavxng

.v1sua1 feedback of lxmb posxt;on. The latter Ezndxng

._1nﬂ1cates that the trenor could not have been the result of

a sgeries of voluntary correctxons based‘on vjsual IECOgnlf

~—

tion of a posltional'error. The dependence of tremqr.LF‘_

.

£requency on the léad applled to the lxmb 15 evidence for;

trenor bexng ‘driven; at least tn part, by proprxoceptxve
feedback from’ stre:ched muécles. Furthet evxdeqce for this

mechanism is thag ‘the characterxstlcs of . the oscxllatlons
%Y \ ~
were markedly altered in an xsonetrgc track}ng task, where

-

! -
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[
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stretch-driven afferent activity was greatly reduced or

eliminated.

" Hypometria was not a promihent feature of movements 1n
tgis study. However, hypermetria was observed during
cerebellar nuclear cooling, particularly in smooth movements
with only one.peak in velocity. These disordered movemeats
had asyammetric acceleration and Jdeceleration phases.
Compared to control movements of the same amplitude and peak
velocity they had accelerations .that were of longer Juratiod
and smaller peak magnitude and decelerations that were of

horter duration and lafger peak magnitude. Hypermetric
moyements were associated with proloﬁged agonist EMSG
tivity and delayed antagoniSt activity. This EMG pattarn
appears to be a fundamental disorder of cerebellar dysfunc-

tion.

The evidence suggesté\that‘;he.cerebellar intention

tremor that occutrred during and foflowing voluntary move-

<

- ments was driven, at least in part, by abaormal activity 1in

stretch reflex pathways in agonist and antagonists muscles.
Dysmetric mbyements made during cerebéllar d}sfunction were
asymmet;ic and this was "associated with prolonged agonist
activity and delayed antagonist activity. It is concluded
that cerebellar motor disorders result from inagpropriate

stretch-evoked activity and from disordered descending

central commands.

St
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INTRODUCT ION - .V
L ]

It has.been known since Rgléndo's {1809; cited ya -Dow
and Moruzzi, 1958) cerebellar ablation experiments on goats,

rabbits, guinea pigs, turtles and birds that Jdamage ‘to the
. M )

cerebellum results in impaired motor, function. The nature

of the role played by tbe cerebellum in motor activity 1s
)
still, however, far from clear. Part 6f‘the difficulty 1in

[

elucidating the @ecﬁanibm%s) by whicnjghe cérebellum

regulates movement performance is undoubtedly related to the

complex input-output’grganiiatioﬁ of this organ. Because
. . . ‘ . .

the cerebellum receives rafferents from several cortical

areas and spinal pathways and because e sends projections
to cortical and subcortical structures that can have widely
differing functions, it is often difficult to ident{fy\Fhe

cause of a-particular_ce§ebellar disorder.” For example,
. \ ’ * »
cerebellar intention tremor has been attributed to' woluntary
A Y . :
*
corrections for an initial position error (GSoldberger and

- L4 . ]

Growdon, 1973) and to abnormalities in propriogeptive .

1] - .
transcortical reflex loops (Meyey-Lohmann et ,al., 1975).
Part of the reason for the differeht interpretation§ may be

that difterent experimenter3 have died the effects of

]
cerebellar lesions that differed, th severity and loclus.
§ . .

Another possibility ‘is that the nature of the ‘disorders

. J :

studied differed because they were studied in paradigms that

. , ¢ ) ‘ ’ .

differed. This possibility is suggested by Holmes' (1922)
! L

. . 1 . ' .

R
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.

remark that all tremors occurring ia,cerebellar disease are

not of the same nature.” Thus to reveal the role of the .,

-

cerebellum ih motor control, 1deally one should attempt to

study a number of disorders under a variety of conditions in

subjects with similar lesions. N
While. studies of humans can prgvid@ seme jhsight into

the. cerebellar mechanisms involved in controlling goal-

.
-

directed movements, animal experiments_hake possible the

v

study of spedific lesions and permit recerding 05'31ngle

unit activity from the brain. “In this stully mdnkeys were

L A3

used because they are relatively easy to train and because

the central nervous system control of their limb movements

. L

-

can be .expected to be similar to that in humans. ‘Thus

4 N .

monkeys act as an appropriate model for understanding human

motor control. FPurthermore, it was iptended to éomplément .
the‘present study with‘single unit recordings from motror

. cortex." - ' . L .

* )

The first step in a comprehensive approach to under-
standing the cerebellar contribution‘ﬁo a particular limb

movement is to analyze and compare the kinematic charac-
teristics of normal and disoqdered movements' The second

.

_step is to relate these parameters

L

to eleggronjographic

‘(BMG) activity which inéir?ét}x cepresents’ the neural :

°\xonnéﬁdg‘sent"co.éhe muscles moving th;:linb, Thus‘ciﬂiné )
and magaitude changes ?f EMG activi;y cép provide Ciues'into.

central nervous system function. A third stép“would be to




. 3
relate single unit activity 1n central structures to these
kinematic and EMG parameters with the expectation of
establishing corteiationgl relationsnips.

The aim of the present ssudy was to perform an analygis

LN

of kinematic and EMG chgtacteristics of movements disordered
by reversible cpéling lesions of the cerebellum. Three

. cerebellar disorders were studied: 1ntenti%on treaor
Eolloﬁiﬁg movements (static tremor), dysmetria and tremor
during movement (kinetié tremor). These particulé? disor-
ders where chosen Dbecause they are clearly evident 1n our
Ponkey§_and they can easily be manipulated by,chang;ng the
mechanical atate of the limb. Thesé expefiments p;q?xded
the basis of a later study of motor cortex single uait

activity.




. muscle activity, first described by Wachholder and Alten-.

HISTORICAL REVIEW .
1. The Generation of Voluntary Limb Movements

i) Patgsgns of muscle activaity . .

Simple limb movements made dccurately between two
targets have a characteristic pattern of muscle activity

associated with them. This pattegn is dependent oa the

. speed of the movement and. on the mechafiical forces to pe

overcome during the movement.
Slow movgnenis can be made with co-contraction of i

antagonist muscle pairs (Levine and'xabat, 1552; Stetson and

Bouman, 1935; Tilney and Pike, 1925; Wachholder and glten—

burger, 1926; Wilkie, 1950) but they have also been repourted

to be generated usirng continuous agonist muscle activity

aldne (Hallett et al., 1975a) . ' ] .
Past movements are made with a 1riphasic pattern of

s .

burger (1926). A burst of activity in the agonist muscle, C

whose onset precedes movement onset, 1s followed by a burst

of activity in the antagonist muscle, which is in turﬁa.a}
- ,-1)-‘-’ 2 A
.. s L =S .
followed by a second burst of activity in the agp@g?t e

- - he . ,,/*f
muscle. This pattern is now well establt&hed_ib*pgf&fagﬁ"

and - experimental  animala {Angel et al., 1965, ridment et

RS

al., 1984a; Garlang and Angel, 1971; Ghez, 1979; Hallett and 3

Marsden, 1979; Hallett et al., 1975a; Marsdea ‘et al., 1977; ]

Wiesendanger and Rueqg, 1978). Wwhen there is tonic activity

-

)

{
Yo
\
"\ \1\\\;
- ‘\%k:
O N

s e hedl ol B

[

Y
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.
of the antagonist muscle, as for example whén a force 1s
appliéd qpposing,that muscle, thé first agonist activation
is.ofgen preceded by an inhibition of antagonist activity
(Hopf et al;, 1973;: Hufschmidt and Hufschmidt, 1954; Stetson
.énd éounan, 1935). Inhibition of triceps shortly before
biceps_on;et (of the order of SOns)-hQQ‘seeﬁ shown for human
flexion movements (Got;lieb et al., 1970; Hallett et al.,
1975; Hufschniéf‘a&d Hufschmidt, 1954) and ‘in th; monkey

.

(Evarts, 1974} Flament et at., 1984a). Premovement periods

~

of electromyographic (EMG) silence can occur simultaneouslf

in agon;st and antagonist muscles (Conrad-e£ al., 1983;

*“Ikai, 1955; Kawahats and Miyashita, i983: Yabe, 1976).

The fgs;est-class of voluantary limb movements, which
have sometimes been called ballistic, -fall into differeat
categories. Brooks (1979a) has defined ballistic movenments

<
as brief, of high velocity, launched without .peripheral-

sensory guidance and not requiring active braking of thé'

‘limb to stop them, as this is achieved by a mechanical

obstacle. Others have termed movements ballistic simply for

require active braking (Desmedt and Godaux, 1979). In botn
(] .

4being launched' without peripheral. guidance even if they did .

cases the‘agoniét activity is represented by one large burst

of activity. The term ballistic has also been used, to,

describe anz\moéement made as fast as possible but accura- .

tely (e.g. Berardelli et al., 1984: Hallett and Marsden,
o ‘ * .

1979 Lamarre et al., 1986). These are movements that

-
.

A ot

C e Reviotimds i s A

sl o . .
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. movement.

~
0
.
>

exhibit the triphasic pattern of muscle activity degcribed
above and will therefore be termed “fasé“ in the discussions
that follow.

Exceptions to the triphasic pattern do occur in some
fast movements. Human ankle movements (Gotttlieb et al.,
1970) and mcnkey. head movédments (Bizzi et al., 1571) were
reported to have only two b;:sts of agonist activity and no
ph;sié antagonist burst. Ahoghé} common observation is ‘that
the second agonist burst is‘rgplaééd by tonic aétiv1tx.
This pattern has been seen in man {Lestienne, 1979) aad
monkey (Meyer-Lohmann et al., 1977). Deviations from the
classic/triphasic pattern cam be. produced by applying

mechanical forces to the iimb.

Thus movemént velocity is clearly related to the

pattern of muscle activity generated during a movement. For
R ' '

[y

a given pattern, the dur#fiéﬁ:and magnit@dé'df7EMG bufst;-
can be affected by -the load eiétfed_pg the limb. <Changes ia
EMG bdrst éyration and amplitude @re alsc associated with

‘the movemént amplitude and, again, the velocity of the

L] ) .4 i
. PRI N . -
ii) Factors 'influencing EMG burst duration and ampli-

PP

'tudé', ’ -

-~

a) Effect of mechanical load

PR -

. . - .
The duration and magnitude of the first agonist burst,

are increased by‘insreasing the inertial load to be moved

(Flament et al., 1984a; Lestienne, 1979{. It 13 a common

' -
. !
- - -

Lo oy s
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observation that’ movements made with iacreased inertia are

generally of lower peak velocfty and acceleration. Could

2

the changes in agoniét EMG then be . a coasequence of these

"kinematic changes? For a given veiggity the duration of the

. - - - o
first agonist burst was found to be-no different thanm in

movements made without added inertia (Lestienne, 1979).

Therefore, changes in agonist burst duration were associated

-

with .the decreased acceleration and mean velocity of

. > , - :
movements with ingftia (Angel, 1974: Lestienne, 1979), while
the magnitude éhinées of the aéonist burst could be_inte;;f

" preted as .being direcf,cépsequeaces of the inertial load.

The antagonist burst has ‘also been demonstrated to Dbe

-

and peak velocity with added inertia {(Lestienne, 1979).

. .

Torgue 1oéds uefe found to have a piofound influence on

>

*

EMG nagn1tude and duratxon of agonlsn and antagonxs: muscles '

1n monkeys (Rlament,:l983). Loadlng the agonxst muscle.

xncreased the magnztude and duratxon of | the phasxe agonxs:

bursts, superlmposed on a ta1sed tonlc dxscharge level .

Antagonxst EMG actxvxty uas decreaseg. ° Loadxng the ancago—‘
nist produced reciprocal, changes in these muscles. In human'

sub jects Htllett and Marsden 11979) reporced,an xnvar{ance-

-~

of the fxrsv'agonxst burst duratxon for Elexxons of thq

-

thumb undex a series of torques. It hag :ecently been

shoﬁh, however, that agonist burst duratxon of wrxst tleéxors
, b}

*increased in amplitude for movements of a given amplitude ™ -
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. . increases as a load opposes their contraction (Berardelli et

al., 1984}). _ ‘ .

.

b) Effect of movement amplitude - e -

bifferédt nowenént anblitudes can be produced by

‘changxng the nagnxtude and duratlon of the first agonzs:
burst. In hunans, anreASLng movement amplitude 13 assocxaT
ted thh -an 1ncrease in agon1st burst duratlon ({Angel, 1974:
Berardelli et al.f 1984, - -Brown and Cooke,.1984 Wadman at.

al., }¥979) and an increase in agonist_bur§t,gagnitude (Brown

| . e

and Cooke, 1981; Freund and Budingen, 1978; Ghez, 1979; .
1ger

“ ; .
0y

Hallett and Marsden, 1979; Marsden et al., 1977)..° The
magnitude of the second Aagonist burst has also been shown to
vary directly with novement amplitude | (Erown and Céoke,

1981)., In monkeys, the 1nfluence of movemént amplxtude has

- been demonstrated for .neck muscles by Bizzi et al. (1971)

who showed that both the duratxon and nagnz:ude of the fxrsc
agonist burgt were d1r ctly related to the amplitude of the-

movement. For limb movements of different aaplttudes bat of

’
L

b the same peak velbcity the ldrgé-anpiitudé moVements had

longer first agonist bursts “that were of smaller magnitude

(Flaﬁéné 1983; Flament et al., 19943) CoL S L i

"” The antagonxst bursc Lszalaowrelatgd_toAmovément-
”émélitudey It. is now clear Shatifor iérge Qnd smayg-
‘movements of the same ééak‘yelociﬁy. the antaggaist burst ;i !
of . greater magnirude in the small anplizu}g movements ‘

. ’ ] s ¢

(Flameat et al., 1984a; Hoffmin and 3trigk, 1981; Marsden' et .
’ ) - . - . .

"\ \ . ! K
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- - ‘al., 1981, 1983). The duration of the aantagonist burst nas

.

been reposted to be longer in létger amplitude movements Kj,

(Brown and Cooke, 1981).

. i ‘ © ¢) Effect of veloecity - ' .
Lestienne (1979) has shown that agonist ‘burst duration
and magnigude were both related to the peak velocity of
movement. The duration of the first agonist burst nad an
inverse relation. with peak velocity while fhe magnitade of
‘ the burst increa;ed 1in a near-linear fashion. This latter

. | reiation has been confirmed by Brown and Cooke (198l), out S
their study found no relation between burst duration and
movement velocity. This difference may resuit.from varia-
v tions in instructions given to their subjects and their
"level of training.

The. antagonist burst magnitude has been found to vary .

. ,# S directly with peak velocity Esr limb movements méde 1a
humans (Lestienne,,1979: Marsden et al., 1983a) and monkeys
(?lément et al.,” 1984a; Soechting et al., 1976). Tne
latency of the ahtgﬁonist burst, however, is shorter for
. ‘ ' high velocity movements than for low velocity movemeats

(Lestienne, 1979). .

iii) Central origin of learned movementd

N\
B . . . - . -
4 y In spite of the numerous studies of movements of the
N limbs that have been done to date, one question which still
G NT . .
\\,1»;\‘} . remains unanswered 1s whether the EMG pattern charact=zristic
SN Y s T e " )
B BN i . , : : - ]
ap AN .. of accurate movements is dependent on peripheral feedback.
. ' "q. . ‘ o . . . R
v [ . » s N .
| 6;\‘ S ,,// .
2 T - . . .| X # - ’ M - ) ‘.
. ,".‘ “ e ‘-..
el * - v- . « )
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Clearly, the first agonist burst of a ®¥oluntary, goal-

+ dirested movement must be generated centrally, but some

~ .

uncertainty 'ex1sts.as to wnether the aantagoanist muécle

,activity is.generated via stratch reflexes (as the muscle 1s

stretched) or by central commands. ‘ .

That'senséry feedback is not necessary for a centrally
tnitiated movement fb be'efeéuted accurately.was demonstra-
ted in humans by Lashley (1917). More recently, deafferen-
tation by disease processes (pansensory neuropathy) (Forget
and Lamarre, 1983; Hallett et ?l., 1975a; Réthwell et al.,
1982) or by ischemic bioqk'(dennings and Sanes, 1982; Sanes
and Jennings, 1984) Qag shown to produce no major altera-
tions of the EMG pattern.charactefistic of fast movements.
Similar findings have been made in monkeys deaffe;ented by
dorsal rhizotomy kLamafre et al., 1978, 1980). Hoffman and

Strick (1982) further showed. that antagonist burst amplitude

'coul§ be varied independently of .initial movement parame-

ters, suggebting a central origin Epr”this muscle activity.
Movement accuracy, as judged by the attainment of

desired end point, was not affected by deafferentation in

4 .

monkeys making head rotations (Bizzi et al.,11976:.Polit‘dnd
Bizzi, 1979) or pointing movements‘of‘the limbs (Taub et
al., 1975), indicating that appropfiate muscle patCerns.can
be gene}ated in the absence of propriéceptive feedback.

The performance of accyrate movements in the absence of

proprioceptive feedback naturally requires some praéEice.
. . - .

v
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Theseymovements, once thoroughly learned, become nhighly
'
stereotyped and have particular kinematic characteristics.

iv) Kinematic characteristics of learned movements

Highly practiced simple movements about one joint can
bé<mad; smdothiy and accurately. The velocity profile 1is
bell-shaped and continuous (Brooks, 1979b, 1983, l984a;
Brooks et al., 1973b; Brooks and Thach, 1981:.Flamenc at
al., 1984a; Kozlovskaya et al., 1970). Continuous movéments
have been defined by Brooks et al. (1973a) as those whose
acceleration tréces cross the zero line only once. This 1s
in ‘contradistinction to slower discontinuous movements that
have a -jérky or tremulous appearance, with two or morz
velocity maxima and two or more zero-crossings of accelera-
tion traces. Coméound movements r;;uiring the coordianated
aétion‘of several joints can also bé made with smoath
single-péaked velocity profiles (Abend et al., 1982; Atkeson
and Hollerbach, 1985: Flash and Hogan, 1985: Georgopoulos et
al., 1981; Morasso, 1981). Discontinuous movements occCur
during motor.Learning.(Brooks et al., 1983) and can also
occur as a result’ of terebellar dysfunction (Brooks et al.,
1983; Brooks and Thach, 198l; Flament and Hore, 1986: Hore
«and Flament, 1986). '

One feature of smooth, fast elbow movements in humans
is the near. symmetry of the acceleration and deceleration

phases (Ostry et al., 1986; Wiegner and Wierzbicka, 1986).

Studies on humans performing arm movements have shown that

- P e
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in naive subjects acceleration and deceleration phases were
symmetric (Beggs and Howafth, 1972a,b; Howarth et al., 1971)
but that as the subjects acguired prac:ice aovement symmetry
changed and movements nad shorter accelerations and longer .
decelerations (Beggs and Howarth, 1972a).

Studies on monkeys, however, have-yielded quita
different results: unpracticed movements are more likely to
be irregular with symmetry developing as practice brogresses
(Brooks et al., 1973; Flament et al., 1984a). Altaougn
symﬁetry appearé, on average, to be a characteristic of
learned movements (Flament et al., 1983, 1984a), tnere is a
certain amount of variability from trial to trial for

movements of the same peak velocity and amplitude such that

movements with shorter durations of acceleration have loager

decelerations and vice versa (Flament, 1983; Flament et al.,

1982).
. - : .

Because energy expenditure is minimized by symmetry of
acceleration and deceleration phases. (Nelson, 1983) 1t has
been suggested that this symmetry may.oécur to minimize
energy expenditure (Flamént, 1983; Flament et al., 1983,
1984a) and that it may also simplify the way in.whicn
movements are.genetated by perﬁiéting the command sent to
the antagoniét nUSTT® to be generated from an efference copy '
& the égonist command (Flament et al., 1984a). Mathema-

tical models of arm movements have demonstrated that smooth

symmetric movements can be made by minimization of mean-
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squared jerk, the third time derivative of displacement

{Flash 1983; Flash and Hogan, 198{} Hogan 1982, 1984), or by

minimization of snap, the fourth time derivative of displa-
cement (Flash, 1983). They have suggested that possible
objectives of this strategy may be to reduce abrupt force
changes to objects carried by the hand™r to maximice
trajectory predictability.

A recent model of 1limb movement in which sense of
effort is wminimized by speczfylng a partlcular tr&jegtor/
and joint stiffness has yielded the result Ehat this is best

chieved by smooth, bell-shaped velocity profiles (Hasan,
1986).

Not all,volun;ary movements, of course, are made
smoothly. Obstacles are sometimes encountered which perturd
the "intended movement. The response of the motor system to
disturbances introduced into movements has been studied
experimentally and the results h;ve led to the suggest;on
that a servo mechanism may be-operating to compensate for
these disturbances. .

14

.v) Servo-controdled mechanism in movements

A servo mechanism is one in which a strong effector

does work under the direction of a controller which in turn
[ 2 b )

is directed by feedback from the effector. The forces

developed in the effector are produced as the result of a
comparison made by the controller between the desired and
. .

_achieved states (Houk, 1980; Roberts, 1965). Servos may Dbe
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used for cont;olling a wide variety of parameters——Len;thn
tension, velocity, stiffness and so on. C

.‘A servo mechanism 1s usually designed c$ respond to a
small error sig?al (difference between Jdesired and achieved
state) ;ith a strong correcting signal:; .such a mechanism
needs a high loop gain (Réck, 1981). Loop gain 1is an 1index
of the system's ability to Aeal with error and, 1n systems

with time lags, directly affects the system's stability.

Stability is also affected by feedback delays which may

constitute aAn intrinsic part of the system as simple
. L4

transport delays or they may appear as phase lags involvad

in low~pass filtering (Rack, 1981).

a) The motor servo

The stretch reflex can be regarded as a servo-control

mechanism through which muscle receptor signals iafluence
miscular control. Th%s system, sometimes called the motor
servo, contains many eleménts: intrafusal and extrafusal
muscle fibers, primary and secondary gpindle receptors,
" golgi tendon organs, alpha ,and gamna‘motoneurpns.(ﬂouk,
\1978:°Houk.and Rymer, 1981) all under the direction of a
sqéraspinal controller. The basis for the operation of this
system is the more or less simultaneous activation of alpha
'and gamma motoneurons--a process which has been called
alpha-gammi linkage (Granit, 1955).or alpha-gamma coactiva-
tion (éhillibs, 1969) . In this scheme ﬁovements ara
produéed bylseiéing commands to both the alpha and gamma

- .
e

[




i5

3 A\
motoneurons. If the resulting xnttqusal and extrafusal
shortening are equal, discharge rate of spindle afferents

should not change. If a load should interfere with the

]
desired contraction of the main muscle, an "error"” ‘will be
detected by the spindle and afferent discharge will increase
or decrease as the case may be. " Thus the servo loop will

remain ilroperative if the movement proceeds as expected and
° -«

become operative in response to an error (Houk and Rynmer,

1981). This constitutes servo assistance (Matthews, 1964).

»

b) Servo assistance in voluntary movements

Since servo assistance is based on alpha-gamma coacti-

vation a question of priie importance is whether alpha-~gamaa
coactivation occurs in véluntary movements. A number of
studies have shown that spindle affetenﬁ discharge rate
increases with the onset of nuscle‘éctivity duwring isometric
contractions of human foréa{m (vallbo, 1970a,b, 1971, 1974}
and leg muscles (Buvke and Eklund, 1977; Burke et al.,
1978a,b). " Similar findings have been made during slow.
sﬁorteningaof Einger flexors in humans (Vvallbo, 1973),
hi;dlimb muscies during locomotion in the cat (Loeb  and
Duysens, 1978: Prochazka et al., 1976, 1977) and jaw-closing
muscles in the monkey.(Lund et al., 1979). These findings
have been interpreted as evi&ence for coactivation of alpha- f
and gam@a—motoneurons; . . )

Some studies, however, have shown that spindle disz-

.charge may be decreased independently of extrafusal muscle
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invariably occurs with beta-excitation.

u'.

: —Eunctxon as a load-conpensatOt\durxng voluntary movements?

. . . 16
giber activity (Cody et al., 1975; Loeb .and Dufséns, 1978;
Prochazka et al., 1976, 1977) or increased-}Lund et al.,
1979; Rymer et al., 1981; Schieser(and Thach, 1980; Vallbo
and Hulliger, 1981). _Thus although alpha-gamma coactivation
is common, fusimotor activity can be dissociated from
skeletomotor activity (Proéhazka et al., 1985; Prochazka and
Wand, 1981).

Servo assistance could also operate through a thl;d

type of motor fiber, the skeletofusimotor or beta-fiber,
1Y

~ whose axons brarich to innervate both intra and extrafusal

muscle fibers (Laporte et al., 1981; Matthews,. 1981: Houxk

\

and Rymer,'19é1). Condequently, alpha-gamma coactivation
| Althougﬁ thera is
currently 1itt1e.known about the fugctional imbbrgénce of
these fibers théy have been identified in mammalian muscles
and 1mplica£ed in the augmentation of spindle afferent
activity in isometric contractions and during stretcn of
muscles in the cat (EiQpeé-D‘nand et ;1.,\1975; Emonet-
Denand and Laporte, 1983; Post et al., 1980; Rymer et al.,

~

1981). '

-

Given that a mechanism that theorgtically.could.
°

contrxbute to servo assistance apparently exists, does it

- This question has been addressed in a number of studles of

» s . .
human forelimb (Desmedt and God¥Whx, 1978; Dietz and Noth,

.

1978; Dietz et al., 1979; Dufresne et al., 1978, 1980),

Ty — .- - e by N . - \

-
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wrist (Lee et al., 1986),'ankle (Gottliéb and Ag;rwal, 1979,
1980a,b; Gottlieb et,aﬁ., 1981, 1983), jaw (Lamarre and
- Lund, 1975) aﬁd thums movements (Marsden et al., 1972,
1976a,b), in monkey neck (Bizzi et al., 1978) and foreliap
movements (Conrad et al., 1974) and in .cat bindlimb mo-
vements (Appenteng et al., 1982; Prochazka et al:® 1979).
"The outcome of these stddies*was that pertu;bat1ons introdu-
. ced during voluntary movements could produce clear EMG
responses that appeared at latencies comparable to those of
- spinal and transcortical stretch reflexes with the limb
statiénary. DiffetentrdnCerpretations regardIng thne
relative contribuiion of" these réspoﬁées to load compensa-
tion have, however, been made., Marsden’ and his célleaguesé?
cdncluded “(1) that there is servo action, sensitive, brisk

and so early as clearly to 'be automatic, in voluntary
‘movements of the thumb, (2).that.the gain of the servo loop |
\ is proportional to the force exerted;"‘(narsden et al.,
1972, p. 143). Bizzi and his colleagues (1978), however,
estiieted reflex agtion to contribute only one third ofvcne
- force output resulting from nead displacemeﬂts and the
remaiAder as coming from meéhanlcal properties of nead and

neck musculoskeletal elements. Melvill-Jones and Watt
(1971a,b) detected no useful contribution from the atretch’
refle; response following unexpected falls.ih-man. Simi-
"»- larly, Allum (1975) showeq that reflex responses to load

disturbancés in hqgﬁn shoulder muscles at best provided 15%

-
At s - bt o .
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of the force required_tq resist the dist&fbance. Prochazka
and colleagues (1979) demonstrated that spindle afferent

dlscﬁarge coul&znOt be maintained when velocity of muscle
shortening exceeded .2 resting-lengths/s even under fusimo-
tor activity. However, Appenteng et al. (1982) latar showed
that the simultaneous electrical stimulatioé of'sevéral

fusimotor fibers could maintain Ia spindle discharge ddr;ng
muscle shortening at. speeds up to 2 resang-lengtﬁé&s. It

thus appears that while servo assistance, un&er most
conditions studied, may not.be strong enough to provide
adequate load-compensation it may, however, play an effec-
tive load-compensating role in slow movements about certain
joints. The inability of servo-assistance to load-compen-

sate under all conditions has led to the suggestion'that the
stretch teflex'pathwék can be used to regulate parameterél
other than- limb position, $uch as joiné stiffness kHouk,

1976, 1979) or that it may function to returﬁ the limb to an
intended trajectory ?ollowing a perturSation (Cooke, 1979,

1980a, b). ‘ .

While the gupposed function of the servo system is to
provide some benefit to the motor system, its intriqsic
properties (a.g. time deiayd) can sometimes add insiability
to the system and result in tremor. oo :

c) Trewor and the servo system i

h'f*" - . . CL .
Tremor is an involuntary movement characterized by a

rhythmic oscillation about a fixed point or trajectory

N ,_,-vf\‘.v--........ P C e
v ..




-

19
(Stein and Lee, 1981); These oscidlations may occur as a
result of (1) mechanical properties of the limb itself
(prvaded chere is some source of energy to maintain tnem),

(2) rhythnxc .activity in spinal or suprasp1a$l strQCCures

ix.e. central oscillator), or (3) from instability of the

.
-

servonechanisn"Sssocia%ed with the spinal or supraspinai
stretch reflex (Henatsch, 1967; Lippold, 1970: Stein and

Lee, 1981). These mechanishs are not mutually exclusive and

- may. ‘act together to prdddce tremor. One property that

'distihQuishes reflex and mechanical tremor from that of

central oriqin is its éensitivity to resetting by external

-

Stiﬁuli (Stein and Lee, 1981). Tremor of reflex or mechdni-

cal origin.is completely reset by -an external stimulus

& L)

~\_ghe_reas-t,h‘at of purely central origin is not (Stein et al.,

9783

Tremor produced by' the servomechanism occurs as a

resukt-of 1nhereng;de1ays in the feedback pathway. Tha

°

amplxtude 4nd frequency of the oscillations are- dependent oa

. loop gaxn and latency The gain of the reflex pathway, and

thus xts susceptxbxlzty to’ tremor. is-increased in parallel

»thh fotce during voluntary tontraction (Gottlieb- and
,Agarwal, 1973). -Increasing fdrce, - by increasing muscle

" stiffness, also has the effect of: increasing tremor frequen-.

cy'(JSYCQ'et al.. 1974).. The latency‘of the zefiem\:&thway
is thought to .influence tremor frequency (Oguzto i and

stain, 1975) ‘and the loop delays, as alraady ataeed are

I 2o ST R U




20

respéhs{ole for the tendency to oscillaie‘(aack, i981: Steia .
ana Lee, 1981).

Stabilization, the raduced tendency to oscillate,

results prlnarlly ircm muscle low-pass filter properties

which prevents it from follow1ng hlgh frequency changes
(Stein and Oguztoreli, 1976): ;ncreasing low-pass proper-

* ties by cooling can further reduce tremor gmplitude (Lip-

pold, 1970). It has also been suggested that the velocity-

- ) sensitivity of spindles pnuld poniributéuto stabilization by
providing a phasé-advanced signal of limbo posjtion (Mat-

thews, 1964, 1981). This mechanism does seem effactive in-

e

reduc1ng low Erequency oscillations but at higher frequen-

‘,
. P
A K

cies it contr1butes to the trenor (Goodwin et al., 1978,

Stexn and Oguzcorelx, 1976). . ’ o

<

thle the above discussion. has focused on the many

‘factors'lnvolved ln'the genetatxon of-LSQ;onrc limb move-

PR,

ments, "not all motnr activfiy 18 of thxs nature. Many
voluntary motor acts do noe xnvplve novenent but rather they
require the exertzon of static fOth.‘ These are produced by

. xsonetrxc nuscle éontfactans. .

-
. . B ~ . »
-

II. The Generatzon of Goal= D1tected Isonetrxc COntractxons

1) Isonetrlc force tracking

~

R Isometric force tracking is a paradigm whxch ruqu}{ea
N > b .
the subject to contract muscles xsonetr;cally (or vgryf

P ) nearly s8o) to match a preset force level.: rhe duracxon cE
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contractiva to reach a given force level can be varied,

anajogously to changing movement duration bpetween two

N

positional targets. Ia.the descriptiom of muscile émnyx‘ty

patterns that follows,” two types of isometric:tasks a,z;.e
considered. One is the “"pulse” type. .- a pbrief phasic

. -

isometric contraction to a given fqrce level umedxately .
~; .

followed" by a return to the prepulse level 'I‘he other ]

' the "step" type: a sustaxned contractxo.n to a new forf-e

‘.
L]

level. - . . -

-

it). - Patterns of muscle actxvx_x C , o~

.

- For 1so1netn.c .contractions. hade as fast as possxbie*

‘the duratxon of che contractxons are approx1mate].y ccnstant

for all uphtudea ‘of target force Studled (E’re«und. -I983:

<

. Freund and 'Budingen; - 11978 Ghez ana Vrcane‘ I§78*-Gordon

and Ghez, 1‘98;”‘ " The duratu.m oi the MG - burst m tne

,,.

ccn:ractuﬁ nuscle is sxmlar t.o the durat*on fren'cbatrac—r_:'

s‘.ion onset to peak con,tractxon (?reund ana Bud‘l‘nqem 1978

Ghez and charxo. 1978) ' Since contractxon time is fx.xed

N . ~

and E:HG burst duratmw is- equal. 'to the contracgiqn time. the

~‘,/ /

“EMG burst ua’gnxtude is proportional t,o/ the za”te,of J:Lge of
ey

the contraccxo);x and the xntegr;ted n}scle acttvn:y ‘le_.
proportxonal r.a the force ‘axert’;d’ tGheL and chano‘ 1978)

'ronxc /mc activity covar»e’s/ wicﬁ’«the te/vel ot’ toruc Eorce
exet;ted {Ghez and sdttm, L982) ' ,_'_":’-- ‘

a-

‘The usual E'.MG pattezm a(sociazed wzc‘h rapxd Sccurate

-

lxmb movements is _t;x_f- or/ szz.p/;xgsxc. Or\e questxon of

'/‘ ."

LI P




3 / gakxng st/p"‘ type 1somet.z1c contractlons {Ghez aa Martxn., v

P R

P

interest is whether these patterns occur for »rsowmetric

. o~ . ,
R ’

coatractlons angd, ~x£ so, . under uh.ar. cxtcum:tances. The

bxpha81c and trlphas1c pattérns - have been foand 1n human

.

subjects nakmg‘ “pulse” type 1sqmetr1c contracmons' of the
s . - ’ B ) h . ._ d :

selbow (Gordon and G/hezf,l~‘198.4),‘wr1’§t (Sanes and Jennings,
1984) or -index finger ‘(Meinck et al., 1984). “"Step" type

-

contractions were'as_sé}.\ia'ted'wltﬁ a phasic burst of acpivity

. P . X .
in the agonist mus<le that was followed by sustained 'tgri‘xc' .
'activity'(xeiééﬁ‘et éll, L984;\Sagés and Jennifdgs, 19844. ‘A
bursr. rof‘ antagom.st act.z.vxty or a second agonxsr. ckm'r:st: was

- -

:az.el:y seen. ,\Sxmxlat results were repor:.ed 10-2& cat .

- - ‘

"‘ -

1982); e g -3f?§u‘r e s
,= AN L T < .
Althougb a, trxphasxc’ patterrn was obsetved 1. “pulse" -

cont{&ctxons the\\charactens';xcs o£ thxs acm\ut_{ were .

dxf.fgrenc m :hat observed dutmg ’rapzd movbmeﬁts (Sanes and .
Y I B

'.‘Lenrunqs4 1984) The’ fxrst agozug,t rbarsr_/éas .prol’onged, ltne’

an,t.aq,on,\st burst had(p dg,creased le;euuy d«ﬂd~ the s»cond

Y

o B . -
agorust tended t,ofl;ave aa 1ncreued r/te/c/y Tﬂus the zné -

- N

'pattetn of —xsometnc cohtrac;dcus, wa/'mote /of a cocom:rac— / A

- me W
. / ‘ 4 /-., ) -:.. - e L
= mon than the ~rec1procél pabtarn of ,is.o ic movement.s. A
. . //// /, - . -,, f/. '/. i ,/A/_":—’/
Vo&untaty, goal ,curec.t.ed nové'néafs and fxsmzet.nc musc.lv P

/ ’(/ // -

contractions are §r6dua9d byﬂt}fe concerted actxv;ty oi mgny" f'
/,

parts of the nervous systen. One of these, the ,eefe):e.iyum. '/;"' /
. ~ // . g
plays a~ narj.o/r role Ln the regula:xon and perfgrmnce OE

4.
- e e

4,
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"111.’¢e{ebelia; Control of Movemeat . N >

T 1) oOetvxew of cerebellar fpnction

\\ "

The cerebellum is 1nt1mately xnvolved ta the initiation
. =

’ L -

and execugxon SE movements and in ‘the maintenance of
.
postu:es. It also appears to be‘responsxble for learnxng to

~r

* make these motor ac:s 1n a- stereotyped dccurate and task-

» ¥
L} L

) agptoprlate manner, (Brooks, 1984b; Brooks and ThacH, 1981)f
. f%e cerebeL%um-1;vqlso.19001veg.énfbaszc assoclative
.. fearﬂing, epbh as ;pe‘cla§si§elly.conqitioned niccieaelng

membraﬁe;eyelid:;esponee (aoCorm§ck et al., 1981;'Mocorm1ck

gna‘Thonpeon, 19;4) and, recently,fwas postulated co

contribute to méensal skills 1n humans ardd anthropoid apes

By

4. . - -

'iLeiner'é;-al.f’lgSG). .A .

The ce;ebellar gptput responsible for. these functioas

can, in gxéatly sinpiified form, be divided into thfee_ma;n

cogp6//nts. The medxal conponent. &hat c rises the vermis

.

ahd Elocculonodular lobes whxch act upon the Eastlgxal and
B

'/"(- » - . ‘e .

fe N

. B [ 4 .
aoyeuent; of the ‘eyes (Itq, 1972; Lisberger and Fuchs,

. - ‘- * : A e
,; 1978a.b)~; The xntermed;ate compone&k, that prOJeCtS to the
-?ﬁﬁ; .
uw"p Adterpové&vﬂuclex, 18 prxmarxly involved in the ongoing

‘. [ o —\( .,
'.'-_r( h—
<

-,4\"~ Pl : e -
—,v~q_‘ L

pro:ectloné s the te& nucleus and motor cortex and its. rich

R

\\};“\\ NN o

e
petlﬁherak dfferent and motor cortxcal xnpﬂt make it 1deally
'/r I 4"
> B Pt et / -
f‘%\;~sa1ted Eor thxs f&nétxon. -The lateral component, recexvxng

f?

T 1hput Irom Erontal and par1eta1 assocxatxon areas and
.-c',‘ . . ‘e - v .

P - . . .
Y

/q@stfbulef nyclei, regulateSQmusche tone, pQSCUta and.

3y

-;z«: \GOntrol o?.yolanta{y movements (Murphy et al., 1975). Its |

e



'described below. ) - '

- 24
projecting to the dentate nucleus and f%cm\there to tne
motor cortex by way og the thalamus, is thought to i1nfluence
movement planning and initiation (Allen and 'fsukaharaf
1974). Together, these cerebellar components interact to

produce smooth, coordinated movements.

‘il) The cerebellum and control of limb'mévement

Although there is general agreement.that the cerebellum

plays a major role in the control of limb movement, f-

v

ferent workers have emphasfﬁed difﬁerent'facets-of'this

control. The different moto¥ functions attributed to the

\ . L} .
*

cerebellum need not be sSeen as mutually exclusive; ia fact,' ’

given the conplex 1nput-output relat1ons of the cerebellar

o or-— E .

.gystem and its compartmentalxzatlon xnto.saggxtal zones. 1t

.

should nat come as a surprlse to flnd that 10 can perform a

. A .

.

number of complementary fuadtions. Seme of these are .

. ’ L]
a) Cerebellar control of movement initiatlon
; — ~

Since Gordon Holmes (1917, 1922, 1939) first reported

'increased reaction tihe as a syhpcow of cerebellar linjury, -

it - has been concluded’ that the cerebellum in some way 1nElu-‘
ences movement xpxbxatlon. . The reffect of cerebellar le510ns 'j~

.

ln 1ncreas1ng reactiohn t1mes as much a3 150ms have bean

confxrmed in more recent studies of cerebellar patxents o

(Beppu et al.. 1984: Hallett et al., 1975b; MArsden et al.;
1977) and in monkeys with permanent (Beaubaton et al,, 1980;,A. e

!

Lamarre and Jacks,, 1978; Lamarre et élu, 1978; *TrJuche and’ o N

. .-
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Beaubaton, 1980) or reversible cooling lesions (Beaubaton et

. \
al., 1980; Meyer-Lohmann et al., 1977; Miller and Brooks,

1982;: Miller et al., 1974; Trouche et al., 1979) of the

cerébgblum.~ Some of these studies have emphasized the role

)

of' the ‘dentate nucleus .in producing this increase 1in

y . .
.'reaction time (Beaubaton et al., 1980: Mayer-Lohmann et al.,

2
d937; Miller et al.; 1974:; Trouche and Beaubaton, 1980;

Trouche et ‘al., .1979).
Evidence obtained 1n monkeys indicates that the

incrgase in réaction time associated with cerebellar lesions

e .

results from a delay Jin motor cortex neural discharge.

y "

¥
Meyer-Lohmann et al. (1977) reported that, following

"' 2, o -
cerebellar dysfunction produced by cooling through "‘probes
implanted lateral and medial to the dentate nucleus,

e . A .

movement-related single units in motor cortex had a delayed

onset of discharge. Lamarre and colleagues reported a

'similar delay in motor cortex neural discharge following

cerebellectomy'(Lamarre.gt al., 1978; Lamarre and Jacks,

1978; sSpidalieri et al., 1983). This delay may nave been

A ’
" the result of a loss of a phasic movement instructioa from

»

..the cerebellum to the motor cortex (Meyer-Lohmann et al.,

1977). This is supported by the finding of Thach (1970a,

1915) that some neurons 1n dentate fire before movemeant

'onse: and before neurons in motor cortex. it would appear,

.‘.'(

W

however, that the yat?way responsible for the reaction time

PRINER it Y
L
! e el T
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cooling lesions of this nucleus did not produce a reaction
‘time 1ncrease (Miller and Brooks, 1982). .

More.recently~it has been shown that of neurons i1n _

dentate whose firing rate changed before movement odnset

roughly 70% of theh were related to the stimulus and 20% to

the movement (Chapman et al., 1986). These authors suggest-
ed that the nepral response of the stimulus-related neuronsi
may represent a triggering mechanism for the initiation of
re;ction time movements in response to visual and auaditory
stimuli; the movement-related neurons were suggested to play
-a role in controlling movement execution.

b) Cerebellar control of movement execution

: ' Implicit in the.cerebéllum's functibn as a concrolier
of movement execution is its abil{ty Po act as a comparator
of how the movement is proceeding and how it i3 incended to
o . ~ proceed. Oscarsson (1971 1973) has postulatgg that the
- anterior lobe of the cerebelfum is important for_goffectxng

~

errors inm motor behaviours elicited from the cereovral

1 ’ cortex. The movement command signals may be moanitored oy

the anterior lobe through cerebrocerebellar paths relayed 1in
) the pontine nuclei,.the-la:erél reticular nucleus and
inferior olive (reviewed in Evarts and Thach, 1969).
Afferent activity from the evolving movement and from tbe
,§ effects of comma.nd signais on spinal motor centres can De

- ‘ relayed via spingcerebellar paths (Lundbarg, 1971). The

! results of a comparison between the original commands, the
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evolving movement and activity 12 lower mQtor centrds could
: \ o0
result 1in any ngcessary Torrections. Visual and auditory
N

inputs to the medial and intermediate regions of the-

postéribt lobe can alsq provide the cerebellum with the
visual and auditory representation of the novémen( goal and
coépare;this to the command input and perip;qug feedbq?k of
thé\moving limb (Ruch, 1951). These corrections could oe
carried out through cerebellar efferent paths to motor
cortex and brain stem. These suggestions are coasistant
with Thach's (1968, 1970b) reports of changes in Purkinje
cell activity in the anterior lobe of conscious monkeys
immediately before and after the initiation of a wvoluantary
hand movement. Activity changes occuring bé};?; tne
movement iiéht pbe due to signals either from the motor
Tortex-or from Iower motor centres:; changes occuring after
S

-movement onseE‘m1ght be due to proprioceptive and exterocep-

tive feeédback (Oscarsson, 1973).

'i) ‘ As~the anteérior lobe projects to the fastigial and

interposed nuclei’ the cerebellar corrective function 1s one
N\
3 .

which may primarily involve the medial and intermediate

cerebellum. Bava et al. (1983; Bava and Grimm, 1978) have

-

‘'shown that fastigial neurons are recruited before and,

. predominantly, after a movement beginsL processing force-

- .

velocity information. They concluded that the fastigial

‘"nucleus, with its afferent and efferent systems, could

orovide a fast feedback pathway to the thalamus and notor

<
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cortex for 1nformation }egardxng movemeat performance énd
thus provigde a.'correction' signal f£or motor performance.

A number of facts point to the nucleus interpositus as
being involved i’ the control of movement execution. For
example, neurons in this nucleus respond quickly (of tne
order of 20ms) to a perturbation applied to the limb of a
monkey (Strick, 1978; Thach, 1978). Furthesmore, in a
visual reaction‘kime‘task the change 1n fregquency of
discharge of interpositus neuroas follows that of aotor
cortex (Thach, 1970a,‘1978).

A role for interpositus in movement brakiﬁg is sOgéest-

ed by the late red nucleus discharge (thch‘méy oe related
to the braking of movement) becau;e the int;r;bsi:us sends
projections to the ;ed nucleus (Otero, 1976). A bfak1ng
function for interpositus has also been suggeéted by Thach

(1978) who reported that interpositus nearons were highly

related to holding still at a given.po&ition. Following

lesions of the de!% cerebellar nuclei in monReys, 96¥Eferger-

and Growdon (1973) als® arrived at the conclds{?n that
interpositus may be preferentially concerned with the
control of posture. Thach aad colleagues (Elble et al.,
1984; Tﬁach et al., 1985) have .recently proposed that -the

intetpositds.giays a direct role in tremor suppression.

They suggest{that one mechanism by which 1t coald exert Q?gs

N
effect is by stopping the EMG bursts associated with the

2

Shwn .. ..

Ottt - v -
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tremor, and thus limit tremor amplitude witnin toleraole

r limits.
Althngh the dentate nucleus has generally oeen

assigned a function in planning or programming of movements

(Allen and ‘Tsukahara, 1974) some evidence indicates that 1t

too may contribute to the moment-to-moment control of %

valuntary movement. Strick (1978) found that neuroas 1a

r dentate fired at a latency of 30-50ms to a load change and
< 5 . - .

that this response was strongly; influenced by the animal's

motor set. From this he suggested that the deatate may oe

\involved in the generation of the 'intended' component:- of

§ ’ motor\cortex discharge and muscle activity (Evarts and
\ ) . “ \ N
. . Taniji, 1Q1§). X

N Chépmén et al. (1986)~found neurons in the dentate
N nucleus that wefﬁ?line-locked‘to.movement ons2t; some of
~. these\;howe&\dlrec{fegalxty before and/or during the
ﬁbvement énd some wh:e velocxty related They suggested
;bat\the diseharge characteh{stics linked to the final

o ' ‘execution ‘phase of movemens dee\{hese cells likely candi-
1 ' dates for the.conggéi of ongoing movements. ?ther dentate
# a neurons had e;rly t;sponses time-locked to the presentation

- \» Of the stimulus initiating the movement. Most of these

N
\

cells also - showed a later ;becondary‘ fesponse related to
- - o ' s

the movement that was timed such that it could have contri-

buted to sonme aspect of the control of*moyemgnc axecution.

s Although the observations of Chapman et al. (1986} and

|
.
L
’
1
L 4

- A -
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- . ‘ -
Strick (1978) do not constitute proof of a dentate role ia
~ ' -
the 5one~r\t‘=to-nomt»contrqfot movement egecutiogithey do
. \ . -~ - . - s N .

indicate that the lateral cerebellum does.more than argaaize

or trigger voluntary movement.
e

c) Cerebellar control of reciprocal and co-active

~

patterns of muscle activity

c

Two modes of mymgular actfvation are reciprocal
. : 33 '

“

inhibition and coactivation of antagonist muscle pairs. The

type of mode .used depends on the nature of the  task bein;

.

performed. For: example, aa i}oagtriql!‘!ﬁ’offthumb aad

forefinger elicits cecontraction of antagdnist foreara

. [y

muscles whereas flexion or extension movement of the wrist
produces reciprocal activity in £orearh>f]‘§qrs and exten-
sors (Smith et al., 1983). The neural circdits directly

responsible for these modes'éf muscle activity probably

reside within the spinal cord (Hultborn, 1972, 1976). - It

» .

has been suggested, however, that the cerebellum may be

responsible. for bwitchidg between épese two modes of motor

control (Frysinger et al., 1984; Smith and Bourboaneis,
- L4

1981; Smith et al., 1983; Wetts et al., 1985).

This suggéstion came after finding that’ln the coacti- ",
a B . -

vation ﬁask, the majority of Purkinje cells decreased their

activity whereas, in cézzrast; most non-Purkinje cells eof
the cerebellar cortex increased firing (Smith and B¢d§q.n-
nais, 1981). Subsequent experiments showéd that in E task
eliciting teéiptocal muscle activity Purkinje cell activity

’ | : -

?
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-
L~
-

was directionally related (Frysinger et al., 1984; smith and

Bourbonnais, 1983). That is, the3d&~discharge frequency
decreased for one direction of movement Or isomeLric wrist
torque and 1ncreased for the other dxrectlon Thus . the

- discharge of these Purkinje cells related to forehrme muscles

-

may have been dependent on whether .antagonist mus<les were
,\ . - N
acé%vated reciprocally or coactlively (Frysinger et al.,

.1984). Dentate and 1interpositus neurons .discharged with

similar patterns as Purkinje cells in these two tasks, but

~with opposite sign (Wetts et al., 1985) Thus, whereas in

4

":ue copcczvat1on task Purkinje cell discharge frequency

decr aseq, dentate and interpositus discharge 1ncreased. It

3

was thought possible, but clearly uncertain, that tae

v . .
increased nuclear activity resulted from a reiease from
.Purkinje cell -inhibition due to.the deqreased Purkinje cell
s activity? Taken together, these observations provide

. nE ) .
support for the hypothesis .that the cerebellum plays a 1

funqgional role ' in gwitching excitatYon and inhibition
between antagonist muscle pairs.

Hore and Vilis (1984), using a totally diffegént
paradigm, rePched a similar coﬁcl&sion.- Monkey; trained to
return their arm to a target Eollowing perturbations
generated different patterns of muscle’ act1v1ty dependxng on
.whether the perturbatxon;.were brxe} (}Oms) or long
(gOOOns). Brief torque pulse? were assocxaéed\wit?_a bﬁrst
6f activity in the antagonist muscle at a lacenéy of 60ms;

¢ .
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long tqrqué ;teps had enhanceq S0-60ms an@ 70-éOms responses
ina the agonist muscle. These responses -only occurred when
the monkey was expecting the p;;ticular perturbation and
wéré therefore attributed to motor set. During cerebellar
dySfunction the early antagonist response disappeared and
ch; M2 and M3 égonist responses decreased in size, even when
the monkey was e;pecting, and therefore set for, the given
perturbation. It was suggested that ,the cerebellum enabled
activity after a latency of 60ms (i.e. the 70;50ms agonist
response and early antaggnist response) to be switched to

the elboﬁ—glexof Oor extensor muscles as appropriate,

regardless of which muscle was being’ stretched (Hore and

Vilis, 1984). ; ;

<

-d) ‘Cerebellar control of “fusimotor bias.

. Hdlme;.(1922) described dacreased muscle tone (defined.

as the resistance of a limb to passive displacement) as a

symptom of cerebellar 1injury in the human. This disorderh

termed hypotonia, is also seen following ablations of the

'cerebe}lum in éxperimental animals. Luciani (1891 ?ited in
*

Dow and Moruzzi, 1958) described a decreased supporting

reaction of the limb extensor muscles, which he called
"atonia”, in dog and monkey. Hypotonia, in the s;ﬁse qfed
by Holmes, occurs most clearly Sfter neocerebeitar lasions
in the sgbprimate (Bfenet, 1935)" and in the monkey and
‘.baboon (Botterell and F;ltonp 1936, 1938c). Hypotonia is

. -

.greatest in the éhimpanzee (Fultbn and Dow, 1937).

< . R 7o o --
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Granit, Holmgren and Merton (1955) -were the .first to
provide a clue as to the physiological mechanism underlying

hypotonia when. they showed that cooling the anterior

cerebellar lobe of a décerebrate cat decreased the response

of soleus spindle afferents to maintained extension. It was

decerebrate cats d;;reased spindle sensitivity in both

flexor ard extensor muscles (Van Der Medl;n and Gilman,
1965). The disorder of spindle sensitivity affects primary

afferents to a §reater‘gggree than secpqda;ies[ depressing

their threshold, adaptation and frequency tespoﬂsé %Gilman,‘

- P N T s e

RS " 1968, 1969b: Gilman and WMcDonald, 1967). The maximum

-~ -

reaction of spindle endings to natural cutaneous, labyria-

. thiné and proprioceptive stimuli was, however, hot.affecced

by'éetebellectony. These chaages in spindle respbnse?can be
the résult’of decreased background discharge rate of
fusimotor fibers {Gilman 196%9a; Gilman and Ebel, 1970).

‘A number of impaired stretch reflex reSponses associa-

» 3

ted with cerebellar lesions may reflect the above fusimotor/

spindle disofderg.. For'example, cerebellar -dysfunction in

.. - -man results in a diminishad tonic vibration reflex (Lance et

al., 1965::Gemba and Sasaki, 1978) and reduces the sensiti-

vity of the tonic stretch reflex, potentially making

- (Hufschmidt and Linke, 1977; Neilson and Lance, 1978).

Cerebellar lesions in cats are also known to produce phase

subsequently shown that acute total cerebellectomy in _

effective damping of mechanical oscillations  impossible

-

-
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lags in the stretch reflex (Glaser and nggxns, 1965;

-

) < .

Lesions of the cétebeilun have not oaly been associated
with decreased reflex activity; some studies have shown that
stfetch'réf;exes can be enhanced in cerebellar disease.
Mai:jiz et. al. (1981) reported both delayed and enhanced
.1bﬁg-late$cy reflexes in patients with late cerebellar
‘atrophy. However, Diener et al; (l984)'foué& only prolonged
and enh;nced reflex EMG responses in cerebellar patxenis
with no cbange %ﬂ latency. Twa possible reasons for the

differences in reflex excitability reported by these studies

are that 1) the paradigns used differed widely (ie. tibial

- nerve stimulation causxng contractxon of triceps surae

o
(Maurxtz et al,, 1?81), platform tilt stretching trxceps

surae {(Diener et all,'1984); sxnusoxdal stretches of forearm

(Neilson and Lance, 1978)) and 2) the severity and locus of

cerebellar lesions in patients undoubtedly varied between
~ . ‘ , -
atudies. For example, patients with anterior vermal lesions

3

displayed a prominent medium latency response in leg muscles

(gastrocnemius and tibialis) which could not be suppressed
when it was inappropriate (Nasher, 1976; Nashner and Grimm,

1978) whereas patients with dentate, and.probably interpo-

situs, damage had a reduced medium latency reflex in arm

muscles (biceps and triceps) (MacKay and ﬁurphy, 1979a).
Disordered reflex loop function produced by cerebellar

les1ons has led to the hypothesxs that the cerebellum
<

i
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«1<ghnq§ions.aé an accessory structure adjusting gain and phase

relationships.in reflex. loops (MacKay and Murphy, 1979a,b).

v

Bitdirectional res es of nedrons in dentate, interpositus,

motor cortex and spindle affereqts during slow tracking

wrist movements in monkeys has been in;erprgtqd,as indicat-
ing a functional relation between motor-cortex, cerebellar
neuron$ and spindles (Schieber and Théch.';985). It atlso
led to the sugdgstion that thé cerebellum (particularly the
lateral zone) mgy functioé tO'help'set appropriate levels of

fusimotor activity prior to an intended movement. This

_suggestion, however, comtradicts the findihg of Burke et al.

(1980) who showed that the change in stretch reflex gain
that pccurs in preparation fer a muscle contrdction occurs

through .a ceatral process that is independent of the
f-.- " i )

fusimotor system.

Because of the cerebellar involvement in the control of

movement initiation and execution and its role in regulatiang

muscle patterns and fusihotor activity, it is not surprising

that dysfunction of the cerebellum préduces severe @mOLOr

impairments. .

iii) » Disorders associated with cerebellar dysfunction

Holieq_(19l7. 1922, 1939) identified a aumber of

deficits . associated withtlesions of the ce;gbellum'in man.

These were delays in the initiation and termination of a

voluntary movement, error in movemant direction and lack of

unifbrmity of speed. Multi-joint movements ware decomposed



.

’ movements were made with great difficulty.
P general weakness of the limbs making maintenance of fixed

- - postures difficult. Perturbations that stretched muscles of

an foected

- - affected one. These disorders can be _reproduced in experi-

-

mental animals.by cqmplete cerebdllectomy as well as by

-

smaller lesions restricted to the cerebellar nuclei. Some
of the above disorders have already been discussed 1n
relation to the cerebellar control of movements (see section
II11ii)+ Below is a description of some other major cerebel-
. lar deficits. ° ‘e

a) Disorders of movement trajectory

Holmes (1939) recognized that movements made Dy

cerebellar patients were "jerky and discontinuous”™ and

L
lacked “uniformity in their velocity." The 1rregular

velocity of movement sometimes appeared as a frank tremor.

Reversible, localized cooling lesions of ‘the qsntaCe nacleus

in monkeys resulted. in an increased prevalence of disconti-

nuous wmovements in a step-tracking task (Brooks et al.,

- -

1973b). Smooth movements did still occur during cerebellar

. cooling but peak velocit§ occurred later in the movement and

.

movements were often terminated by an abrupt deceleration.
This produced an asymmetric velocity profile. Cooling o>f

the interposed nucleus .produced very 'little disorder other

" into a serigs of simple movements and rapidly. alteranating -

There was a. .~

limpelicited weaker responses than in a non-

[23
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than a general tendency to decrease movement amplitudas and -

peak velocities (Uno et al., 1973).1. o < ’

- b) Dysmetria

a-

Cerebellar patients making goal-directed movements

"often overshot {hypermetria) or undershot (hypometria) the

“aimed target (Holmes, 1939). Holmes'suggested that hyperme-

-

tric movements were due to a "delay'in starting their arrest
and slowness 1o completing it."” Hypometria results from the

premature arrest of movements and “occurs particoiQflj 1n

patients “who have experienced the r;ek of overshooting the

4

mar<"” (Holmes, 1939).

Cerebellar patients making rapid elbow (Hallett et al.,

« 1975b) or thumb (karsden et at., 1977) movements cgn‘habe

.

agonist and antagonist ‘EMG bursts that are of more prolonged
dqragioh than those of normal subjects. Hallett =2t

al. (1975p) have- suggested thatAthis-cqﬁld resulc’ 1o

inappropriate accelerative and decelepmtive ‘forces and

-~

1 ' could, therefore, be responsible for dysmetrid. These "EMG
abnormalities could also disrupt the abillgy to perform’
3 ’ . rapid altenating movements (dysdiodokokinesis) as confirmed

by Conrad and Brooks (1974) in the monkey.

PSP

Slow* ramp movements af the elbow ‘and thumb weré.made

: s ‘ .
. relatively accurately by cerebellar patients (Hallett' et
al., '1975b; Marsden et al., 1977). However Beppu et

AB al. (1984) found that cerebelllar patients tracking ramp

displacements with velocities‘ag'low as 7.5 deg/s had,

~
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patterns,‘

-3, 1T
and triceps, a~ba;tern whxch never appeared

\. T — o~

. 0
markedly discontindous . tra)eccorles and had dxstortei EMG~- L

Fafty percent of the pattents -ocontraxted”biceps- ::f“}

sdbjects.

- - 1

cetebellaz dysfunctzon.

(Bremer, 1935),

Fulton and Connor,

Maoruzzi,

1958)

" '1938a).

1
i

produced 1in monkeys with dentate

hY

1939; ' Luciani,

and in the babgan

B \
‘ . : o, . Mofe recently, . hypermetzla

<.

’

-and some hypometrxa was‘

1es1ona

~
1

in the‘monkey (Botterglh and‘?ulton,

1891 , c\itéd

-

Thus, even slow ramgamovements can be qffected by

. N

Dysmetrxa has also been produced 1n the cat’ and dog .

\

in bow and

‘t

(Botteroll and thton,

T

193837.

' ;‘-'

{Brooks ec al.s

xn conhfol Ty

s P
1

1973b): xnterposltus prodqced hypqme;;xt ‘move-

lesions of

g , -~ ments (Unoc et al., 1973) ~In cpntras:ifGqubers'ep

n o BTN L
al.

(1972) found reaching &qvemeh;s to be 'hypermefric

-

following interpositus lesions in cats. . )

¢} Intention.tremor R '

Tremor and movement .0scillations as a consequence of

in several

-

cerebellar lesions have begen described specres.

’

Cats and dogs with partial or total ablation of the cerebel-

lum display varying degrees of tremor, wHch 1s particularly

. . evident when an ‘attempt 1935;

is, made to feed

(Bremer,

Dusser de Barenne, 1922; Luciani, 1915;

cited in Dow and Maruzzi, 1958: Zatti,

Lesion of - the

interposed nucleus in rabbit produgcas a

similar disorder (Snider, 1940). In pridates, tremor and

[ T
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I« other rhythmic oscillations also occur following lesions of
f?fkﬁe cerebellum (Botterell and Fulton, 1938a; Bremer, 1935;

" ‘Ferrier and Turner, 1894; Fulton and Connor, 1939; Fulton

,and Dow, 1937;: Luciani, 1891 cited in Dow and Moruzzi,

v

1958). Lesion of the dentate nucleus and also, to some
‘ektent, the interposed nucleus, is a particularly potent
cause of tremor (Botterell and Fulton, 1938c:; Carrea and

Mettler, 1947; Fulton and Dow, 1937). Cerepbellar tremor 1s

’

i more marked in monkeys than in dogs, perhaps because of the
-more.coiplex-movements that can be made by primates (sreme{k\
. .

1935). - . , -

. _ _ Cerebellar tremor also occurs in man and can occur

during the entire range of movement (kinetic tremor), giviag

SR aﬁ’itregular, jerky appearance but it is usually more

prominent at the end of the .movement (static tremor)

* '~ {Holmes, 1917, 1939; Thomas, 1897). Holmes (1939) viewed

" derebellar tremor as a consequence of voluntary correctioas

.. For defective postural Eixation. This view was also

as

" expressed by Growdon and colleagues (Goldberger and Growdon,

.

gil @973; Growdon et al., 1967) for tremor induced 1in monkeys by

© 7. @entate and 1interpositus lesions.  Their evidence for this

T .was that lesions which deét:oyed the animal's ‘ability to

':ghake rapid error corrections abolished tremor and only wnen

- .tHe ability to make purposeful movements was regained

-

,‘[TL};hEough traihing did tremor reappear (Growdon et al., 1967).

. . - .

. ‘

| o8
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Another possibility 1s that cerebellar i1anteation
tremor, like Parkinsonian and physiologiéar tremor for
example, is involuntary 1n nature (Stein and Lee, 1981). It
could resuit from, Emon; other possibilities, an abnormality
in proprioceptive transcortical raflex loops (Meyer-Lohmann
et al., 1975; Murphy et al., 1975; Vilis and Hore, 198Q).
Cerebellar tremor produced by perturbations applied to a“
limb held stét;onary in target waé suggested to result from
loss of a predictive cortical signal repiaced by sttetcb—
driven activity (Vilis and Hore, 1980). The s;recch—dr1ven
cortical discharge was thought to arrive at the'muscle too
late to arrest the movement returning the limb to target.
Consequently the limb ovérshot the axméd target, 1ai1tiating
the second cycle in a series of maintained oscxilacxons.
Perturbati;;s applied during a self-initiated movement
produced a smaller 'late' motor cortical response during
dentate cooling (Meyer-thmann et al., 1975). It was
concluded therefore that tremor resulted from the altered
Jain of the cortical response to the perturbation. The

reflex origin of cerebellar tremor was further supported by.

the fihding that tremor frequency. and amplitude could pe

altered by the mechanical state of the limb ({Chase et al.,
1965; Hewer et al., 1972; Vilis and Hore, 1977).

. If cerebellar tremor. is indeed of peripheral origin one
might "expect that it could be abolished by secgion of the

dorsal roots, thus effectively eliminating all stretch

&
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reflex input. Liu and Chambers (1971) found that deaffe-
rented monkeys with ‘lesions oﬁ the dentate and 1nterposed

- nuclei made frequent errors of overshoot 1in goaludirécted
. acts and proposed that attemé;s to correct for the errors

were responsible for producing tremor. However, since ‘

o
N
"recovered movements in the deafferent cerebellar animals

were essentially .unaltered by exclusion of vision" conti-

huqus central feedback monitoring was preséented as the

mechanism by which errors were detected (Liu and Chambers,
1971). Complete cerebellar ablation in a deafferented

. monkey also produced a worsening of motor performance

) (Gilman et _al., 1976a,b):. It must be concluded therefore

that tﬂ%re are mechanisms of cerebellar tremor independent

~

of the reflex arc. However, since none of the above studies
directly assessed the characteristics of cerebellat tremor

in the rhizotonizedjand dorsal root-intact animal one cannot

rule out the éossxbility that stretch reflexes contribute to
- /\‘ - i’ B .
cerebellar intention tremor. - . -

~ -

’ . T ‘ .

s © 1V. Rationale

This btfaf'revieu\illu;;rate{f}hat the qer?bellum plays
c : " a major rolevin the §é£form;ﬁ6é oflv;luncagx, gbal-diregted
: ‘ stements: HOWeverLié‘Eléar unde?standing\bf the nature of

its gontribution. to novement performance is lacking and may

- remain so for spme years. ‘The €irst step in understanding

~— : - T - : ¥
. C ] .
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cerebellar function 13 to study the dxso;ders that occar 11

simple movements.
One of the more prominent and depirlitating disorders

[

associated with lesions of the cerebellum 1s tremor. Tremor
can occur both during (kinetic t;emor) and after the
movement (static or terminal tremor). Dysmetzsia 1s another
common cerebellar disérdeé and 1t can be a feature of ataxic
movements. In hypermetria the oversnoot often appears as
part of the first cycle of the intention tremor, suggesting
a link between this disorder and tremor. Thus, in theory,
an understanding of tremor and dysmetria can provigde

important information into cerebellar funé;ion.

A positive feature of the_present etudy was. that

“ *

cerebellar lesxons were produoeﬂ ny Local, reve\sxola

cooling. Thxs pernxtted repeated couparzscn of normal and

L

disordered movements in the same . animal over extended

.

periods of tine. Thus adaptatxon ta the cerebellar lesion

did not occur to the extent that it does with: surgical

ablatxon. -
The experimenfs on +the disorders that occur foilowing
torque pulse pertyrbations, performed in thid laboratory by

Drs. Hore and Vili},\ééoéided 3 broad data base for the
- ‘\.'. .

present study ahd'coq;fibuteé tO the decision to sthx]“

intention tremor.’ _ L

4The-objéctibe§ of this study were 1) td determine. . ﬁ

yoooo— T

the tremor that’ occurs followxng torque pulse per:urbanxona;fi.

e Vi e
; i
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has the same charactetxglics as that which occurs foliowing
N .

to determine the extent toO whfbh
N . -, N

S~ T

activity coatributes to

\
N

a voluntary movement, 2)

< ~

stretch-evoked ptopxiocept$;§
3

_intention tremor, 3)
AN

T~ smooth, dysmetric movements and .4) to study the nature Of

to describe the characteristics of

N\
. . . N
the oscillations that occurs Qh a:a£?6,

tremulous move-

ments. “These objectives were 1investigated by analyzing thea
. - N E

kinematic (position, velocity, acceleration agd phase-pslane

trajectory) and EMG charagteristics Qf\hofhar movements and

NN \ >
movements made during cerebellar dysfunction. :
- .
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METHODS
I. Paradigm

i) Step-tracking limb movements

Six- Cebus monkeys seated in a primate cnhalr were

thoroughly trained to make fast and accurate stép-trackxng

movements about the elbow-joint. With the elbow resting on
a pivot, monkeys holding a manipulandum made flexion and
extension movements between targets presented singly on an
oscilloscope positioned 40 cm in froat of then. Ta;get
width and separation was varied from 8-150 and 30-60° of
elbow arc, respec:ive}y. Limb position (elbo; gnglé) w;s
measured with a potentiometer (Beckmad Instruments, Inc.,
Hissiséuga, Ont.; model 6673-R10K-L.25-RS)} and was displayed
on the oscilloscope as a thin vertical cursor. Monkeys were
- prevented ﬁtom seeing their arm by/in opaque plate positio-
ned at:nqck level. Monkeys were rewarded with fluid (water
" or grape drink) if they reached the aimed target within
Spgﬁé of é 'go’ signal and remained 1n target for a further
“150ms. ~An\auditbry signal supplé€mented the visual one when

the handle cursor was within the target zone. )

While it 13 recognized that these limb movements are

not strictly isotonic, in the senge that“nbn-éohbtanﬁ;fﬁncés“

produced accelerations and decelerations ‘duriang the dqée-

ments, thegterm isotonic will be used hereafter to differen-

~ .. -~

tiate these movements from isometric contiactipdsﬂﬂsée
- o R
belqg.
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ii) Torque pulse perturbations

. _Monkeys were also trained to hold their arm.xn target
and~to return their arm to target when dlsélaced by a torgque
pulse. The duration and magnitude of the pulses couild be
varied-to-obtai: 2 range of limb dlsplacementsi Torgques
were generated by a precision, brushless, DC torque motor
coupled to the manipulandum (Aeroflex Laboratories Iac.,
Long Island, N.Y.; model TQ34W-20H, rotor inertia: 84 x 10-4
oz/inch/s2).

So;e experiments were performed 1in ;hich a torq;e p;ise
perturbation was administered early in a voluntary movement
at -a time prior to the deflectioﬁs that occurred during

cerebellar nuclear éooling. The torque pulses Opposéd tne

intended movement. Torgque pulse duration or magnitude was

varied to obtain‘’a range of deflection amplitudes duriag the

movement.

iii) Isometric force-tracking

-

Some monkeys were further trained to make 1sometric
contractions in a force-tracking task. A strain Jgage (Micro
Measurements Group, Raleigh, N.C.: model CEA-06-125UN£350)

measured the force exerted on the manipulandum which was

held immobilized by a clamp. Bias on the strain gage was

adjusted such that some active force had to be generated to

align the handle cursor and the térget before each trial
(i.e. before target jump). The force of contraction neces-

' sary to displace the cursor from one targat zone to tha

- Yo w— ey P

2
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- other was made approximately the same as that rn the

isotonic paradigm by maiching EMG amplitudes.

iv)- Paradigm manipulation - - . .

2. In sohe.experimencs*constant torques were applied by

the not@t ;o‘loéd=ei£pe: agonist or antagqpistfnqscles.~ The
mechanical state of the manipulandum was also altered by
feedin§ SE€k a voltage proportional to handle velocity to

the motor to produce a viscous force or by fixing weights to

. thel end of the manipalandum shaft, l0cm from its center Of

rotation, "to increase inertia. _The viscous load was set
. Al z

such that, at peak movement velocity, it opposed woveménts

'toﬁapptoximate}g the same extent that a triceps torgue

. opposed extension mevements, by matching the current driving

N .
the motor in.both situattons. . - - -
In other ‘expériments the limb position cursor was
' <

removed to eliminate visual feedback of arm position. Ia
these experiments the auditory tone that *signalled the
preéence of the manipulandum cursor in the target 2zone was

also removed, thus eliminating all teleceptive cues.

-
- -
L 4 . —_

»

II. Cerebellar Cooling

.

i) Evaluation of cooling technigue

-
. -

The greatest advantages of the~-cooling m2thod are tnat
ftit“ﬁérﬁitS*tgés&e in;cgiipg§op te be brief, highly ‘localized
__;éndlrééérs{blp. 1Fur;hgfporgcit‘i§_p{odqpe¢“utghq§; the
é&npenéZ:Bry;geQral‘iégkbéniéaéibn;tnat.pgqgr;.éﬁtéi

- s

- R .t o . L. - -
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sixrgical“les}éns (Brooks, 1983b). A seriouds limitation of

the technique 13 the_ uncertainty of the extent of inactiva-

ted brain tissue. As cooling first raises and then lowers -~ -

neural excitability mixed effects may, in theory, occur .at a

~

‘particular locus or there may be a shell of facilitated
neurons surrounding a.,core of inactivated tissue (Brooks,

1983b) .

ii) Cryoprobe sheath implantation

Monkeys were implanted under pentobarbital anestnesia
- ’ (35 mg/Kg iTp) with two epoxy-coated Stainless steel cryo-
probe sheaths (1.3 mm diameter) ipsilateral to the opera-

tional arm. One sheath was placed lateral to the dentate

nAucleu_s\ (P 5.5, L 7.0, V =5.0 in monkeys MI and MO; P 6.5, L -
7.0, V ~5.0 in n;o”nkeys BZ,” DU and JO) at a ro:;tr:oc;udal

) angle’ of 40° from the vertical. -A second sheath was placed
medial to dentaté (P 8.5, L 4.0, V- —4.0 in monkeys. MI and

"MO0; P 8.0, L 3.0, V -4:0 in monkeys Bz, DU and JO) at an

angle of 200'.fron the vertical., Both sheaths were then
advanced 2 mm past the aimed vertical coordinate. Cooling
- - was proc.;uced by flow of pressurized ‘cooled negl}anoi Athrough

probes ing‘e;ceq‘“into the.sheaths at r.hevpeginni'ng. of - each

'eiberimnt_. ‘Brain temperature was measured by a copper-

nstantan thermocduple. atdached t3 the auter sheath

L3
—— R . . .
L) " « - -,

“*gurface, 4 mm from its tip. Implantation "of the .é_ooling

R » sheaths.did not produce any .observablie disorder in limb

- . - . - .
. 2 - . -

) ‘e
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performance as the'nonkeys moved 1n their cages, gJgroomed
themselves or reached for food.

iii) vVerification of cooling effect

As one limitation of the cooling .techaigue 13 knowlng
the extent of tissue being inactivated, an important contfél
is determining target specificity. To confirm that the.
effects of cooling described below were due to a reversible
lesion of the nuclei apnd not to cooling of the overlying
cerebro-cortical tissue, Ehe'cryoprobes were wlthdrawn
app?oxima£e1§'5 mm within the implanted sheaths while a
constant cooling was maintafned.. This'procedure raised the
£enperature at the approximatehlocus of thg dentate and
interposed Aucig}_%o‘33?c:anaAretu}déd EMG patterns aad
movement parameters’ to thosé of congrél-moyenents.

A second essential control is post-mortem histological
idéntificétioh'of cooling sheath -lacation followed py

4 -

. 4

~.

reconstruction of tissue isotherms.

~iv) Histology '

.
» .

Histological ;;rificatiqn of bryopéobe sheath locatxoﬁ
wag perfdrmed for monkeys BZ, JO and MO (Fig. 1). Animals
weré pqrqued infracardially with normal saline at about
' 370C and then with 16% formalin. The ‘brain was transeqted
to the brain stem at ;néero—poste;{or coordinate‘o.o.in the’
verticAl plane. The.brainstgn, cerebellum-and rostral

segments of the spinal cord (Cl to C3) Were rempved and

stbred in 10% formalin for at .least 30‘d§ys to.éﬁsure




Fig. 1. Position of lateral and medial cryoprowe sheaths iIa
- monkeys MO, JO and BZ. Frontal sections are shown at” 20,
40, 60 and 808% of the rostrocaudal extent ofthe dentate
nucleus. Dotted lines are estimated 209C tissue isotherams
for a sheath reference temperature of 100C. Midline is at
Omm. D, dentate nucleus (crosshatching); IP, interposed
nucleus (vertical hatching); F, fastigial nucleus .
(horizontal hatchinig); LV,  Fateral vestibular nucleus

(unshaded). Cryoprobe position indicated in solid black.

oy .
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complete fixation of tissue.+ Formalin is categorized as a

-non-coagulant fixdtive and has been shown not, to distort the

form of dela:in/albumin gels "('which serve as a model of
- ° . L. . P
protoplasm) soaked in it fof several hours (Baker, 1970).

B

Embedding tissue in pd}affin or celioidin after formalin
fixation is.the method of choice when preserva&:on of
cytological de;ailx;s pséential.. This method however 1s
assaﬁiated with markéd‘shrinkage of tissue. The purpose of
doing histology in this study was to verify coblxng-sheaph

position ang-td calculate tissue isotherms. For the latter,

.

it is essential that tissue shrinkage be kept to an absolute
mRinimum. This can be achieved by freeze-sectioninjy the
fixed tissgé thus avoiding embedding altogetner. Tays

method isi‘extensively used in the production of stereotaxic

atlases (é.ém;ﬂanocha et al. ‘1968{ Olszewskl, 1952; Snider

and Lee, 196l1). It is claimed that no appreciable shrinkage

or distortion of tilgsue 1s present 1n frozen sections
we . -

(Olszewski, 19527).
Sectigna th{dsgh the regxéﬁ of ' the implaMNted sheaths

were cut every .l100 microns 4nd stained with thionine. Every

~

fifth section was mounted on a slide. Reconstruction of

200¢ isotherms,wés based - on the isotheras derived by Brooks
| ~ N e '

et al.,” (1973b) using similar cooling probes and .sheaths.

These isotheiqﬁ were double-checked in -each monkey by

-

cooling EhrOugh one probe only and recording temperature at

thé‘othen sheath. %he exact distance between shegths was .

.
iy,

-

AN =
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> measured from the brain sections and the 1i1sotherm measured

at that distance was compared to the complete isdtherms of
Brooks et al. {1973b). Good agreement was found betwesn the
two. -

The 20°C isotherms (Fig. 1, dashed line) were“Ehosep

because this is thé temperature at which synaptic tfansmis-

si1on 1is first‘blocked (Benita and Conde, 1972; Bfooks,

1983b). It can be seen that most of the dentate andi

interposed nuclei were within the 200C'1§otherms when sheath
reference temperature was held between 5-10°C.
I1I. Data Acguisition and Analysis

’Up to four parameters were monitored in these experi-
ments: 1) forearm .position (elbow angle), by means of a

potentiometer attached to the shaft of the manipulandum, 2)

isometric force by means of a straln "gage and 3) EMG-:

activigy of biceps and 4) triceps brachii muscles by means
of fine Tefloﬁ-coaced stainless steel wliresd (Medwire Corp.,
Mount Vernon, N.Y.; part #316SS3T) insetéed into the muscle
at the beginaning of each experimental session. The wires
—

were bared. 1-2 mm at the tips and these were separqteq by
2-3 mm before being inserted into the musﬁle u;;ng a_ 23 gage
hypodermic needle. ' o '

After amplification,‘the EMG éignal was notch-filtered

at 60 Hz tOo eliminate the primary component of the power

main interference frequency. It was also band-pass filtered
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at 30-1000 Hz to eliminate both low frequency hum and high
frequency hiss. This range was used as it was not expected

to greatly attenuate the EMG si1gnal whose power spectram,

recorded with intramuscular fine wires, peaks at 500 Hz

(Basmajian et al., 1975). The signal was tﬁcp full-wave

rectified and smoothed by a low-pass filter (0-100 Hz).

This procedure is recognized as necassary to relate dynamic

_temporal details in the EMG to ‘other measurements such as,

for example, force of contraction (Basmajian et al., 1975,

©. 87). These data were then digitized at 1000 Hz or 500 Hz.

- . . o
for 1s and 2s.records, respectively, on a PDP 11/44 computer

"(Digitral Eguipment Corp.). Further smoothing of the'dScé

was produced by block- -averaging into 5ms or 2ms brbs, fok~57ﬁ -

the data sampled at 1000 and 500 Hz, tespectxvely.:‘lt is
recognized that this procedure may Lntroduce sk1ghc phase

shifts (no greater than 2 orc Sms, dependxng on the bin
. b B

width). 1nto the -EMG data. However,_since all data wese

handled in the same way,’valxd comparisons of EMG burst

latency, duratlon and amplltude could pe made Detween

caonutrol-- responses and responses made durxng cerebellar

nuclear coolxng “ﬁ o e T e A

e . oo -~ . -
- -

Kinematic parameters (poéition and torgue) were

1 and 29 records, respectively) and block averaged into Sms
or zms bxns, respéitxvely. Block averAang produced

smoothxng and sllght phase-shxfts tn Lhe-data. Since

R .
- ‘ ‘- - R . . -

%)
IS
a

A\

~ filtered (O 1000 Hz) and dhqxtxzed-at 1000 Hz or 500 Hz (far“:

I TP T,
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kinematic 1information of interest in this study was well
belo; 100 Hz hence the lowest effective sampling rate of 200
data poxﬁts/s (1000 Hz/Sms bins) ﬁas more tnan adequatei

Differentiation of the kinematic parameters was done
off-line by taking the difference between points saampled
30ms or 24ms apart, for the ls and 2s records, respectivel;
{1.e. 6 point moving difference). This method overestimates
start’ of movement and underestimates end of movement (i.e.
velocity or acceleration start appears to begin before the

actual start of movement and appears to end after .the actual

. ~
end of movement). Timing of peaks in velocity, acceleration
- - "and derivative of force are not affected by this mechod.

" Since control records and records of movements Oor i1sometric

i
\
N

sk SR VIS A
.

ke the same way, comparisons of kinematic parameters for these

S - conditions could be made in all confidence. All data were

archived on magnetic tape for later retrieval.

Differentiated position and torque were used to obtéxn
an estimate of movement start and end‘and contraction start
:, ' and end, respectively. For example, movement onset was
Lo ‘ defined as the time when velocity first reached 25%/s and

' movement end as the time when it returned to the 3ane

velocity, before cfossing\:;?a‘hs described previously.

(Flament et al., 1984a).

contractions made during cerebellar cooiing were handled 1n

e




RESULTS " .

I. Kinematic Characteristics of Normal and Disordered
Movements

Following extensive training all monkeys made fast and
N L4
. - . .
accurate elbow movements of 40-50° in approximately 300 ms

(range 260-400&3), reaching peak velocities of 200-4009/s.
Movements were smooth with only one peak in velocity and nad ~
nearly symmetric acceleratory and deceleratory phasés
(Fig. 2, A and C), as previously described (Flament,.1983;
Flament et al., 1984a); -Cooling the cerebella; nuclel
through both probes caused the movenent§ to bécomg.ataxic 1n
all monkeys. Some movements were tremulous and‘ﬁad two d&r
three peaké in velocity (Fig. 2B}. These movement3 have
been described as discontinuous (Brooks et al., 1973b:
Holmes, 1922; Rondot et al., 1979). . Others were 'smooth or
continuous but weze\hype{metric (Fig. 2D). In bota type; of
movements a terminal tremor.océurred when atteﬁptiﬁg to hoid

in the new taéget (Fig. 2, B and D). .

buring coolidé; smooth and tremulous movements could be

0

obtained in the same monkey dependiné on.the mechanical
state of the manipulandum. This is illustr;qed in Fig. 3
for tha same monkey as shown in Fig. 52.A and B. Figure 3A .
illustrates position, velqgity ani phase-plane trajecQory

. !
(plot of position vs. -veloeity) 'for a representatiye control

- A -

movement. During cerebellar nhcfear-éooling'approximaiely

108 of movement3 were gmooth but asymmétric (Fig! 3B), -

5¢ o ' .
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'Flg. 2. Tﬁhhtypes of ata;ic.elpod flexions. Superimposed %
individual. records of position and -velocity £dr 8 coptrol '
movements (A,C) and 8 flexions‘'made during cerebellar
nuclear cooling (B,D) in moankeys BU (A,B}) and MO (C,D).._

AN
Torques of .{4 Mm:and .0l10 Nm loaded triceps (1ie. assisted o
~flexions) 1n A,B and C,D, respectively. Time Oms 1ndicates
aqvement onset defined as when velocity reached a threshold . '
,valué of 159/s.. Calibrations position (target), 120; .

.
.

velocity, 2000/s.
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nuclear cooling. Posi1tion, 'velogity and phase plane
trajectory for 4 representative single movements.
A: contrQl: B,C,D: during cerebellar nuclear cooling. Move-

ments we made with a torque of .05 Nm loading triceps
(i.e. assisting £1®¥xi1ons). Calibrations: position {rcaz-

- gets)\, 119; velocity, 2009/s; time, 200 ms. Monkey DU~

S

N

Fig. 3. Disorders 1n elbow flexions produced by cerebehl\ar‘

.4. n ey

.

.-



- . » ' ' . 3.7

[ h&v;Ag~lohge},éﬁratlons of acce;eration (time from movement
dnset to pe5i4veloéxiy) and shorter decelerations (time fromam

U . ?eax velocity to end of movement). The asymmetry during
coolin§vis Also evident from the phase-plane records:

whereas under cqg;rol\nghditions the trajectory was bell-
~ "\‘

shaped (?1gi_}az~during cooling it was markedly sKewed (Fig.
. \;,38), This means th;t at Séak velocity more displacement had

taken place in the movement made during cooling than in the

- -

<ontrol iovenent(‘ Qther movements were jerky in appearance
- -
N L - L
and had two (Fig. -3C) or three peaks in velocity (Fig.. 3D),

. depending on the Speed of the movement.'

JERN . s e - - )
SN Thus four distinct disorders were identified in all

\ibnkeys a3 a result of cerehellar nuclear cooling:- 1)

tremor during thé‘hovemgpt (Kinetic tremqr), 2) asymmetric
aovement trajectory, 3) dysmettia and 4) terminal tremor
) A ,

following the movement (static tremor). The first ‘three may
RN ‘ - . N - ~ ., )

e viewed as dxsg;ﬁersﬁghat ocdcuf during the 1ateadede

' h N b '

movement and the fourth as a, disorder occurring after the

°

.

1ntended movement. &

II. Cerebellar Disorder Following the Movement . ,
D ' . - ot -
.. 1) Idtention tremor following isotonic movements -

.

Y .- : - -
A previous study by Vilis and Hore (1977) °“showed tnat

the cerebellar tremor that occurs following torgue pulse

. perturbations increased 1n frequency when a constant .force

N - .loaded the 1limb and ﬁgc:edsgd in frequency when a mass was

B

a
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added, while the tremor amplitude 1ncreased with coanstant

forces and decreased with an 1increase 1n "viSCOuS LesSl1st-

ance. In view of the opinxon of Holmes (1922) that all

-

tremors occurring 1n cerebellar disease are not of the same
. >

natuge, the first aim of this study was to determine whether .

cerebellar tremor Eﬁat occurred at the new intended position
after novénents had the same character1stics as that
following pegz;rbation;. Figure 4 1i1llustrates the effacts
of torque, viscous and 1inertial- loads on tremor following
voluntary movements. Thg-changes in tremor frequency and
amplitude weare similar to thosg seen following torgque
perturbations {(Flament et al., 19é4b: Vilis and Hore,
1977). The frequency of tremor was increased by a torgue
load (Fié. 4, A and B) and decreased by addition of nas3
(inerti1a ) (FPig. 4C). This finding was later confEirmel]

- statistically (Pig. .20). The amplitude of the tremor was

‘decreased by\gs increase in .viscous resistance (Fig. 4D):

This indicates that the same mechanism could have generated

~_ the tremor 1in both situations (1.e. after a torque pulse and

after a voluntary movement).

nuclear cooling EMG activity in biceps and triceps follows

stretch of each muscle during tremor that occurs followiny a

l1imb perturbation (Vilis and Hore, 1@?7, 19863: TO "compare

the EMG characteristics of tremor after vcluduary movemdnts -

with those of tremor after perturbations it was.necessary o

¢

" Previous work also demonstrated that during cerebqllar'

.
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o 300 000 >q§" ¢ ) 000 g
Fiq. 4. Cezebgylar tremor that followed wOluntary goal-
directed dovements f[ar four different mechanical load cond:-
tions. .Single trials of manipulandum position. Calibra-

tion: Pos--position, spa, Vel--velocity, 2009/s; Acc--
acceleiation;~40000/92. Antagonist .torque: -05Nm; 1inertial
load* 72g. The viscous load was set suych that, at peak
movement velocity,.it‘ogpd%ed movements to qpptoxxnately~th§
3ame extent that the an:ag0nist‘tdrque*oppose¢ extention
movements (see methoda). Monkey MI. .

-

4
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find some point on which to synchronize individual Trials to

enable averaging of EMG activ1ty. Synchronizing records to

movement onset Jdid not yield a clear resynchronization of i
; o R e

tremor occurring after movement (Fig. SA). However, .- - i
1

synchronizing records to the end of movement (defined as

when velocity first crossed zero) resul;ed_xn a dloser

~

phase-matching of the cycles of tremor (Fig. 5B). Tiais ,

*

technique thus permited comparisons of averaged records of
tremor following movements with that following perturbations
and averages of tremor following movements wmade under a

eriety of mechanical states. . . :

The EMG characteristics of tremor after move&hents made  -.
with a normal (not loaded) manipulandum and with iacreased

inertia were studied. Figure 6 illustrates that, when

.traces were synchronized to end of movement and averaged, .

- EMG activity in biceps and triceps followed .stretch of 1ts ¥ et

muscle for both mechanical coanditions. Thus EMG act;vi&y n
tremor following voluntary noveneqts.had the same charac-

teristics as that following perturbations (Vilis and Hore,

- 1977,.1980). -

el Y - v
— e N

~> -The ié}e played by visual-feedback in the gene;acién_qf

. cerebellar tremor was investigated by comparing tremor 1

- . - - P - - ’
the presence and absence of visual feedback of manipulandum’ L
" positiom. Visual display of handle posi;joh was eliminated -

in 25 to 508 of the trials Sy renovidg the handle cursor

‘Erom the oscllloscope screen at the time of the perturbation -
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Pig. 5. Superimposed position and velocity records of
individual flexion movements during cerebellar auclear
cooling synchronized to A-~3tart of movemegps, B--end of the
- movement. -~ Arrow at 0 indicates synchr@gh:ization point. .
Calibrations: target, 120; velocity, 1009/s. Upper ¢Etour A

.- series of traces, ‘monkey "BZ: lower four series of traces, = _ T

monkey JO. - L. ’
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. v.

; lnertidl load on' EMG ‘activity. during
cerebellSr -tremor following movements. Thin line, normal
manipulandam; thick line, 100g Bass added to nAnipulaqguﬁf
Averagas of 15 ‘movements. Movements sydchron}zhd*to.en_ Qf
movement - (when' velocity equalled zero) ., AgFFow at- 0 -indi-

catés synchronization point. Pos--position, “Vel--velocaty, |

" Bi--biceps, Tri--triceps. Calibrations: target, 120;
‘velocity, 1009/y. Monkey BZ. - - :

-
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or target jump. ThiS 1s 1llustrated 1n Fxgure.7 where tne
top trace of each pair of Eeeords 1S with visual feedback.oé
liab posxtxbn (Vieion) dnd the lowef trace 13 1n §ﬁe absence
of visual feedback (No Vision). Visual ipspection of the

--data revealed that tremor amplitude and frequency and the

[

associated EMG activity in biceps and triceps were not

affected by removal of visual feedback for tremor Occurring

Eellowlng limb perturbations (Fig. 7A) or following
voluncary novenents (Fi1g. 7B). .

The above resulta indicate 1) that cerebelléf/xntentlon
tremor i3 influenéed'by peripheral'feedbeck and 2) 1t 1s not.
- - ~the resule of a se};es of visually guided volunEary correc-

t{ons for an 1nitial error.  _One way to test how strongly
cerebellar tremor is dependent on perxpheral feedbeck would
be to section the dorsal root; centaxnxng afferéncs from the

forelzmb The dtsadvanti§es of this procedure are that 1t

is xrreverstble, thus prohibiting the use of animals that

have been rhizotomized in "other experiments, .and 1% 1s

ool associated with behavioural mparfieegioggfeuch'aevserf: :
- ‘_' ' .- mutilatidn that‘endenger éhé aniials: Wellobeiég:; Anoteer'".'3, v'_f
‘ __'QC";ﬁ T metﬁed oFf . prevencrng proprxoceptxve xnput Eron reachzng ‘the - S
B ‘ CNS 1;:Ee}xpheral nerve btock."rt was'felt howevet, that.? - :,_f'f

I che anesthesxa assocxa:ed wx:h this procedure “would disrupt

the nonkeys perfornance to such an extent as to make

o e .
LN

meaningful results impossible. The simplast way to test ths i

influence of proprioceptive feedback on trewmor 13 to.

T —— . -




Fig. 7. - Effect of removal of visiom on cerebellar inten-
- tion tremor. A--awerages of tremors after perturbations;
R B--3verages of tremdrs after movements. All traces during
e T .Cooling of the cerebellar nuclei. Upper .trace df each pair o
is with handle cursor displayed (vision), lower trace of.-
each pair is with handle cursor removed (no vhetTon).
Movement traces were .synchronized to end- of movement™ (when
‘velocity first equalled zero). .Averages of 22 trials (per-
turhation with vision), 18 trials (perturbation with no
vision), 29 trials (movement with.vision) and 17 trials
(movement with no vision). Arrows on time axis 1adicate
onset and offset o0of 40ms perturbation (A) and
synchronization point (B). Pos-=-position, Vel--velocity,
BirL--biceps, Tri--triceps. Calibrations: target, 129,
velocity, 1009/s. A~-monkey MO, B--monkey JO. ¢
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'm;nlpxze or eliminate stretch—evokedVaffereng_actxvxty oy

-

usxng an xsometrxc tracking paradigm.

.

1i) . Cerebellat tremor foLlowgﬁg xsouetrxc contractions

,‘Befofe'eddrgssing the questlon cf what would happen to

.cétebelkat ‘tremor when stretch-draiven propriocéptive_

feedback is reduced or abolished a conpar1son was madeé .of

kg

normal xsotonlc movements and "i1sometric contractlons using ' ’ -

.

step-trackiang paradigms requxrlnq sxmxlar levels of musfle~-~": -

'
1
.

activity (see Methq@;_lflz). The fche recorde of rsometric

P .-

contractions showed“some sxm}larity to the ooéitxon Lecocds ..

of isotonic S ments, but were not as smooth and had

e gl L A,

gréater variability (i.e. standar@-dev;atxonsﬂ (Pig 8).

-

The differenée in vdriability -was gréétesc fot flexi10n

‘dxrecté! movements and isometric con:ractxons, as 3judged by
the standard devxatxon of the averaged force records
(Fi1g. 88, dashed line). I;ometrxc aontractions 1a tais
Paradxgm were made wftﬂ agonist activity only (Triceps,

Fig. 8A; Bxcepé, Fig. 8B). This EMG pattern was also

.

observed 1n 1sotonic movements made against torques that
loaded the agonist muscle. The classic triphasic EMG

pattern of muscle activity was never observed 1n 1sometre¢ -

~ . ' '/

contpactions. This may be a consequence of the task, whicn

required that agonist activity be Mintained to hold the - s
o aed :
force-cursor within the target zone (i.e. '@tep” type task = o

”

as defined 1a section II1 of hxqcorical_review). s -

. ' . -

-y . -

Vot -
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Fig. 8. Performance of normal 1sotonic and 1sofletric
contractions and the associaced EMG Activity 1in triceps’
(Tr1) and biceps (B1) brachii muscles. Averages and stan-
dard deviations of 15 contractions i1n the extension Jdirec-
tion (A) and flexion direction (B). A constant torque of’

.03 Nm loaded extension and flexion movements. All records
were s3ynchronized to either movement onset {1isotonic) or
start of force increase (isometricJT—Salibrations: position
(targets), 12°; torque (targets), .04 Nm. Monkey MI.

- \
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Cooling the cerebellar nuclei produced a clear disorder
. in the 1sotonic goal-directed movements and in isometric

contractions (Fig. 9). Whereas control 1sometric contrace

tions were made in a step-like fashion and were maintained
near the target 2one, during cerebellar cooling the 1initial

step to the target zone was often inappropriate (sege

esp. monkey MI, Fig. 9) and the hold phase was characterized
by iafge, irregular oscillations in maintained force. A
regqular tremor at a frequency of 3-4 Hz was observed
following isotonic movements (Pig. 1OA) @hereaé.the force

oscillations of the isometric contractions were irregular in

amplfttudes frequency and shape .(Fig. 10B). The force
oscillations associated with flexion dxrected;isom;tric
contractions were ;ften of lbwgr frequency (2-3 Hz).
Furthermore, while isotonic terminal tremor was synchronized

to the first peak in velocity after the end of the: movement

isometric oscillations were not brought into

phase by resynchronization to the first peak 1n torgue
following. the point at which the derivative of torgue
(dT/dt) reached zero after it had entered the target area i

(F1g.

11B). ' S

For the elbow torque to be transmitted to the -

-

manipulandum there has to be a Spmpatable torgue about the - .

wrist joint that 1s maintained by the muscles acting across

that joint.” It is, in theory, possible that at least some

of the force measured 1n our expgriments_ﬁEi“h3V§“b§én due
] <

N,
- N
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Fig. 9.
task performance in the.isotonic and isometrtc paradigms: for
three monkeys (ML, PA and DU}, Superimpqsed
position (2 left columns) and force (2 right columns)
records under control ‘conditions and during cdoling.
Control movements and contractioas for MI were from same
experiment as averages shown in-'Fig. 8. A‘'torque of .026 Nm

Qpposaed tha isotonic movements in MI and PA and a torque oOf °

.056 Nm was present in DU. Calibrations: position, 159;
torque, .027 Nm in monkey MI, .033 Nm in PA, .06l Nm in DU!

N 4
[

Effect of cerebellar nuclear coolipg‘onfiracking‘

individual
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Fig.- 10. Tremor ch&@racteristics of isotonic (A) and isome- '

tric (B) <contractions during cerebellar nuclear cooling.
Individual records of position and force for tracking in the
flexion (Flex) and extension (Ext) direction. Calibratioas:
position, 400; torque, 0.2 Nm. Monkey MI'; :

S e
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Fxg ‘Iignetnc tremor does ot tesynchromze

Reéo rds

of velacity [(A) and the firast derivative of torque (B) sya-

chronized to'the first peak in velocity' or rate of change of’
force (at dashed 1me) after- qnd of movement (in tne -
, aftor ~¢T/d-t reached.  zero oance .force rea- "

ched ' the tatget area (in the ”isonqtnc :n‘k)x. The single
- racords {n- ‘Da!;md B) were ' taken fpon the .group

_records in A "and-B) are Jf: the' above’ supérimposed triale

B Calibtations- velociti‘,‘ 4Q004s; d’l'fdc,ﬁlt 0 Nm/s-:

Monkey MI.
A . . to-

. The averages (lower
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to contraction of wrist musculature. However/ the EMG data
provide strong evidence that force changes observed 1some- <
tricagly weri ﬁué o gugcle activaity acting aooat :he\
elbé:. This is illustrated for two moﬁkeys in .Fig. 12.
Increments and decrements in isometric force during Jerebel-
lar cooling were closely rel&ted te EMG activity in the
agonist muscle (triceps). Peaks 1n forceg were preceded Dby
peaks in EMG activity amd periods of low force output’ were
associated with pgriod§ of muscle siiegce or‘lowrleyels of Lt

. . 4 :
tonic activity. - . . ;

~ ~ . -

L™ S

It {s thus concluded that sonme foiﬁ_qf cerebellar

" intention’ tremor can be produced isometrically (i.e. with

reduced or absent stretch;ariven spindle activity). This

tremor, however; is irreqular and.quite different from that

.observed isdtonipally.: Stretch of antagonist muscle pairs
wasg assqciated with a rhythaic t;enor. |

TITI Cerq.ellar D1sorders During the Movenent.

i) stmetrxa -

‘As>described in section I of tesults, cerebellar

[}

'nucléai'cooling nay lead to two types of ataxic movements:

’1) dnooth novenents with only one peak in velocity dnd - 2). .

3
P L N 1 D e A PNy U,

'.tranulous novenents thh two, or nore peaks in velo»xty. One -,

i

:fdctor thac dete:linbd the preva  of one or the other
;type waa the nech&nicaltstate o& the nanipulandun held by . _ -
, T . rd
the nonkey.. Osci{"tléns in~ novenents (evg ng. 28) were
s . L ‘ - T el
,'i.:’ .. \ . . Lo
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Fig. 12. Relation between:peasuied_‘for_ce ahd- agonist EMG
activity during cooling. Three individual recotds of force
and their associated triceps EMG activity for monkeys MI (A)
and DU (B). Calibrations: torque, .033 Nm {in A), .041 Nm
{in B). o . - e
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more likely to occur when a constant torque toaded tne

antagonist muscle (Fig. 13A). In contrast, increasing the

inertial load by fixing ‘weigits to the end of the

manipulandum reduced or abolished the oscillation’

(Fig. 13B). When a torque loaded triceps (the antagonist

muscle) movements made during cerebellar cooling were of
lower peak velocity than control movements (Fig. 13A). This
was due to the earlier and larger maénxtude of triceps
.activity.' Addition of a‘98g mass to the end of the
nanipui;ndun abolished the early triceps activity and the

oscillation during cerebellar cooling (Fig. 13B).

Hovements made Jduraing cerebellar dysfunctxon clas-

>
3 Y

~'§ically'were described as being either hypometric or
hypermetric (Dow and Moruzzi, 1958; Holmes, 1922). However,
in the present 3tudy hyponett}d was not a majér feature of
movements made during cerebellkr cooling. This could ariQe
;s>a result of differences in the detinition of the end of
movement, In the present experiments end positiqn was
defined as the point when velocity first reached zero, 250ms
after movement onsét. This value was chosen because all
control movements were of at leasf this duration aéq because
novementi_:gge»duting cerabellar coeling had slower, rathér

-

than faster, inttial'vetpcities than control movements.

- . . - t e -

Pigure 14A shows«three individual movements (taken from

. chosc 111ustrated in Fig. 23) that were trenulous and that
- L]

redched the - target zone and then oscxllated w;thln it. "It

PRFINY FNPEWRIYEL L e )
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Fig. 13. Effect of increaseéd inertial load on movements and
EMG pattern. A: averages of 20 control movements (thin
line) and 15 movements made during cerebellar nuclear
cooling (thick line): B: averages of 20 control and 17
movements during cooling with a 98g mass added to the
manipylandum. A torque of .020 Nm itoaded triceps. Calibra-
tiong: posiiion (tacget), 129: velocity, 2009/3. Monkey JO.
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"end position (Pig. WAC).
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Y
~

was not considered meaningful to define as hypometric those,

movements in which velocity crossed zero very early in the

‘movement because there was a continuum df° velocity

e — ——

dgflections in dlffereni movements, some of which reached

zero velocity (Fig. 14A, lower movement) and some of whicn
. -

.d{d not (FPig. 14A, ﬁppet 2 movements), Furthermore, these

movements with oscillations eventually reached the .target

(arrow indicates defined end position). With end position
. LI . - . s
defined tnis. way, movements from this experiment were found
, .
.
on average to be normetric during cerebellar cooling but

with increased standard deviation of "end position compared

BRSNS N

. to controls (Fig. 14B). .

Movements without' oscillations were on average norme-

-

. tric or slightly hypermetric. Figure 14D shows the avarage

N .

start (E-extension) and end' (F~flexion) positi‘E for all the
4 : .

L]

control (CON) and all the smooth movements made du ing

cooling (CQOL) from the experident shown .in Fig. 2, C and
" ° . . 2
D. With targets separated by approximately 509, movements

were on average 11% larger during cooling than unde® coatrol

- -

- conditions and ftequently.ovgnshot the aimed target

(Pig. 14D). When targets were only 20O apart no Aypermetria

or hypometria was seen, but there was greatér variability-ia

B ) e *
Thus ‘while hyp&hettia was -saldom sean, hypermetria did
. - ‘ ! ;
occur and was zg.t often a feature of smooth, contianuous
moveiients. 'Tﬁe'prev&lcace of sipe;h and tremulous noyenghts:

LT
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Fig. 14. Effect of cerebellar cooling on end position of’
elbow flexions. A: individual position records showing ‘end
position (at arrows) as defined when velocity first reached
.zero, -250ms after ‘movement onset (at time Oms). These
asovements were selected from FPig. 2B to demonstrate the
continuum of deflectidns obtained during cerebellar. cool-
ing. A: position (target), .12°9. B,C,D: mean + s.d. of

starting (E-extension target) and end .positilpn’ (F-flexion"

target). A,B: Monkey DU; C,D: Monkey MO. . CON=-comntrol
movements, COOL-movementa made during cerebellar nuclear
»cooling, N-number of movements used in average. Méan
amplitude of contrgl movements and movements during cooling,
respectively,®was B: 430, 410; Cx 340, 349; D: 629, 699°.
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was affected by the Eype and strength of 1oad-apprmedutﬁ'€2e

manipulandum.

ii) Disorders of acceleration and deceleration:

mOovement asymmetry

Two features of movements made by humans with lesions
of the cerebellum are an increase in reaction time and a

slow build-up of force (i.e. decreased 4cceleration) when

starting movements (Holmes, 1922). While the former

disorder has been well documented 1in animals with experxmeé-
tal cerebellar lesions (Lamar;e énd-Jacks, 1978;: Meyar-
Lehmanp ét ;L.; 195f; Spidalieri et al., 1983; Trouche aad
Beaubaton, 1980), the disordér {n acceleration has not
rébgived.as much attention. In.thé ptgsent'study moveﬁents

. . -

were made under ‘a varlety of mechanical -conditions 1n an

attempt to reveal tbié disorder in acceleratign. When

_novenenté made during- cerebellar nuclear cooling ware

?éclpared with control movements of the same peak velocity, a
L

. . ’.
«clear decrease in peak acceleration was observed during

~

cooling -in nonkeys_az‘and H0;<a marginal decrease in DU and

.

* Ml and no.decrease Jdn Jo. Bven ,in the - most extreﬁe cdses

this disorder was relatively m;nor Bnd was only obvious’

» 1

A narked example of this disorder 19 Shbwn in Flg 15;

" Fxgure 15A shows averaged records of six cdntrol ‘aovements

» - ‘
and six movements nade during. coolxng. Alk'mnvbments were

“: selected from-a nartow peak vdlocity range (310-3400/9) dnd ‘

.
APPSR XL

~
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were synchronized to the time of peak velocity (at Oms).
During coolxng there was a decreaselin peak accelerat1o$‘
which wés associated with EMG aétxvxéw 1n biceps that was of
smaller magnitude and longer duration’,than that of control

movements. This-disorder in EMG activity 1s 1llustrated for

» 3 > .
single’ trials now synchronized to movement onset (time Oms)

in Fig. 15B. The cdbntrols were from movements made over a

range of peak velocities (255-3400/3)‘and each paired record
was from a movemen®, made during cooling, of approximately

the same peak velocity as the corresponding control. Biceps
3 .

activity of controls was phasic, abrupt 1a onset and of a
farrly constant duratxon During cooling EMG activity was
lass abrupt in onset and was more prolonged and variable 1in

duration than matched control records. -

-

< . grevious work from tﬁis laboratory has shown. that for

control movements of a given amplitude there 18.a linear

relationship between.peak velo;xcy.and the magnitude of peak

acceleratgon and between’ peak velocity and th 1nteqra5ed_

agonisi: activity (Flament, 1983; ‘Flament et al., 1983a). ~ l

-

These relationships were now_ investigated for movements -made .
during ceérebellar nuclear cooling. Figure 16 shows scattwr
) 'plots of. peak velocity as a function of peak acceleration”

N~

and peak velocity as a functxdn of. aqonxsc tb;ceps)*axngxty

A

1ntegra%ed over a 100ms Imterval for all snooth movements - -

from this expet;hon&a ,mngﬁxoOns idterval was chosea ' to give .

a geasuré.of the amgli;udg?(ph;éfq‘patuéo),oﬁ.the.aﬁonist
. . ] e e g e SN T _' . .
- R A
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T Fig. 15. Effect of cerebellar nuclear' cooling on accelera-
tion and on agonist EMG activity. A: averages of position
Lo (Ppos), velocity (Vel), acceleration (Accel), piceps (3i) and’
triceps (Tri) activity for 6 coatrol (thin line) and 6

movements during cerebellar cooling (thick line) resyn-

chronized to peak velocity (time Oms). Movements were all

i of similar peak velocities. B: records of biceps (agogist)
& . activity for .single control movements made over -a range of
~ ._peak velocities (255-340%/s) and regdrds from movements. made
during cerebelMar zaoling of corresponding peak velocities.

Time Oms indigates movement onset. Calibrations: position

. (target), 120; velocity, 300°/s; acceleration, 30009/s2.
- Monkey BZ. W - - '
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Accelerahon Mogwm.ode . Integrated Agomst

S Pig. 16. Relations between peak velocity and magnitude of
. peak acceleration (A) and. integrated agonist activity (B).
\ Y. Pilled symbols: from movements under control conditions;
\’h open symbols: during cerebellar nuclear cooling. Agonist
(biceps) ,activity was integrated over a 100ms interval
- endbng at peak acceleration., Points-during cerebellar
.+ ¥ cooling are from all movements without oscillations from the
experiment shown in Pig.-15. Regression line equations and
‘correlation coefficients (R) were A: y=,.08x+110, R=.77
_filled symbols; y=.07xH180, R=.84 open symbols,
X T+ B: y=9.8x+34, R=,74 filled .symbols; y=12.5x+42, R=.71 open
symbols., T-test analysis showed all regression line slopes
to differ significantly,from zero. . ' .
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burst. For eontrol movements (filled symbols) and movem=nts

made during cerebellar cooling (open symbols) of the saﬁe
peak velocity, there was a.decreas? in acceleration magni-
tude:(Fig. 16A) and a decrease in integrated agonist
activity (Fig. 16B) during cooling. 'Analysis of quariance
showed these decreases to be highly significant (P<.0001).

A more prominent disorder observed in all monkeys was

an increase in peak deceleration during cerebellar nuclear

cooling. This was associated with a delay in onset of EMG

. Q . s
actiwvity in the antagonist muscle (triceps) (Fig. 17).

Synchronizing the averages to the start of movement revealed

that there was a prolongation of agonist activity and a

delayed onset of antagonist activity during cooling

(Pig. 17A). The delayed antagonist onset was also clear
when averages-were synchronized to the fime of peak velocity

(Fig. 17B). This delay was associated with the increased

peak deceleration seen during cooling and was, therefore,

considered abnormal. These findings are illustrated for all
trials from this experiment in the form of scatter plots

(Fig. 18). For control movements (filled symbols) and

movements made during cerebellar dysfunction {(open symbols)
* -

-
of the same peak velocity, there was aJﬁecrease'in peak

acceleration (Fig. 18A) and an increase tn'peak deceleration

(Fig.#18B) during cooling. ’Analysis of covariance,showed
. . R . ,

-the latter increase to be. highly significant (P<.00l). The

decrease in peéak qccelerétion could not be tested in this

L] v L I
.

“
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Fig. 17. Disorder of deceleration and antagonist (crxceps%
EMG activity durihg cerebellar nuclear cool?fng. Averages o
39 control movements (thin line) and 34 movements - madd’
during cereoellar nuclear coaling (thick™ line) synchronxzed
to movement onset (A) and peak velocity (B). Calibra-
tions: position (target), 120; velocity, époq/s; accelera-~
tion, 20009/s32. A ‘torque of .010 Nm loaded, triceps. Monkey:
MO. ‘
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Pig. 18. Relatxona between peak velocx:y and acceleration
magnitude (A), deceleration magnitude. {(B), .integrated

triceps activity (C), acceleration duration (D), decelera-

tion duration (E)  and triceps latency (F). Filled symbols:

control movements; open synbola. during cerebellar nuclear
coeling. Regression lime equations and correlation
coefficients for filled symbols ahd open symbols,
respectively, were A: y-.055x+166, R=.384, y-.066x+170,

R-076’ B: Y'-05X+143, 89' Y'-OSX'F-SB. 91"

C: y=7.6x+100, R=.91. T-test anblysxs showed all tethSSLOH
. line slopes to differ -ignificantly from zero. Integrated

triceps in arbitrary units. Trideps was integrated over a
100ms interval ending at peak igzelgratxon. From same
experiment as Fig. 17. . '
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way Dbecause the- slopes of th; tégression lines . were
statistically different. Correspondingly, acceleration
duration was increased (Fig. 18D) and deceleratioa duration
was decreased (Fig. 18E). The increase in peak.deceleration
durfng cocling "Was not, in this‘expérinent. associated uitﬁ
larger bursﬁs of antagonist activity (Fig. 18C). Rather, it

was associated with a delay in antagonist\onset'(Fig. 18F).

-~

' The delay may have resulted in the greater deceleration

because antagonist onset now occurred when acceleration was
lower and the inertial force to be overcome by antagonist

activity was less. While in some experiments

- -

(e.g. Fig. 15A) antagonist activity was greater during
cerebellar cooling than during control conditions, 45 mo3t

case&\the increased deceleration was only related to the

1

triceps delay.

It thus appears that one fundamental disorder obserpved

. -

in movements without oscillations during cerebellar cooling

Ya

was that deceleration magnitude was greater for a given

acceleration magnitude. This large deceleration was

abnormal because it was associated with the overshoot of

2

velocity that initiated the terminal tremor. Examples of

the changed relationship between acceleration and:aecelera-,
N

tion are shown in Fig. 19 for the five monkeys in which this

was studied. In all nonkéys, for a given aqcéieration
7 ~ F 4 .

magnitude, the deceleration magnitude was, on average,



Pig. 19. Relation between peak acceleration and peak
deceleration for all monkeys for movements made over a fange
of peak velocities, Pilled symbols: control conditions;
open symbols: during cerebellar nuclear cooling. Regres-
sion line equations and correlation coefficients for filled
symbols were A: y=,61x+667, R=.75; B: y=.5x+6ll, R=.72;
C: y=,26x+722, R».45; D: y=».47x+500, R=,61; E: y=.56x+522,
R=,78, T-test analysis showed all regression line slopes to
‘differ significantly from zero. 'Monkeys were A: MO (same
experiment as Pig., 9); B: DU; C: BZ; D: JO; E: MI. Note
different scales for upper and lower graphs.
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: éreater during cerebellar cooling (open symbols) thda 1in the
control situation (filled: symlbols). -

iii) Cerebellar tremor 6tcurring during movement

-
.

It has been shown that the terminal tremor followinéaa

voluntary movément and that following a limb perturbation

are affected in a similar way by the mechanical state of the
manipulandum held by the monkey. Similarly, tremor that
‘occurred in voluntary movements during cerebellar cooling

'Qas also affected by the mechanical state of the hagdle.’

. When a constant torque loaded triceps (ie. assisted flex-

. ions) rhythmic 'unstable oscillations or tremor appeared in

: acceleration regcords during the iovenen: (Fig. 20aA, before

‘. dashed line). These oscillations, during the movement had
similar properties to th8se that occurred after the

movement. . For exanple.'éhey increased in frequency by
Ce <v' ' . * ) i

! . addition of +a torque loading the' antagonist (Fig. 20B) and

‘ ' [N : '

they decreased in frequéncy by adding mass to the handle

; (Fig. 20C). The change in frequency is shown quantitatively

- for all tﬁe movements. from this experiment, under the
. . differént load conditioné for the °"last cycle of oscillation
_’ ) -durgqg the movement 1?19.’50, Frequency;Move)'and for the
:. -‘3' . firsi-cycle aft;r the nogenént (Fig. 26, Frequency-Hold).
- ! . anqin;_the an;agdni;t muscle increased mean tremor

frequency by .4 and .5 Hz in the move and hold phases,

. respectively.. Adding a’ 72g magss to this 1o0ad3 decreased the

: . mean tremdr frequency by “apd .8 Hz in the move and hold
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Fig. 20. Effect of mechanical: load on tremor characteris-

. tics during cerebellar nuclear cooling. A: records of

) ] position and acceleration for 3 movements with no extra load

= i added to the manipulandum. Frequency-Move: Histograms shpw

‘ ‘ frequency of last: cycle of tremor that occurred during the*
movement (‘before dashed line) for all movements with trewor b

from this experiment. Frequency-Hold: frequency of first

cycle of tremor after and of movement (dashed line). B: as-

for A but with a torque of .05 Nm that loaded the -antagon-

ist; C: a torque of .05 Nm loaded the antagonist plus a 72g

magss was added to the end of the manipulandum. Values in

upper left of each histogram indicate mean tremor fre-

duency. The medians of tremor frequency are: A, 3.8 and

* 3:9: B, 4.3 and 4.4;:; C, 3.7 and 3.6 for Move and Hold,

- respectively. Movements synchronized to end of movement, at

time Oms, defined a3 the point when velocity first reached

zero after the limb had enterdd the area of the aimed

target. This definition, slightly modified from that used

in Fig. 14, was necessary because movement durations were ’

: ) shorter . due to the greater load assisting the movements in
s ' B. Monkey AI- ' : .
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phases. Thus increased inertia reversed the effect of

increased torque. The effects of- load on tremor frequency
during and after wmovement were found to be significant at
the 5% lgvel by the Rank Sum test (gppendlx 1).

The initial decrease in velocity that initiated the
oscillation during the no;ement was agsggiated with earlier
onset or increased magnitude of_antagonist (triceps) EMG
activity. Figure 21A shows superimposed averages of control
movements (thin line) from monkey MO and moveméents made

during cerebellar cooling (thick lfﬁe) when a small cdnstant

-

force loaded the antagonist.-louring ée;ebailar'nucieaf

cooling onset of triceps actﬂ:itjzéhi qprnegpbﬁdidg

_inhibition of biceps activity was eartier. ‘This resulted in

.o . . S, e L.
the initial dcrease in velocity that initiated_ the rhytnmic
oscillations seen in accelé?ation.necorda'dflrnqguidual

‘movements (Fig._218).‘:3

. A cHaracteristic of notfmal human elbow movements. is

-

that, for a.given amplitude, thére is an invetse relation

>

between peak velocity and the latency of the antagonist EMG

burst (Lestienne, 1979). A siﬁilar inverse relation was.

found for normal elbow flexions in the mopkey when triceés-

onset latency (measured from movement onset) was plotted

»

against initial velocity measured 80 ms after start of

movement (Fig. 22A). Initial velocity, rather th&n peak

velocity, was used because it was more variable in these

highly trained movements and, coniéquengly, provided a

- o

L] N -
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Fig. 2I. Changes in the trxphas:.c BMG. p&ttezn du}'xng »‘
. " carebellar nucdlear: cooling.” "'A: - averages.of 14 COJ:LLIQJ. o
movements {thin line). idnd 13 movewments - nade - dusxﬂg <ooling . _
- (thick line) lynchronxzad -to start of name.n: {ae time - o
Oms); B: -acceleration (Accel) records of & ‘single moyements 7 .
.. 'durxng cerebeu‘ar cooling that consributed-to the average io .. [ -
- . A. ‘A constant:torque of - .0l Nm. loaded tricdeps. . ~-~-°"
T "~  Calibrations: position (targec). 129 velocity, 2009/s; --
e L acéela:anon, 300001‘32 Hdnkey MO: ©
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N :?ig, 22. Relations between initial velocity .and latency of

triceps EMG activity. PFilled symbols: control movements:
open symbols: movements during cerebellar nuclear cooling.
Az from a control experimeat in monkey MO; B: from same
experiment as in Pig. 21. Triceps latency was measured from
start of movement; initial velocity was measured 80ms after
start of movement.
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greater range of values over which to study triceps’ latency.

This same relation did not hold during cerfpellar

dysfunction iFig. 22B). This 18 illustrated for 34 coatral

movements (filled symbols) and 16 movements with

.

oscillations made during cooling (open symbols) from’;na'_

experiment shown 1i1n Fig. 21. Figure 22B shows that during

cerebellar cooling the antagonist latency was no longer
.,
inversely related to the initial velocity of the movement.

~—
-~ -

Thus, during cerebellar dysfuanction antaé@ﬁ}sﬁ onset was no

~-

longer programmed accurately. -

All monkeys sho;ed aﬁnornally short latencies of
triceps onset during cerepélléf nuclear cooling when a
stronq torque loaded triceps. The mosé extreme case’ was
monkey JO, who cqp;istently nad triceps latencies of;BO—Soﬁs
fton movement onset during cooling (Fig. 23A).° éeéause of

the difficulty of measuring movement onset precisely, these

" latencies were also measureq from biceps onset (Fig. 23B)

and' from the offset of the tonic triceps activity tnat

preceded the movement (Fig. 23C). The earliest consgistent

- : . -
1atency from biceps onset was approximately 70m$, which is

.conpatxble with the latency measured from start af movement

ngen an @lectromechanical’ couplan time of 40ms (Lestxenne,
1979). The earliest consistent 1atency from triceps offset
was ‘approximately 120ms. The means of triceps latency for

each of *ese parameters for all tremulous movements from

this experiment .are shown in Table 1. This table also gives

-~

?
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- Fig. 23. "Latency of triceps activity for flexions made
during cerebellar nuclear cooling. A: ‘triceps EMG latency

-~ measured from etart Of movement as a function of initial

velacity (80ms after start of movement): B: ‘triceps latency
measured from onset of biceps activity; C: triceps latency
med$ured from offset of tonic triceps actxvxty preceding the
movement A torque of .02 Nm loaded triceps.- Note the two

' points X the right of each graph are- from movements thhoucl
i ions. Monkey Jo. .
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. Latency of Triceps

.

Monkey

Latency from

Start of Movement'

Latency from |
Biceps Onset

ﬁétency from
Triceps Offset

Number of
Movements

Coamstant Torque
Loading Triceps
(Nm)

JO

54
(15)

79
(21)

37
(R0)

38

.045

1133

Table 1

MO
65
(21)

7

DU MI

-

0 ‘7l
29)  (19)

\99///’109 7117

(22)

(23)

\ 14

(31)  (24)
136 148
(36)  (23)
31 29
.035  .025

93

Onset during Cerebellar Nuclear
Cooling (means and standard deviations, as)

B
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ejuivalent latency measurements for tremulous movements from

’
representative experiments in four other monkeys.

iv) Servo-like responses in movement
< .
The initial decrease in velocity, or perturbation in

< .
the movement, was opposed by a second burst of EMG activity

tn the agonist (biceps) muscle (Fig. 21A). This biceps

contraction contributed to the second increase in velocity.

It can.be sJLn from‘the phase-plane trajectorges illusayated
1in Fi1g. 3 that this second increase in velocity returned tne
movement toward the trajectory it would have been oa had it
not been perturbed by the inappropriate burst &f antagonist
activity. s |

Wwhat was the mechanism responsible for the generation
of the second agonist burst of agoaist activity that
returned the limb in the direciion of the original traject-
ory? One possibility is t;at it was caused by a wvoluantary

correctione (Beppu et al., 1984; Dejong, 1979; Growdon et

al., 1967; Holmes, 1917). This correction tould have bee’

based on visual feedback. This possibility was 1nvestigated
by eliminating all visual information about manipulandunm

position as described in methods. In the abseance of wvisual

cues, discontinuities and tremor still occurred in mqyements
during cerebellar cooling. 1In Fig. 24 are shown three

representative position records and their-  corresponding

\
A

‘biceps and triceps activity and phase-plane trajectories

during cerebellar cooling in the absence of visual ianforma-

~ i
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Pig. 24. Return towards correct trajectory in- the absence
of visual feedback. Three flexions made during cerebellar
cocoling. Left side: position, biceps and triceps activity;
right side: phase plane -trajectories for the movements oOn
the left. Calibrations: position (targets), 149; velocity,
2000/3, Time Oms is at movement onset. E--extension
target; P--flexion target. " Monkey MO.
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tion regarding handle position. In all movements, following
the initial abnormal decrease in velocity, movement toward
the tardet continued. The continuation of the movement was

L ]
éssociatgd wiih a second agonist EMG burst. Thus the
generation of the second agonist burst and the return toward
the correcﬁ trajectory did not involve a correction based on
vision.

Another possible origin of the second agonisgt burst was
that the phasic agonist burst of activity that normally

initiated control- movements was replaced by a prolonged step

of acEivity during cerebellar dysfunction. In this case the

" second agonist burst could simply be the coatinuation of the

séep following a period of inhibition produced by reciprocal .

inhibition from the abnormal antagonist activity. However,

the second agonist burst was often larger in amplitude than

t)‘ first (Pig. 24; Pig. 25, A and B, record 3), so this ~
cannot be:tpe only explanation.™

.. 'Eram examination of individual records it &ppeared that
the size of the secomd agonist bur;t was proportional to the
magnitude by which velocity was deflected (berturbed) from
chg.éxpected velocity (Pig. 25). This relation appeared to
hold for movements in which the\velocity deflection occurred
at about the same time in the movement.s The expected
Qelocity (daghed line)uwas obt?}ned from a control movement

th}t had the gané inttial velocity measured 80ms after

movement onset. This value .was chosen because the abnormal

iadaihe SR SRR ---b—-.
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_FPig. 25. Size o£.>. second agonist (biceps) burst for 3
movements during cerebellar nuclear cooling with different
3ized velocity deflections. Solid lines: velocities of
movements during. cerebellar huclear cooling: dashed lianes:
velocities of control movements with the same initial
velocity (80ms after ‘movement onset). A: Moankey DU, no
load on manipulandum; B: Monkey MO, same experiment as in
Fig. 21. Records synchronized to point at which velocities
diverged (time Oms). Calibtaﬁn: velocity, 2009/s.
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decrease 1in ve{ocicy during cerebellar dysfunctioﬁcurred

>

after this time. Figure .25 shows this relation ‘between

velocity deflection and second agonist burst for three

. . -

‘representative movement3d frdm experiments in two monkeys.

In both monkeys, althoughsthere was considerable vdriability
trom trial to tridl, small yelocity deflections were

associated with snall second agonxst bur;ts (movement 1) and

large deflectlons WIth large second agenxst bursts {movement
3). The second agonist burst had a latency of 50-80ms from

the onset. of the abnormal veloéity ?eflection’(?ig. 25, time

Oms). - -

Since the deflection in movement was followed by a
return toward the correct trajectory (e.g.” Fig. 24) and tnat

the second agonist burst was proportional to the welocity

deflection (FPig. 25) it was reasoned ‘that the second agoaist
burst might also be proportional to the trajectory
. ‘ .

deflection. anséquently, the relation between” velocity

deflection and second agonist burst magnitude was §tudied
quantitatively by ‘determinifAg the maximum deflection in
velocity from tﬁe expected txajectory as measured from

.
.

phase-plane trajectory records.

This is indicated by an
¢
arrow in the lower record ofvfig. 26B. | Figure ia,éhows
. ‘ i ’ ‘
phase-plane plots of the same movements illustrated in
- 4

Fig. 25. ' The amplitude of this velocity deflection was

plotted as a fuPction of the second, agcnist EMG burast

magnitude (Fig 7). Although scatter of ‘points was
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'A." Monkey DU- . _. B

~Poston . . ¢ Postion

Pig. 26, Phase planes for flexipns made during cerebellar
nuclear cooling (solid lines) agd matched controls (dashed
line). 7Plots are for movements shown in Pig. 24." Calibra-
tidns: A: targets, 100; B: targets, 12°., E--extension
target; P--flexion target. * o - . ' ‘
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considerable, a positive relation was found for all the

movements from the experiment illustrated in Figs. 25 ané 26
(Fig. 27, A and B) and from an experiment in a tnird moakey
(Fig. 27C). Althouéh the agonist responses were plotted

-
against the ﬁagnitudl of the velocity deflection, one cannot

rule out the possibility that they may also be related to

‘

other kinematic parameters. : .

!-Electronyogtaphic responses to perturbations applied
during a voluntary movement in normal humans have been shown
to return the limb onto the wvontrol (expected) trajectory

(Cooke, 1980a,b). However, in the present experiments the
. . \

s . . * - . . -
return to trajectory was not very Jdccurate during cerebellar
. <
cooling: the return was variable, sometimes undershooting

and sometimes overshooting the correct trajectory. When a

.

constant torque loaded the antagonist muscle (ie. assisted
flexions) the second increase in velocity ofteﬁ overshot the
expected trajectory (Fig. 26). :This oversﬁoot could have
been,the'reshlt of inapptdpriateiy large or prolonded

agonist activity. and a corteﬁpdndinély delayed onset of

antagonist ‘activity. :

o investigate these %ossibilities it was necessary to

kriow what the normal responées to- an equivalent perturbattion

4

would be in a normal animalv Because Qur.qélllirained

.nonkeys'did not show oscgllations in porﬁalnnovements.
" external pertirbations were applf@d by means of the torque

motor. Perturbatigns were apptiéd that opposed flexion
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Fig. 27. Relation between integrated agonist activity and -~ _~
magnitude of velocity deflection for flexions made durifg

- s o ,.

cerebellar nuclear cooling. A: all movements it J‘_ S -'.,

oscillations from the same experim2nt as Fig. 25A (afikey . ..
DU), Regression line equation: y=15.0x-6, cqrygfation .-~
coefficient (R) = .68; B:- all -movements Efom Jame
_experiment as Fig. 25B (monkey MO), y®17.1x-5, R/ = -78; C:
novements from an experiment in monkey JO; y= .9%x+4, R =
.64. T-test analysis showed all regression’ line slopes to
-differ significantly from zero. Second agonist burst was
integrated over a fixed interval and is in arbitrary units;
magnitude of velocity deflettion was determined from phase-
plane trajectories as illustrated in Fig. 26B, record 3.

-
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movements under control conditions and during cerebellar

ndcleat cooling. The perturbations were applied early 1in

the iovenen;. before the abno;nal antagonist activity that
occurred dufing cerebellar cooling couldemanifest itself.

- One ;esu}t of these experiments was that the magnitude
of thé agonis£ response to the pértdrbation was proportidnal
'to.the nagn}tude o§ the velocity deflection produced by the
pertutbation,'boéh under control conditiong and during
coélinq.- Figure 28 {llustrates this result in two wmonkeys
for superimposed averages of responses to three magnitudes
of -perturbations (duration of pé}turpqtionz 120ms, A and 3;
60ms, C and D). For both cohtrol and nuclear cooling

" conditions small velocity deflections were asgociatéd witn
small ﬁiceps EMG responses* and large deflecgions.with_large
biéeps responsesl The proportional increase in agonist
reséohse odcurred even when this muscle was not sﬁrétched
(ie. velocity.did not return to zero).

’ The other result was that durihg cerebellar cooling ihe
agonisat fesponse,was proibﬁgéé and the antagonist was
delayed. For example, whereas the agonist response in ghe/
control sitgatioh ended 200ms after torque pulse 6ns€t
(FPig. 28&.1dashed line), during cooling it was extended to
app;oiinatelx 260ms (E;é. 28B). A sigilat ptoloqgagién
occufred in a second monkey (Fig;'28, C and D) and antagbé-

-~ -

ist activity was delayed during cerebellar cooling. No

-

. N . to-
marked or consistent difference in the magnitude -of the

-~ 4 -

.
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Fig. 28. ‘Average movement and EMG responsés to torgue
pulses injected into elbow flexions. - A,B:  Monkey MI:;
C,D: - Monkey DU. Eackh trace is the average aof 15 trials. .
Three different magnitudes o¥F - torquva pulses were _applied -
under control condigions (A,C) and during cerebellar nuclear
cooling (B,D). Duration af torque pulses were 120m3 (A,B)
-and 60ms (C,D). Averages were synchronized to torque pulse
onset (upwards arrow, time.Oms). Dashed line: 200ms after
torque pulse onset (A,B); 190ms after torque pulse onset
(C,D). A constant torque of .05Nm loaded triceps.

-
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aéonls§ response for a given velocity deflection was

observed betwepn cantrol and co®l conditions ian these

experiments.

IV. Summary : _— S :

Reversible cooling lesions of the cerebeilar dentate
and 1nterposed nuclei produced an intention tremor Eollow1qg

vaenent. Oscillations were also produced in isometric,

goal-dxrected/contractxons and. under some condltlona,

'durxng voluntary 1soton1c novements. Gther movementsk qxth

some nechanxcal states“were dysnetrxc. s

Cerebellar xntentxon trendr.following'movements had the

N 3

same characteristics as the tremor ‘that followed 1D

v, -

perturbations... The tremor freqaency and amplitude were

-— R ”
P -

affected by torgue, viscous and inertial loads in a similar

‘way regardless of whether the tremor iollowed a perturbatxon'

or a volunta;y -ovenent. The oscxllatzons thdt occurted in

- .
’ ~ ®

Lsometrxc contractions were, however,_rrtegularzsn shape and

sonetzmes occurred at a»lower Erequgncy(qh&n 1s9toais

T R °. o - -

tremor. These fesults: sjzéegt that tremor is influenced by "

‘pu:vthey do not rule out the
possibility of a ceéntral Component in its p;oductipd. ;

T e Dysdatria did occur‘in some experinenca'during'cetepel-

-

lar coolxng. Hypometrla was not a promjnent Eeature ‘o'f the

novements made in these experiments, but hypernetrxa aid

vccur, particularly when the ineftial’ load to be'moveJ was .

-~ .
- [ ] .

04
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increased. 1In spite of an initial overshoot of theé target,

the region of the aimed target was:evediually reached. Thus

-

movement accuracy was 'not severely impaired b{?&engellar

cebling.xg o .

Smooth ﬁbveqents made duyring cerebellar d}sfqnctionﬁ of
which hyé}rnetric movements were a subset, were . ’often
natked&j'asyﬁnebricl This disorder was characterized by a

‘prolonged duration oﬁ‘acceleratioq which was associated with

prolonged, angd less phasic, agonist muscle activity. For
. any given acceleration-magnitude the‘magnitude-of the
‘decelgration'phase of the- mdvement was greater during

cooling than under control conditions. The greater decele-

.

ration appeared to be related to a delayed‘antdgonist muscle

activity: :
. }

Cerebellar nuclear cooling also resulted in tremor

occurring during a volunftary movement,  especially when

torques were applied which loaded the antagonist musblé.

“« o

The first deflectisswf}om the normal trajeétory was produced’

by an early, and often large, burst of-antagonist’ muscle

activity. The afitagonist activity was followed by a second
. . v. v 7 . .

burst of agonist activity whigh tended to return the limb to

- T -

.the desired trajectbry. The réeturn was
B L WP

suggestiﬁg that the servo-like 'mecharnism responsible férf

this bhrsg was disordered by éeréb?llar'dysﬁUnctioq. O
) : .

1 . B . ‘ -

inaccurate, however, .




. - DISCUSSION L » L
The overall problem for cerebellar mocor.deu}ophyéiol-
ogy is to determine how the cerepbellum controls movemédts.\(s

One can approach an answer to this problem by first posing

'somefsimpler guestions. One such guestioan is what are the
kinematic and EMG characteristics of the disorder§ that
occur in simple elbow movements? An understandiﬁg of these
characteristics and of how they might change under different
conditions c%n provide some insight into cerebellar func-
tion. ) ' //// ) é
A Cerebellar tremor, for example, could, in theory, occu?
as a result of véluntary corrections for an 1initial error, .
from éctivity in a supraspinal oscillator or from alterna-
ting stretch reflexes in antagonist muscle pairs. These
mechanisms are not muatually exclusive and, furthermore, may
be influenced by the mechanical resonaﬁﬁ properties'of éhe
limb. A study of tremor under conditions of different
proprioceptive drive may provide evidence in favour of one
or more of these poss?blé mechanisms.

Similarly, a\study of the EMG and kinematic disorders

that are associated with dysmetria may point to the role '

played by an intact cerebellum in produciang movements of- the
correct amplitude. ’
.The use of an animal model in these experiments has
"allowed the present results to sefve as a framework for . i

further experiments on cerebellar function that investigated !

* N , .
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Qj‘the activity of moter cortex single neurons. Such experi=-

~ . \ -~
.-
ments are not normally possible in human subjects.

RN

I. ‘Cerebellar Intentiaon Tremor

~

i) static tremor

'Lésions'of thg cerebellum in man are known to produce
an inteation t;eﬁdr when volunt#ry effort' is madé to nold a
limb steady at a given position and when attempting to
perfdrm accurate goalrairected movements (Holmes. 1917,
1922,. 1939; Thomas, 1a9i). This disorder also occurs in
monkeys that have had experimental lesions oé the deep
cerebellar nyclei (gring and Fulton, 1936; Botterell ‘and
Fulton, 1938a; Carrea and Mettleg, 1947; Goldberger and
Growdon, 1973; Vilis and Hore, 1977). Holmes (1922) was of
the opinion that poﬁ all tremors that occur in cerebellar
dysfunction are of the same.nature.- Consequently the t:eqot
that occurred following“voluntary.movemen;s a;d followinj
‘to;que pettu{bations could héve~?een produced by different
mechanisms. siﬁilarly; the tremor that‘dccurred during the
movement (kfnegic tremor) could differ from'that which
occurred following the'movement-(static'Lremor?.- Tine
finding in the present study that términal tremor‘tﬁat
occurred Eollowing.voluntary movements and when' attempting

to hold steady in target following a torque perturbation was

affected in a similar way by a number of mechanical condi-

. .

Y
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tions, indicates that the mec?anism responsible for tne
eremor is likely to be the same HnAboth situations.

Holmes (1922).sugge§ted that the cause of cerebellar
tremor was a series of voluntary corrections for errors
detected in the movement. This mechanism was also given as
being responsible for the tremof seen in experimental
animals by Growdon and colleagues (1967). Error recognition
could be based on either visual or kinesthetic information
or both. It has also been suggested that cérrections are
based on continuous ;entral monitoring of motor discharges
(Liu and Chambers, 1971). '

Theoretically, visually guided corrections could
account for the terminal oscillations seean in cerebellar
dysfunction. .The finding of Lfu and Chambers (1971) and of
the preﬁent study‘(Fiq. 7) that tremor was:stiif present
and, indeed, unaltered by exclusion of the visual display of
limb position indicates tnat visual feedback 1is noc
essential in sustaining tremor. It has, however, recently
been reported that @n the apsence of visual display of jointﬂ
position or Fatg?t position, intention tremor is reduced or
abolished in cerebellar patients (Sanes and Mauritz, 1986).
The difference in.,result between these findings and those of
this study on monkeys may be due to differences in lesion

M 2 '] . .. I3 : .
gsites or to species differences. It is impossible, at this

stage, to distinguish between these possibilities.
. o .

&
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A rélevfor proprioceptive feedback in cerebellar tremor
was suggestéd oy Denny-Brown's (1966) observation that a
deafferented limb i1n cerebellectomized monkey failed to show
ataxia and tremor. However, the movemeng; in this study
were not goal-directed, which may be part of the reason for
the absence of tremor. Deafferented monkeys w;:h cerebellar
lesions did tremor when making movements that were purpose-
ful and goal-directed (Liu and Chamber@, 1971), indicating
that if corrections for a positionai'eror are respoasible
"for tremor these corrections cannot solely be dependent on
proprioceptive information. Since the tremor was also
unaffected by elihinating vision, the suggestion was made
that corrections were based on central monitoring of motor
discharges. Such a mechanisnm hay constitute a central
oscillator. !

Rhythmic activity in a central oscillator, together
with periphg;al refls;‘influedces, was suggested as. a
possibié mechanism of cefebel}ar tremor by Stein and Lee
(1981). Tﬁzir suggestion was made because evidence iandica-
~tes that rhyfhmic act;vity in supraspinal structures can
entrain tremor of the limbs. For axample, harmaline-indudéd
rhythmic activity of. the inferior olive produced tremor of
the limb of £ho—sgme freguency as the oscillating olivary
discharge (DeMontigny and Lamarre, 1973).

tOne property that distinguishes reflex and mechanical

oscillations from those .purely genefateq centrally is the
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Eoiner}s sensitivity  toO resetting by an ‘external stimulus
if

N . . .
sensory inputs do not affect the tremor generator, 1S not

(Stein and Lee, 198l1). Tremor of pure central origin,

reset by external stimuli. Tremor generated by reflex
pathways alone should completely reset with adeguate reflex
stinuiation. Thereforé the finding of Vilis and Hore -(1977)
that tremor could be reset by apply;ng torque pulses to a
involvement

limb is strong d‘i?ence for a peripheral 1n

experipental cerebellar tremor. ' _ -

Further evidence.for“a peripheéral role in the genera-
tion of cerebellar tren?r comes from the finding that tremor
characteristics - (i.e. freguency andrﬁmpli:ude) were

affected by the mechanical load acting on the limb. A

torque load increased the velocity of stretch of tne muscle.

. ih each cycle of -tremor and increased tremor frequency (Fig.

4 and also Fig. 20). Adding mass to the manipulandum

(i.e. increasing inertial load) decreased the velocity of
muscle stretch in each cycle of tremor and the tre;or
frequency (Figs. 4,6,20). If cerebellar tremor was drivgn'
entirély by a central oscillator the amplitude of the tremor
might be affected by these loads, but not the frequency.

The finding that the nature of cerebellar tremor was
changed when proétiocgptive Eeedﬁéck due to stretch was
presumably reduced in the isometric tracking task lends
further guééort to the notion that tremor results, at least

»

in part, from reflex activity in proprioceptive loops. The

-
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regular, 3-4 Hz &remor normally observed following ;oluncary

B

novements was replaced py an irregular oscillation in the

isometric task which, in the flexion Jdirected coatractioas,

was of lower frequency (Fig. 10). Intention tremor 1n
« .

cerebellar patients has also been found to be reduced, or

even abolished, in isometric contractions of the wrist

musculature {Sanes and ﬁauritz,‘1986)-

The absence of muscle stretch in the isometric task
does not, however, necessarily mean that all proprioceptive\
input i8 eliminated. Spindles may be very sensitive to
small tension fluctuations that occur in human isometric
contractions (vallbo, 1974) and Golgi tendon organs, whose

.dischatgenrate increases witn increasing tension in a
cohtragtidg‘ﬁuscle, send weak connections to motoneurons of
antagonist muscles (Watg et al., 1976). Thus a potential
for some propriéceptive activity to influence isometric

contractioris still exists in the isometric task.

A possible cause of cerebellar tremor is that it

results from disordered activity in proptiocgptive feedpback
. ldops through motor cortex (Goldberger and Growdon, 1973;
Meyer-Lohmann éc al., 1975; Murphy et al., 1975; Vilis and
Hore, 1980). Discharge of some motor cortex neurons in
monkeys du;ing dentate cooling was oéciliatbry and at the
same f;gquency as the limb trenof (Meyer-Lohmann et al.,
1955). The anits lead acceleration by about 60ms, suggest-

Fil

ing that wWhey were driving one direction of the liab

Y
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oscillations. Unit activaty also chaﬁiéd in parallel witn
novene;t'paxaneters in movements perturbed by loading or
unloading torgque pulses, during dentate cooling.

In monkeys trained to return the arm to a stStioﬁary
target foll?wing torque pulse perturbations, cooling of the
dentate and interposed nuclei.also caused’ some neurons in
motor cortex to discharge in rhythm with the iatention
tremor (Vilis and Hore, 1980). The firing of some'of tnese
neurons, during cerebellar nucléar cooling, followed stretch
of the muscle to which they were relatéd and could,” there-
fore, be p;rt of a trans-cortical stretch reflex contribut-
ing to the tremor.

An increase ié the gain of supraspinal reflex looﬁs
could, in theory, result in ttemor'(Stein and Oguztorell,
i978). This mechanism has been suggested to be responsible
for the postural tremor seen in standing patients suffering
from late cerebellar atrophy (Mauritz et a}., 1981).

An increase in supraspinal loop time (i.e. increased
phase lag) could also result in tremor (Stein and oguz-
toreli, 1976; Vilis and Hore, 1977). Vilis and Hore (1980)
proposed‘chit such a mechanism was responsible for the

tremor observed following limb perturbationﬁ:‘iiiey sug-

gested that during cerebellar cooling the second_cortical

component of the response to a limb perturbation (predictive
‘component of Evarts and Tanji, 1976) was lost, causing EMG

responses that were normally phase-advanced to be delayed as

[ 1 - - -
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they were now driven only by spinal and trans-cortical
stretch reflexes. In the absence of phase-advanced antago-

v

nist- EMG activity overshoot off the target occurred, produ-
cing greater stretch of the antagonist muscle and thus
initiating a series of atretch reflexes i1n agonist and
antagonist muscles. As the present reQults showed thae :Ae
cerebellar tremor that follows goal—dirécted movements'ﬁad
the same characteristics as the tremor after limb periurba—
tionQ, it is suggested that the former could also be caused,
at least in part, by the loss of an appropriate programmed
(predictive) ﬁeqhanism and occurs as a cénséquence’of

alternating, stretch reflexes (spinal and supraspidﬁl) in the

moving muscles.

Thus .the tremor that occurs following cerebellar

dysfunction “probably ;eéults from a basic central instabi-

lity (which may act as an oscillator) because tremor can

stiil occur in a deafferented limb. Superimposed on this:

mechanism is a strong in§luence from peripherai feedback

which may be responsible for the rhythmic, sinusoidal nature
of intention tremor and for the sensitivity and responsive-

ness of the tremor to the prevailing mechanical conditions.

-
This scheme is in agreement with the hypothesis of Stein and

N

. . \ ° .
Lee (1981) that cerebellar tremor- results from activity 1in

supraspinal oscillators which can Qe influenced by peri-

»

pheral factoras.

-
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ii) Kinetic tremor ) .

‘One of thermore obvious disorders associated wiﬁh
. P

cerepellar lesions is that movements become jerky, disconti-
nudus or tremulous. Holmes (1922, 1939) found that these
discontinuities which occurred 1in simple movements about a
single joint, were more obvious in slower advements and
sometimes developed into what appearedgto be a tremor, which
he termed kinetic tremor because it occurs during active
_ movement. The present result on simple elbow movements 1n
monkeys agree with those observations. The tremulous nature
6f the disorder pecbmes particularly evident in acEeleratxon
records (Figs. 20, 21). - e

-A number of theories of cerebellar tremor have been
proposed and were described above, in reference to static
tremor. BiiéfLy, the three major arguments are 1) éhat
tremor results from a_ seties of volunéary corrections, 2)
that tremor is caused by activity in a central oséillator
and 3) that tremor results from disbrdered reflex loops.
One theory of the latter argument is that tremor is produced

by alternating activity of transcortical reflexes in

antagonist muscle pairs (Yilis and Hore, 1980, 1986)." Four

lines of evidence suppoft this theor;: 1) the tremor can be .

resynchronized by an external perturbation (Vilis and Hore,

1977), 2) the tremor is influenced by the mechanical state

of the limb (Chase et al., 1965;. Flament et al., 1984b; -

Hewer et al., 1972; Vilis and Hore, 1977). 3) EMG activity

.
. ’

- . . -~ ‘e
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of a muscle follows stretch of that muscle during tremor
(Flament et al., 1984b) and 4) motor cortex neuroas fire at
the tremor frequency- (Meyer-Lohmann et al., 1975; Vilis and
Hore, 1986). The latter point @136 supports the first two
arguments. -

‘Of these theories, which best expl;ins.the‘kinetic
tre;or Observed in the present experiments? Clearly,

R
corrections for an initial error recognized visually cannot

explain the results because the tremor in movemeats was aot-.

altered by elimination of viéual feedback (Fig. 24)}.

Similarly, ataxic movements in ‘cerebellar patients were not
affecied by closing the eyes during the performance of a
movement (Holmes, 1917). Much evidence does, however,
suggest an influence of proprioceptive feedback. The tremor

frequehcy das influence& by the mechanical condition aﬁplied

to the limb and changed in .the same way as did the cetebel¥‘

lar tremor following the movement (Fig. 20) and the tremor
th&t occured after an external pertﬁrbation (Flament et al.,
1984b; Vilis and aor;, 1977). The tremor that occurred
during and - after the movement did not have ideptical
Erequenqigs-and magnitudes, but this is to be exéécted_;g
the movement command may influenée the.tremdt during the

movement. The differences do not, therefore, mean.that the

tremors are produced by different mechanisms. The relati-

vely fixed lgtency of antagonist onset (Figlqzi and Table 1)

during cereﬁel}ir,nuclear cooling when a torque loaded the



N . l1le
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antagonist muscle is further  evidence for a proprioceptive

role in the generation of tremor. This could nave resulted

~_E}oa a§do:mal‘reflex activity triggered by stretch of the

C -

én;;gohist muscle shortly after movement imitiation.
One findiag of the present study was that the perturba-
tion (deflectxon) that occurred in the movement durxng

cerebellar dysfunction, and was responsible for produciag

tremor during the movement, was followed by a burst of

.--activity. in the agonist muscle. This agonist burst had a

~

Tagenéx‘of 50-80 ms from the onset Qf the velocity deflec-

-Eidn:(Fig. 25) and its magnitude waa proportional to the

.magniiude of the deflection. This occurrad whether the

pergurbaiion was self-generated (Figs. 25, 26) or generated -
externally by the torgue motor (Fig. 28). Furthermore, the

‘.dgonist, f;sponse was Aot dependent on vision (Fig. 24) aand

itgqoula not have resulted exclusively from continuation of

'féduériginal long, step-like, agonist comnand (Fig. 25).

&

Tﬁgégigieces of evidence indicate that the agonist burst had

the éiéﬁérties of a servg-like response.

The xmportance of the role played by . servo-assxstance

)

in voluntary novenents is open- to questxon._ Fer servo-
assistance to act effectxvely‘auzxng a movement the spxndles

in the contractxng muscle should not fall silent as the

muscle shortens (Matthews, 1981) However, spxndle unload-

.

Lng appears ‘to occur when the muscle shor:ens at a rate

greater than 20% of the muscle s restlnq length per second




11?
:(Prcchackc et al.,  1979; Prochazka and Wand, 1981).
However, even if agonist spindles bccome unloaded, informa-
tion that could correct deviations in trajectory could come
" from antagonis;incscle spindles (Capaday and Cooke, 1981).
The effecti;qnesc of éérvo-assistcﬂce‘was questioned further
when ;t was found that longflateccy reflexes were inadequate
to control limb or head position (Allum, 1975; Bizzi et al.,
i978;'Gott1ieb and Agarwal, l980a;cKwan.et al., 1979).

However, the study of single motor unit responses to

perturbationsd has provided evidence in support of the servo-

assistance’ theory.. Tatton and Bawa (1979) found that the.

ﬁotcr’units discharged in a graded fashion along with the
initial vc;qcic} of the displacement and thus had servo-like
responses. .- Many pfecen;;al neurons alsé h§§e discnaryge
propcfciés ccnpaticle with a servo—aséisténce function
(Cheney and ?etz, 1984; Conrad-ec aI;,~1974r 1975;:; Evarts,

1973; Evarts and’ Tanji, f97§}:§ékai'3hd Preston, 1978:; Vilis

and Hote. 1980). Mars&én-&nd“colleagues have provided
extensgive evidence of a toLe for servo—a331stance in humah,f—~-n

;ubgects-n&kxng thunB movements (Matsden et als, 1972,”’“

7&976&. 1976b.; 1983), The servo actxons were eEfectxve in -

-

"ﬂaxntaining accuracy for small perturbatxons./but not fon‘“

large perturbaﬁions where the lonq-latency refLaxwmay’

saturate (Marsden et al., 1983b}. - slmilarlyp for brre{
®- , ' . P

perturbations applied during elbow noveuents,'setvo—dss/at—“'

ance may have returned the lxmb Lo, xts 1ntended crajectory

- —



s

,__"L’ '\ How miqht servo—-assxstaﬂce operaté and what\rohe would ~

.- . : . ' .18

(Cooie, 1979, 1980a, 1980b). TheSe results support the

suggestxon that a servo-lxke nechanxsm continues to operate:

\ O

dur1ng cerebellar dysfunct1on to compensate .for. deflectxons ’

that occur durxng the moveaent. However,. thls-servo, durxng‘

cerebellar dysfuncglon; does not appear to operate properly.

~ -

The servo-like responses that'occurred durino cerebel-~

. lar dysfunctlon max_have been d1sordered because tney d:3

not‘ return the lxmb accurately to thg intended trajectory

(Fig. 26). Purthernore. the response to an. externally -

applxed perturbatxon durxng a voluntary movemenh was
” N

prolonged (Flg 28) Thls is. sxnilar to the flndxng EQr EMG

responses to Ixnb perturbatxons applxed when holdxng steady

71n target durlng cerebellar coollng (Flament et aL.,‘l984b- -
Hore and V1lxs. 1984a) These responses were prolonged

s the- agonist and delayed in the antaqonxs:. ;. ”1” T

T~
- -

- .

“the cerebellum play 1n-thzs operatlon? bnzll1ps (4969)

orféznally pfopoéed that any mxsmatch between actual and

-~

intended movqunta is, conputed by the ce;ebellum and a

~.s s

correcfive signal is generated,xb reduoe Ahe-gp}match to

.-
- -

zero», If’this was’ the only_pathax/.servo—assxstance ‘would

. L

de abolisﬁed by cerebelLar les;on} The par;1al leszons .
ptoduced “in thxs 3:969 du{;not apolish servo-ass1stance.
// .

dAnobher suggestfon 18 that £ar/sezvo-assxstance to occur,

;.

fusimotor dpzve would réprﬁgént an internal copy of the

lntended movemenr'cwa;tnew§ 19813.. Unlzke the alpha-

l —,

AU S l . . e
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nbtdneuronal-actiQity. it would be- Endépendent of load.

Granit et al.- (1955) suggested that‘the compu:atxon of the

appropriata gamma, actxvxty xnvolves the _C3rebellum. This is

- - K - .

‘consxstent uzth the dlsordered fusimotor dr1ve seen to occur

.following’ lesions of  the cerebellum (Gilmah k968, 1969a,
s A . '

s

19690,41969c).'«fhus‘in this model cetebellar'dy§function‘

would 1npa1r the abxlzty to match the alpha gamma ratio’to

the prevallxng,téad condltlon.‘ At slow contracthon speeds
. ' ~ .

the incerrect élpha:gammé raéio could result in abnormal
-aggﬁis;;aqtiyity. At faster speeds,.durxngcwhlch agonxst

muyscle spindles are. (mloaded, 1nproper fusrmocot dnlve ;b

~ . ' - -

the §i5;§oni§t muscle could also “result zn/)dgpp;epztaké

- -

‘acttv1ty levels. ‘For examplet duzlng cerebellat dysfun;txoa]

A . - -,

'/

L Ta tbrque loadxng the antagonxst muscle may 1nappropr1atety

-

’rla:g/ ‘burst of actlvxty 1n tbe aataqqpist‘muscle. T\la_
/

P
-

HKinetxc tremor is further 1nf1uenced by thézOPerabdonféf

'increase»gagya dr1ve bo tﬁat mnsoie and thds-increabe

‘/
-
N Y . ‘ *

3tretch-evoked actxvzty,,lg;dxng to an abnormatly early or"

c sy

b
burﬁt of act1v1ty ¢ou1d g:dduce/an abuo;mal decraase ia

‘—, L -

/ - -;/ .
’veloc1ty, unioading the antaqon13} deie

s angd caus;ng a

- - ,-.r/,' v.® .

4

h refter-agonxst excxtatian,//gp}s nay explaxn wny kznetxc

Ve

tremor’ Q;s “more p;evalént/when aflqaq/dﬁposed thé ancago&iwﬁ

. ’ - L. R
! L . - e ,’ - _ < . 'f_‘ /
musc{e. N ';‘ o T ’3;/,)/‘ »
Thus kznetxc ttgmoi;/lxke sfa&rc tremor,‘appeazs/ﬁp
- PR AN L

resuLb,Etem 1nappfaprx&té actxvxcy in reflex. Ioopa put/ﬂéy

alse be dépendent on the actxvxty of a cen:za%/osc111atot.-'
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o : //?;s; and accurate normal movements at least in part,
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. N

‘ servo-like mechanism which, -during cerebellar dysfunction,

o

i's -uriable to agcurately cgkrebt.for deflections from the
¥ ' . : . '

. . ar L, ' ’ N
normal trajectory :and may further destabilize the limb.
. . S . . i o

.. R R C .
I1. Dysmetria . N ’ . -
.- . S .

- . oA ' . o . .
Patients with lesions of the cerebellum, when moving a

» * - <

%
limb t;;a Cafgéif‘qometlme; show a marked dyémet:xa.: The
eovement _ may fftet overshoat Qg.egdefshooc the target before
achxevxng the azmed ;arget (Dow and ﬁoruzz@} 1953; holmesa
1917 1939F, . A sxmxlar dxsogder'was observed in Ihe presant
exéer}ments:. during cerebellar éysfunction nonkeys‘paae

N -

movements tha;ewere either tremulous or slightly hypermetric

but'thatffidaiLy reached the region Of the aimed target

(Fxgs..z, 13, 14)g :‘_}? . .

-

-

.

Cbn51derable evxdence Indlcates that the executlon.2§:::)

.

I3

centrally proqrammed These normaL movements ara-associated

N e L * .

wlth &he c1a951c trlphaslc pattern of EMG éctlvgég 1in

<

,pgonxst and aqtagonlst auscles (Wachholder and Altenburger,

~e - i . ~ ‘e P

1926) vadence for central programming i3 1ndxeated by’ tae =~

fzqdkﬁg,that in large and small movements of the same peak

L ..‘A RN ]

~velodtgy, the.smaller movements have the latger antagomist

Fl

. : m
'é "v&gy*(Fladent -et al., 1984a‘ Marsden et Si«. 1983a).

1
z £ . -~
//

AN

szane Veloéfty aependent strecch reflexes. It has been

_égqgested, however, that braking may be the result of an
. . . - 1 ° . : - .

P ¢
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acceleration-dependent stretch reflgx (Ghez and Martain,
1982). Wwhile this mechanism is in accord with the data on N
small and large movements of the same peak velocity (1i1.e.

small movements have higher peak accelerations and larger . ’

-

antagonist bursts than large movements pﬁ‘thé same peak
velocity), it is at best a secondary'mechanisﬁ because ‘the .
antagonist ourst in the triphasic battern cad o cuz~1n'
‘movements even when péripheral feedback is blo géd by

ischemia (Jennings and‘'Sanes, 1982; Sanes and Jennings,

1984) or when peripherqf'feqdbadk'is absent ‘as a result of

disease (Forget and Lamarre, 1983; Hallett-et al.,'1975;:
" Rothwell et al., 1982). FRurthermore, it must be’ emphasized

that the accelératibn-dependent mechaanism was pdstulated

from results obfained in. a patadigm where ;hé limb is set in
. ' .- L. ; ta .
motion by the releaseé of & force which oppases isometric

L . -

S ‘muscle contraction. The meéchanisms involved in braking such’
- I . . )
"movements would be expected to’ drffer markedly from those in
. . L3 '
the préserit control paradigm.. The diffegéﬁae,isvhighlighted
) . . . 4 .

K C by the finding that in the release paradigm rhizotomy does
. M - . N } 13 N

cauSe‘loﬁs of phasic antagonist activity (Teriholo\et al.:
1974).-

< Lo ° The fact that cerébeilar dysfunction produces disorders
- . - ' Lo .

in’ the triphasio pattern (e.g. Figs. 13,15,17) suggests that "’

" " the,cerebellum may, in some way, be involved in the sélﬁc-»

Sved

tion,' triggering or generation of thesge fast movement{ \f

(Haflett et al., 1975b; 'Lamarre et al., 1§78;:Lamdrré_anq'“‘~’g_"




i

’

122
Jécgs,‘f978: Massion and Sasaki, 1979; Meyer-Lohmann et al.,
19i7;‘Wiesendanger et al., 1979). A role for the cerebellum
in the ériggering of motor patterns is consistent with the
finéing ihat the time taken to initiate a movement (reaction
gihgj 13 increased during cerebellar dysfunctlon (Holmes,

\

1917, 1922, 1939 Lamarre and Jacks, 1978: Meyer-Lohmann et
al., 1977}¥Tr6u¢he‘and Beaubaton, 1980).

.In tﬁgor&, dysmetria could result from the triggeriag
6f‘an o;ﬁerwisé normal motor program but one whigh speclfies
a hoveyent larger or smaller than the required movement. If
this bcéurred th:dysmetric movement generated during
cerebeliar dysfhnctﬁon would be expected to have the same

characteristics "as a movement of the 'same’ amplitude and

velocity made .under control conditions, since both would

~result from the same motor program. The present results

show that this does not occur. Movements of all amplitudes
made under control conditions had nearly symmetric velocity
profiles as previqusly reported (Flament et al., 1984a).
However,'during cerebellar nuclear cooling, movements
without oscillations were asymmetric, having longer accele-
ratory phases and shorter deceleratory phases (Fig. 1SA).
#sygme;ry during cerebellar coocling has previously been
feported for monkey arm movements (Brooks et al., 1§73b).
Séme asymmetry does occur in control movements but the

velbcxty profxle could be skewed in either direction:

?CCeleratxon ffld I;hqrge; oc ;ondar‘¢han deceleration

f
'J .

,L*



TV RAR

T TR Wy VR TTyRrs T

O S ‘x hidaiadnd

T ea TR

123
(Flament 2t al., 1982). The asymmetry seen in normal
movements was not_.as marked as that during cerdbellar

cooling and the movements were not hypermetric and were

terminated without any overshoot of velocity. It thus

appears unlikely that dysmetria results from the triggeriang

of a normal motor program that specifies an inappropriate
movement amplitude. Instead dysmetria may result from

agonist and antagonist muscle activity which is inappropri-
- .

ate in size and timing. -~

i . .
III. Electromyographic Disorder Associatéd with Dysmetric

Movements During Cerebellar Cooling

.

~ The EMG disorder associated with the asymmetry. in thé

present experiments was prolongation < agonist activity and

- ~

delay in onset of antagonist activity.f,?rolonz;d agonist
5

activity has been reported for fast elbow flexiot r(Hallete
’ . . :

et al., 1975b) and for thumb?mogéments (Marsden et al.,

©1977) in cerebellar patients. Monkeys makind rapid alterna-

- .

ting flexion and extension .movements between twéﬂfixed stops
also showed prolonged adonist activity (Conrad and Brooks,
1974). Thus prolonged aéoniat and delayed antagonist

activity would appear to-bg a fundamental disorder of

cerebellar_dysfunctibn in smooth movemefiia as previously’

suggested (Hallett et al., 1975b). In the prasent eoxperi-
ments3 there was also‘a decreased magnitude of che:agonist

>

burst. . . - kd

— o S B

e
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The nature of the cerebelldr contribation to tne
aéonist buift ig-unc;ear. One possit§1i£yAis that the
:& - cerebellum contributes to the generagfbnfof the phasic
&l component of agonis?-relaé@d motor cortex discharge, (Meyer-
o Lohmann et al., 1977). Another pPossibilaty ié that the
cerebellum adjusts the gain of reflex .par.{\ways (Aa;fceleratory
motor loops) that can reinforce motor commands (MacKay and
] Murphy, 1979b). According to this model a decrea;e in
Q§> fusimotor input, as produced by a cereMellar lesion, would
reduce the reinforcing influence of spindle feedback on
i> alpha-motoneuron discharée. This could result in a decrea-
- sed magnitude of muscle activity and a consequent decraase
- s
(*? in acceleration magnitude. The present }esﬁlts do not
- .

diétinguish between these two possibilities, but the
previously reported findings that onset of motor cortex
¥

neurons 'was delayed by 50-150 ms Quring cerebellar lesions

(Lamarre et al., 1978; Meyer-Lohmann et al., 1977) appears

. te favour the former possibility. -

~ Cerebellar dysfunction not only affected the agonist
uustie but it also produced a disorder in movement braking.

In smooth mdvements this was the result of a delayed onset
* -

of antagonist activity that led to large decelerations that
were abnormal because they initiated the terminal tremor
(FPig. 13B, 17). With a torque loading the én:agonist

muscle, movements made during cerebellar cooling wercre

tremulous and antagonist activity was larger and came
“ .

.
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earlier in the mo;enent thaan in control movements (Fig.
13A). .These findings are difficult to reconcile with the
theory of Holmes (1917, 1922) who proposed that hypermetria
was due to decreased antagonist muscle tone. Electromyogra-
phic 3tudies of cerebellar-patiedts showed that antagonist
activity was prolonged in dysmetric movements (Hallett et
al., 1975b). Thus the theory that decreased fusimotor drive

to the antagonxst is the cause of dysmetria (Gilman, 19690p,

*1972: Van Der Meulen and Gilman, 1965) 1s not: supported by

human studies nor by those of the present study.
The suggestion that dysmetria results from abnormal
antagonist activity of central origin draws support from the
- Looa

\ '\
finding that deafferented monkeys with :cerebellar lesions

are strongly ataxic (Liu and Chambers, 1971). Similarly,

Gilman et al. (1976) found a worsening of motor performance
after cerebellar avlation in deafferented monkeys. However,
it is not clear whether ataxia du to cerebellar lesion

still had é%e same characteristics us th#tt}ollowrng a

. cerebellar lesion plus deafferentation. “—Purthermore,

although disordered central commands may be generated during
cerebellar dysfunction it is hagd to exblain why this
abnormal command would produce shorter latencies of triceps
onset thgg;?ontrols when a torgue loaded the antagonxst
(Pig. R1l) or why the comﬂand would change with add@d mass
such that the early antagonxst onset was always attenuated

.

or abolished (Fig. 13).

H
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The results'decribed in the present study may bde
explained by a scheme based on studies of antagonist EMG
activxiy following limb perturbations (Hore and Vilis, 1930,
1985, 198¢). In éhis model the cerebellum receives from
motor c¢ortex an efference copy of the agonist command.
Together with the prevailing motor set (Hore and Vilis,
1984) this agonist command 1s used to generaté an antagonist
command via motor cortex. During cerebellar dysfunction
this cortico-cerebello~-cortical pathway is‘bloéked~and
- - an;agonist activity is driven from spinal and transcortlﬁaL
stretch refiexgs. Thus when a torque loads the antagonist
%_; guscle {i.e. assists the agonist) the agonist command is
tglatively smal?\and stretch reflexes override agonist

~ acggbity early in the-Povement. When masg is added to the

. : manipulanduﬁ\{he agonist coﬁmand i3 increased and stretch

/

rei;exes\ére attquited through reciprocal inhibition. when
.o~ the‘ggonxsﬁ ;Q;;gnd is tetmgpated, delayed antagonzat
\\activity\fesuikg from activity generated by stretch of the

‘ antaqpniét muscle. \ '
. ) No one séhsme sae1sfact;}1ly explains all observatioas
made. In all lxkellhood dysmetria and the associrated
\»\‘ asymmetric novemen:\trajectory seen during cerebellar
) \dysfunction are the raéalt of di\étders in the si1ze and

- - i 1
timing of central commands and of disorders in stretch

reflexes. )




) * e (
_ = b ‘
T ~ 127
:’r_‘\"\IV- Conclusions vl
) ‘\‘\%is study :ddteéséa thre? major disotders\. asssociatz?d

with cerebellar dyslunction: 1) ternz.ina;;l. tremor fbllov)fﬁc‘;' a

voluntary, goal-directed movement, 2) tremor that-bccugs \ .

T
during such a movement and 3) dysmetria of smooth, continu-

>

ous movements. .

It was _found that tremoc. following a voluntary movement

-

had the same characteristics as the tremor following -a limd
N .

perturbation. This suaggests that these static tremors could

résult from the same mechanism. “:.-;mécr{anism dses not
: . \ )

appear to involve voluntary corrections for a position ertor

pased on visual or proprioceptive feedback.. Instead, thne .

fihdings that tremor persists in-an ﬁometric: task and 1n°

~ 4 (Y

deafferented animals points to the involvement of a centrat
oscillator. Proprioceptive feedback doés’i, however, have a

strong influence on the characteristids.of the tremor. - It
. ™

is suggested that the loss of. a mechanism that normally

preveats the occurrence of iné{abzliﬁiés, and alternating -~
stretch reflexes in the agonis.i’. and antagonist muscles, are:®

. /
partly responsible for the tregior. The:rpossibility that the

-

tremor was produced by rhythmic activity in a central
7 ; A

1 .
oscillator modifiable by péfipheral feedback can not bDe

L4

ruled out. The wmechanical properties of the limb may also

- .

affect the tremc?r. _ . -

The .kinetic tremor that occufred duriang voluntary

..

movements was affected by mechanical loads in the same way -

7

-
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as the static trefor thaé;followe& movements, also suggest-
ing a possible common origin. The tremor 'was initiated by
an early burst of activity in the adtagdn}st husclel This

activity may have been produced as a result of inappropriate
v

activity in proprioceptive feedback loops.. The'deflection

-

produced by this burst was foiiowed.by a second agonist
. burst which had the propettieé of a servo=like response.
This response @id not, however, accurately return thé liab
to the gorrect-trajectory and may, instead, have contributed

-

further instability. It is congluded, therefore, that

Ry SN

. » .
' kinktic ‘tremor, like static tremor, results, at least 1ia .

. . -

_p8Tt, ‘from disordered activity in reflex loops.

« Dysmetria was found to occur mostly_ln smooth moves
ments. It is unlikely to have resulted from the triggering
of an otherwise normal motor program that. specified a -
movement of ihappropriaté amplitude‘becausg whereas normél
‘ movements ;;ri'nearly symmetric, dysmetric movements nade
\ .
during cgrebellat nuclear cooling were markedfy asymmetf1b;
They had.peak accelerations that were of sﬁaller maépitude

and longer duration than .control- movements of the same

i ]

amplitude and peak velocity, and decelerations that were of

. larger magnitdde and shorter duration. A fundamental

-

disorder of thege asymmetric movements, was that the agonist "

" burst durapion w€s prolonged and the antagonist burst was’ AN

Py AN

« delayed, rel e to control values. - s L N
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While this study could not conclusively dxstinéaisﬁ

between the central or peripheral Qrigin of the cerebellar

disorders described, it does provide evidence for a strong
peripheral role in producing tremor and other abnormalities
of 1limb trajectory. It also suggests a numbe? of new
experiments that might better distinguish between these two
possible mecharisms. Clearly, a rigorously contrplled study
of tremor characteristics gn-thé complete absence of
propriocept{ve afferent feeqpack would be 1nvaluable.
Equally pertinent would be a direct knowledge of spindle
éctiui}y, pernitgin§ comparison for eguivalent movements
madé:duiing céreygliar cooling -and with no cooling. A study
.of.single‘unit activity in motor cortex céuld also provide
insight into the nature of the cerebellar disorders descri-
bed in the present study. For example, changes in discharée

'Ereéuency of stretch-driven units dhrihg cerebellar cooling

would implicate trans-cortital reflex loops in the disqgders |

whereas osciflatory command neuron activity that phase-<leads

EMG activity could indicate a central origin for tremor.
- % .

-
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.The Rank Sum fest

APPENDIX 1

Application -

. The Rank Sum test is a statistical test which, being
non-parametric, can be used on populations'that are not
necessarily normally distributed. This test can be used to

B

check whether two bopulatio@s have the same median (Hunts-

berger and Billzaésiey, 1977). The -null hypothesis is that

the populations do not differ. ‘ .

Calculation

The rank sum is calculated in four steps:

l. The two populations are combined intg one but =ach

observation from one population is flagged so as to

- -

iden&ify its origin. . ot - P =

2. The observations are ranked in order of increasing
- ‘size. - ' . - i

3. }he ranﬁ order of each observation is récorded (along

Wwith itsAElaq,Aif it has one). .
4. The average of the rank order of the flagged observa-
tions is calculated and'éubtraccea from the aJeéage of
tﬁe'rank 6:&er‘6f the unflagged samples. The differen-

ceg is called V.. =~

éefére determining whether the two populations are different
the standard deviation (s.d.) of V must also be known.
s.d.y = ((n1+n2)2(n1+nz+1)/12n)n3)"53

where nj; = number of observations in population 1

130
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- where n3 = number of observations in population 2 | d

- The value of the standardized statistic V/s.d.y 1s then

-~
* <

calculated. 1If this-value is less than 1.645 (the upper 5%
paint for the normal curve) the data favour .the null

* L
nypothesis; if greater than 1.645 the null hypothesis 1is

-

gejecced; : v
waRESults
* The test was applied'to the following pairs of popula-

tions: . - N

Frequency-Move .
No Load.vs. Load Antagoﬁiét‘ v/s.d.y = 14.21
Loaé Antagonist vs. Load -
Antagonist + Increased Mass v/s.d.y = 14.74
. ~ Frequency-Hold ‘ »
No Load vus. yoaa Antagonist - V/s.d.y = 21.23 S

-

Load Antagonist vs: Load
Antagonist + Increased Mass Vv/s.d.y

39.38

- - - T - = - B -

Conclusion’
Yince all values of V/s.d.y exceeded 1.645 the null

hypothesis was rejected in all cases, confirming the obvious» -

-

‘differences in frequency seen in acceleration records under

different mechanical loads (Fig. 20).
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