26705 -
Bl't")lmthéquenatnonaw
du Canada

THESES CANADIENNES
SUR MICROFICHE

CANADIAN THESES
ON MICROFICHE

'\
National Library
ot Canada

i

Ll

: e
NAME OF AUTHOR NOM DE 1 "AUTEUR ]/H/\’t’t A

Niwpy S)/A/("//

Eﬁklﬁ . ‘ ~

TITLE OF THESIS T/TRE.DF (A THESE. Z/ﬂtJ/L //"—'/774)/5/\1 CV/”)’Q 7'&’f/

O e - ,
AELA L EXES

¥ /Z?ﬂ/b . ’ . ¢

L (AT
. " (" :

-

| .

/
Ly

UNIVERSITY NI VERSITE

s( :ﬁ/_gz_—‘/\’fl}'

LEDPBIVTON -

DEGREE FOR WHICH THESIS WAS ESENTED ik
GRADE POUR L[OU[L CETTE THESE FUT PR[S[NT&

-~

YEAR THIS DEGREE CONFERRED/’ANN@E D'OBTENTION DE CE GRADE

4.0

1975

I%AE

NAME OF SUPERYISOR NOM DU DIREC TEUR DE THESE

Permission 1s hereby granted to the NATIONAL LIBRARY OF
CANADA to microfiim tﬁls thesis and to lend or seil copies

“of the film.

.
.

The author reserves other publ-iéafion rights, and neither the
thesis nor extensive extracts from it may be printed or other-
wise réproduced without the author’s written permission.

.

&

— ’ . ’ ’ ) . | B
| PERMANENT ADDRESS ' RESIDENCE FIEE W :

ot 2

,JQ;QL)Szgv&ﬁ.' L A

‘.
' ' :}‘ R
L'autorisation est, par Ia présepte, accordée A /a BI8LIOTHE-

QUE NATIONALE [217] C ANADA de ﬂlcrohlmol cmc thése et ¢

©

de pr&ur ou de vendrc dts exemplaires du lz/m

-

L'adteur se rdserve les sutres droits de publication: ni la
: . \ ' y
thdse ni de longs extraits de‘celle-ci'ne doivent étre imprimés

ou autrement reproduits sans l'autorisation écrite de I'suteur.

~_DA.TEOV/DAIf &C’/'"/ 'ZLJ 175 .'SlGNED/SIGNf'.-./‘)@P_‘;Q"' ALS. Bd“*‘i'

%

-

[ .
d NLe9t (3e74



N THE UNIVERSITY OF ALBERTA
LINEAR ANALYSIS OF MYOTATIC REFLFXES IN CAT AND MAN
BY

PARVEEN'NIHAL SINGH BAWA

[

- e A THESIS
SUBMITTED 10 THE FACULTY OF GRADVATE STUDIES AND RESEARCH
IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THF DLGKFKE
- OF DOCTOR OF PHILOSOPHY

o

BIOPHYSICS

'DEPARTMENT 'OF PHYSIOLOGY .

4

"EDMONTON, ALBERTA o
TN e -
FALL, 1975



THE UNIVERSITY. OF ALBERTA

FACULTY OF GRADUATE STUDIES AND RESEARCH

.
E’?

&

The undersigned certify that they have. read, and

recommend to the Faculty‘gf Graduate -Studies and Research,

for acceptance, a thesis entitled|"Lincar Analysis of

.

Myotatic Reflexes in‘Caq-and Man" submitted by Parveen

Nihal Singh Bawa in partial fulfi}ment of the requirements

for the degree of Doctor_ of Philosopﬁf.

2 -
, Supervisor :
‘ L
‘ S
. - :
,'-'\.
. : ' * _4‘ . » ‘.c'cot.ltooortqo--.o..... .
Y . ~External Euﬁiner S
i . " . -‘1‘“ . . ‘tl'
. ‘. : . '. ," .'s /
Date ...-.-....74.'./225:-....-.. D ’
. [
, : . ', ’ / -
v < !""‘ ' - e —o\ .
. , B . 4\
T




IN MEMORY OF MY BROTHER

AMRIT



» . ABSTRACT

. P
i &

‘The dynamic properties of‘thefhindlimb'muscles, the muscle

. afferents and the associated reflex ibods Qére‘etudied By linear -
i

) anaiysis -Goherence values from spectrai analysis data gave an

4 esrimate of the linearity of ‘eath system B 3

/- - .
The soleus dnd: plantariﬁ musqles in the cat adﬂ the human

. L

' {'soleps muscle all behave like low pass filters of the second .order.

. A secon&-order system is described by three parameters, the lpw

' - v on

frequency»gaih the natural frequency and‘the damping ratio. The

. L

variatlon oi these parameters was exaéined with aystematic changes

4 ’ *wt

in (a) length of the muscle, (b) mean. rate of . stimulatiﬁh Qf the;
v

b"’

.:motor nerve and (c) the stiffness of the externaL elastic load§

h Q
\-O '
agains; which the §Qscle was allowed to shottenrq From these obsef~
I ‘y” : ’ ] ‘n b
‘ vations, a linear visco—elastic model of second~order wds proposed

To test the validicy of the model, {he muscle was allowed ro shorten
'against vhtious inertial loads.“The experimental frequency reeponao

‘curves and the thepretical predictions-from the model agreed well
. ¥ . .
- The frequency response curves of th nuscle efferents were

T wh

_computed both fot anaesthetized and decerebrate cats. The experilentcl

_ daca f;pm the pnimary fibree agrebd well witk the empirfEaL transfer
i-function of the prinary afferenta given by rppgele and Bownnn (1970)
.The transfer ch@tacteristica of the secondary ending: und Golgi

tendon organa fitted,uith rhe e-pirical expreslian'of the accondlriol

A given by the same authors. Varioua non-lineltitiet hnve becn diqcuased.

| The dynamics of the feedback pathway for the huuaa lolout
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_ curve-fitted with the gain curvf of the primary spindle afferents

‘calculated from the phase data, was long’ enough tq involve higher o I,

¢

muscle were studied under voluntary farce conditions. The gain

.

~(Poppe§e & Bowman, 1970). The delay involved in the pathway, - e

centres. In decerebrate cats there was eyidence of short and.long .

latency reflex pathways. The short lateﬁéy pathway could be spinal R \
. (4 ) .

Ve

‘ . St ®» " ’ MRS
-while the léng latency pdthway may involve the cerebellum.
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CHAPTER I
INTRODUCTION - - -
» ' .

The mammalian skeletal muscle, by active contraction,

v
generates force. This force is utilized to support the weight of the
body end~perforn linear and angular motions against carioos etiernsl
loads.. The performance of the muscle is controlled by the central
nervous system via the motoneuron:( Hoﬁever, the muscle with its
motor inneriation does not work as an open loop system. If a_muscle
inYan intactbor'decerebrate animel is stretched? it contracts |
quickly towards its original length. This property was first demon—
~ strated by Liddell and Sherrington (1924) and they called it a
myotatic reflexs Since then it has been shown that the muscle
afferents are constantly feeding back information about the state of
the muscles to different levels of the central nervous system ~The
control s1gnal (Houk & Henneman, 1974) and the afferent feedback are
compared, the resulting error signal is carried by the effetent

fibres to the muscle Afferent fibres ?;om the skin and joint

receptors also affect the muscle but their action will not be dis-
: /.

2

cussed in this work.

The muscle with its afferent and efferent innervation forms
a closed loop control systen:‘ ‘In che following work linear analyslﬁ
techniques have been applied to study the dynanics of the auscle.
Imuscle afferents and associated reflex pathvaya.t The INTRODUCTION

reviews the general sttuctural and physiological properties of the

- above mentioned uyetems, 'Chapter 2 diacusseq_btiefly the theory of



linear analysis used in this work. Later in the chapter the analysis
has been applied to a simulated muscle and its reflex lopop. Exambles
are given where the analysis ;ey‘erd may not be applied successfully,
Each of the following chapters is complete in itself with a detailed
INTRODUCTION -followed by METHODS iESULTS and DISCUSSION )
: ’

MUSCLE

| A striated skeletal muscle is made up of muscle fibres, each
muscle fibre beuﬁ?a long mu.tinucleated cell. 1In addition each
muscle has extra fibrous and tendonous tissue, its own nerve and blood |
eupply. Each fibre is composed of longitudinal subunits called myo-
fibrils. ' Spaces between myofibrils are fille;.with glycogenz mito-
chondria a tubular network called the sarcoplasmie reticulum and
other plasma components Each myofibril As divided into transverse
sections called sarcomeree.- A sarcomere is boundea at eacb end by a
~dis‘c‘c}elledl.bhe V4 llneg The Z lines of different myofibfils are in
register with each other which gives the muscle its striited appearance.
- The contraCtile material of eaCh sarcomere 13 made up of 1nter- :
vdigitating thick.(myosin) and thin (actin) filaments. The distlnce
.between the axes of thick and thin filaments 1s *260A Ctoss-bridges. g
are the: globulat heads of myostn nolecules project out of the
- filaments (Hanson & Huxley, 1953 Huxley & !hnson, 1954; Hmley. H E.,
.1969 19‘}) The thin filaments, in addition to actin, have troponin
'and tropouyosin nolecules, the latter tvo Are the regulntory protctnn

for actin-myosin interaction (Webet & Kurray. 1973‘ Murray G.Ueber,

1974) S



Sy,

The sarcolemma ig invaginated by the T-tubule system. Each
T-tubule “forms rings around the myofibrils and also cpmmunicates
freely with the extracéllular snace at both ends. The terminal
cisternae of tnSJSarcoplasmic reticulum make contact with the T-tubules
(reviews by Fuchs, 1974 and Huxley, 1974). : _ ¢ A
When a muscle is:stimulated,.the action pbtenfial travels
along the sarcolemma and down into the l-tubules. This activity A
'reiults in the release of calcium ions from the sarcOplasmic teticulum
++

(Ashley & Moisescu, 1973; Fuchs, 1974). Troponin combines with Ca ',
N . » .

renoving inhibition for the‘actin-nyésin'interaction Cross~bridges‘

from th% thick filament combine with the available sites on the actin.
_molecules, and a conformational change takes place in the myosin heads.

The cd.is-bridges pull on the actin filament bringing it towards the

centre of the sarcomere and - the cross-bridges detaéh thenselves fton

the thin filament (Huxley & Niedergerke .J954 Huxley, 1957 1971,

. 1974 Huxley & Simmons 1971) The conforlational change ‘nd\the ) S

cross-bridge.detachment are accompanied by adennsine triphosphate (ATP)f>
'_hydrolysis !nto adenosine diphosphate (ADP) ‘nd inorganic phonphate.
As long as calcium ions are available, the cross-bridges detach
,

_ cyclically to allow sliding of the filaments. Thia resnltl in

Jshortening of the muscle and development af lmobth tension. Calciul';

~ ions are. pumped back into the sarcoplaauic reticulul by ln aotivo [_ 'g:;

jprocess and the nuscle relaxec. .If. on she othcr hand. d lecond

:stimulus is given to the -uncle before At relet'*,conpidlt19, thn

k

‘_.

- results if tﬁe rctg‘of etinulntion il -uch :hat no rclexatlﬁ_f:

. ¥ .
C



during Stimulation.
In mammalian skeletal muscles, muscle fibres have been foond N
"er tO Be mainly of three types both histochemically (Close, 1972) and

functionally (Burke et al., 1973).vﬂDifferent authors have usdld

»

different-terminology for the fibre classification (Close.'l?72): here

. tney-dill,be referred to as the pale, red and intermediate'types Pale

' fibres have shert contraction times (fast fibres) fatigug quiakly,
e h 3 \"
: hdve high glycolytic, high ATPase activities, low mitochondtial o

-

v yv'.content arfd low oxidative activity The red fibres ‘have short con-

v " '
E_ g ixaction times (fast, fibres), fatigue slowly, have intermediate

* 1’ . l

oy glycolytic and high myofibrillar ATPase activities, thqy Mve many
08 : . N Lae
’ ' mitochondria and high oxidative‘activity The intermediatn fibtel

: ") o
have long contraction times (slow fibres) and fatigue slowly, have low .

Tl glycolytic and low myofibrillar ATPase activities, they posseas high

mitochondrial content and high oxidative enzyue activitieo. The cat _
S g o
soleus muscle has 95—1002 intemnediate fibres and the gaatrocnc-iut '

T

has anproximately 51% p le, 282 red and 21! interncdiatt (Clo.e, 1972),
R

3_"d :'nA'i For a. particular muscle. ‘the anount of tension dcvclopod and
- [ 4

the speed oﬁcshortening devcnda on- thd load attachsd to the tcadon ofv.-
the muscle (um 1938 1964. umuey, 1974) rh. grea;cr tho load, _
the pmaller is the Velocity and tho highcr ia the tenaion ddvcloptd

whcn the a-plitude of lttetch (or retaaao) of gn actiycly R
B ro e . "‘.r' :
contracting auucle Ia plottid vcraul tsnlion. . linoar rclacioaibip

T
v :'!.

betwsen len;th and tenaion can be sceh onr 8 ticll rln;c of l;jof )

",r L Y
The slope of :he plot iu a liaear ragioﬁ il a -naturs of thn ltiftnoca : u;f;

lv:fl Of the nuaele.A The ihclctal -uacle lcul: fb hlvt tﬂn rlgioua ol

- .
.t

P S



respnnse, a high stiffness-region for very nmall fast stretches (or
‘releases) and a low stiffnes§ ;egion for‘larget strétché; (anley &
Simmons,'1971; Huxley, 197&; Rack & Westbur&, 1974; Richols, 1975),
anley an&.Simmnns have-at;ffbntgd the short nhﬁée stiffnesg hainly
“to ;he‘crosé-bridges In théir.xie; the rangé of short range stiffnesn -
depends on the extent to which a cross-bridge can extend and exert
tension before breaking Tnese authors,have shown 1t,to be at least
©13 nm. Beyond the-high stiffness region the cross-bridges statt to
break and make connettions at. random for. the muscLe to shorten Tbis
is'the region of lower stiffness. The high stiffness region nny be
'involved in the\regulation of posture and low stiffness ‘tegion in '

.

10comotion.

e stiffness of . the muscle aIso depends oh the rate of
stimulationy. The hi;her thu rctt of stimulation, the higher is the ‘

.amdﬁnt of Cd++ availablc aad conlequently. the higher is the nuqber -

<.‘o£ cross-bridges connected to thg actin filanent contributing to

l ‘.tension.. The cutve of tenaion versua rate of stilulation il a 843!01d

funcuon which ia chcractetiacic of a givcn mcle (hck & wectbury. -

v1969) Tha regiou of 3ret£e-t slope of thil curve 1- u:ually uhnrc , ,"’;'

a uusclq. :utally aperates (Stcin 197‘) :;H?f f—i,' 'f f

L " .,‘--‘-Z

nm activc nmim devclopod uudcr iumtric conditxmu 1.-

;falao a functicn of tte lencth of thc nuncle ot thc iurdbncto lonith. :“:'

' ‘1'.", 'l'he peak qf teuxuc teuton vouua 1¢n¢th cum 1: uwud a urca-lro
4“1eng:h of 2 8 u, uhich 1- nhort af tba -nxinu- phyaiologicql tint:h»:‘<?fff ;
s ‘(R;ck c. w«cbu:y. 1969) e
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*  biochemical Teactjons leading to muscle contraction have not been

ifm@letely studied (Weber & Murtay, 1973). Howevcr, from the_pcesent
available,koowledgg;‘the obcrall o:chonical response of a ouscle, |
- nan&ly,the shape of a twitch, work done ouring contraction, heat of
shortening, has been related to thé_igcernal mechanisms (Julian, °
1969 Stein & Wong, 197A) |
In Chapters 3 and 4 we have proposed a lineat visco-elastic
Juodel of the muscle which accounts for the observed physiologital
properties. The v dity of ‘this model was tested by letting the .
muscle contract against elastic and 1nertial loads Chapters 3 and 4
, were initially drafted'éy Dr R. B. Stein for publicacion.w Dynanics
| of , the human‘:oleus muscle have been shown An Chaptet 5.
ALPHA MOTOR NE'URDNS S L
The, active qpntraction of a muscle 1o directly controlled by
»the_alpha ootot”neuronS»which take their origin ftonfthe ventral horn, '

of the ‘spinﬂ' cd:éd The mpscle fibres are functianally arnnged as

units called notor units.v All nuscle fibres 1n one unit are of the

sane type (Burke et aZ,..1973) One nlotot ncuron umctvatu .u tibru ’
of one and only one notor unit.' Slaw conducting axonl usually 1nnl#vnteiv

L . slowly contmcting -ocor unita and Iut conducting axom 1nuervou tu:

contracting notor units.A In an 1ntoct anilgl dli notor untts of a
mcle ‘e r,rely recruited The lcvel of force gcncuhd by tbc
mch 1- dithei' mcregnd by ueruuiug -orc umor units or mctuuu

:m tirvg nu of iotonhnrpm vhich u-e alrudy Iirik (Hilnar-ltm

. PN [ “'t . DU B . IESCR
PR R N Lo ...v y LI : o B e T . . . N s
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* MUSCLE AFFERENTS

'. .. The feedback signals from the musclelto the central nervous
system are carried by the spindle afferen}s and‘Golgi tendon organ'
afferenta" Spindlea are fusifoqm organs which lie between the extra-
fusal muscle fihres and are connectea to them'at both ends. Each : !
spfadle contains about 2 12 intrafusal muscle fibres which are - h
%urrounded by a connective tissue sheath Theyintrafusal muséle A
fibres are af two types, the nuclear bag and the nuclear chain fibres

(Matthews, 1972). Nuclear bag fihres are “longer than the nuclear

‘chain fibres; also the former are thicker at the centre containing

;. numerous nuclei as opposed to the latter which have only on row of

Lo
.
R
L.

.

‘e .
s
K]

! nuclei. A primary spindle afferent (Ia) (12 -20 u in diameter) dividea :

"into fine adg!;gs inside a spindle, each ending coila around the - fi’

o .
centre o!’ﬁach intrafuaal fibre. Only one primary ending supplies -

one spindle. There are often more than one secondaryendings (4~ 12 u'ln
diameter) for one spindle. A secondary énding (II) coils around the '

ﬁuxtaequatorial region of the chain fibre. 1t nay occasionally gtVe out

. a branch to nuclpar bag fibre vhich endl in a spray ending.

The intrafusal fibrqa have thair oun -otor innetvation by the

| static and the dynamdc ganna £ibrel (3»9 u in dia-eter) A ningle

- dynanic gau- fibre 1nnervataa one ba; fibrc while one utatic ;a-l-

- axbn can terainatc on eeveral chain aad bag fihreo (Iapcrtc l nlonet- ST
The 1pind1e afferent Qndingo are len;th &ecectorn.; Hhcn tha e oy

intrafusal fib:oo contract -oxe thaa the extr&fucal fibraa. the at(ara;;ﬁiifi

endings are atrctched. This ctretch stnetatea a ra‘""of“neréefinpeijag~fi;é:

g et :
L T S R o T O R S
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¥n the axon. However, the spindle endings unload and stop firing if

4
fﬁ* ‘the extrafusal fibres contract more than the intrafusal fibres. A

. stretch of the muscle Stretches ‘the nerve endingsr resulting in the

firing of tne'afferent fibres. | T ' . .

-

Priméry spindle endings are sensitive to the rate of'chan§e~
_of length (velocity) and also to acceleration (Matthews & Stein, 19693,

Poppele & BOWman, 1970; Matthews, 1972). ‘The.response to_ateady

L AR

" stretch has been termed the static response and the response to the
> e . , pon A

rate of change of the‘length the dynamic response. If a'ramp»stretch '

-

is applied to an active muscle. the firing of a secondary afferent
follows the ramp quite closely while the primary afferent shows
1ncreased firing during ramp stretch and'an abrupt decrease in firing b g

-

. - rate at the end ‘of the ramp stretch i. e. when the dynalic change in
length is reduced to zero. This decrease in firing rate with maiz—

" tadned stretch continues for some time befote a steady firing rcte 1-
.assuned This phenomenon of senpory adaptatlon is another expreusion _:F‘
}of the dynanic response;A The‘:;condsry endingt d‘*show a dynanic » ‘

| .;response bur nuch less than that shoun by the priﬂarieu.' 'Dyna-ie Indix' .'

:(Hatthews, 1972) neasures the dzcreape in firing rate f:an the conpletton,{

-of the ramp stretch to 0 5 aec ) ’,r that.. For a particular vclocity h g

' Jthe dynanic mdex of priury enl 1s wch hisher :m that of tbo

. ‘ .“k . . . . ;' B g . B _',"

':1ndex 13 affected difictently by the~tuo typta of

' 7iisecondar£es. ‘v,“
ol
*n;an-a flbrea. Stinulatton of che dynnnie ;t-hl fibrcs dacc t chtﬁti

‘ .’ﬁf.he dynuic responue ef thn ucon: nriu mh but 1aeupus u d'yuiic = |

j’ndax of the prfnnry cfferenth J;ftthcvs, 1972) Sttnulazion of tha e

Y .
B e
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static gamma fibres decreases the dynamic response of both the primary

and secondary endings to a small extent. The detailed effects are

0

more coﬁplex and will be discussed in Chap. 6 (Goodwin &tMatthews,

1971; Chen & Poppele, 19735. ®

+

In terms of systems analysis, spindle eéndings are highly
‘non-linear elements. To get linear approximations of their behaviour

~in _the frequency-domain, one.hesoto restrict’the analysis to very‘

small amplitude stretches and releases of the muscle 'Sensitivity'

of an ending has -been defined by Matthews and Stein (19693) .as the

!
change in firing rate per unit change in amplitude of Binusoidal stretch,

- the dimensions of sensitivity being impulses/sec/mm In the frequency
domain, when sensitivity of an ending is plotted versus the frequency
of stretch. the sensitivity increasss very 1itt1e at lov frequenciea,

5, but above about l 7 Hz 1t starts to- increase very rapidly " The
. . . .
uﬂfrequency where sharp incresse 4n the sensitivity tskes plsce is called '
s
; the corner frequency. The corner frequency has the ‘same vslue fot both

l

'1 atKe primary andi;econdary endings (except: under ltatic gslls fibre

'stimulation) Although the Sensitivity curves look viry sinilsr (belov //((ﬂ
7 Hz) for both spindls endings, the absolute vslues are, very nuch

highet fot the prinsry endings. Moteove:, sboVe sbout 7 Hz. the

)

:pri-sry ending shows . 'tsr incresse 1n scnsitiVity thsn the sccondsry

1;?i{¢ndin3 doos‘ this is sttribqted to the sccslerstion lensitivity of ', L

A'*f"» Vsrious uodels of ttansdnction of length snd vslocity into

""'é. i
R B \

sfferent signils have been ptoposed by different voxkars (Houk et al., ;;:ft :
1966.,Rudjozd 1970;. b, Hstthews. 1972° Poppclc, 1973) Since-wu hav!

"‘\ oo . L . AR . . : . S -,'.»'.’ o



used Poppele's (1973) empiricaiexpressions to compare with our data,
his block diagram will be discussed in a little detail. The receptor

-

organ is thought to consist ?f (1) a mechanical filter, (2) a trans-

¥

ducer, -and (3) an encoder.’ ,The mechanical filtering, which is

supposed to be_due to the

'Yisco-elastic properties of the intrafusal

fibres, accounts for thegslow adaptation of the afferents. In the‘

frequency domain, the rssponse of the endings below 0.5 Hz is attri-

d

buted to this componentji The mechanoelectric transducer, converting
: 0 P : '

mechanical deformatidn\ot the endings into generatot'potential has.

been suggested to accéunt for the velocity and acceleration responses
. ,/,. [~] .
~ This implies that t%f transducers are different for the two endings

v e

“;because the secondaries do not show an acceleration response.. In the

- frequency do-sin, this cdmponent accounts for . the behaviour of the

o

10

spindle organs aboVe'l Hz. ' Both of the above components are considered

linear over a smail range of stretches. The endoden 1s a non-linesr
component which ptoduces spikes frou the generator potential and also’

'shows the phasa 1oc 1n hehaviour.
8

f

The Golgixtandon organs. afferents which feed back tenuion,

. ' Sl
~ Iie at the musculo-t;ndinous J%ns:ions and thus lie in leries with: bhe

’ ) contraétile machihery“qf the nuscle. nEach tendon organ is connscted

\v

350 mau& motor units but it nay ssnple only twc or three fibrco of ona v .'

'motor unit (Houk &rﬁdnnehun 1966) The sfferent tib;cs (Ib) frol the

ftendon organn have diaaedcrs in the'ranae 6-16 u. Duxing an cctivc
" L

"‘raction. the. d‘ccptor firing at a nteady ratc 1ng'nau¢a 1:-

;ing rat:vdurins nhc conttsction phtuc. The :h:cshold for 1ncr¢as¢d
b

[

--firing of chc tcndcn an;an teceptots is -nch luvar for activa contractioa R

g
.

/

>
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.than for the passive stretches (Houk & Henn:;an,’l966); If a tendon
organ is given a step force input, the response shows an overshoot at
the end of the step which fa11; back slowly to a steady leyell Thus
the tendon organ responds to force and:rate of change of force, (the
fofmer is toe statio response and the, latter the dynamic response.

Very little wo;k.has been oone on modelling of EEESe receptors. Houk
and Henneman (1967) oave attributed the vepy slow adaptation to the
visco-elastic properties of the coﬁneétﬁﬁé;tiseﬁe surrounding the
receptor and the faster adaotation due to ;he visco-elastic properties.
of :hé'contractile material or may lie within fhe receptor itself at
the'tranoduction level. In the frequenqy domain, the transfer

‘:characteristics of Tb fibres have been shown to "be similar to those

of primary afferentvfibres (Rosenthal et aZ.,.1970; Andersoh, l974).f

For spinal .feedback pethoays, the primafy-affetent,fibres |

\ make . monoayndpeic excitatory cohnections witﬂ motonehroos of agohistic

muscles, while the Ib fibres make diaynaptic inhibitory conriections with
the same motoneurons. " The contribution of the’ secondary affetento hao

' been very controversial (Matthews, 1972 1973). These muscle receptorev

1”had been lumped with group II cutaneous afferents as being inbibitory

: to the extensors and excitatoty to the flexors. However, now: it;thﬁ.

been shown that thp»group 11 muscle afferents have an excitatory~.

icontribution to éhe tonic sttetch reflex (Westbuty. 1972 Rynet, 1?73;

| Kirkwood & Sears, 1975) B i. ’:7 ‘ B -]-J,f. |

“ Chap. 6 shows the frequenoy teapon:e resultu of *uoele .

fiafferentn with nuscle length (tiﬁpion)‘or notbr spikes et iuput.,~Tﬁei”f

) }extent to vhich tpindle endings»and tendon organ receptors cen co-pensete | ii

ff_for muscle propettiee has beeu diecusee&
' i . o .



~

'agtivated more. This leads to higher activatibn of the hoﬁbnymousn

'SERV0-ASSISTED' HYPOTHESIS AND REFLEX CONTROL .
Having giscussed the basic structure of the muscle and its
motor and sensory innervations, we can discuss how its response is
controlled By this innervation. The most accepted hypo:hesis is the
'servo—assisted'.mefhod_of producing a movement (Matthews, 1972;
ein, 1974). These authors hﬁve‘also rexiewed the othef hypotheses.

According to the 'servo-assisted' control of movement, the alpha and
8 | :

gamma motoneurons are activated simultaneously by the central nervous

’ ~ : .
system. If the extrafusal and intrafusal huscle fibres contract by

»

the same amoun?, the spindle receptors.are unaffected, Howeverf if

*

the extrafusal fibres do not contrac} Zs much as the intrafusal fibres

(due to fatigue qr.extra heavy load), the afferent endings are L
.y : : :

L4

‘motoneurons leading to more goptraction of the muscle.. ‘The coactivation

.. of alpha and gamma fibres was first demonstrated by Granit and Kaada

(1952) ‘It’has been shown in humans by Vallbo~(1971) and walking
mesencephalic chts_(Severih et al., 1967). This feedback is controlled

at the lévgk'of the spinal éordbby vatiOué descending'pﬁthﬁays which

‘can ha&éyexcftagéry'or inhibitory~effec;§‘(Feldﬁan & Otloysky,k1?72).

7How doea a‘musclé earry on its norhal tasks when the intétnal
S 2 .Y -

roperties of the muscle change (e g gfatigue) or there are external

P
Lerturbations? when a muscle is atra:ched, the spindle affetents are »_ “'

' ’ -

' activated which'excite the honony-ous motnncurons leading to shortgniug«_”

of thq umscle. If the nuscle is f&tigued and does not gpoduce enough

tension, tendon organ afferents feed back less 1nhihition, leading to 7

w



"tension (Houk et 51;, 1970). : ' .
| . , _ . 1

,ﬂ‘/rk In addition to reflex control, the stiffness of the muscle

#‘.' ) 4
ai?punbs Jfoxk many of 1its prOperties (Grillner, 1972 1973; Grillner &

-

v }*197” If a contr’\tlng muscle is stretched the tension

es Wwith extension even if sthere is no increase in the firing
e number of motor units. .Muscle stiffness has been

,,sugges. to account for' this property The muscle propetties also
: ! .

accountfﬁgﬁinon reflex load compensation (Partridge, 1966 1967)

V P . .

which will be elaborateg op in. Chap 4.
In addition to the short -latency spinal feedback longer

) latency musc le responses have been demonstrated TMelvill Jones & Watt
1971 Evarts, 1973 Marsdgn éx:pl., 1973\ ;ilner-Brown et aZ ., 1975;
Tatton & Lee, 1975 Angel A Lemon,,leS) wThe electrgyyqpram (EM&B S
of a muscle, after stretch, shows'thre; peaks¢ tﬂi‘ﬂl ya&e with spinal

latency, the“later M, and M3 responses have longer latenciee for

which“transcortical and'transcerebellar'pathways, respectively, have_‘
been Suggested These results indicata that 'in an intact animal

there are three dominant reflex pathways, but anatomically theee have

_not been traced.

There are a number of pathways knovn to exist for the nptor

; . ’ .
system which could be involved in the long loop reflexes w are

-

~'folir main tracts knoqn to project to,the cerebellum carryingiﬁmforuntion'."

.
+

fron'nuﬁcle afferent§~ The dorsal Spinocerebeller tract (DSCT) clttiCI

dnfomtiop fron Ia, Tb and It suscle afferedts, &

SRR
‘at the medullery level and terninates Lgsihteuﬁ"ﬁ_n’ the cerebeller

' the cer-ebe‘_llun

vermal cortex (OecarsSon, 1965) The ventral tpiuocerebellar treet .

- . o o . . PN o .
. . . N o~
. N N N N L L
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(VSCT) crosses at the spina%iléyel, enters the cerebellum at the pontine

R

'tevel. .-Both the DSCT and the VSCT carry information from the hindlimbs

of the animal. Muscle afferents from the upper cervical regions termin-

ate in the éccessory cuneate nucleus of the medulla which gives rise to
the cuneocerebellar tract (CCT). The CCT is the upper 1imb equivalent
of DSCT. In the cat Oscarsson and Uddenberg (1964) have shown the

pre§ence.of rostral spino-cerebellar tract which is the ipsilateral

-

forelimb equivalent of VSCT. !

The descending pathways known from the cerebellum to the
spiﬁal cord are the cegebello—vestibulo-sﬁinal pathway, cgrebello-
fastigial-reticulo-spinal pathway and cer;bello—rubrospinalgpath;ay.
(Eccles, }9753, b; Allen & Tsukahara, 1974).

| The most obvious dgséending pathway'frOm the cerebfal‘portex

thch can‘be involved in transcortical reflexes is the pyramidal

tract. Short latency activation of the pyramidal tract by peripheral

stimulation has been shown by various wotker§ (Brooks & Stoney, 1971;

S

Phillips, 1973; Asanuma 1975). Both in primates and in cats the

muscle afferents project to the ‘motor cortex. - Fot the forelimb the

poshible pathways are (Murphy et al., 197&;_1975{ (1) the gpiqg:"
reticular patﬁﬁay'ascendiﬁg through the central intralaminaf nuclei
of the'thaldmus;'(Z) tﬁe lemnisihi path&hy; ascending thtOugﬁ‘thé main :
quneare‘nuéleus and ventral posterolateral nuclqu: of the thala-ul. |

(3) the xranscerebellar pethyay iqvolving externq;fcuneate nuclcuc.

 -pars incernedia, Lnterpositui and ventrolateral (VL) hucleus ot the

"thalamus, and (4) tnp transcerebellat pathway 1nvolving RSCT. 1nter-

positus ‘and VL nucleus. The pytn-idal tract (PT) fibrcs convor.c
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“ mainly on the interneurens in the spidal cord. However, Landgren et al.

(1962) have shoﬁn that some PT fibres in primates terminate directly

onto motoneurons.

In addition to the o g ghay 4 @,descending pathways,
P : f
i e £V 8F .0 . )
collectively known as exigl * ,sPted; are knanﬂ Fibres from
£ { - ~ _“,‘

the motor cortex project a, red nucleus and the

AR R ‘ ¥
reg5cu1ar formation. The rubrof 1 ‘and ¥eticulospinal tracts are
a part of the extrapyramidal system.

There are multiple small loops known to affect the chending

and descending cerebellar and cerebreI cortical pathways (Allen &

?Tsukahara, 1974). Thesegnay control the inhioition or excitation

. Co ]
levels of the main pathway and also affect their dynamics.

Chap. 'S5 discusses thefdynamics of the long loop reflex

-

pathway for human soleus muscle; Chap. 6 contains similar studies in

R4

decerebrate cats.

‘ A block diagram for the voluntary and reflex control of the
i -

" muscle is shown in Fig 1 1. Dotted lines do not represent true

feedback but merely the load compensation and length—dependent res-

. ponsevofrthe muscle Jdue to 1ts viaco'elastiC~properties. ‘The feedback

~ from Golgi tendon organs, represented by F and P (force end rate of

change of force) goes to the alpha uotoneurons, the cetebellua and thn
motor~cortex The length and‘Velocity feedback fron the lpindles.
represented by X -and X respectively, also goeu to the sale levell of
the central. nervouc systen. The tendon orgnn efferenta feed 1nh1bition o

() and apindleo excitation (+) to the a-otoneurone for,lpinal refloxel.5'

AN

.u‘but their effect ar the higher levell are not very well apecified 1n &
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Fig. 1.1. The voluntary and reflex pathways for the control of muscle
are shown in the.above block diagram. . Control signals reptesent the

voluntary 1input to alpha and gauma notoneurons. Feedbhck ffon‘th.

»
'spindles and the Golgi tendon organs 1s shown to go to alpha moto-

‘neurons, the cerebellum and the motor cortex. The broken linea ahow

the possible long loop reflex feedbacks " The’ dotted Iinec do not

represent a true feedback but merely the dtpendence of nuacle output

“on its length and load. -

-



,

the literature. The long loop reflex shown frbm the ‘mbtor cortex
4 [ 4

-could involve on1§ the motor cortex (for M, wave) or the cerebellum

and motor cortex'(for M3 wave). The reflex shown from the cerebellum

P

does not involve the motor cortex, but only the cerebellum and brain

stem structures, : . v : ‘



"».f did not work.- ‘“

CHAPTER 2

ANALYSIS AND SIMULATIONS

The ohole stretch reflex loop is comprised of the folloving
elements: (1) huscle, ili) muscle afferents, (iii) motoneurons, aLd
- (1v) neurons between the afferents and the motoneurong -Biological '5
Systems are known to be'high1y~nonlineat Howeve:, for a system tolbef‘ )
studied mathematically, the first step is to determine its linear e
properties For this project the properties of the various elenents i\
have been evaluafbd to a linear approxination Fron coherence estilateo'
we have been able to know how linear ench conponent is and over what
v

'range -of frequenciea The data were enalyzed on a LAB-B co-puter

‘(Digital Equipnent‘Corporation) The ujor portion of the nulyoiu

.‘.wns done in the frequency dannﬁn. bdt abne tilo do-nin annlylil wal

" also done. Vhen the 1nput stinulua puluu vcro tegulu'ly cpacod. the
| ',averaging technique (Prench 1973b) HTI uold, and when a rando- truin ﬁf;v"
“of inpuhu was uaed thcn spcctrcl nmlynis wu appli.d (rnach. 19734) B
‘v A general iden of thc tuo lathodc will bc dincullod bolov.p Tho ouccooo o
;of thepe tecﬂhtquoo qppliod to li-uletld cﬂlvonoutt ;: shoun tn thl |

- htter part of tho chaptq:. Sou nunplu arc ohmm m tb- uhl.yah e

A




experiments the transducer was replaced by a Micro-Measurements EA-13-
250MQ-350 strain gauge set-up (Chap. 5). The stimulus pulses, afferent -
spikes, tension and e, m.g. were recorded during the experiment on four

~ channels of a Hewlect-Packart 7700 recorder and stored on magnetic tape -

i
4

- for analysis. Checks for the scationarity of the mean and standard
deviation of the tension flnctuatiqns vere 1n;roduced'through use of &
hot-styLus:recordex_during the éat experinents and a short computer
brbgram during anelysis. In addition, a number’ of twitchee wvere !

. recorded once every 2 seconds (cat. experinents) ot-once every 3 seconds
(hunan experiments) before and aftet a period of rendo- stimulation to |
'check far stationarity Recorde were analyzed only if the n‘ln level

[N

'-Showed drifts of lees than 201 fron the Anitial veluen. o .

Spectraz Analyazs

-/

F?equency reeponae functaon Jhe epecltal ennlysie packn;e

N vas uaed to co-pute the 1uput cpectrn. ontput epestre, c:oel speccte lnd:;..‘

e‘iﬂthe frequency spouse’ fnnctione for any Peir o! inpute and outpute,
- i’

'-ui ey either pae could be a di;ital or an enalog oi;nel._ Theee ei;nqllid o
'y

n},njwete prececorded -on en FH tepe reccrder. The eu:lyei: uns doue uoin; the
' "“3Faot-rourier ttlﬁlfotl (rrr) tﬁChuJQuC cu deectlbed by Prench Iﬂd ﬂeldea

(1971;, b) In ordet to ;pply rrr- both 1uput aud output ei;nala vere

G “""""‘ o f‘m"" ““ “"f mim . n-pnac umnl. t » , 4t m
‘:;;fthe tﬂle eertei tn ie!pled. Tha uuiber‘ot 'aquggdgo be “b.‘.‘!' li!lidlt ;.;




FFT:

interferes with the choice of ffcquency resblution: the data should be
filtered so that no frequency components are left above fh before the
signal is, fed into~fhe computet. The time record 1is sampled 512 tineo

every t bmilliSeconds. For the digital data to’ be sampled this way, the

time .of 1nconing spikes 1is recorded If T is the time of occurrence of

sin (2nf,t)
a 8p1ke, it 1is convolved with’ the function ———ih?r;—*-y where t 18 the
' n

time centred ‘around T. The convolved spike is sampled every t msec

'just as the analog signal is. This vay the analogiand digital data are

transformed into equ;spaced series of anplitudefvaluco for the use of

- e

The Foufier traﬂirueQ'of a~discrete time series is a discrete

spectral compoﬁent series 1n the frequency*donain. If therc ;re N

-sample values ‘the FFT algotith- teduces the nulber o£ calculationa fro-

N2 to N 1032N (Bendat & Piercol 1971; French & Holden, 1971c) To“

':;conpute the discrete Fouticr transforns, che two tine acrien are written ao'

" S ) szt t), ¥ =yt ), m=0, 1, e A - Ll
v f,x and y are means of the 1nput-and outpnt acrien, thg zgro ..‘n .‘ti‘. ‘t?'
. Avare givcn by - : .‘v: O
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L ox(n) ,
n=1
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The discrete Fouriér transforms are given by

\ . o N-1 ¥ -21[.7' %.

Xm =3 L 2(n) e

Ym =x L gmye ', me0,1, .., 0-1

--Thg“poéerksbecftal déduificcfcan b"ﬁfitFOHvQ!J3
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where Sxx and S&y are ‘input #nd output power spectral densities,
- respegtively, and S&y and Syr are forward and backward.crogs power
spectral densities, respectively. The superscript * is for complex

conjugation. Thé frequency'response function is given by

1

S (w)

6w - 325

if additive noise‘appears in the output and

TS i(w) : - "‘!
Sye W) | - 3

Glw) =

if noise appeafs-in'the input. .

From the tranafer function one can compute the 3a1n and phaoe

‘ for the output/input series. The coherence function which is thc

A

;fmeasure of linearity of the systen is uritten as’

s It
S ' Yz(u») = §"ﬂ'§— -
N
L where ]S;y{ 1 the absolute value of thc fotwntd ctoss pover npqcttal
_deueity.< In thiQ wotk, enpitical oxpreoﬁionn wdrc uoed for the lincar'
o :ranst’er functioas of the maclc and spindlg affercntn. nn cohonnco o

- valuoc indicate hov Juseifiad v‘ v!r- eo uic a Iincar -odcl to tit th&n;'""
a0 | | e :

.7' 111 thc above lntIYIia 1. for cho técord lcn;th 512 t vh1¢h ": .

.vi.givea .pgc;ru“ The tat41 tun fot onc cbscrvatton, Li “' 1’ ;7« v

1 -inuu lon; .o th“ ,,, had q '512 t mctu¢ 'mc rmlu mc
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averaged over g spectra.
While gomputing<the géin, phase‘;nd coherence values,
frequency smoothing was carried on at higher frequencieq.’ The
frequency fééqlugion at lower frequencies is given by 31%—2;. At
higher frequencies 1 peighbouring comﬁonepts were averaged-in,such
a way that sudcessiVe samplés were approximately evenly spaced on a
logarithmic frequency scale; the resoluthon frequency increased to.
giilzf-(Bendat & Piersol 1971, Chap. 6 and 9)
. AN .
Second-order curve fitting:’ In Chapters 3 and 5 the gain and
‘phasg d;ta‘of~che’nerve4musc1e_transfet‘function ha?e'beep fitted with |
a second;Otd:r curve by the'ieasf heanisQuar; err;r‘method. A sekond-
L otder system is . charactetized by three paraneters' Go, the low £requency
gain, f%, ‘the natural ftequency, and c, the danping tatio, we vanted to
get the best estimates of these parameters.. A short conpwfer progral B

]
from the experimental gaiu datn, and eaoh pata-ettt wvas VQriod in turn

- was used for this yurpo:e. Initial valucs of the paranetera were cholen
.‘by a preset percentagff' The change wbich produced the grentcat
| reduction in the least mean -quﬂrc error of the ggin data pointa fron
. _the predicted gain curvc vas accepted. m proccu\ was rcputd nntil
| no further reduction in arror c0uld be obtaincd with that perclnta;l
‘ of variation.. _'rhe perccnu;e wu theu uducod until the bdt-ﬁttug

: patanetets vere. obtalned to. tha nonrctt 11‘ Hhcn tho d‘lpins ra:io li,,.'

“'«‘j ; > 1 the two :1-. gonstantt wcrc ntlculat-d. Uliag thn vtlu‘l of

. puranetero detivod fro-thc gain eurve. the prudictionn tor thc ohlco

451 as a function of Erequdncy wcrc olﬂlﬁnod. Thn phaio 1- aftaettd by j}l'u*>



' ftbe frequency re

' ;independent real unv

2

L4
&
the pure time delays involved in nervous coqérction neuromuscular

8

transmission and excitation-contraction coupling The best-fitting

value of the total time delay could be calculated so as to minimize

the meap square error.

Altogether three criteria were available for checking the

adequacy of a second-order model: (1) the decline in gain at high
’ - L] - -

: frequencieé according to the second power of frequency, (2)‘no phase
lags greater than appfoximately 180° after accounting fpr the pute‘

‘time delays,.(3) the goodness of fit of the second-order curve.

Standatd deviations of the points fron the fitted curve wvere typically

lless than +10%.

_ Cbnfidence intervals: -The cohfidence intervals vere cal-
L

:culated for some of the. gain and phase data 1n Chapters 3. S and 6.

expreasions for confidence 1ntervals of

The detailed deriv ~1on :

1s discussed by Bendat and Piersol;

(1971). - In the | | confidence intervais the F distribution

-is involvﬁd--cheti to know the degteea of freedo- of s

‘:f’Paftic“laf extiqpti» 'uused ebove, a spectrul estinate uith

:'

ary purtc ha- 2 degrees of frcedon. I we”

':avetage q nunber of y J; the degree- of treedon are 2$ Purther,

if fregucpcy averngf -done, conoidering l frequency conponentn at
',tine;‘the total n::iy dddagreea of froedou 1ncrea.es ton - qu Tﬁn"

: .approxilato (1 - a) c‘ fidencc iatervell far thc ;lin IG(f)[ and Phlll '
" <

"factor d(ﬁ are givcn au uch frequmy. .ﬂ. by o
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GO -7 < |6 < [8H] + 7

BUY - 86 <0 < 8 + 86N

.o
)
R 2 n
P 23T Py, peaye U0 *iy‘f“'ﬂ(g '

n = 2ql = nymber of degrees of freedom of each spectral
- : .

estimate,

F = 100 a percent point of an F distribution

2, n-2;a

with nl = 2;and ny = n-2 dégreés of freedon,

(f) = estimate for the power spectrum of 1nput x(t),

R

~

yy(f) = estiuate for the power spectrum of output y(t),

Y = sanple estinate of the coherence function between

input x(t)_and output.y(t);

The hats (f)xihdiéqtevtha; the quahtities are eﬁperimentalxestinaten.

;Averagzng

could not be appli d or where tiac donaip propetciec uere ltudied.

‘ 1nput and oucput ha to be 1n :nalog for-. The analog*élnc rccord uan f -

The averaging technique was used either where randon stilulttién

',,cicher tvitch tension pr. rectified and filtar;d EHC or -odified lnd

v

: ‘filtercd aensory afferent inpulu:u.

/

: To detetnine conttactlon tina. half-rclt:ation tino, poak '

Both .

N
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tension and area under the twitch, a certain number of twitches were
averaged depending on the experiment (Chap, 3 and 5)." Another program
computed and typed out the above parameters.

To determine the frequency response function between
(i) tension as input, afferent impulses as output, (ii) afferent impulses
as inpdtr EMs. as output, (111) tension as input and EMG as output,
the following procedure was used. Before feeding EMG into the computer,-
> the EMG  was rectified!and passed through a Paynter filter (Gottlieb &
Agarwal 1970) which had a cut—off frequency of ~100 Hz. The‘Paynter
filter int¥dduced phase'lags which were corrected for in the final#data.
To make the afferent data into analog signals comparable to the EMG
each spike triggered a pulse generator to produce a standard pulse of
5 msec duratioq which was passed through a Paynter filter. This did not
introduce any dynamics into the system over the range of . frequencies of
interest, but introduced phase lags vhich vere corrected for in the final
results Abgut 100 responses for the required input and output were
averaged and plotted The next program took the Fourier transfornfof'the'

)

input and eutput avetaged data. Finally, the gains and the phases at
°

Various frequencies ‘were computed.— . ' ,

SIMULATIONS -
The biological systtns, 1 e., the uustles and the ucntory
' nuscle reeeptors, are known for their nonlinearitiea (Nicholl & Houk.

1973, Houk ét al., 1973) To test the effoct of some nonlinearitiea on

the accuracy ot the lépear analysis, the analyli: was done on’ the relponse

}

‘s
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v

%
of simulated elements. A block diagram of a complete simulated feedback
¢
lodﬁ for the myotatic refle# is shown i‘,Fig. 2.1. The muscle was
" simulated by a critically damped, second—ordet, »ow pass RC filter,
stﬁge I. The iéput to the RC ‘circuit was either a random train of short
duration impulses to apply spectral anaﬂysis technique or regularly

¢
spaced impulses for the averaging'technique. Fig. 2.2 shows the gain

»

cyrves for theoretically calculated values, spectral analysis and
averaging technique results. The three are very similar. The
coherence values are avaiiable'only for the sﬁectral anélysis.

‘'The output of the simulated muscle was fed into an RC circuit

, (stage II) which responded to position and velocity. The\ftequency’ .

response function of this element with inpﬁt from Ehe_s‘ lated wmuscle

[+]

was exactly the same as that of secondary spindle affereﬁtd given by .

A

9‘~‘.
Poppel1‘?nd Bowman (1970) up to 30 Hz (Fig. 2.3a). “his output was

fed to bhe model neuron (French & Stein, 1970), whose firing rate could

1

be varied (stage IV) Also, different levels of noise could be added.

~ The output of the model neuron was passed through a pulse gonerator to.

%,

a

- dncrease’ the duration of the spikes and then through a Paynter filter

before fceding it into the computer as an lnalo' lignal. Stages II and:s'

IV togethet aimulate the uqscle spindle affercut or muscle :pindlo
affetent plus motoneuron assuling that the loeunturons do. not add ng
dynamics to the £ecdhack syst-l (Chnp. 5 and 6; alno Poppele & 1|tzuolo,
1968) . Betwéen stages II and Ry ditttrent p‘sg tinc dcl.yl (atage - III)

Veté added. -Fig 2. 33 shows .the gnin of :hc trannfct tuncticn for IC

- circuit of stage 11 wich na .nalog ci;nal as 1nput lnd an analog st.nal

as output. ’Ihe cotrespohding phasea of thia stngc are purely dye to thl

¥

v

¥

. ‘

e
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Eig. ,2.1. Block diagram of simulated stretch ref‘lex loops with

A}

adjustable noise input at the ‘model neuron stage. Stages EI, III
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 Fig. 2“2 Gain curves of the frequency re!ponae function of critically

damped. second—order RC filter si-ulating the muscle. ( ) sive the S

',calculated values frdm circuit anllynic. (+) -how the guin valucl

J’computed by tha averag1ng techuique and (a) ahow the gqin valucc
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°computed by spectral analyaia when 1nput randon inpulseh wnrc applicd g

- at'a-mean rate of Slsec.- The abaoluto valuei:bf gain are differcaz
1n.three cages. o ‘k‘ii ' R ‘  7 f‘,_i-
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®
dynamics with no pure time delay éontribution.' Fig. 2.3b shows the

gain for staées II, III and IV vith a delay of 20 msec. The model
neurdn_firing rate (~100/sec) was only mo&ulated by the input. Curve
2.3b is similar to curve 2.3a. Thus adding the delay andlthe non-
linear element (model heu{on) does not affect the dynamics; the
analysis is still accurate. |

The differencé between phases of 2.3b and 2.3a was due to the .
pure time Aelay (Chap. 5)...Theré was a iinear felationshi§ befyeen
. these phase diffetences and fréquency. The slope of this straight 1;ne .
4gaVe Ehe timg’@elay in the-ﬁgfhway; the computed dglay agreed witﬂ-thq
delay introdqud: This vh§ repeated for differénf delays; .the gain
curve; were not affected, Bnly-the phnsel,ﬁité. 1f’thefdeliy-is t i.‘ej‘
the modulation't;f the mod}l neuron Bégina‘ after t msec. One can’
eliminate this part of the model ‘neuron output in the co-putcr lvcra;in;.”
This elimination tntroduces a ‘phase advancc 4= O 36 f t dcgront ‘If |

this was taken 1nto account. then- th, tranlfer function was not aff.ctcd

BN

- by elinination‘of the first t -pec of -odcl ncuron outpuc (this nppli—

’ cation was used 1n<the elininntion of ! and b: | wc#cl £to. EHG tecordo l' v
t . R Lt

in Chap.‘ 5 and. 6) :K -,ﬂ:. |

Hhea the inpu@ to the -odal ‘neuron vas: largc nnouch. 1notond
Of Iodulating ;hn firing rate thc -odcl ncnron .topptd ftria; altogothcr
for/a period cqutl to sednral intcrtpik& 1ntitvnll at th‘ Inln tatc.off :
firinz.\ Thi- can bc conliﬂorod as a satutltion aonlino;rtty. ltg. 2 3c
uhowo the gain ukcn che'-o;ol ncutou Ull Illsilc abont 5-6 .pih.o ;ivll.

.8 pauce af ~80 -scc‘ Pro- f?.tnﬂt puuld lca;:hn of tp lce. 1: .illl

: ch;t * dip 1n r.hc gatu cum \ﬁ.cuu ac s ftquncy ot %u. n. ,’_ R

. \ e ﬂf-vf'*.a;"L,‘ci
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' simulated muscle spindle afferents. (a) -hth the sain of position ~5'“‘:'” 
. and velocity sensitive RCEZircuit only. (b) ma-'n tho ain of uta‘&
"‘11. 111 and zv when tht dclay qdded w.s zo lsoc\ gnd (q) lhoun thc | :f? k,4

: _gnin for the same stlges whea tbe dllay ‘dded wns-*Go lncc aqﬂ thcrq

| vas an 1at£1a1 pauge of 80 nuec in thc firing ef thn uai!l.nontoa.f‘g ;f‘i,‘jﬁs
' The uodel neux"nn firiﬂg ra,,te !;\ (b) lnd (c) m itm eaa, - :
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corresponding phases vere also affected 'Delay 1ntroduced for 'F‘ig. 2. 3c
was about 80 msec but the computed delay from the phases (up to 10 Hz)
is 110 msee. ' ‘rhe delays calculated were always much higher vhen a pause
was: 1n‘troduced Thus che reaults vere not reliable when there vere
aaturation‘ nonlineafitles 1ntroduced | Effecta of this ld.nd on our
) analysis of the afferent data. will be discuued. 1n Chapter 6.
If 1n addition to the aaturation nonlimuty. the flring
rate ‘of the neurons was lov, this allo ude r.he tenultl unreliable
" Peaks :I.n the’ gain curveo occurred at the firing frequency and ita highcr
'h{?omics Gorrespondingly, thhre werc lar;c, non-ono:onic varutiou
4. in the phases One could ‘nat calculate the puro ti.e delayl frou‘theu
| phase lagq Analysis wu done for variouc fitins ratn,‘ 1ntroduci.u
..different durations of the paun. . Plg 2 p lhm the gais cutvu np to \‘
. 'loo Hz for a firins rate of 28/aec \dth tvo difiernnt pauul. In !1;. .4‘ ]
R the pause was around 50 -sec (unin; one Op:l.h) \dth a olizbt ttcn;h o
in the gain curve ~20 Hz. 'rheu 1- a puk ~30 Hz (ﬁting nnﬂ It | ‘
"_w&a seen around 60 and 90 nz too.. m dehy of 81 luc ulculltld !m "

| the cottetpoodinx phue dau nu clou to. tha utr.oducd dchy ot

D '_,-~ao mséc. m‘?z b ad amu ~m e (-mm thtn mhuls

o ':"_'troulh 13 arouad 9 n; ﬂth s ”‘k “ thc ﬁrm ““

'rrmm functs.on ot m.u n. Hl al  ‘wan oonputed To

m m ﬁriﬂl m- of uu -em'v mm t!ni f&m ‘m-; ‘of :hrum
mron m anly mm-l nl'n .clocr m‘m Lt rodue: ¥
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the firing rate, the more reliable were the data.é£ higheF.frequéncies;
- With firing rates of 28/sec and 63/sec, fhe~data with and wiﬁhout noise
| were gﬂod up to 20 Hz‘and the delays calculated were cotrect At lowét
‘rates (e g 15 and 20/sec) the scatter in the data increased as- the
noise level was increased. The scatter made the sharp trough and pq;ks
'  disappear. Rig. 2.5 shows the gain curves with and thhout_nqise vhg; |
A ﬁhe firing.raté waé ~16/séc Fig. 2.5a has no-noisé;added to fhe -pdel
neuron; the peak at the firing frequency 1is sharp and ‘the. phase’ data a:e
‘ :;reliable only up to 10 Hz. The couputed delay (93 ‘msec) 10 8 11ttle
longer than the added delay. Tﬁe sane is true'of Fiéb 2. Sh'where the '
st;ndatd deviation of the ngpn interval 18 4.3 @nean 1nterval 62 5).
--Houe;;r, vhen the s D. increnséd to 19. Sy the scatter increnled. thc
e phaae data were unable up to 20 Hz and thc calcula:ed delly waa 86. msec,
. very close to :he added delay. The same reault. wurc tree’ for highet
' f1r1ng rates. only :hc u:able frequency tangc incroaobd.f o - -
| | The next otcp vas to cyplc ths 1009 and chuck 1f ths ttnnlfcr
| function for ﬂ;qe- II. III and xv vas’ ltlll tlu u-e aml corroct. :u.
s deléy (’;‘m“ could b. coqmud.u Diffetcnc dqhyc nrc addod. M thc
"7feudbn¢k.occillqzion vas hqnvilj dllpod thcrc unn no~c1¢ar pauic tn thc

l

' ~"f"';b.,f;-'f£1:1n3 ot th¢ nodul nmou nnd th‘ fi:tn;-xuq m odly ’aoduhud, ﬂu -

8 . co-puud d‘uﬂ‘mo oonm:t‘-ﬂ thc gu.n'uﬁc.r mo nbt~l££utod. h
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loop was closed.

(a) 20 nsec. (b) 40 nsec. and (c) 80 ulec

to Qhe nodgl neuron fiting
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frequeocies. One cannot compute ahy reliable results under such
conditione except getting the correct frequency of oscillation. Fig.
2.6 shows the gein curves for stages II, III and IV when the delays
added in the feedback were 20, 40-and 80 msee,-reépectively,vfor the
curves a, band c with no large oscillétions.J-Ihe computedtdelays

- agreed wiﬁh the delays lqtroduced. For Fig.'2.6c noise wes added to
the model neuron. Fig. 2.7 shows the inverted oscillatory output 1§~
“the time'domein‘for the model ouscle in th:ee.cases The inverted
output corresponds to the length change to which the model oeuron (or
. the spindle afferents) respond. As the feedback delay vas increased,
Ithe frequency of oscillation decreased ?or 20 ms delay, no clear
oscillation is shown; only a hump on the falling phase 1s visible.
This small amount of feedback response is enough td calculate the |

feedback ttansfen function accurgtely. This 13 the fotu of some

kclosed loop musclesresponne"‘i observed in hunan as well as 1n thc

‘.cat wotk (Chap 5 and 6)

It is clear from ehe sinolation work that the analylia w;.
‘unreliable under certain well~def1ned conditions. Difiiculties aronc :
only when (1) there vap a paule 1n EHG or ;fferent firing, (11) lfferent
Aafiring rate was low, or regulatly firins linsle -oﬁor unitn uorc
"recorded* 1n (fhe M oF (111) vlun there wero hrp undnn«l

e osclll&tionl

. e



Fxg, 2.7. T ‘me domaih if

»_showh when the 1oop was closed. The feedback latencies inrtoduced ‘ :

.('~were (a) 24 msec,_(b) &0 naec, and (c) 80 nsec. The frequencv n‘»

oscillation devreaséd with an 1ncreaae 1n tine dclny. ~

' ed output of the simulaced muscle 13 '
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CHAPTER 3
EFFECTS OF ELASTIC LOADS ON THE CONTRACTIONS OF CAT MUSCLES
| |
INTRODUCTION

The partially fused contractile responses resulting from
. ) [ .
random nerve stl&ulation re le the natural activity of muscle more

closely than do isolatéa twitches or fused tetani. We have been

interested in describing the tension fluctuations of muscles under

2

conditions of random activation and in drawing inferences from such a
description about the underlying contractile mechanism.

Mannard and Stein (1973) showed that in response to randoa '*:

'stimulation the partly fused responses of'an 1sometric muscle of the

cat were similar-to thosé of a simple, linear, second-order systo-, i e.,
the relationship between nerve stimuli and tension fluctuatlons, under

various conditions of mean stimulatipn ra\h and muscle length conformed.

: '\
. to a family of second-order frequency responke curves. A frequency

¢°f three pataneters. Two of thene para-otero are, under

. \
\

response curve measures the ability of a systeu to tespond to inputa of
v . (
various requencies. In the case of nuscle this eutve naasures both thc

./ \

gain and phase changes nuscles w111 contribute to cyclic act vity found

in natural unvenents such as walking. runnlng and trehor., A ihcond-

\

order frequency responae curve ia couveniently describ‘

" >‘. .
canditiona. the ttme aonatanta or thc natc oonatanta of tha system \

: (Hilaua. 1966) . Since nornally funetioning lusclet are ofteu\!roc to\

'.shorten appreciably; ve extended thelc cxpc:iqtntu to -u;clec which vtrl i

.. ftee to contract againot elaltlc loada. Al v i

: T 4 . . ‘- P L . : !
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with widely different stiffnesses.

MOdels.of force generation in muscle generally contain a
contractile element which heé kinetic properties that deternine.the
generation of force internally. This force is tﬁ%difiéd'by the
dyn:amics of the muscle and extbernal loeds, conéidérecg as a visco-
ielastic system. ‘One might expect that several variables would be
needed to describe ehe'behaviour of sueh a system, but the fact~that
aosecond-order model haldsAfor Both isometric end elastic loadiné.
iinpl_ies that only two variables are rate-limiting.

| ‘Theoretical studies (Steié & WOng, 1974) were undertaken.
using a model for contraqtion based en the sliding filaeent theory
'(Huxley, 1957) as'expanded by Julian (1969) to include the kinetica ‘of
" activation ﬁrodﬁéeﬂ by Ca ions. 'Tﬁese studies suggestee that one of
the rate- limit%Pg processes was the reuptake of Ca by the sarcoplasnic
- reticelun This process determined the1relaxation phase of an 1sonetr1c :
twitch However, it was not clear whether the second proces¥’ which
determined the ceqtraetile:phiae'bf a twi;ch 1h§olved £h¢ réfe~o£
m;king eed‘breaking eress-btidges:between actin ke& -yesin nolecules.

or depended on the visco-elactic properties of muscle. Bnrlter nodelo o

© of muscle (Hill, 1938‘ Houk Cornew & Stark, 1966) tended :a assume

-that the 1ncrease in tenaion during a twitch was mainly lilited by
ﬂaco—elascic ptoperties. Honvcr, in 1solateﬁQli.n31e fibero oén .
: .'frog 1in ﬁhich tendon conyliance had largely been elh:lnatod, Buxlt?*

. Simnons (1971) shound that the forlution of ctoso-brid;os 11-1:-4 the

rate of :1se of an iaonctric tviteh.l Other pa:nible tate-lilittng lttpl B

. 1nc1ude the bruking of ctoss-—bridges (Podoloiy, Nohn & z:vclcr. 1969).
. ~ : . .

e ) : . i . . e

. v-” S
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the movement of cross-bridges (Weber & Murray, 1973) or the binding of
Ca ians (Ashley ;:Moi$escu, 1973). 'Although studies on the dynamic -
properties of whole muscles are unlikely to distinguish conclusively
* " between these vayious possibilities,-wé feit.ye could test the visco-
elastic hypothesis by Qaryiqg the-loading conditions.
We studied Ehe plantaris and soleus muscles in the cat, both
under isometric conditions and with elastic loads. - Under isometric

" conditibns both muscles behqved according to.the predictioné'of the

“b» secand-order model, although the natural frequency of?! soleus muscle (a -
- mainly slow twitch muscle; lb\meman & Olson 1965) was nucwthan
' . fot,plantaris muscle (a mainly fast twitch muscle; Binkhorsty 69).

For plantéris muscle with elastic loads one rate constant did increasg
systematically when increasingly stif£ ;pringé were added‘invse;ies with;
tﬂe muscle._ as expécted lif the visco-elastic properties of the’ muscle .
11mi't“_ed the .r‘a;e_.of‘ contchti:m. Chcpterv 10‘ compares the prcri-enéal
rebults’with Q’Quantitative wodel of muscle ﬁased on this possibility.
This model can prediét the reSults of expctinentn when a muscle contracts,
not only agatnst elastic loads, but also a;linst various 1nettia1 loads.

Hawever, ~_vh¢n elastic loaﬂ:‘ were applicd to golcus nuscl., sone
pr‘oper'ties‘wén oburved which wo'n'id not bc"c‘xpc‘cted foi' & linear,

second-ordnr *lt‘l. These are deccribed qulitntively in the RBSULTS

[]

M di-c.gsud furttur with respect to other recent wo!k oq thtn lmch

i

) (Joyce. lhck & Hntbuty, 1969 htke, Mo-in . hjac. 1970 Hichcl. &

o 1

Houk, 1973). ”__ﬁ o oL



METHODS
L 4
The experimental arrangements for this and Chapters 4 and 6
are shown schematically in Fig. 3.1. Random trains of supramaximal
stimuli at a mean rate of between 5/sec and 10/sec were applied for
1 ‘minute to the ﬁerve to either plantaris or soleus muscles (details

in Mannard”& Stein, 1973). The two heads of gastrocnemius were divided

:and either plantaris or soleus muscle was freed. The Achilles tendon

was divided so that only the muscle to be studied was left attached 69‘

: tﬁe calcaneum. The tendon would then be d;tached eithe; to

(1) a stiff tension transducer (stiffness = 10 kg/mm) -

) o
isometric loading;

(2) an external spring of varying stiffness (8 g/nl—tq L

]
570 g/mm) - elastic loading; . s
(j) an ekternal spring after going around a pulleyAto which

varying inertial loads could be added - inertigl loading.

Under conditions (2) and‘(3) the @ension.tranbducer was"

o o CL : :
connected to the other end of the external-apring. Except vhen the

effect of 1ength was being studied, thc nuncrb vas ‘kept at thc length

- which pzoduced the largest isomertric twibch tenlion.i ‘the pl!liVC tlnaioﬁ
';cortesponding to this optinal lcn;th vas notcd and vhen clastic loadl
'were changcd. each spting vas’ :trc;chod to prdduce thc same 1cvcl of

-patsive-tension.» Different flyvheclo coaxicl with th’ pullpy conltitutod o

1ncrtia1 loads 1n thc range 4-1500 g Aftpr cuch cx?crilnne thc ly‘tll
vas calibbated by replacing the -uoclc vith a :pring, chd obcervtnc thc ;

A,da-pcd oscillaciono that rc-ultad fro- brief diuplacan.nta of thl f_



43

Stimulator

- muscle

_ Tension
transducer

Fig.~3;l. ‘Schematic diagram 5f tﬁe svstem used ;6qup1y‘§ary1hg 

, elasgic and inertiai load§ ﬁo'a muscle.. The pulléfiand flywhéell e
vfpr inertial loading (interrupted lines) vere not connected except

for expetiments described in Chaps 4 and 6. They were included

when: required by passing the thread frga the muscle around thc
‘pulley ‘The thread was knotted and attached tightly at, one point

80 that no slippage could oqcur. The pulley had a snfficicntly

ilarge diameter (6 cn) that only s fraetioﬂ of a rotatioa nccurrcd

evaﬂ‘vith mxiaal contractimu. S L
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various'inertial loads. The damping of‘thé pulley system was smail
compared to the probable damping introduced By‘the normal antagonistic
huscles, but the fange of elastic and inertial Idads,probably included .
mostlof thevphysiblégicél range: (A. Mannard &_i.B. Stqin, unpubliahed'
- observations). ‘
Values of tension are given iﬁ grﬁms veight in ;his work

beéa&se these are e&gily comprehended aﬁd are‘cohsistent w;thinuéh of

the previous literature, These VaiUes can be eaéily convert;d to the
more widely accepted MKS units of force, Newtons, by dividing by»lOOO
(to -convert grams to kilograms) and multgplying ‘the results by the
acgelera;iqn of gravity, 9.8 m/sec?. S;milarly. the values of stiffnesq |
can be easily converted to §/n,» ; ' o ""'I' :

RESULTS:

-

Effect of Elastic Loads on the Twitch
' : /e
PZantarts muscle Fig. 3 2 shows a cypical isometric twitch

of plantaris muscle in responne to ;upraanxinal ‘tilnlation at itn -

optimal length, together v;th the eff.et: o; puncin: 1ncuuingly
conpliant springs in ‘series vith tho luaclo. :eafc that thn tvitch
tension is urkedly roducod when .oro co-puant -pringo yu uud. aud

. the contraction tine is lcn;tbcnod -m:. Shﬂu ruult; hnu'bun
-oburvod for urtorius -ulclc of tha fro; (Rlll. 1951) "

Howcvcr. it ic not obari.oul fx‘e- !‘;l;. 3 2 mrm thc rcuutton
jphan of the twttch u pi:uarly attccnd.. 'to owy :m uvcul Mum

thre avcra;ed and vatioul partlctcrl U'td cllculotdd ftol :hn dvnrlgt
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fwtteh. Twitches were applied before and aftet each period of random
stimulation so the effect of random stimulation at ‘10 stinuli/sec for
- 60 sec could also be determined. These results are suunarized~in,.
Fig. 3 3 for the same muscle as used in Fig. 3.2, The left half o;)
| Fig. 3.3 indicates that the half-relaxation tine, as well as the
contraction time decreasﬁd when 1ncreaslngly stiff sptings vere uled..
It was more difficult to measure changes in the final exponential decly
of the twitch below. the ha1f~re1axation point (see also Jevell & Hilkie,
1960) Small increases or decteaaes were observed in different
éxpe:iments aftet increasing the-stiffneaa of extefnal springc.
| Much more dramatic than the ch&nges in time coutoe are the
changes in ;witch tensiod and the area unider the :witch -houn on “the

S

' right side of Fig. 3. 3. The best-fitting straigh: linas h-v. been ,7 :

@

' computed for the data in each part of Fig. 3. 3 to indiclte the trcndi
.'vlinore cleatly The lines do -not necessgrily 1lply thnt tef.. varilblcs j f |
_ are all linearly telated to aerica ltiffncll Tht l:pcttcd rclltionl ,»;'**f
between sono of thene vgrinblcs will‘bo conlidnrod 1a-¢haptot 6. i
_ ‘ By conpatint the data pointllin rx;. 2 3 -n‘:urnd bcforc ¢ )
v:and aftet (*) '} p‘riod of rando- utilnlctinn, VO :‘c thaq Q pariod of
randon tti-ulacion tli‘htly pountuud thc Mcch ud chornmd iu E

r.ile coutu. 'r.hm tvo cfucu of atmhciq: c‘!uuul h thh l
. cxpcriuut so thnt thc uu udat u ;wttcb (-umd 1. ....e) ..“ L
“i‘;'ililtlc atfcccod.’~ ?”1EQ,;fV{};, USRS e
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elastie lodds. We alsoA consistently observed that the duration of the stwitch
contractions of soleus muscle ageinst weak sorings increased :&3&?& a
steady level and then declined abruptly. (Fig 3.2), The contraction
times were therefore longer with weak aprings as for plantaris, but
the half—relaxétion times wvere less. The unusual foru of the twitch
.. was presumably due to .the fornation of htable bonds during the |
<
contraction of this slow twitch uuscle. the effects of which have been ‘
'Xdescribed previously (Joyce et al., 1969 see also the DISCUSSION)
Another effect of these stable bonds was that during the
occasional long pauses 1n the random stimulation the nean level of
tension would drop dranatically and only return to 1ts previous level |
f-with a time course of a second or nore (see also Burke et al., 1970)
\Thenc nonlinear effects were-nuch note proninent 1n the slow oolcut |
muscle thap in the faster plantatia. so that noct of the suhsoqulnt
_linear analysis will deal with plantaris.; Bavevcr. co-parilono with -:

\'oolous will be included at scvcral pOInto 1n tho RESULTS aad in thc |

- A fiul diffetenco batwnn the two nm‘.lu vu tlut the tvitch'-f_ i
"tensionn 1n~noleu; vorc scnerally :oncvhot doproaaod iul.dtltilr nltor .
:rm chu.

"‘~T§P&tout£ntion o! tho‘tviteh

.m-um:oa at . mn ntc ot s or 1of' e,

"'§5van occnciennlly ob.ervod. parttcnlarlyjﬂ:_i hizhcr. noatrsotenie tat.n ,;
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applied; Soleos musole proved more stationary in that it fotigued less
during a long expetiment than did ‘plantaris, presumably becauu o; the |
v higher percentage of slow twitch slowly fatiguing fibers in soleul
(Henneman & Olson. 1965) The twitch of plantaris muscle inevitably
declined with time, “and . i1sometric . runs vere.-therefore 1ntetposed betveen
.every few conditions with elaatic loads 'I’he vertical extent of the T
symbols for isometric loading in Fig. 3 3 gives the standard dev:lation
of f‘our runs over the period of this ;erieo - 'rhus, the vertical extv
..includes any syatematicb changes Ls vell as randon fluc uationo bong- )
term changes were nininized by rhndo-iziug the order. o elutic Loado . |
-~.and repeating ‘the first couple of elutic l.oada at the end of the urlco. "
The values for 8 and 66 g/u in. Fig. “3. 3 repteunt thc avougo of two 'F
'*w-_
| _ Reaultl 8inilar to thou ﬁluuutd in !‘13. 3 3 wetc oburvd '
: consistently. They 1nd1catc that the inter;?.‘tion nf ;a oxtoml olntic
h "_v':‘eleuent with. the 1ntorm1 contnctilo vﬁco—elutic ol.outl ot lnuclo e
‘ t-‘urkedly alten thc twitch touion aad affceta tho tmontu of a Mtch:"irj

o to me exunt. ~ llmmnr. thcu tuultl do not’ lond thunlm muy to & o

L ‘qumuumv. amlnio vl)ich could «umm tt the vi ':_' -alast! ‘
. : : .'proportiu of mch diroctly lhi.t th uto of conttutim ‘tld.d u
{:uon uany dono brmalynu 1n tlu ftoﬂuu\cy dou!a ntm tlun h tho

S ;tiu dmtn.j"




Sy imjicau nhé ttiffneu of tha sprtngl ;ln s/-r i.-;,;Tho f’btcd cum:
: for n ucond-ord¢1' linm 'YO“‘ "“" cm“"d “ d”“ﬂ"d “ th‘
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. _ . \ \

fluctuations using random»stimula@ien and the same elastic loads as in

. Y .
Fig. 3.2. The gain curves have the same dimensions as the area under

a twitcn (g¥sec/impulse),’nnd in a linearbsystem (Milsum, 1966) the:
éain ar'&ow.frequencieu would be 1dent1ca1-to the area under the
twitches. Nore tnat t@i‘iow frequgncy gain, like the twitch area
(Fig. 3.3) is much greatet;vith stiffer springs.

Fig 3 4 also indicates that the responses decline as the

second power of the frequency at high frequencies (a slope of -2 on

these log-log plots)._'The trgnsitions_betveen the low ‘frequency
portions of these curves and the high frequency;por;;Ons occur at

abuur the same frequency, althbugh the shapes of; the curves Vary some-

, what with diiferent elaatic loads. This suggests that the pl.ntaria

muacle still behaves like a linear q;cond-order syttem ‘with about’ thz _
/

same natural frequency but Hith a danping ratio which nay vary ﬁith

| "the elastic 1oad. The phase data for the responsec as a function of

’ frequency (not shown in Pig 3 4) vere concistent with the gaim. datu.
The coherence functions (a nornnlized Ieasure of the linoarity of the
iresponse, Bendat & Pieraol, 1971) vcrn hniforlly high. typic;lly betweln

0.6 and 0, 9 for all sprin;n over most of the fuqumy rmc ohown 'A ,

rig 3 5 shovu an ¢xnnp1¢ of thc colpucod 953 confidnncc

v Q'I’hc mumrity ot‘ thc -wch .aa ehc biu mou m couuorul u

’ ﬁ:{:fanalytis could.account for fhc fittcd curvc no& lyinl cuivlotcly vtthii

e thc coaﬂdmc ﬁtsnus. s Hormn. thc_mmd-acdot -odol uy no: h

e

o

B

/

_1ncm¢1: ttq; an uouttic tun of thc phuuru mclc. ’nu ;hick uau .

’ il*j;show the ficte& oecoan-ordor curvqp ior thc gnin lad thc phnso dl:c..,.»'x ’
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comoletely odequate (Chap. 5). Although the coherence values fall at
higher frequencies, .the confidence intzrvals are still narrow because
of the frequenoy averaging (Chap, 2).

The left%hand side of Fig. 3.6 shows the best-fitting valoes
of gain, qatural frequemcy and damping ratio (see methods) as a\function
of elastic stiffness for the same muscle as in Fig. 3.4 ), amd another
plantaris muscle (+). The galn 1ncreasés steadily with stiffness, vhil?-
the natural frequency showed no marked change. No conSistent trends in
'natural frequéncy were obsetfved in teniexperiments The relative
constancy of the natural frequen;y 1mp11ea that muscles should be able
to follow oscillatory signals from the oentral nervous system of roughly
';he same bandwidth whether contracting isomettically or under quite
light loads. o |

The damping ratio followed a U—shaped curve with a minimum at
lntermédiabe values of stiffnesa.A This shape was obaerved in every
experiment with plantaris muscle. The ninimum vglue was alvays close
bto one (critical damping, Milaum, 1966) although slightly underdamped
-or overdamped values were obcained 1n some experimanta.

, The thtee parameters. low frequcncy gain Go), natutal |
frequency (f Y aud damping ratio (c) are: sufficicnt to. co-plognly H
"describe a linear second-order syste-.. when the dauping rntio 1-
.gredter than or equal to onc..an equivalcnt not of paranotctc ic tﬁe
| low frequency gcin nnd tuo tate couatanto or tilo conntantc (Hilsul,.

. Ny ) , L i ST
1966) ,'5 e _:>« - y

C e . . '.’- Tt ¢

1_{.[_; ; ~ The telstion becucnn thn tuo tatc conntlana. r; aad r;. and

".ﬂ the otber para-cterl 1: zivtn by kS _}'tf'kl ”‘Ti‘z'lfflj;i}llfT‘ L
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Fig. 3.6. Effect bf’elastic stiffness on the gein, natural frequency
and-demping ratidlﬁeasured frem tﬁe ftequency responseycurVes for
plantarfs ana solehs museles Gain increases steadily with increasing
: stiffness in both muscles, but the natural frequency -and the danping
.ratio are. affected diffetently. The implicacions of these-results
.‘ a:evdiecuesed in the text. The two types of symbols give data fromA
different experiments with each muscle.~ The vertical extent of the
symbols for 1somecric conditions wich plantaris muscle 1ndicate thef
§ .D. of (S\e valuel obtained from four runa No-ce. the diffetent

p

_-scales for: the two muscles.
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. other;eiberime s the crossin

- I

PPy = 2nf, (@ V18- 1D, o2 1 (3.1).

Note that when ¢ = 1, ry = r,. For { < 1 the response is oscillatory
but the envelope of the oscillation will decay exponentially with a

rate constant r, where
r = 2nf;c ) : - (3.2).

Time constants can also be defined which are the inverse of
the‘rate con8tants. The faster rate constant (shotter time constant)

will determine the rising phase of a twitch whilg the slover rate

. Lo
e
- [

constant will determine tbe relaxgtion phaoc. o:  t VRN,

Fig. 3.7A shows the values of';hgg§;:§ie co;stants (left
.ordinatéf'or time coégfqnts (tighf ordiﬁifh) as a function of thé
stiffnegs pf the exterﬁal spriqgs, A wide.range of spriﬁgs iévshovn_
and most yalués were repeated more thén“dnce. The two rqﬁe_constantl
computed from Eq;. (3.%@ v#ry in opposite dir;ctions. and in ;hil

experiment appear to cross ay a stiffmess of 30-40 glln."lp some

over ‘occurred at somewhat higher

seiffnesses‘(SQ-IOQ.g/n-).

A#Fpointedfout‘abowe, dauping rutio of 1 éccurs when both

G

'~réte constants have"the'ac-n value. Hhcncver thc rate constants ditftt

the danpins rntio will be greatcr than 1 which qtplaina the U-nhapcd

ds-ping cutvc ntcn 1n Fis 3 6. Undor several couditiono tbio

‘g . .

expet!!ent thc hest-fit:in; damping ratio vas lli;htly less than 1.

% ’ vt

This qccurred heelule the tcl;xntion phanc ull tclativcly funter thtn
. - . , _ _

P
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Fig. 3. f Changing either (A) the stiffness of %prings in series with « .

a muscle, (B) the length of the muscle from that which produces the”’

»largest twitch, or (C) the mean rate of ctimulation affects the two : _

Ty

..rate constants.' Isometric conditions were used for (B) and (C) Tﬂcl o

comnqted best fittins qtraight lines on the scmi-log plots 1n (B) and
\

(C) ha\e been drawn to indicate the trend of the data; Note thlt thO‘

two rate. conntants in (A) appear to cross. The corretPondina valucs J
of time constants can be dete ‘mined fton the right-hand scale in (A) 7.'j’fﬁj

) All gnree graphp give daca frcm d;fferent plpntaric muscles.




8%

57

A

expected for a critically damped, second-order system.. The rate constants
s : '
for these conditions were set equal to the value given in Eq. (3.2).

This finding of two rate constants varying in the A;gbsite

- directions with increasing stiffness would explain the relative conitancy

of the hatural frgquegcy'(which depends on the product of the rate
constants). Similar changes in the rate constants wg;e observed.when
the length of® the muécle was varied about the iength which gave ‘the
largest twitch tension (Fig. 3.7B) or when the mean rate oé étimulation
was varied (Fig.‘3.7C). The trains of.pulses used wére pretecorded sn a
tape recorder S0 that the rate: could be changed over. an eight-fold

range without. altering the form of the distribution of pulses

(see also Mannard & Stein, 1973).

SEEY . : - o
41'- \V . A i
) 1 ! "I -v .

A - . . . oy

Soleus muscle: Because the twitcbea qf,éolegs ﬁerel;ugh'
longer (see Fig. 3.2), lower mean rates of stimﬁlation (5 or 7/§eé)iwér¢
used so that the responses remained relatiVely unfuaed. The time course
of the twitch was shorter at ahorter lengths -(Rack & Hesrbury, 1969)

N

so some experiments were carried out. at 10 ma below phyaiologica! naxiluﬂ

,length As shown in Fig. 3 6 the law frcquency gnin of noleus muscle

changed‘ with elastic load in nuch the same way as for phnttrn -unch.

s

However, the damping ratio 1ncreaud and the mwnl ftoqucncy decrund

‘ _monotonically with the atiffnesa of the cxtcrnal lprin;n. A-U-chapqd

;

curve fot thz danping ratio wac never obncrved. Note that for vgry :
co-puant springs the but-ﬂtuu vnlu« of the d-pin; utio ucrc aur

0.6. with nuch loy voluu t:hQ ttd.tcluq thonld twn bun fnnkly oocuhtory, .

_bdt thgy ‘were not. Thc rum otm fro- thc lhupu of the Mtchu (lig. .

.I~.
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3.2) which were(not of the expected form for a linear‘secoﬁd-ordet
system. The computer brdgram found that the :esultant frequency
response curve was best fitted by a curve having a damping rhcio less
than 1. However, the fit was not as good and the values ‘of coherence

(é measure of linearity; Bendat & Piersol, 197l)lwere somewhat lower

for soleué muscle., In othef ﬁqrds,'the.nonlineérities in soleﬁ;
b.muécle were signifiéant enough that a purely linear analysis begins

to break down. The implicationsiof theée results Qill now bé discussed.

t o

DISCUSSION

\

. The magnitude of the response, vhetherfneasuted’asAgiin in the

frequénci domain or ﬁaitchAtéﬁsioh in the time domain, increased system—

'aticaily with the=sti£fness.oile1astic load. Thtsiresuit_i; expectéd
from the classical.fétce-velocity curvé'of ﬁill‘t1938). Hili'o cutﬁ;‘
can.bqvmodelled'By'a.nonline§; §iscoqn'élenqné Alfhoqgﬁ:it h;n beeri |
?einterprete&'by.ﬂﬁkley (1957) . He lugﬁQsted ﬁhat 4t the ﬂigﬁ‘t

, velocities, which are rcuchad vith weak npringl, the fr.ctian of bondcl

that could be forned would be less. An additionll flctor is that tht

_muscle will shorten against v‘ak lpringl to 1¢n¢thl whcrc it Il abla to ‘"".

LY

develop rather le:s cennion (Gordon, Huxlcy & Julian. 1966). L
E The shtpcn of tht fr-qucacy tclponsc curvt- tor yla7tar1‘ |

| 'nuacle wich elutic loadl wm xnn fht.d by :hc ruponu- cxpoetd

”forya si-ple second—btdnt -yot'n. ‘nd are thnrgtoro eonnintont vlch

K there being tuo ra:e-ltnitinz p:oc-ssoc Thc titat and -lovnr rato [-;’

'i:constant undcr isonctric~condition. appcnra to bo cquivqlunt to ﬂill' s



‘,springs are ; f

paranetera of the frequency reeponu Ohnnatd & suin. 1973).

€

rate constant for the decay of the active state (see also Jewell §
Wilkie, l960)t This is now thought to -involve the rate at which the
Satcoplasnic reticulum can take‘hp Ce ions (Julian 1969 Connolly,
Gough & Winegrad 1971; Stein & Wong, 1974) Because of its dependence
on external series elasticity, the Becond is pteaumabli'a viscoéelaatic
rate constant involving the muscle a apparq.t viscoaity, series |
elasticity and parallel elasticity.

*

" In any simple mechanical model (see Chap; 4), a visco—elaatic

vrate "nstant should increase when stiffer aprings are added Thetefore,

[ )

'the rate constant which increases with stiffer springa and beconea the

/

larger one under-isometric conditionsr(Fig. 3.7A) can tentatively be
assumed to be visco-elastic in‘natute ‘Why the other one,auhich
presumably depends on the active state, should decreaee when st@ffer |
sptings were used initially seened obacure Then we tealized that..
although the initidfflength/of the muscle was held conetant, the -meclc
W111 shcrten by greater amounts during the contrectiona when weaker
;externally.; | | -

Y . | B |
Moscta, length 1s known to affect ntkedly the time course, aq,

}.Well as the uagnitude, of e tvitch (Inck & Ueltbury, 1969) lnd th‘

: eft‘ect of changing -uecie lm:h eione 1- ehoun for cmnriton in Hg.

. 43.-7‘,3"‘. mcruung leuth decreuu the vehu of am uu mzm ohnﬂy

VL

R --f;_:woeld tend zo iacruu vith increuie; leuth lo t.he deeteuu( rate

4R¢ck 1969. Griuner. 1972) nl‘erefon. . vineo-emtic nn eoumt

o while producihg a mlier incr.(u in the other :tu conatent. _‘ ueuuiu
the hngthl ehifts the mle to 3 rqion o! hi;ber etittms (Joyee 5

[

Al

ey
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.
‘constant is presumably due to avslowing in the decay rate of the active
state.

This hypothgsis.involving the behaviour df fhd tvo rate .QD«
constants 1; also consistent with the results obtained b} varying'the
mean'réte of stimulation (Fig. 3. 7C5 Increasing the raﬁe of stimulation
would be expected to load the pump responsible for the reuptake of Ca
‘ions. £his will slow the decay of the active sta:e and decrease ite
éppafent rate constant. | On the other hand increasing the rate of
-stimtlation and tife tension ptoduced isometrically will lead to futther
internal shortening against the muscle 8 series elas;icity. Stretching
.the series elasticity 1ncreases 1ts stiffneas (Joyce & Rack, 1969),
which should increase the othet rate conntant. I

' Although “the data are consistcnt with onc tate conltnnt 4'f;;i
g depending on the nuscle 8 visco—elasticity, they do not conpletcly rulc B
,?out the other possible rate-lindting otcpu nentioned in the Introd&ction,

| FHovever, 'fjels involving si-ple contracctlc nnd vioco-cln-tic clclnnti

have the adVancago that pradictionc can bC't‘adily dcrivod lnd chnckcdfi
experinentally. Thil 1- donc 1n Chapter 4. Not only 10 thc bchnvionr*
N qualitacivaly conpuunt ﬁth chc wdnl. as udiut.d hcu. but |
.qulnt;itative prpdictiou‘u aloo nccutntcly fuuill,«l ms ptovtdu: '
. J"further avidence th‘t bngwdi tho t‘tc cnnltnntl~1l vincoatllltic 1:

'."'o e

m ;cacul;ty of :m- cmluiop- 1: W by ﬂu

13 »‘ s €5

: nltﬂ!‘l. »

';londa mhr thnn »out ma ;I-. m ftquawy rupmo 'cutvu of




time constants. When.a_second-order:model was figted; thebdanping
ratios observed were less than 1, even though the twitches were not
oscillatory Rather,_che twitches approached a steady level, and then
'declined rapidly. This form is consistent with the stable w‘nds
obgerved by others in this slow twitch muscle (Joyce et aZ., 1969).
Then there were no longerra sufficient number of bonda to maintnin\
the tension, and the muscle began.to relax and be lengthened by the
spring, the bonds would be quickly broken and the- tension would fall '
rapidly, aa_observed. This catch propkrty"v(Burke et al.,-1970) is
-an(bssential nonlinoarity whioh‘might-wa;rant‘a fhllefbanalyaia._"

The method of random stimulation can be uned to deternino‘
nonlinear as well as linear terms 1n a syaten (Harnarelis & Nakn 1972,
| 'French & Butz, 1973) However 1t 13 not cettain whethet the augh [7"‘.
.gfenter anount of - computation requited for nonlinear nnalynis would
add much 1nsighe 1nto the nature of these nonlinenritieo or in the
.5function31 rolo of cheae ausclel for poaturo and novt-ont. Thotoforo,-

the 1ater chnpters are rcstricted :o linear -odols of -noclo.ga

N
.
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CHAPTER ¢
PREDICTIONS AND EXPERIMENTAL TESTS OF A VISCOrELASTfC MUSCLE

MODEL USING ELASTIC AND INERTIAL LOADS
INTRODUCTION

In the pfeceding chapterv we showed thet:wh‘en a cat plantaric
muscle is. contracting against elastic loads, as well as ;nder isonetric ’
conditions, the forces generatef are well described by’ chose expected ,

» for a simple,. ucond—order systen By. varying the elaatic load the
“length- of ‘the muscle, and the stiuulation rate, ‘one. of the tvo rete
‘ 'constants of the second-otder syateu appured to be’ viuco-elul::lc 1n
'nature. whereas the second corresponded in clauical tem (Hill, 1938)u _
to the decay of the achive statc. lw a reoult ve thoughz !.t tmrthvhile
o develop the predictiom of a mscle lodel 1n nufﬁcimt deteil thnc
fch. explrinental reaults could bc tested quenticntively cnninst thc

nod 1 Once the paraletetl are deccmned the nodcl m doo bl nc.d

tn predict x:he responu: to othc: cypcp of loada, e,;., 1nortu1 “ludn
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A

/
of'the,bedy, but now!the'inertial loadicousiets ef a substantia;\fzaction
.of the animal's weigﬁt, rather than the foot'elone. Thus,'to unu stand

| normal movements it is important to analyze:how‘museles tespopd'to
changes in inertiai'ibad. ' |

Secpudiy, Partridge (1966, 1967)'ha8.suggested tuat euscles
Have.remarkeble abilities’to ceﬁpenaate'fot vatiatione in-iuettial loads.

. When he varied the inertial load of the triceps surae muscles (soleue +
3astrocnemius muscles) by a factor of 28 he found that the movenentsiof
the muscles during low frequency sinusoidal inputs wvere hardly atfected.“'

;‘ Partridge (1967) argUG! that 'frou baaic Newtonian considerations, it ie _

- obvious that for the Qeﬂent ;nplitude to rmin constant. the force
amplitude at the test frequency -ust have increaled in ptoportion to the

| load-fnertia The 1mplication of this balic Iechanical tel‘tiOnlhip is |

".. the rathet dranatic conclueidn thnt the force dclivered by thc lulcle to e

1" the load, &t the signal frequency, a‘ust have vnried by alnout"’lo 000
~vtiuee dependinc on the ioad i-pedtnce . Phttridge then vent on to
suggest that to’ explain theae rcsul&e 'thc length-teaeion rclationehip
in nuscle forqs s functional non-noural aervo-feedhack. rhclc signel v"

- handling characterittm of -nocle nke it -ote uurly d "poli:ion um"

s '1thln s "fotce motort,? . i:'lfff o

', ‘ Out cxpetinnul ruuln with hutthi loadi eu ceuilttet i
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Furthermore, our modél 1s.ab1e to predict the re5ponsés to higher
frequencies, including the dampgd}osciilations.which résplt with
larger inertial loédsa Irrespective of their inteﬁrretatioh\ these
results do add support to the idea demonstrated by Partridge (1966)
vthat muscles are weli éesigned to produce a given pattern of movement,
desg;te:tbeLvide variations in ingrtial_load that they normally

. , , '
- encounter. oo S 3 v

| THEORETICAL PREDICTIONS s ’
; Fig. 4.1 shovs a. simple visco-elastic model»of muscle such
as proposed by Heuk Cornew and' ltlrk (1966) bcsed on Hill 8 (1938)
;model of muscle. This nodel containa an 1ntern¢1 series elaatic
element of atiffness ki’ nnd a parallel elastic elenent of stiffncsa .
'k'.. It alao coatains an active state elenent which ptoducea a cop-

p
,ftractile force C each tine a atinulua 1. reccived. The force decayc ?

+

-n,exponentiﬂlly with a Tate conttant B._ Thid lodel 1s actualry sinplur o

,:fthan Hi}! e original uodel in that the uonlincar forco]vclocity

- relation he found has been rcpresqnted by Yy ltnaar dofﬂ_'t vith

"’Yilcolity B A linur dllhpot wiu tm bc adaquatc ro ducribc vm

L -
3 fjhigh -hortonin; vclecitiol. Houcv.r, qur rcaultl CChtp 3) indiccto

= that thc lt:mm' upocu‘lof_.. 'lmele m bc danribod by titu‘ mmtou.ns.‘ R
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types of external lIoads.

l‘.n the text

Qé}"
~ Muscle,
K o e vt amm SAm S S S e o bt |
l -
) . - '
Gt e .
rd : v l ‘
) . D
. I T}
' 1 [ K
| | 2
(% - J '
’l-’ig..' 4.1, Schematic rep:esentation of a muscle nodel with varioul

TLTTRRESS

The meaning of t:he patmteu 18 dincuued |
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the stiffness of antagonist musales against‘which contraction always
takes place, and the mass M corresponds to Both‘gr;vitational and
inertial rasses against which the;muscle contrgcts. ,There will ﬁluays
bé some,damping‘in the_ggternai system which is.specified by the

parameter D.

ERquations of Motion. - ‘ ‘fm

v

If x| and £, represent stretches appliéd'to the parallel and
series elastic elements, respectively, two equations of motion can be

written‘forfthe forces which must balance at the two central nodes of

Fig. 4.1 o R

ok v Bey +Ce B m ko, I (R
Kz 4 kz+ DE o+ M =0, @)
r .

N

’ where z =z + Zz is the total displacement of .the uusclc and derivat,ivu .

- and. rearranging gfves an '";uian, for the displacement of the muscle

are represented by dotﬁ over the qnppropr:late -y-bola.-. Su‘bst‘it_,utgn-g in.

. ‘. - ,.a ;_ 1 . N .. s » - B
T)® )=+ = (kx + De+ M) : (lo 3)

Eq. (4 1) for . ]

‘.,

R s
R o N L [

B ¢ FMGh ¢ k3¢ DB DOty $ KD+ B0 ¢ R R AN

,0"1._ o “0 :

P

o  >fa:*;g¢;? t‘ G ﬁ'l"‘L'“”r ‘;} “f/,a*';(‘f4)i" :

"
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Taking Lpplacé transforms we have

-k.C ‘
X(s)= —— X : > : — (4.5)
(s+8){MBs +[M(ki+kp)+03]s +[D(ki+kp)+8(ki+ke)]s+kpki+kpke+kike}

where transformed variables are functions of 8; e.g., X(8) = f: xe_atdt.

A
The force measured by a transducer in series wﬁth the external spring

(see Methods, Chap._3) will simply be the force g generated in the

spring
g = -ke.‘l.' . . (l‘ .6) .
- Taking Laplace transforms of Eq. (4.6) and Bubstitutiﬁg‘from Eq. (4.5)

givas

k k C

Gle)=— . ‘ — .7).
' (s+s){MBs3+(M(k +k )+DB]sZ+[D(k +k )+B(k Kk b]aﬂ( k +k k tkok ) e

~

-Eq.‘(4.7)lis a'forﬁidﬁble exp}eséion, and before'considering the .whole
expression we will discuss some simplifications. The most inpottant
simplification occurs when the mass M and external danping D are
negligible.v This corresponds to the situﬂtion of a pure elastie load ,>  o

'studied experimentally in the previbus chapter.‘_ S :. .

)
. Elastzc Loadzng ‘ o
jtﬁgg = 0and D = 0 Eq (é 7) rcducea to l sinple second-order

' chPreptesents the trlgsfer function of the -uscle with
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k.k C
4 G = £ _ " (4.8).
(s + B)(B(k, + Kk )s + kp(ki +k) o+ \ki_ke} .

~

One rate constant which we will denote by a depends on the external

spring. From Eq. (4..8) ’ ’
o Rk,
a =z (k +3——5) (4.9).
B p ki + ke
. ‘ * . _ ™
If ke’ is varied a should reach simple lower and upper limits
ko +k, : - :
lim o = £2—2 | (4.10)
k+0 : : K
e
k + k.
Hn o = et | O,
ke_,, . o . 0

By plotting a vs. ke’ the slope for weak springs will give the

o

value of 1/B, according to Eq.-.(4.10) and from the égercept one can

obtain thé vaiue of kp. The value .o'f ki éaﬁ then .Be determined from

- Eq. (4.11). Thus, Qs’ing Eqs. (4.10) and (4.11) the parameters ki; kp’

and B can be de_termine&. One further point that (;43 be noted’Afron

.

Eq.. v(4.9) is‘ that as lge + ki

. | . ) - _. » 4 . . | k
"" N ) k + %i ] ' ';h". . - ,"‘4 .
lim o = Bt ) o : V(lule)

" which is the midway point in the tramsition _fion the lower to the upper

Lo

4]

. . - N . . . T B - -' . ‘v.h‘ ) ';
limits, - e e I '
‘The second rate constant is the parameter 8 for.the decay of -,

‘the active state.. The fin;ifbiraneter C can be ;d-ét'enitj&d from the lini;: :

. B A . e . .
A . v - i o ’ s
; : H

.
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* \\
- L
of G(s) as 8 + 0 .
. kikeC . '
lim G(g) = ' .13).
o0 SRR ETEY | S

~
L

.

We will call this quantity Gy in line with previous work (Mannard §&

Stein, 1973). From it C ‘can be determined using any value of ke' For

example, under isometric conditions | | .
& \‘
’ k.c \ , . ’ a\
—_ (4,14)
. A lim GO ) : » ’ .
L k ox (kp + k.8, , ‘
. \(

where 8, "indicates the high stiffness limit of the rate constant B. This
notation is used becauae B changes systemstipaLly with the stiffness of .
.springs placed 1n series with muscle (Chap. 3)

'Eq: (4. 13) can also be tised to obtain an indepen&ent estinste.

of the ‘effective stiffness df the nug;le This 1§ done by plottlng

. f
.

1[(006) ve. l/k 7fter resrrsnging Eq. ‘4 13) one obtsins

R W A N o 4.15).
Go8 C ¢ k. +k-) SR o (‘"1.5)_7__

. .. ‘t . @ . . e s
- , . . : . ’ . ’ :
. - e . T N :

PN . .

The rstio of ph; slope to the 1ntsrc¢pc of sucb ' plot 10 k kf/(k +- ki)

-

Y

aThis rstio gives dh, sffétivs n:tffasﬁ k of ths ‘ucle -odel sinci‘»o "

. ¢, .
. nodel contsins two spl.:ings 1u nrus, sw 3 0T .
S I ‘ ‘ ' (Rl o
w . » P : g . A -’\ v L R »’," »
ot Looel e eae,
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The value of k obtained experimentally from Eq. (4.15) will be compared
with that obtaiffed from the values of ki and kp_fromWEqs. (4.10) and
“.1D. |

The high frequency limit of Eq. (4.8) is also readily deriQeJ.

. Indeed, one can show that in terms of the quéntities'already consjdered

lin G(s) = GoaB/a2 = Lo s,

s-m.

Since the guantities &, a, and 8 have been considered separately, the
high frequency limit does not provide new data for evaluating para-eturo

. 8 B
of the model. \
h R ) . ’

Inertial Loads,

’Having considered the reduced syst&. of‘Eq (648) in cgne"
detail we now turn. to the more coaplex syoten §1££ 1nert1¢1 and viccousv
"”loading. The low and high frequcncy limits are rendily derived, In ) |
- fact, the low ftequency limit is 1d¢nt1ca1 to Eq. (6 13). Thc prcocnac
| of mertzal or viscous loads ahould not, ehangc thc ctcady-atatc rupcmn .
_or the }-esponse to auff‘ic.wntly clawa—ahangtng mputa. ltonco. K‘nwrdl
feodbach 10 uot requlred for co-'qnontion of thooe loudl 1n ccutrllt gu |

the auggeetion by Partr!d;e (1967) which was QBOtld in chl Inttcdqctﬁeu
| In Partridlp 'y (1966) euperilgntll ity’i t ua; llill lnd thc flpli&ﬁdo

- of -oveqrnc s -cq-ur.d.- Under euﬁpc ;’ifw:iqng oceordtat to lq. (b.s}

.; ﬁ;hﬂ.df. : ', f'_¥¢; 5.5;, , ;?gi* | , Ax k.f Ti
“"' . ; T R . *
- :' ., L p 8 . X X N L ! B - . o )
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which shows that the low frequency amplitude is also independent of the

mass. The high frequency limit of either Eqs. (4.5) or (4.7) does

depend on mass M. For. example,

»

kekic . \ .
lim G(8) = . ' - - (8.19).
g+ MBs™

-It is very difficuit to move the mass at high f;equencies and the response
»declines as the fourth power of frequency. The force actually,generated
by the muscle (as.opposed to t;e signal measured by a lengfh transducer

or a force transducer in series with the external spting) declines &8

the square of frequency at high frequencies This fqrce f 1is, uuing_-

. ,' L L.
Eq. (4.12)'. : _ L , L o .b
fakgre-Ga+Diemd o w0,
- Taking Laplace trinzfotls'and gubctituting from Eq.:fiﬂS) gives

(\\ ’kiC(Mczwuk) L

F(s)- -
(a+8){MBs3+[M(k X >+03E2+(p(k +kp)+8(k.+k Nt k£¢kpk Hcik y
o : ’ . \/ -".‘ . - .
| Thl um of Eq . 21) n s e u -uply B . .
1t e U (1% ) PSS A
oo '8-0‘.‘ S R e :

Eq. (4 22) 1. ucnucqx to the wu: of lq xm) u e ,..u k -..,
i.o.. thc mu;rn cmscm ot ugh trmciu. R ﬂnee tho uu cdlit

- (4. 21)
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approaches its isometric value. At low frequencies much less forEe‘ie
required to move a maes; If bnder_Partridge's experimentel conditions’
" the external damping D and elasticity k were'negligible even at low
frequencies, then the force pgpduced by the muscle at low frequentiea'
would be proporfional to the mass and to the square of the frequency
according to Eq. (4. 21), as he sugsested. A

The higher order and the increegtd number of perametero in
Egs. (4 3)s. (4. 7) and (4.21) makes it difficult to. describe all poeeible
types of behaviour at intermediate frequencies. However certain genetal
properties can'be.determined. |

We will now turn to conperisona with experimental deta. The

~

paraneters of the muesle can be deternined ueing elestic loads as Indi-
' cated above, ¢hen, the effecte of‘;arying the inertiel or other typee ;
,of load can be computed for exa-ple fron Eq. (4. 7) end conpnred vith
ﬁ_.experinent. The effecte of verying internel perenetero on the frequency .
response function are ehown lt the end of the RESULTS eection. A furthet
'f'exrension of. theoe reeulto uhen epplied to closed. loop reflew eyete-' il

| diecueud by Olu:tﬂreli and Stein (1975) L |

[N

.‘Elaatw Loada f S * ';f | : -
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\\,

0.24 + 0.06 (mean *+ S.E.), which indicates that the parameter B for the’r

viscosity of ‘the muscle has a value of 4.1 g—uc/m. The intercept htc
1 [

a value of 21.5 + 2.0 (mean ¢ S.E, ) which would give a vahw the"’ 14

i

: * 2
parallel elasticity, k? 90 g/mm (see Eq. (\fo 19) ). The 1sometric

value of a was. 74 4 +2.4 (mean .t S.E.) vhich from Eq. (a 11) 1q.icat.o

a series elasticity k = 220 g/mm. .
-The effective atiffness of the nuscle can also be deteninod

~ once k;-and kp are known. and s 63 g/nn (.-e Eq (4 16) ). As. indicﬁted

1in the theoretical sectian an indcpendent lusure of wacular atitfncu

. can be 'obtained fron thq low frequency gain G hnd thc rate coutam: B. .
'A plot of 1/ (GOB) va. llk uhould givc a lttli‘ht linc, and tho ratio of
- zhe slope ta the intercept of that unc -hould giu :hc -u»uhr stiffncu. ;

' Fiy 4.3 shows such a plot tro- :vo uri« pf cxp%iuunl rw on on-

, phntaru -u-«:le.v In between ‘hc ew ueu pf rnn imnial ludl nﬁ «t
- ’tested (ace bclov). : Bocaun & cla hm u-pct of uianli .mww

4
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" Parameter  Mean S.E. of .Units Cor:e,sponql_inﬁ Units
: ‘ ‘Mean ' +. MKS Values .

: k (from q)-g 79 . 19 'Mg/- L ;7]4 ' g'N/- |
k (frp’n Gos;)_' Y 1'1 " ':g'/h. 461  N/m
"“1:' B R TY gl TR _Nj;"'
~-kp- ;;‘,4 1_95 26 glm | 1.010-""45 .;“"" '
5. 6.4 ¢ 1.0 .v,sv_.!-‘?/‘ B 63 L Nj-ec/-,'
; .

o

R S S S TR X S
' Table '1. . Valuu of eaperinenully dotemncd parmurl fox' l . ‘; SR ’
.. viuzo—elutic nodcl of planurin luocle 1n thc ut. ﬂm vlluu S
. ‘-‘.81"’ ‘th& -l“nl andls t of :hc mn fot at luot .1;1:; .xp.tm
- : _m« efter.uve otiﬂmu k of tha mlcllc coulﬂ bQ dcunined tn ti!o
way- u tndmud :}n the tgmum q‘ion.‘ v.zuu are .mn in e g
-‘-A‘.cmtiml !m'it.-o.f .:,“‘ “1“;' o -l!tér cm:m “
,‘f'.‘fff:l.f-,cnnﬂardm uniu (cu upm Cbgp 3), S L ;




nInertiaZ Loads. -‘ S ' )

| Havin; determined the parameters of the model, predictions
“for the respcmscs with inertial loading can be made from Eq. (4. 7) w!réh
no undetermined conatants.’ Conparison of experimental resulta with
predictiona are s;aown ‘in Fig 4 4 for the gain of the frequency reaponu
uaing an elastic load of 66 3/- and three.different inertial 1oadl. |
The shapes of the experimental and theotetical curves are in excq.lont ‘
agreenent, Small peaks ate qburved between 10 and 15 H: for an 1d¢rth1

‘mass of 300 g and at about S Hz for the 1nett1¢1 lus of 1500 g. ’

prediéted peak for the 1nertul uu of 40 8 10 abcwe 30 Hz. cnd

mfl ver smll in uglitude conpargd to the low frcquency gatn. :

’ For cohpatiion the tuttch contnctionn arc qhown 1n 1'1( lo. \

under the uu loading eonditim Nou r.hc duped oacilhtionl v'uh |
periods oﬁ.m uoc (16 hz) nnd~ 189 -nc (5 6 az) with 1ncrc1n1 un« of X

: 300 and 1500 g. rupocuvelg. ;‘rhue oscxl.uéim ”mlt fran thc mtcr- .
EORNEN &

action pr tho 1nertu1 un ui:h che cmr""_fl o.f uu -uqclc M tbo
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' wscle 1&1“13. 4G, .'

80

1nertié; masses. Altermatively, the discrepancies could arise from some

nonlinearidy in muscle which has been_ignored by this linear analysis.

This remains a topic for future investigation.
’ : ) T -
- In addition to changing ¥, one can also chﬁnge external

L]

.tstiffmessik :QAE study the effects.experimentally on the frequeney ‘

reeponse oﬂ the syatem. However we.cannot change the internal

.parameters, each by a predetermined emount and study the effecte. It,'

-

would be nice to know ho!?the frequency response function changes with
Y,
the change 1n a particular parameter. These parameters do change with

the snpte of the muscde, e.g., fatigue, number of motor units ectivated.,n

. o ..

rate gfwlation, stretch potentiation. etc. Thes’e effecte as
rom

(4.7) are discusaed below. All resulta are for"f

LR ",’ .

: - 1500‘3 the vnlue of the parameterc used 1n Figj\b 4 are taken es

’standard and the vatiation ia empressed ‘as a: flctor of the\value for the '

l

ey

Effect’ of k i S

’:1;; i" If the~muscle is repleced by ] oprin; ot equivelent stiffneoe

k then £or the eyetq thmm 1n l’is. lo 1 the frqqumg o! oscillltion 1.

v
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10

Gain (q-seq/imb)

oy

R )] S

: Fia Z 6. Variation of. the fr‘Q“e“CY "m“” 881" curve "uh th‘

-vvn'iation of external sptﬂ!g/atiffnus-k V‘ri““"“ 1’ "‘P"‘”‘d “ ‘“

Y

,-'f'a' faétor of k & the value ?'ed 111 Fll-« "‘. " f‘“’ ‘” * HOQ 'j»'v

.



]
out for 0.1 k and 0,2 k . As M decreases, for the .same range of .

va%iation in k s the range of frequencies of oscillation 1ncreases. }

Effect of k.. . .
The effects of variation in internal series elasticity are T

quite similar to that of k The overall gain 1ncreases ‘and frequency

of oscillation 1ncreases with increase in k (Fiﬁ 4. 7) However, the

. ' Q K
peaks. get more damped as k increases, this eé!ect was opposite for ke

It is seen from Egs. (4 7) and (4. 19) that at very low and high frequencies,

effects of ki and k ,are simila:.

*feet‘of k . : , ‘ ' T,
- ' The effects on frequency response gain curve with the

_ 4 vgriation of interhal parallel elasticity are shOwn in Fig. 4.8, The

frequency of oscillation increateu as kp 1ncteases but the geiu Ny

decreases. The factor kp occurs in the denoninator of Eq. (4.7) end \ .;&;
nE pleins -the decrease'of gain. ﬁf‘ v i o S ;‘-“i‘,;;i‘x
. ks S "'.‘ R . K L Lt .

}* ‘ Since B ocgure 1n the denonimor of Eq. (6 7). th‘ gain . ’

decreasee 48 B 1ncruses. as abovn da Pi;. lc 9'._ l'or LR 0, Eq (ls 13)
,...\ s iﬁdependent“of B cnd honce athe vgry low fnquﬂcy llinn eﬂ

h7““‘ffe°"d" Th‘ ffequ‘”ﬁ! of olcilletinn fitet decroe... vigh !‘””

. ;fin &end ;hen incrum Aleo, the pukn ero nol‘e proeiﬂent

high veluee of B. g *
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The low frequency effect is given by Eq. (4.13). The gain

Effect’ of 8.

decre.ﬁes Qs.e incteases ‘as shown 1in Fig, 4.10. ‘The rate constant B

determines the falling phase of thehtwircﬁ; therefore 1f R 1ncreaseq;
o ' .

the area under the twitch decreaées:and hence the gain decreases.

- The frequency of oscillation does not seem tb be affected much. The

’ntgh frequency gain is not affected (Bq. (4.19) ) with changing 8.

.

Similar effects have been shown for an 1sometr1c twitCh of fro§~

sartorius muscle by Stein and Wth (1974) . | : ‘!

<

e The effacts of variation 'of D' are not very Mportant from “&& ’

0 1 D to. 10 D. for Eq. (4. 7). In actual systems, i. e., with antagonistic

-

muscle instead of the spring, damping is extremely high as compared.to

D ‘and hence the oscillations'vill be heavily damped.

- ] 4
DISCUSSION

S

The results preaented here show therubstqrtial predictive
N}

power of a simple, linear model of muscle which in many respects goes
jback to. the model introduced by A.V. Hill in 1938 ‘We. have used the

ls)

model to predict the :ctponses of muscle to rando- stinulus traina under

a variety of elastic and inertial loads. S;ringe in: serles with thc
muscle markedly affect the force output of the muscle, whereas inerttal fL'
'floads, as point,d out by Partridse (1966, L967) have virtu&lly no effect |
’ion the low frequency responses. The responses do falL’off sharply ct
‘high frequencies and. the upper frequency limits are’ progruoivcly

. .reduced with 1ncreasing inertinl nasses. For exa-ple, in Fig' 4.4 thc

LT



'Géut(g-geC/imp)

. ool

.l-

-~

1

Fig. 4, fo.

parameters the same’ a8 in Fig. 6 6 for M = 1500 g.

is e>presséd as a factor of che experimentallx coupﬁted value of &._,
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response with an inertial mass of 1500 g declined to 0.1 g-seq/impulse
. - A \ . : .

~at 14 Hz, compared to 304z with an inertial mass of 40 g. However,

~even with the largest inertial mass,used which. is probdbly close to_the

o >t

upper li,mit normally experienced by- tha muscle, as calc:ulated from

values given by Gril.lnet (1972), the res'ponse was still large up to

\ p A
of mo‘st movements. Thus, muscl!s. appear to’ generate the forces

. 'i
6 Hz.' The trange fram 0 to 6 Hz inéludes the major frequency com}owe\n_t.s

required to produce most nomal movements demanded by the nervous syst’\
' -

despite wide variations in inertial loads. This ability follows not

. fron ;ny special intetnal feedback or other mechanisms for 1nertial )
ggmpensalion, but nather from ‘a simple model in whtﬁh the visco-elastf’—\‘v
and active state elements limic the response at low frequencies, and
inertial masses wfthin physiological limits dﬁ&y affect the response

to higher frequéncies. | ‘

| ‘ With the intermediate mass of 300 g damped oscillationa vere

observed which were close to the tremor ftequency of cat muscles
(Lippold Redfharn & Vulo 1958) ‘?his obaetvation does not inply that
physioLogical tremor. is normally caused by muacle pnoperties, but 1t S
vdoes highlight the fact that muscle proig\fiec must be carefnll -fj ~

v-chdied before ascribing othet causeo to the generati ,

. at. .- v . . . zp
..'also oguzwreu & Stein, 1975) SN

Methods were also devuloped‘vhereby all thc parsnete{n of the

nodel could be evalnated expexinzatally. He alteudy notad hat the

S

‘j ébvalues of actiVe state tenaion pxoduced 1n responsa to a cttnulun-uute
LA '
cdnistent: uch the 'tvitcb tension. althmah both wet:e -uch qui},cr afm

10 ;EO or mote stiluli than uould be produced by a fréah quOCIC,. thl

" . : R ] . ’ . "
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."
effective stiffness of the muscle was measured in two'ways which

T

produced consistent values (Table 1),

"The overall stiffness of the muscle could be further snb-

M ’ ' . ) -
divided into a series and a parallel elastic component and a viscous <
T ~ .
element. The magnitudes of these components have not bee@-measured

for plantaris muscle using conventjonal methbds Values are available

in the literature for soler muscle (Rack & Westbury, ' 1969 Joyce,

n Rack & Westbury, 1969; Grillnet, 1972), but the non;;nearities present i
in_this muséle,(CBap, 35~pré£enteg-:_full analyils“:;th lineat-methods.
- Nonetheless;, certain characteristic differences vere nog'l between the
two muscles under isonetric conditions. The natural frequency of soleus
was only 1 Hz, rather than:$ Hz for plantaris (Chap. 3) While the
damping ratio was similar for the two muscles. This suggests that both
rate constants were reduced i €., the active ‘state decays more alowly
in'snleus muscle and the visco-elastic ;ate tonstant is less.v This
second rate constant depend; on’ the ratio of the stiffness of . che
muscle to its’ viscosity (Eq. (4 11) ). Joyce gnd Rack (1969) measured
fthe series stiffness of soleus mukcle using smpll length chadgen and
| :obtained values which from their Fig. 9 varied between 250 and 600 g/nn
%for the tensions studied here ?;00-500 g) Theit valuel are in good vf'
jagreement with our. resulta for plantatfs nuscle (Table 1) Thic i-pliel |
.“that the lower visco-elastic tate constant fot noleus nay arisc fro- a

"larget viscosity, although thé nasnitudea ?!&thc viacOus co-poncntl at‘

s

-not. well atudied tor ¢ither uuscle.' To vetify thia iapltcation uould

L

e require farther cxpeti-ental wori usins ne:hod- auch nc thosc of Joyce~

et az (1969) .na Joyee. .nd mk (1969). L B &

. . .. “'. . .‘_w. .. . L. -'~ ; 2 e ‘ B . oo N . i
. : < T 5 R i . : . - o & S ' e



CHAPTER §

-~

DROD’?”IFC oF HUMMN S?/;lM%Q@SCLE AND THE ASSUCIATED

FEEDBACK Loop'

.« INTRODUCTION

! _ ,

£

Soleus muscle’ Of the cat has been extensively studied because .
of its role in posture and locomotion (Joyce et al., 1969; Joyce & Rack
1969;&“1( & Westbury', 1969; Houk et al., 1970; crmne'z, 1972; Nichoie
& Houk, 1973) The effects of length, stimulus rate and the number of
active motor units all contribute to changes in the contractile visco-.

)

' elastic properties of the muscle which manifest themselves as changes in

?

- the twitch tension, the time courgglof the twitch, the fusipn rate, etc.‘f"

.-

The dynamics of ‘the soleus muscle have also been studied in the frequency

Y.

domain (Partridge 1966' Poppele & Terzuolo, 1968 Rosenthal HcKeen.

Roberts & Terzuolo, 1970 Chag. 3. The eol ge-Buscle of the cat

behaves like a low-pass filter, followingllow freQuencies efficiently

- and actenuating the higher frequencies._ In Chapte; 3 it uns shown thet

;he low pass filter chatacterieedcs are of secOnd-order and can thue be 1"

desctihed by three perameters.: low frequency gain nacurel frequency

and danping ratio. In che frequency douain changee !n length. inie}ef

vi

force and stimulus rate ptoduée systenetic ehangea in these three g iif.

4 4

second-order paraeetereg In Chepter 4 ve elso ahdved thAt :heee vilco-.-_

w .

elasﬁ}c propertiee o! nuscte are :ecponeiblt for the canpenlittou for o

inertiai loade which -usclee exhibit et lov frequenciee (Per:tidge, 1966).' .

- .
The preble-e af load co-lensetion nnd etability af poetute ere ;,,

v ' Loer T s '.-. Lo . S B R
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much greater in a bipedal animal such as man, but no studies are available

to comparg human soleus to that of the cat. The reasons are the obvious

-

difficulties of isolating the soleus mugple.in a living human being, but
the human eoleus differs in th:f a-SUbstantfaliportion of it lles super-
ficially in thg leg.. This has enabled us to stimulaqé the human eoleus(

. ’

muscle selectively to study its properties in the time and frequeﬁcy.f
. ' . .t

domains and to compare an intact mufcle in a normal human subject to a

»

>, pqrtially‘isolated cat muscle. _ ’ T
| An advantage ofvsxudies on humans is that.the obsérvacione
- are made under more natutal physiological oondltions in whieh'toe;'
c0nd1t1ons of the muscle or the associated reflex pathways can be.
altered voluntarily._AWhenéa subject relaxes comple;ely, motoneuronal

o e

accivity ceases, and even quite large stimuli to motoneurons 9;11 not

induce fur;hervactivi;y.orThié renﬁlts r .‘Foeﬁfact‘that eubaeqoent‘

actlvity in‘Coléi fendon-organs wlll teod-to inhibir motooeurone, ano '
‘ the pause 1n the discharge of muScle apindles will reduce any residual

. excitation.‘ Thus, the reflex loops are effectively open. However,
when uoluntary forfe 13 exerted the spindles are mare sensitive
(Vallbo 1975) and the mUscle receptors can modulate the ongoing notp-‘

: neuronal activity. Undet thes; 'cloaed loop conditions, the.twitch

v: and the ,EMG. often show oscillations following stimulation of, loto-

- neurons. c°mparison of open loop and cloled loop condltions lhows that |
the gain of the.nuocle is !lgh conplred to thnt of the feodbnck birt of "/"H
m loop. | rhia pom w111 be elabouted in the Dtscglqiou. .f-__-f--”-‘ o

. Vetious warkers (Phuup., 1969. Helyill Jonu & smc. 1971, .

‘

. Evarts, 1973, Marsden, Herton & ngton. 1973) hnve uug;eotodtthet the

et IR -
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Pl -

“functional stretch reflex" in primafes differs from the usual moro-

v/ ’
gynaptic spinal stretch ref}ex, and a cortical reflex has come to
‘ : y

dominate thev§pina1 reflex in these animals. This hypothesis has been .
" - .

tested here with normal human subjects by analyzing the properties of

the feedback part of the loop with twitch tension considered 4s an

-~

‘input and EMG as an output. The delay for the feedback {va tensiak

Al

to EMG shows that the reflex does not have the monosynaptic spinal
. L)

latency, but rather - a latency comparable to the "functional stretch

reflex studied by Melvill Jones and Watt (1971) This suggests'that

the motor cortex may be involved in the feedback pathway, . 4
e MEPHODS L

Sixteen”experinEnts werejconducted oh five.volunteer'subjecta,_
‘ boch male and female with ages ranging from 20 to 35 years. The subject
bldy prone with,h;s left foot on the pedal carrying the strain gauges for
'force measurement. ‘The foot was as tightly strapped to the pedal as -

| could be done without occluding the blood tupply to the foot. Thus, the

rmeasurementa were nearly 1sometric.' The subject could obaerve the mean

level and the fluctuations of force on an oscillo:cOpe. sutface electtodeu.

measuring EHG | were placed on the nidline st the back of the leg about

20 cm fton che botcoa of the foot .ﬁa about ﬁ cm (inditfernnt eleetrode)._

e

“as. shown sche-atically 1n Fig S 1 (eee iloo Agarvll & Gottlieb, 1972)

.'\

Stmulatton e T e ey

To stiuuiate tbe loleua -uccle indepcndenzly of che othet lott

-

s

4



" branch of the-nerve'fovthe soiéus muscle was stimulated wi

- bipolar needle elgtéséde;

."angié of the 7ﬁk1e3_6, was measu

A . Y 4
‘o
) b ]
L ’
(4
{o L
N +1 EMG - . ‘
) Amplifie .
Stimulotor ple; : ‘
. .y .
‘ . i -.
Fig. 5.1, chpematiE dfagram of the expprimental-ar;angement;‘ A
/ A" J \
th a’

ThevEMvaaslrecqrded by;suffaée

électrbdes, whilé éttain»gadges meésured'the tension outpdt.' The
/ : , ' ; o . N

red between the long axes of the

' -

leg énd';hag/of the fopt.
‘ | ."/ - o
Yo _ B S
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b

leg muscles a bipolar reedle electrode was inserted into the muscle
proximal to the motor ooint. The needle was carefully positioded 80

.

. . . .
. as to stimulate a gerve branch supplying a fraction of the muscle

maximally with a minimum amount of current. The stimulus was kept

“ [y

brief (0.05-0.2 msec) so as to favour stimilation of nerve rather than

N

muscle fibers. Once posltioned the needle generally remained stable

for the remainder of the experiment, Qnd subjects reported less pain

f . .
'than with trans—cutane0us stimulation of thé whole nerve at the popliteai

fossa. Also; with stimulation of a small branch, there was.often: no
H-wave inthe MG (Hoffman, 1918) 80 the direct effects of stimulating

motoneurons could be studied in isolation.

L] . . o

The stimulus puIses were distributed in time according to a

~gamma distributton of order p =4 (Fisz, 1963), since interspike interval

7/

histograms for many nerve cells are well fitted by this distribution
(Stein, 1965) The  power for such a distribution is high over the range
of frequencies/studied 80 that the'coherence between input and output is
not limited by low powpr at any frequency in the spectrum.‘ The standard
deviation of the interspikeriptervals for this distribution 1s ‘half. the

’
mean interval In eardier experimenta on cat muscles (Mannard & Stein,,

. 1973), power at low frequencies (up to 0 4 Hz) was low, which resulted in-
- low coherence values at these low frequencies. W J. Roberts (perspnal

?.communication) sdhge‘te& thnt the low powet at low frequencies could

61.

'change the paraueters of tho tecond~order ay;te-. 80 we repeaced a few

.tuns under sinilar physiological conditions in hunans. both with thc

'gaxnm distgibution of pulaes and the distribution used for the cat : Lo

1 4

]experiments. The conputed ﬁara-etern of the second-order sy;te- in both
, ,

. LH
’
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..cases were the same to within experimental error.
Single stimulus pul§ss at 1/sec fo}lowed by random stimulation

’

(qunard & Stein, 1973) for 1 minute were applied througﬁ‘the nekedle

-~

- l : ‘ -
electrode. The mean;iate of random stimulation was 5/sec, as for soleus

muscle in the cat (Cbap. 3), except when the effect of rate was studied.

L4
4 3

’

Force Measurement o

The twi;gh_tensions (up to 1.5 kgi indicatéd that we were
stimulating only about lOZ of the motor units with the maximal shoc!u;.
to branches of the nerve to soleus. ?he force measured by the strain: |
gnges wa8 recorded on an FM tape recorder along with the surfa;e EMG
and the stimulus pul?es. For the frequency reSponse-funct;pn bethen.
‘tension as inguf and'EﬁG‘as outpﬁt, 100 stimuli were applied éﬁ a rate
of 1 every 3 sec. The twitches and thg cofrespohding EMéfs were.

. : , ’ C . .
aVeraged oﬁqline by a Digital Equipmen;\Co. LAB-8 c;mpitef (programA‘
dqscribédfby ;}ench 1973b). Force records were obttin‘d at various )
angles of the ankle (77°-106°). and different voluntary force levels |
. ’Q-& kg). _'Ifhe transducer was calib;ated at each angle using masses

v

placed 15 cm from the axis of rotationlof the foot plate; Sinée the
. g e ]

- lever length was constant, values have becn ﬂven i&gramr weight for

ease of dbmptehension Th!be valu!i can’ be coﬂverted 1nto equivalent

PR

torque values in gm-cm by’ 9nﬁc1p1ying with® 15 cm or 1u Newton-meters by

‘ multiplying with o 15 x 9. e‘x 1073 = 1.47 x 10° 3 :

L

ﬂze, from the tape recorder was rectified and fncerei
) : L S N o : U .
(Paynter Fife ter; Gottlieb & Agarwal, 1970) before feeding into the
& - . o PUIOTE HoedTs

L
Y
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computer. The phase lags introduced by the Raynter'filter at various

[N : v <
Prequencies were measured and the aﬁta were corrected for these lags.

A d

Since we were interested in the late waves in the RMG and these were

»
I

.B » “
small compared to’ the direct motor jor ‘M-wave, and in some experiments to
the H-wave, we had to elimjinate the M- and H-waves to see the responses
clearly. For this purpose a delay of between 36 to 54 msec was added to

a

the IMG channel before averaging. This delay was also taken into

account in'calculating the phase changes.

P -

o o ANALYSIS

_ N . B o ' o
andom Stimu@atiOn '

. ‘Details of the spectraiaanalysis using randpm stimuletion have

.

been givenxin Mannard and Stein (1973) and French (1973g). ‘Frequency

[ AT

response functions were calculated for the stgjulus pulses as 1npuc and

the tension as outp‘ The gains and phases obtained were fitted by
those expect Q r aslinear, second-order system (Chap. 3. The-

. b
parameters of the second-order system' low frequency gain, natural

-

frequency and. damping ratio were calculated for each angle of the ankle

hnd each stimulation-rate. The trqnsfet function of this secend-order
. ’ “ * . . -
s¥stem under rest conditione.will'ﬂe denoted by G(s) where g 1s the

’Laplace trensform variable.’ When the loop is closed by the addition of
LI

nvoluntary activity, the closed loop transfer function, C(a) is given by

. 4 4 “
) e .\ . . .

G@)
- .'C(s’ 1+ 6(s) H(a) | N .(5.1)



ol
where H(s? is'the feedback transfer function, assuming a block diagram
for such a closed loop system as shown in Fig. 5.2 (Ogata, 1970). Under
the further assumption that G(s) chénges very littie with volShtury
force, H(s) can be ’lculated from knowledge of ‘C(s) and G(s). This
extra assumption is examined further in the Appendix, but did not prove

‘to be valid.

Twitches

As an alternative method for calculating H(s), separate twitches
were averaged. The closed loopl;ransfer function between stimulus as
input and twitch tension as output is given by Eq. (5.1). The transfer

function for the stimulUs pulse as input andu‘EMG QS'butput (after

» - . ‘.
eliminating the direct effects of ‘the stimulus - see -EMG  above) is.’
. given by F(s) where | v ' _ - ) | .

] - ) .

R . G(e) Hs) . " .
‘ F&) = %66 #@ | o G.2).

Dividing F(s) by C(g) we obtain H(s) The results obtained for H(s) from
bthe experimental data involve a pute time del;y fron tension input to .
EMG output * The transfer function for the primary unscle spindle

afferents (Poypele & Bowman, 1970) is given by

e L KEg A 1 ey
| 1, (3’ T G G DR .3).

.

‘ .

-The details of ‘the various factors have been discusaed by Poppele (1973).

, Assuming that no dynamics, other than those of prilary affetents, aro
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Muscle

Stimylus + -
- GV(S)
I']

.. P
] ‘ _ Sensory Feedback

H{(s)

— Tension

L

£

Fig. 5.2. A block diagram for the functional stretch reflex. G(s) is

the transfer function between stimulus as input and tension as output.

#(s) is the transfer function of the sensory receptors and includes

the delay bet\\een teﬁsion as input and EMG as output.

\
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added to /(s) by the reflex pathway (Poppele & Terzuolo, 1968), the

feedback transfer function is giQen by

.
i(e) = H (s) €°7 S(5.4),

' v, » | _ -
where T is the delay of the feedback pathway. The time delay does not

affect the gain, but only introduces a phase lag given by

‘4

¢ = HGe) - B G o | .

= wT‘ ,

S

/ o
) .
where u is the frequency in rhdians/sec and J = /1. flotting $ ve. w,
or the frequency f = 5;, the delay T was calculated

RESULTS
‘Propefties;of.ﬂuﬁan Soleus Muscle'énéér<ﬂbet Cbnditions.

When a subj:Lt is completely at rest, the synaptic 1nputs to
motoneurons are not Sufficient to cause them to discharge. Even‘duringw
vrandom.stimglation, such as we applied, no ‘fHG activity Hac observed

"cxceptfchat;ﬂirectiy eyckcd by tﬁé~stinu1us.i By adjusting the stinulua -
‘to be naximal for - the nerve btanch stinu)ated, the evokcd activity vas
constant (to within SX) for eacl; pulu in a tuin.c Under ‘uch conditiono'
:ﬂ% Stretch reflex loop is effectively openad at cﬁe leval of the ioto-
"neurons (see INTRODUCTION) ‘ By recording the :snsion fluctuation 1n
.‘,:response to random_ stunulation. the dYMIIc Propertiu of :he -mcle E S
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[ ] .
could be determined (see METHODS and Chap. 3). The muscle properties
were studied (1) at Qafious lengths of the muscle by changing the angle

of the ankle, and (2) at various mean rates of stimulation by playing

back pre-recorded stimulus tapes at different speeds.. Fig. 5.3 shows _’

an experiﬁe;;ally measured frequency response ccrye frqm random scimu;
lation of human soleus muscle.:The.gain measures the change in tension
(in g) resulting-frcm modulating of the stiﬁuius rate kinrimpulses/sec)

. at a given frequency, and thus Has the units g-sec/impulse. fhe pheaeA
v measures the difference between the‘modulation in the'responee and that
.'cf the stimulus. In generah the muecle Showsfe phase lag which increases .

. » S :

‘with frequency. The entire'fr‘quency_tbspbnse curve can be efficient}y
measured from a eingle pericd.of reedcm'stimulegzen‘efeﬁectral analysis,

'Bii:use the random signal contains a wide rapge of stimulus frequencies

. (Mannard & Stein, 1973) : -

" The continuous thick lines in Fig. 5.3 show the predictions for
the best fitcing linear, second-order system. These fitted curves are
specified by the parameters: low frequency gain, natural f;gquencyq '

damping ratio and delay, as’ described reéiously (Hannlxd & Stein, 1973)
g 913).

'In addition, the coherence function was measured (Bendat & Pietsol

2.

1971) ‘ The values of this function are normalizod between 0 and 1 and

cgive 1nformation about the linear&ty ot the systen. The‘coherenee-‘
‘

values for the data of Fig. 5. 3 were generally arouﬁd 0.8 or 0 9 and

always above 0.5 up to 16 Hz. The good fit of the continuoul cutvca and

the high coherence valueo imply that 2 linenr. aecondeotdet nodol 77 ”‘.
: - 4 o i
«accounts quite‘well for the ddta ovet thiq ftequnncy rcngt.‘ Thlh;hin

N
e ~i£nes show the 951 confidcnce 1nterva1: for the dnta pointa.

oL A ) - o
N . . B B . g s : < 3

-
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‘ Fig. 5 3. Values for the gain and phasc of the responses for hunnn B ;‘

" goleus muscle tq random stimulation at rest with the ankle fixed at
The thick cantinuous 1inés are fittnd second-ot&cr

The thin lines arg- 95% édhfidcnce
‘The - acales for gain and frequ;acy are

an-angle of 88°,

. '1dgarithn1c .

"curves ,as deseribed in cha text. -
" intervals for data pointb.

ar i
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Fig. 9.4 shows the absolute values of gains at angles of 83°,
88° snd 95°. As. the angle at the ankle increases, which is equivalent
to decfeasingAthe length of* the muscle, the gain decreases. . Fig. 5.5
shows the variation of low frsqsency gsin,‘natural frequency and damping-
ratio with change in ankle angle. - Data have seen posled'fros twolSubjects.
- The‘lodﬂfreqhency gain increases, the natural f:eﬁuency sécreases and the
~damping ratio sta;s unchanged or lnsfeases somswhaf,with inpreases in |
ﬁuscle‘length (decreasss in angle). Similatbtrésds~wefe shosn fo:‘ )
plantaris muscle (Mannard.& Stein, 1973) and for soleuslmuscle (Bawa &
Stein,'unppblished observatisns) in the cst.u Howsver,}théﬂQslues of the
damplsg‘ra¢io ars mostlysless thsn l typically between 0. 7 and 1 0,1-
whereas for the 1sometric cat muscles these values wera mostly greater-
than<l The values of natural fsequency are atound 2 Hz, whlch are

\ »

simil r, though slightly higher than those for soleus in the cat. Ihe

vcomputed time delays uhich ;ave the best fit to the phase gsta were

hd oL TR
.

| ltypically 15-20 msec indspendently of - che angle.
To test the effect of stinulus tate, random scinulation at-uean :
- rates of 5 10 and 20/sec were applled in a f¢u lubjects. " For -ost.v N :
'_ subjects the gain decreased conttnually with 1ncrease in fstc,valthough A'
sin,one subject it 1ncreased fton 5/'¢¢ to lé/sec. The natural frequency
.often dccrease& with 1!crcace 1n tate nnd the ds-ping ratto oftcn »J‘ |
.mcr“.‘d' u zot the cat.. ‘rhe responus vere Iugely tuud at 20/-«:.

'f"although nonentc of relaxa:ion wqre obsstv-d (and cubjoctlvsly fdlt)

..‘ N

.1f¢wh¢never interVals 1n the pulse trcin verc Iudh Ion;er chln ‘V""‘! n;;l}-}s;;
"f_At lolstc, chu fluctustions in tsnaion could bc fclt lnch -nrn thsn thnt

'-,Hat ZOfsec, whllt with S/sec, psriods bf couplctc rslaxstloﬂ oﬁhuxtcd

o o I * et
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.  Fig. 5 4, Gain of huuan soleus muscle at rest for angles of 83“ (A), _ S
v/ 88° ( ) and 950 (+) are shown above on a log-log piot.r As tha angie . ' 'ﬂ;
. :
at the ankle increases, the 3ain decreases, and the natural frequenqy -

increases.'_
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. Fig 5. 5._» Varintion of lgw frequency gain, natural frequency and
damping ratio with angle of the ankle on a linear scale Data
-have been shown f¢r two squects (+ and ) All Values are for :

rest conditions SR W T R SRR SRR
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. between periods of partially-fused contractions. The increasingly fused

‘nature of the contraction with increasefin rate explains the decrease in

S

-~ >

low frequency gain'under,these'conditions.

Twitch Contractions at Rest.

| Fo conclude the results under rest conditions, Fig. 5. 6A shows -
three superimposed twitches at three different angles for the first
: 400 msec after the stimulus pulse was-app}ied These twitches will be
compared to the twitches under voluntary force conditions. These twitches
are non—oscillatory although{the damping ratios from the.frequency domain .
data are iesszthan 1. The implications of these results will be consid:iig
in the ﬁlSCUSSION; Figs. 5.6B 'and 5.6C show the changes in the contraction

times and half-relaxation "times of the twitches with changes 1n‘ngth of

» .
i

' _the muscle.

)4 LA

Effects of Voluntary Contmet‘tons o . - U .
. Fig. 5. 7 show!’gains snd phases for the closed loop trsnsfer N

function C(s) at 88' when the subject eXerted a voluntary force of 3 kg.

_ The lines show 952 confioence intemls for the dsts points. . The puk

: -sround 6 Hz in the dstc ' gsin cbrresponds to the frequoncy o(

e s wder the, u!le etmditions.,‘ Pu 4 o

voluntary force wn 1ncrused, the tvith'n wu futer spd tho tvit‘c'» i
. ¢ B P 'b_._ et
.hnsion decreued.-; Lo R B R

a‘»-
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. Fig. 5.6. Response of humqn soleus muscle to\single stimuli at rent; L
A). Tiwe course of twitches at 83°, 88° and 95°.  As the muscle length. - |

f’iincreases (angle decreases) the twitches bécome stover. and the twitch
" tension {ncreasew.: B) There is'a slight decrease in contraction;tine s

~with decrease. in'length. () are twitches before and {(+) are twitches ' -
. “after a pericd of ‘random stimulation. :C) There is a large decrease in
. half-telaxxtion time with decrease in: Iength of the mulole.- S,
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T R T R

Pig. 5.7. F}'eq'ue y response cutve during a pqriod of undon gbo
lg,wn while the shbject . maintained s voluptary contraction .of ut
3 kg, The angle of the ankle was 88°. Note the peak in' the gain
- Curviy near 6 H:.. 'rhn uuen .are 952 confiddhcl in:etv&lt for the data
ceotneh, oy T T el |

.
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Feedback Transfer Function. “

For the reason; to be given in the DISCUSSION and the APPENDIX,
we could not use the random stimulation data.to determine the transfer
fcnction tor the effects of sensdry feedback during maintgined voluntary
contractions. Instead; we applied stimulus pulses at the tate of 1 every ,
3 cec and averaged 100 twitches'and the cb‘;équhding surface EMG's. .

- Under voluntary force conditions the twitches were oscillatory with |
.

cotresponding oscillatbry bursts in EMC . activity. The M- and H-waves -

A

in the EMC,' ‘which are produced by stimulation of the a-motor axons
and large la sensory fiberé»(via thevﬁonOSynaétic.strétch rcflex).wereA
often much 1atger/in amplitcde than ttc later cacillatory butsts. A

'delay of'bet;een 36 and $A>msec'wa; added in thc: EMG ctannel during
,Aaveraging to eliminate the M- and H-waves in order to amplify the later,
waves sufficiently fo: cleér-obsetvatioc. Fig. 5.8 shows the oscillatory-A
twitch at an 88°,angle of the ankle with 6 kg voluntary force. Also -
.shown is the rectified EMG trace. fot 1 5 sec.- The second half of thc ;o
EMG ' trace 5hows the sustained level of voluntary activity. During
.the first 100 msec after the/H—uave there was less activity, which ’
) 'corresponds to the silent period shown by other workers (Mcrton, 1951.
Agarwal & Gottlieb 1972) This silqnt period could be due,_for eanple.

‘to. unloading of the spindle afferents, to mhibitory feedback from Golgi

and- to Renshaw 1nh1bition.. Cortesponﬂlng to the. ;11ent
activity. the tension fails below test 1evel Thid vu
_clear fot the subjects with briefer twitcbcs and for 111 nuqucta at |
ahbrter lengths of the nuacle'uharc thc twitchcs are briefnr. Por the :

Liaubjects vith 1onger tuitgt;n. the fall 1n tenston durin; thc ailcnt

S
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Twitch

e N 1.5 sec

Fig. 5.8. The top irace_shows fh(average rectified MG after

eiiminating the M- and H-waves from the start of the trace. The

-

' -latter half of the tracé'showsithe sustained EMG activity due to
the voluntary force of 6 kg. The beginning of the EMO trace shows

‘. a brief silent period followed by osc1llations in the EMG activit-.

. /
i

The lower trace shows the twitch of thg muscle follqwed by the
N .

corresponding oscillations in force.

.
. f
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R

The rise in tension after the

silent period showed up as a peak on the falling phase of thé‘twitch

;Q;ﬁfig. 2.7a). The oscillation frequency for the five subjectg ranged

¢ . e A . . / )
sﬁ?‘ berween 5.5 and 7 Hz.
% n ) < -

i%ggsva '~ The transfer function H(s) between the tension fluctuations as
a )
. % -

Qaput and the average, rectified EMGC as output was calculated (see

) “ln ’ - .
‘ fTééfhations. Fig. 5.9 shows the data points for thé gain and phase of

< ’ ‘

-the feedback pathway. The continuous lines are the gain and phase curves

of the transfer function §or primary ‘muscle spindle afferents Hb(s) given

’ by Eq. (5.3).- The gain curves fo; 9he sbqondary muscle spindle afferents
o

'(Poppele & Bowman 1970) were alsb‘txied but never ‘gave asﬂgood a fit. U
e S /. v "

Since the gain Curve fitted well. the phase datd v&re compared The

3

theoretical phase values of H (84 show)!'phaae advance of 156° at 20 Hz,

) - 0

/while thé experimentdl data showed phase lags of almdst 600° at 20 Hz.

The theoretical curves are for-the‘transfer’function between

.

length and spindle activity while ‘we psed tension as the 1nput in our

,experiments. Assuming that the maximum internal ahortening (uininun

length) occurs at maximum contractile force, the experimental phase “

value§ were shifted by 180' 80 as to correlpond to aH{er function
between length as 1nput ahd EMG as output. - JV
o The large diécrepaucy in phalac at high frequencies is due at

) least in part to the ti-e delay in the feedbcck p;thway. A pure ci-c

¢ 7

delay should produce a phase lag Hhich inpt?.

A S

,.glinearly with frequency,

\

80 che phase difference- between H(s) qud X (a) were plottcd A;ain:t

P
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frequency up to 20 Hz (Fig. 5.10). A straight line was fitted through
the points which minimized the mean square error. The corresponding

linear correlation coefficient was uSually better than 0.98 and never

o
QLQQS ﬁpp p.calculated ranged between 87 and
/' /

ettchle 19?’0) There is enough time
daing st pathways to and frob the motor

‘cortex (Evarts, 1973; Ma?;den et al., 1973).

below 0.95. The range

J” ee with galues for the monosynaptIC'v

-,
120 msec. These J&
)

spinal reflex (3{;

to involve hlgher centall

The fitted straight line for the phase differences vs. freq:fzi}
did not pass through the.origin which indicates that there is a further,

but as yet unknown, mechanism producing a phase advance of neerly 90° in
o .

Fig. 5.10. In ten observations the geasured values of the extra phase “

advance vere 78 * 7 (mean * S.E.).
’ C A0

* DISCUSSION

Muécle Properties

These experiﬁents show that in the absence of voluntery
/

' contraction the human soleus muscle behaves like a low-pess filter of

 second-orderJ Similar repults have been shown for partially ieoleted

0

. cat muscles (Mannatd & Stein, 1973 Chap. 3). Under 1noaetric condition.

. the best—ficting second-order eyeten fo: the cet_generally had-cwb rell
time constants, one'of'ﬁhich wes'de;ernined by the Vieco&eleitié '

‘eroeefties and‘the'dther by the decey 5: the'ectiﬁe state.' Hovever.

the values of the‘uanping ratio 1n these hunan experineate were -ontly

<

‘ less .than 1 (ug. 5. 5) ‘Such syetene lhould show dnped oecilletim '

L
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+ 180 -
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<
o -180 L .
; delay = 105 msec
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Frequency (Hz)-

AFig. 5.10. Phase differences betwden the observed‘responsee due to
_ sensdrv feedback and those expected for the primary muscle spfndle
afferents. Same data as in Fig S. 9, except that the differences

have been calculated and plotted against frequencv on a linear scale.

.Tho 51 lope of the fitted straight- 1ine gives the value of the time

delav at would accéhnt for these diffetences
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4

and not possess two real time constants, but the twitches under rest
tonditions were not oscillatory (Fig. 5.6A). e

The apparent conflict betweeén the fé& damping ratios and nonj
oscillatory twitches suggests that the sdleus muscle.is not simply a
second-order system. Several explanations can\be offered.. Firstly, in
the intact leg there will inevitably be'an.effect due to the mass 6f the
foot. and the attachment of the muscle to the transducer. We showed
earlier (Chap. 4) that'the addition of inertial massgs converts the
second-order eystem of the“muscle.to a’fourth-otder-eystem, although the
differences would only be detectable at high frequencies under neltly
1sometric conditions. The result of these differences will be to reduce
the effective damping, so that under certain gznditions tﬁe twitches
become frankly oscillatory (Chap 4). In the frequency domain analysis
(Fig 5.3) deviatlons of data points from second—order fitted curves are
seen at higher frequencies, particularly above 20 Hg, HoweVer, ve

y }
cannot give much weight to these data points due to low coherence values -

‘-'above 20 Hz. .

Secondly, nonlinearitiee were observed for ;oleus luucle in the .
_\cat using elastic loads (Chap 3) which produced low values of the.da-pins
‘resio in the abséﬂce of oscillatoty twitchzs. Furthcrlore, thc belt-.f
.fitting paraneters of the secondvordet syotan vary vith tha tltt ot .

'vstimulation. Thie vould not oceur. 1n a purely lineat ly.tll. ‘and th‘

- variatibn neans that relults fron rendo- -ti-ulation tt SIooc ceaaot bc

| vlapplied 1-nediatc1y to. tvitchea gcncttted once every fev seconﬂl. Thu‘,; S

"the dtacrepency betueen thc obatrvtd tuitchen nnd thc partiuily fu..d_xﬂf“

. ftenponaes 1: not too surprislnz, Thi- dtsctcpaacy docs ootvc to potnt o«t
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that, although a linear, secondeorder model'may be useful for a number

of purposes -1t is obviously a simplification of the complex nature of
mammalian muscles.,

Typical values of the natural frequenCy of the human soleus

muscle wete around 2 Hz, which was somewhat higher than the average

value for the cat (Chap 3), although in the same range The contraction

times and the half-relaxation times of the (witches for human soleue

(60 100 msec) were a130 similar. "In fitting the phase data to a Second-
order system, time delays which were: typically between 15 and’ 20 msec
were calculated These again vere in the range measured for the cat, so
mechanically human and. cat muscles behave siqilarly, despite the obvioue.
differences in bulk and force output.' o |

o \

Senéory Feedback |

| .The evaluation of the feedback transfer function fro- Bq (5 3) »
‘was not possible for the‘reasons given below The open loop tten.fer .

function beEWeen stimulul as inﬁut and tension as output is denoted by
'G(s) under rest conditions.- With the ceue atiaulud .Ah voluntary force
added, this transfet iunction chnnges and will be denoted by G'(s)
;}closed laop transter function betveen nti-uluc inpnt end tenqipn output

- is chen o <f}fu:‘f o I

e 2 R N o -y

I ENe) * Gl thea 0,

P I T
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. _G(s) . .
€Y TY e 1Y . '

-

Knowing the open loop transfer function G(8) and the closed loop transfer
function C(s), one can calculate H(s). , However, the results of an -

_ analysis which is desctibed in the Appendix showed that G' (3) is quite
different from G(s) and we could not obtain a valid approximation for
H(s) by this nethod. These reSults bring out the importance ;f visco- )
elastic-properties'of the'muscle. Since we were stinulating only about
102 of the muscle fibers, the voluntary force recruited more motor unito,

' changing the visco—elasticity of the muscle considerably.- Changes in

‘ visco—elastic properties upon generation of voluntary foaﬁe were larger

" . than the changes due to closing the reflex loop. Grillner and Udo (1971)

have sugges(ed that the‘properties of muscle, might account forwthe '
g propertiee of the whole reflex loop which implies that the contribution

of the feedback transfer fanction is: snall Howevet ‘the oscillntoryl

:responses we measured during voluntnry contraotiona indicate that the ,.“ v f
"effect of feedback is’ significant, at loast at the frequoncy of oscillation.

. ... ‘;e feedbnck tronofet tunction vae doterlined after avernxing |

| 3:twitches and the corrtqyonding EHG'O-‘.N ’l’he thq deloy calculat‘d‘ for .

'thih feedback pathway uu in the rlngo 87 to 120 ucc, which is -uch too 5
jflong for . nonosynaptic tpinal reflex. Holv111 Jon-- and Haté (1971)
thoued that tho utcncy fron ot'.rctch ol tum ;uu‘ocn-iu to tho
,'ff--nppurmeq bf EHG m thnt luoclo uu 120‘ ucc. thoy hua it tho ,
"ftmctionol sttetch rotlu” bmuu 1: adda mch -otc to tht mh tmion
g 197:6) lwn mo fonad

' lm«! nﬁl too mlu.

- thln tlu apinal -onocyupue roﬂu. , )m-uhn ot a¢

cvi&enco of _t_hon iong htuncy e }au for tbo jav
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The latencies, ranging from 13 msec for.the jaw to 75 mééc for the toe,
are twice as long as those for the corresponding spinel reflexes.
EvartéAti973) found similar results in ‘monkeys and showed that pyranioal
i
tract cells were activated at the right latency to participate in this
reflex. Thus, our ‘work adds to the growing body of data which\supports
the suggestién of Phillips (1969) that " ... this segmental circuit,
which bas its most obvious importance'in posturel reactions, has been
overlaid in the-course of evolution‘by a transcortical-tircuit".

14 ' .
The frequency response e calculated for this pathway is con- )

sistent with -the primary muscle spindle afferents being the sensory .
receptor responsible.\,zgzgole and Kennedy (197&) have recently shown .

that human muscle spindles have an identical frequency responee to cat
spindles Secondary muscle spindle efferente have a somewhat different
- dynamic response (Poppele & Bowman. 1970) which did not' fic our data as
~'well However Anderson (1974) hae recently ueaeured the dynanice of
L Golgi tendon organs vhich are atnilar to thoee of the prinary muscle :;'-”
spindle afferents, 80 tendon organl nay also be involqu._ Yinnlly, our
L data indicate that in addition to the tiae delaye due to thie longer
: !pathway, there is en extra phaee advence of nearly 90' iTbie t‘?9;§1¢‘9fti:;"i@i

‘j_be described fornally by eodifying Eq (5 4) to

[ .
B L

 HGw - bp[ﬂr‘, ) n“"“’ i*.’-,-. e
‘azwhich uoold add a phene edvlnce t et 311 erQ“.DC£.‘s' lovevet. Ch‘ ';kﬁielt;véfi

uclnnim vhich could produce euch e phne ednnc( 11: rln retln

,'I A

Pat\yay are uuclur, end aul require turther otudy. | ._ e
i;ﬁ i A L e e 3
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APPENDIX

[ J
. . . 1]
If the parameters of the muscle do nos change when the loop is

closed, the closéd loop transfer function between stimulus as input and

tension as output is given by

i

. - < G(g) . -y ) i V
A A S YA W) . | o W

B vhére G(s) is the transfer function of the muédle under rest conditions.
Héwever, under voluntéry‘force ﬁgeﬁitibng C(B) chang;s to G'(é)~b¢cquse
_the muscle beéomes‘moée vfgdo;elastic,‘ The cldsed logp transfer function,
‘theﬁ, is‘givén bi. | h “

\ G' )
CE) =TI B®

n_‘ (11).

. .

_The trahsfef fuﬁction'around the feedback loop-G'{a) H(e) 1is givénfbx

o ey - ;',‘ . e
BRACE SR R

':‘When wc calculated the lo&p tran-fer function, wc assu-od that _f‘ |
.. ‘.-6" (s) = G(s). and. subamum G(e) m:ud of a'(a) (vh:lch vu not knovn)
 jon the/tight—haud -ido of Eq (111) “‘-".j;;;  . Affﬁﬁ L
S Tho ectimuted Loop tranafnr function vas than. fro- lq.. (11)
"  <¢ud (111) ‘.,* f.;ité}’f ‘fi_g,ﬁf}§:;’ :;1?;ﬂ i}‘Q - ;; e
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- G) _
Ge (8) .He‘(s) C! (8) 1

. G() -G'(s)
G'(s)

+ G(s8) H(s) . k(iv).

If G(s) = G'(s), then the first term on.the right-hand side of Eq. (iv)
is negligible and we should get a gond approximation of G(8) H(8).

Similarly, we éétimaﬁedvtne feedback transfer function by -

Y

.He'(g) - 1 G(B) '@) + G(B) H(s)] ’

G(8) [ G'(s)
B . Y
T G(g) - G'(8)" :
56 - G (@ ”"‘” . -
N

K Again, if C(e) = G'(8), H (8) = éka)
‘ Both the estima:ed loop transfer function and the estinnted
feedback :tansfer function gavc unexpected results. The valueeof the -
transfer function for the loop lhodld show 180° phane lag at ebout the
'frequency ?f Osciﬁlation.. ‘The phtlel ohlerved 1n conputing Eq (iv)
.-deviated only slightly ftou 0‘, gs woulﬂ be expocted 1f the firct ter- -
- wére dominent (Rosenthal et al., 1970) Si-ilerly, “the pheseq co-putod
e:from Eq. (y)’were more like those expected for the- firlt tetl (thc phenee‘;'!
vere approxinately thoce ot G(s) 1) rqthet thnn of H(s), as. given by |
j':fPopPele and Bou-an (1970). Thus. ue vere not lhle to eetinetc che loo§ “@

~f'ga1n of the feedbeck trenater function H(s) by rendo- .tinuletiou. :

gy ool oo
e G e



CHAPTER 6

DYNAMICS OF THE MUSCLE AFFERENTS AND THE FEEDBACK PATHWAY
INTRODUCTION

Fibres from muscle spindles and Golgi tendon organs form the

sensory component.of thelfeedback pathways of the myotatic reflex It
is important to determine the contribution of these afferents to the
total dynamics of the feedback pathway ‘ The dynamits of this system
are best represented in the frequency domain.

| The biggest problem in analyzing the response of these afferentsi
has beén their highly nonlinear behavio&r Nonlinear prOpertdgs, such as
'phasevlocking,-carrier dependence end nonlinear:response to lergeb
amplitudes.of stretch allnlimit‘the usefulnesp of a qoentitative.
'analysis %ased only on a linear approximation. The nonlinear propertiee
"of spindles (Hasan & Houk 1975a, b;. Matthews, 1972) and tendon organs
_(Rosentha1~ i al . 1970, Andereon, 1976 Houk & Sinon, 1967 Houk § |
pHenneman, 1967) have’ been discualed ‘in detail..
‘ | The transfer cheracteristics of spindle afferents (Metthevs

‘l& Stein, 1969a, Poppele & Ter:uolo, 1968 Roeenthal ct al., 1970, h

‘Popgple & Chen, 1972) and of Golxi tendon organ aftetent- (Rooenthal '
l[,et aZ., 1970 Andetson, 19760. operating in the lineor ronge. have beon
1“rstud1ed. Eapirical expreeqionc of che tranefer function- havo been '

' “5lgiven both for the :ptndles (Hltthevl & Stctu, 19691. Poppele & lounon, ,,:n

s mo' Rosenthal et az., 1970) ond the tm orpnl (llouh & suon

:_,1957 Rosenthel et al-. 1970, And-r-on. _19‘70 vm "“‘“f"' ‘°‘ ""u

l".‘

- r;fdiizo!i';liifﬂ



£

..

- 121

. ]

amplitude were applied to the appropr{gfe muscle. For the tendon organs,

in addition to stretches, sinusoidal changes in active tension were also

o '

applied. All three affereﬁts have two main components of response, the

rfspoqpe tJ steady length (static component) end thé response to changes
in_length (dfnamic component). The rqsﬁlt is-a vector sum of these two.
responses. In the f?equency domain‘the statjc ahd‘dynamic compoﬁents
are eqdzl at thé co;ner frequency, which is around 1.7 Hz fbf all thr@g

afferents (Matthews, 1972) " The value of the corner frequgncy.varies

with the state of the preparation used (Matthews, 1972). Secondary ‘

e

~afferents show linear behaviour over a much wider range of amplitudes

than do the primaries (Matthews & Stein, 19693). Golgi tendon organs

‘are also more linear 1h their tesponbe (Houk & Simon, 1967).

Fusimotor activity affects the dynamics of different afferenta_

1n different ways (Matthews, 1972; Goodwin & Matthews, 1971 Chen &

'_Poppele, 1973); :Theﬂ jmulation of dynamic gamma fibers does not seem

)

' stinutlted nt

‘to have my

- effacts: .
above). .;
. reduced equali

. not changed b;

spindles. -

e 'static or dynhnic séns;tiﬁitiesl_of the
ltimﬁl;tidn of étgtié éauma.fibéré h;s cbnpléx
fffs hrébétinulate&’at high'ratés (7Slse¢ or
-dynamic sensttivitica of the afferentl are

\ hntbthe shape of the fraquency reaponse c&g‘e 1ie
shifted dounutrdl. Hhen ltatic g;uln fibcrs ‘t‘:

,C' ntatic aennitivity, or- cﬂ'.it;vigy”;p.ldva,f

ffequeﬂC188. f 1';, lékﬁiﬁj‘éhé:Qyntiiéilff {tIVItthnchhﬁiod /liu o

This lowers thc ilue of the cotnez frequcncy. There 1. effcct on th. o

'- Sensitivity of a nu;cie sptndle affhrent cnding hnl bdcn defiand by

Hatthewa -and. Stein (19691) the ‘amplitude of its response. dividod by

the anplitude of the length chan;e in ilpulscs/.QCIllv.ﬂﬂf, “
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tendon organs.

Reflex studies in decerebrate tats, to determine the dynamits
of the feedbaek pathway, have been done in very few laboratories
(Partridge & Glaser, 1960; Jansen & Rack, 1966; Poppele & Terzuolo,
'1968; Rosenthai et aZ., 1970); only the latter two pape;s the shown
the transfer function with muscle length as input and ‘EMG as output.

This transfer function for the spinal reflex has the same form as that
. ¢ ’

-

of the primsry spindle afferent. This‘suggests that the dynamics of

the primary muscle spindle endings determine the dynamics of the whole

™

feedback pathway. Jansen and Rack (1966) in their experiments with
decerebrate cats,yencountered two main types of prepsrations, one which

’

they called more statically sensitive and the other less statically

‘sensitipe. In the less st?tidally sensitive preperations‘they observed

- clonus with frequencies of 6-8 Hz. With more.statically sensitive

preparations there vere no oscillations. Also, from their observations,

..

. they suggested additional phsse advances at the level of the spinal
rcord to account for"phgse aovances of EHG»with respect to muscle length
inputs. Their results will be referred to again in“the'DISCUSSION in

relation to our experiments;'

For this project the frequency response characteristics fot

(i) motor spikes as input and tension as output (efferent-uscle),,

.'(ii) motor spikes as inputland afferent spikes as output (effersnt- . |
d o

-sfferent) -and (iii) tension as input ‘and sfterent i*ikes as output

‘(muscle-afferent) have been conputed using tsndun stinulstion to Sl or .

L]

L7 ventral foot filanents. The fit of thc -uscle-sfferent frsqulncy

”

‘.{ response data with the enpiticsl trsnsfer functions given by Poppsle 7;

3
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L

‘and Bowman (1970) has been'dischssed‘in the RESULTS section. The
afferents compensate for the muscle pnopersts both in gain and phase
at lon frehuencies, as shown by Poppele and Ter;uolo (1968). The

" compensation is poorer as the frequency increases.

The behavioGr of the afferents at low frequencies to changes
in external loéd was investigated. The iow frequency efferent-muscle
gain increases with increase in the stiffness of the spring load
(Chap. 3). The low frequency muscle-afferent gain decreases with
increase in stiffness., For the‘eiferent-afferent tr;hsfer function

I

the low frequeng§ gain changes differently for the spindle and’tendon

.
» ~

organ afferents.
Further, the transfer function with tension as input and

MG as output‘was'computed (Chap. 5). There were some»incdnsistencieﬁ.

in the results‘Vhich limit the usefulness of these data. Since we

found that this transfer function wes the same as that,offthe.prinnry

afferents in hunans, we exp;cted sinilar resdlts.for decerebrate cats

except that the delays calculated for this reflex pathway were expected

to ‘be short. However, the gain of the transfer function was :euall&

steeper _than that of the muscle-priqary effetent at highet frequencies.
_:The latencies for feedback pathway calculated vatied 8nywhere frol 12

| ,msec to “150 msec. The shorter latgpcies can be attributed to spinal

4 reflexes but not the very long latencies, Horeover, longer latencie!
‘were always associated with additional phaee advence§ not nccounted
for by the spindle ttdnsfer function, the ahott latencies did not ehow

‘these phase advances. Multiple cerebello-:pinal pathways are knawn

' (Eccles et al., lg?Sa b Allen &. Tsukahara, 1976) which could be involved.

_‘. - - : .
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o
in -these reflexes. The ¥arge variation in the latency measurements

,could be due to changes in the excicabiliiy of the pathway and multiple

' - ¢ e
loops in a pathway. ’

METHODS

¢ 1]

Adulg cats, both maie and female, weighing 2-5 kg, were used.
The trachea was.cannulated and the carotid arteries weré'looped while
the cat wag .under fluothane anaesthesta. Next che-femOtal and the‘
ébturatsr nerves were cut, Decerebrétion by)suétioa was done either at
the intércoliicular level or more rostral to it after vhicﬁhthe

anaesthesia.was stopped, A laminectomy was perfor1ia‘exposing LS S1

[

roots. The. sural, common peroneal nerves to plantaris, lateral

gastrocnemius and medial gastrocnemius muscles, n€rves to hamstrings,
teéqeisimus, hip and tail mascles were cut. The branch of the sciatic
going to goleus and its blood supply vere kept intact. Before cutting ‘
the céicaheu;, the maxim&ﬁ:ph&siological'length'ﬁgd measured. _The |

« details of the muscle preparation and loading conditions were the same

c“{

as those described in Chap 3 (METHODS) o o | '

The skin and-fascia around the expoqéd part of the spinal

cofd vere used‘tbfform a pool for;plriffih 011. Sllll.Vengral roﬁig.'

‘ filaments were prepared gor bipolar stiaulatiqa.' To reéord froa‘sinz‘o

' afferents, small dorsal root tilancntc were catt!ully 1301&:06. lifted

into the ¢11 and placed on bipolat electf@ﬂéa for rocording The
afferent 1mpulses were fed to .a preauplifier and then to thc tnpe

recorder for recording. tb test’ whcther the unit waa a secondary,

| E AT I
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Primary or Golgi tendon organ, whole nerve to the soleus (or plantaris)

- was stimulated. The response to a single twitch and the conduction

velocity gave a clear indication of the type of afferent. Some Golgi
tendon organs, whioh increased their firing rate on the rising phase

of the twitch, behaved like a primary afferent on ventral root filament
stimulation. The tendon organs with this behaviour were presumably not
in series with the motor units’ being stimulated ‘Therefore, when

other parallel motor units were stimulated, these'tendon organs were

o
unloaded and stopped firing on the rising phase of the twitch. The

‘tendon organs which were not in series with the)motor'units‘we vere

I

4were simultaneously monitored on an oscilloscope.

’enpirical expression giveh by the forner luthors.

-stimulating were not studied.

To record EMG teflon coated Ag wires bared by -1 cm at the

end were inserted into the belly of the soleus muscle. These two

wires were connected to the'preamplifier, tbe output of which was fed

4

to the tape recorder. The cut-off frequencieekof the preamplifier for

EMG recording vere 10 Hz and 3,000 Hz and for afferent recording 30 Hz

[}

and 3,000 Hz The stimuluys pulses, tension, .EMG and afferent activity

¢
t" ¢

. EMPTRICAL REMTIONS

Poppele and BoWman (1970) have given tranofer functionl both

" for the muscle spindle primary and secondlry afferents. Anderoon (1976)

i,has shown that the tranefer functlon for the Golgi tendon orgon io the

same as that for the primery afferent. We conpared our datq with the

’

L ‘
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For the primary afferent. at 37°C, the transfer function for

length as input and afferent activity as output, is given by

B (s) = x B8 +0.40) (s + 11.3)(s + 44) (6.1)
p. P (e +0.04)(s + 0.816)

where K_ is a.normalized constant with appropriate units and s is the
complex Laplacc variable. The term (8 + 44) {s te%peratufe-dependent
term, in‘which the value 44 at 37°C changes to 12.56 at 26°C. This can-
also be considered as the expréssion fof the aCCeleratioc response. |
The tcrm 13—1257527 accounts for a very slow time canstant decay. Hasan
and Houk (1975) have studied the spindlp characteristics at very low
ffcquencies wﬁich we,ﬁave ﬁot considered.- The term (8 + ll.j)_can-be

considered as the velocity response giving a- corner frequency of 1.7 Hz.

The empirical expression for the secondary. ending iélgiven by

e

(6.4 0.4)(s +11.3) - S (6.2).
(n) 0.816) | :

. (6.2) does not have the terms fot slow decay, acceleration and

Hg(s) = K

temperature dependence. Poppele (1973) has discussed the phant locking

and carrier-dependent expressions which ve have not conuidered the

'relsons vi1l be given in the DISCUSSION.. e

RBSULS

-

»

The. frequency tesponse cha:ncteritticn of the qusclc lfforlnto'f'
& - . H ‘ ’ . . . .
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shown in this chapter have been conputed from random stimulation data

with tension ns input and afferent activity as output. Sometimes, to

.compare averaging and spectral anal§sis results, both techniques were

used for thewame unit, one kind of stimulation following the other.

The results agreed.to within expefimengal error except at frequencies

where the coherence values for random stimulation were less than 6.2.
-Fig. 6.1 shoys the data points fo;‘the ftenuéncy re3ponsé

gain of a priméry muscle afferent for solgus muscle inldecerebrate cat..

A small filament of S1 ventral roof was stimulated randomly at a mean

rate o% Slseé "The mean firing rate of this afferent was ~27/sec.

‘The spring against which the muscle‘contracted had a stiffness of

97 g/mm which resulted in a shortening of the muscle by ~0.1 mm during

‘a single twitch. This amplitude is beyond'the linear range of primg:y

‘gaffenént reénonée according to other uorkers; ‘A single twitch

resulted 1n a  mean p;use of ~60-70 msec in the fiting of the affetent

which showed up as a ‘trough in the gain curve at '15 Hz (Chap. 2). The

‘fine lines show 952 confidence 1ntervals of the. data pointu and the |

thick continuous Line shows the empdrical curve conputed from Eq. (6 1)‘7

“The response curve’ ‘greea well up to 10 Hz uith the linear e-pirical

'cutve. The deviation of the curve fron the data points 1- problbly due

" to the various nonlinearitiel of the npindle cfferent e g.c paupe of

;j~60 -aec giving a trohgh at -}5 He,. - scatter duc to variability in thn
: r

,firing rgte of Ia affercnt etc. The phun of thu cfferent 1ncruud :

' fron +IS° at low frequen&ies ‘to +65' at’ 7 Hz and :hcn ntnr:od t gct |
fleas positive unedl ¢ va& ﬁ;gativo at lsrng The phcce da;; alco
- shwed a ninim around ls\ns In thg, po-t--uul\u tin u-cogra
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la response

L
8g [l meh tomsion |

—————

" %o

Goin (-impulses 4/q -sec)’

ol L
02 . 2 B 20
- Frequency (Hz) - R '

. Fig. 6.1, 7~ data points show the qain of m.scle-rrimary aff.rent .
- transfer function in-a decerebrate preparation.  The soleus muscle ,
- contracted against a- spring ofsstiffness 97. g/mm resulting in a mean
~ pause ~60 msec.. The thick curve is the ampirfcal gain computed from
- Eq. (6.1). The fine lines show ‘955 confidence -intervals Yf ‘the data
points, .The uoper left hand gorner shows response of the afferent ., .
fibre.to a single ®witch in-time domatn, o . oo

N .
. .,&'_ .
f\ .:

»> - ;

,“ 4
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(PSTH) (Fig. 6;64) vhere 80 twitches were‘;veraged, the firing.fate Qas
highes& at ~100 msec, 1.e. apbroximately at half-relaxation :1me: This
effect was ext:emel& pronounced in some'primary'afférents, spindles of'
which were probably inﬁervated by dynamic gamﬁa fibers. The_generai
rESpénse of primafy afferents was an 1;crease in fifing during the

' falling phas; of the twitch and a longer intetval at the completion of
the twitch. The left—hand corner of the figute nhaws the résponse to
E a!single twitch in the tine donain. | |

- Fig. 6. 2 shows the gain data fo; a secondary ending fron »

“soleus muscle in a decerebrate cat. The muscle contracted against a

: A,.spring of stifﬁness 155 g/mm vhich caused a shortening of ~0.2mm. A

_single shock to a Sl vencral root filanent tesulted in a’ pause of
"~50 msec in the firing of the afferent. Thia pause ahoved up as a :
:trough at '20 Hz in the ftequency donain gain curve. The mean firiﬂg

rate of . 30/se;-showed up as a peak 1n the 3ain curve at 30 Hz (not
.shown) The fine linea shov 952 confidence 1ntnrval. of the dlta pointa.'77
' Fit’ to the enpiricnl curve (Eq (6 2) ) il very good exccpt at thc 1ounntf a
'.frequencies | All frequency renponac curves wich good cohorence valuau
'“showed.tq&f 1ou frequency crend for thil parttcular utfercnt. Thin kind ‘¢-
mcmm"_i"

P ,'--

'~;;of effect baa been discus.ed by Goodwin und untth'va (i?T":
":-‘Povvelc um) e RS T
. The p(uu au shmud . cou:tumu mcum :ro- ~1s' it m
_5:§£requenc1;o»up to 85' it 12 Bz aad thCn it lt‘tt‘d eo flll to a -dallni ;{E“;
.”'__l:’_(zt° .: za nz S '_. A : '“z:--‘u-:r»aif; v SN Y |
v rig 6.£c shavt thn riopbala of anothtr n.coudbry !!o‘ . o

;;{plantoril -nscle tu an nnao-:hcti:od ca:., coh-:-uens, oacca; tor>ey. if}i;f
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'”MSG

. LH HHHHH
zogmitcn; tefasion

o lOr
] - 100 msec

‘_\.

- Gain (impulses/g-sec)

SRR 1) S

.‘-_anmt) T
"*-Fig 6 2 Gain of the trmsfer function for n secondary ending 1ﬂ 2 e
" decerebrate cat is shown above. The saleus miscle contracted agmut‘ L
;a sprin_g of Rﬁ /mi. -Thé. thick.1ine 1s the empirical curve from - - .
o ( ines show 95% confidence intervajs of the data
mints on the Xop left}is shown a t,ypiul nsponse of tMs nfﬂmt S
to a single twitch m ti mm. S _ PN

;g_.-. _ ETO
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first point, are above 0.8 up to § H;, fall off to 0.6 by 16 Hz and 0.4
by 21 Hz. 1In general, for all muscle afferents, the . toherenceswére'éery-.
high for anaesthetized preparations of the plantaris muscle The
reason could be that there was lesgs variability in an anaesthetized
preptration*or that the more linegr plantaris muscle (Chap.,3) governed
the linearity of the afferent endings. The fact-that the coﬁerencg
< valtes do fall'off iore sharply.with 1ncreaeé in fréquency for soleus
' muscle than for the plantarit muscle supports the lattEr poasibility
"The phases increased from +25° at lower frequencies at +47° at 8 Hz
and- then started to decrease coming down to -12° at 21 Hz.
For Golgi tendon organs we found two typical types of reaponses
ﬂ vhen\coherences were high and therefore the results were reproducible. |
ﬁ.When a Golgl tendon otgan had a very high threshold for firing, i.e.
:there was no npontaneous firing even at ltrgc stretchcl, g cingle
twitch resulted 1n 4-5 1-pulsel on the rioing phasc of the twitch anda.A
»the afferent was silent lgain. Iu such a canc thc frequcncy rcipénsc;
o curve was flat . c‘ all fuquaucin ucwt .hoving a puk at. :hc '
-‘;effcctiVe firins rata. If each twitch rtaultn 1n four inpulscl. thcni?;
‘3:f957lec rate of gtinulation vtll rodult ﬂn 60 1lyulo¢ll¢ac and 1n thl_?"v
"."mlysia. thu 1- trutod n t!u lun firm uti gltw it to not;'
tho cltticr w:c ol t‘Hc atfordnt. M mm cf m or;m; v-ro
e :,'fma both 10 muthttind (pxmum - *u u-‘_ta hunhuu
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v during the falling phase, 'Sometimes there was a short pause during
the:falling phase of the twitch. Fig. 6.5¢c shows the‘frequencyv
respgnse gain data of‘a tendon organ afferent from soleus muscle in

a decerebrate'cat. Fig..6.6b.shows PSTH for tne‘sane cendon organ
where 80 responses have been anraged Coherence values for: frequency
response results were above 0.8 wp to & ‘Hz, down to 0.5 by 9 Hz and
0.01 by 16 Hz. The sharp fall in*toherence values with frequency
could be because of che saleus muscle. Coherences were high up to

' much higher frequencies for Golgi tendon organs from plantaris muscle
as mentioned for the secondary ending above.' The firing rate of this
Golgi tendon organ was 30/sec Hhich showed up as a peak in . the gain
curve'(not.shown) The phases wete +14 ac low frequencies,_increased
4'to 67° at’ 6 Hz and then decreased snootth to -40 at 18 Hz -
| loue of our Colgi tendon organ Curves fitted Eq (6 l) for '-f

" the primary ﬁransfor charactetistics, but noqt ot chen fitted Eq (6 2)

i well for the transfer function of th¢ aecondaty

]'i amlensatwon-qf‘Muaele propcrttca by qffhruntc . :f7;  **f.{",';C*iuf'
. | Fig. 6. 31 1- :hp uin cutve for the utumt-nuch ttmtcr
?ffunction for saleua nuscle in s dcccxobrste eat, ti;. 6. 3c i: th. ‘“
‘ff_luCCIC‘lffcrtnt gain and tig. 6.35 il the effercur-aficrln: ;ain for :h‘*fefff
 sabe vrltm . thm in e 6. ‘ m m mb com-m uinu re
tiflboVe 0.6 until 8 Bs aad then fnll to~0 2 at Ll lz. !a.';; SR

ancnuu nu to coqmmen inll far tho mch pwnrti_
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| "‘AH 6.3 Mbsolute "‘“es of 9“"5 for (&) ﬂfemt«-mscle in w-uclim.
"‘b effemnt‘“f"e"t' and {c) muscle-afferent in impulses/(gm-sec), "~
.. freguency response functions are shown for a primary afferent {na '
~ . decerebraté cat. The soleus msch coatractad agﬁnst Ly spring of

' _stiffness 97 q/n,, Ot SN serim ¢
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Gain g

ool

e 2 2 .
S ' :Frequency (Hz) o

- Fig. 6.4. Gain curves of secondary afferent are.shown in absolute units = -
- for plantaris muscle of an unanaesthetized cat, i,t ‘wotor nerve spike - ..
- train input-and tension output in (gm-sec)/imp, .(b) motor nerve spfke
. train input and secondary sfferent firing output, (c) tension input ‘and .
E -»5'9@'0';‘;"? afferent as output 1n impulses/(gnasec). See text for
Cdetadls. T oo e et T
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function for pléntaris muscle {n an anaesthetized preparation. The

natural frequency was 3.5 Hz with damping ¢ = 1.8. Curve 6.3b shows

the gain of the ef rent transfer function of a secondary

ending. The cohey Rere above 0.8 up to 18 Hz except at

the first pq laris mﬁscle with a high value of

natural fre on of gain by the secondary afférept for

. . i
the decrease] muscle is quité good.

the gain curve for efferpnt-mﬁscle transfer

functioh fof‘s} 1e. - The natural frequency is 1.7 Hz and

damping ratio i ;Damﬁing ratio was alwayb gteater than one for

;-reparations as opposed to anaesthetized
’ N

"Fig. 6.4b shows the gain curve fot efizrent b -

soleué in decere
préparations (C ’

afferent tranéfer: 'Son. It clearly shows that the afferent does

$i

ACOmpensate to a sf utent for the declining gain of theé nusclc with

’frequency: %he c;,;f?'zi»on 18 not as gpod as that in the plantaril J
muscie (obéerQati}v.’ :f7"taris nulcle) Thc pha:es decrc..qd
steadily from -15°? -Juency to —160° at: 18 Rz vﬁich 1nclud¢d
A "the‘phase lags dueg_ ;*he dynanicl and phase laga due to pure tinn

delays.

w

v Law f*ﬁquenoy behavzour uniﬂg varzaua loadc l:<,~-' l{;ﬁf[' ‘{; ;:i:-

| | In Figc. 63b 64ban465buelnuloohd at tlu co-pmauan_’

. by :he affeunn for thn -usclc propqttiu u s fmction ol tpqu-acy..‘ U

v;?éwe were tllo 1ntera.tqd 1n ctudyiu; thc i‘nponsc o! tho affnrcntl a8 f.7jti.
‘co-parcd to. that of thc ln'cle with chnn;c 1u Iodd oetffatnl lt luv S

' ¢freqnanc1e¢. Ldu frequcnoy 3.1n vtln‘n fo; lunelo-ntttrcnt aad

&
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P‘ﬁ.s;s. Absolute values of gains are shown fbr'(a);motor.nerig spike
train input and muscle. ténsion-output in’ (gﬁi—.‘n'c)limt,.(b) motor nerve
spike train input and Golgi. tendon organ output, (c) tension input and
. Golgi IEndon-organAoutput>1n'impulségy(gm-sec),for the ‘goleus muscle in
decerebrate cat. See text for details. . - oy o

\

f\ .
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(0)

75

Impulses/sec

25y

(b)

150

- impulses /sec -

= : Time (msec) o : S

N
Fig.. 6.6. Post-stimulus time'btktograms qre<shdyn for, (a),prinahy
afferent, same as in Fig. 6.1 and (b) Golgi tendon organ, same as
in Fig. 6.5. Eaéh.reCOrd,is an average of 80-rpspon3es;
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, For spindles (Fig. 6.7b), the efferent-afferent gain

138

efferent-afferent frequency response data have been piotted in Fig. 6.7

_for various_spring loads. Data have been pooled for a few different

muscles to show the general trend for spindles as well as tendon organs.
From Chap. 3 (Fig. (3.3) );for the frequency response curves of nerve-muscle

o PR o
preparations, we know that the low freqliency gain increases as the

external stiffness increases. Figs. 6.7c and d show that both for

Golgi temdon organs and spindles, the low'frequency gain for muscle-
afferent frequemcy response curve decreéses am the external stiffness
i;creases. The effereht—afferent low frequency gain (Fig. 6.7a) ,
1ncréaées with increase in extérnal‘;tiffness for theAtenmon organs.

[ ) .

lat over
the range of stiffnesses studiéd, except at the isometric value.
There seems to be a saturation in. response to muscle contraction at
lower stiffnessea.v Similar results were observed in dg%frebtate cats
(soleus muscle) when the preparations vere stable.

The efferent-dfferent data shbwn'in Pig; 6.7 were computed

.from.random stimulation. Silii,t results’werm obtained by applying '

regular stimulus pulses once every second to the ventral root filament -
and recording affermnt responles._ Post atimulus tilc hiltosram ”
(Hatthews &.ngin, lDﬁ.a) was computod for a svcep time of 500 -cec.

The swcep “time uaa ﬂividod 1nto 125 equal bins, cach bin baing 6 msec
in duntfan. The l.om-t fnquency (2 He) sine v:ve fitcul to PSTH.

" gave the’ levei of lodulltion lt thic fr.qu.lcy The lcvll of -oéulotion

for diffcr.nt nprin;grat 2 lz ula toand to be alnocc th. llll . : »f}:

v

»
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Fig. 6.7. Low frequency gains are shown for Golgi tendon organ
ﬁ,afferents (a) and (c) and spindle afferents (b) and (d) plotted

against the stiffness of the external spring. Figures (a) and (b)

are for efferent-afferent frequency response functions and (c) and

. {d) for muscle tension-afferent frequency response functions.

. 'Different symbols‘represent different preparations. A}l values
-have been scaled for different experiments so that the isometric
value corresponds to one. Isometric values have teen displaced for-

c1ar1ty ' . : : ’
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Refler studies.

To study the dynamics: of the.feedback pathway, an averaging
technique was used (Cﬁao. 2). The state of each decerebrate preparation
was different from the other. Soue had good tone end were walking
vigorously, some had a feeble tone which could be increased bybcontta—
leteral stimulation and some had hardly any reflexes; The frequency
domain analysis showed up a variety of different results which made
quantitative assessment very difficult.

When a cat was walking, the low frequency gains for tension

as input and EMG as output'were high with a peak at the walkink,rete
(around 2 Hz). Most of the time single motor unit rates_showed up in
EMG which appeored as.peaks in the frequency response data around

7-10 Hz. - When there was a complete silent period ‘in EMG caused by a
twitch it appeared as a saturattou nonlinearity (qgap 2) in the
analysis. - , ' | , |

_ There were a few records vhere the frequency respoose gain

'data fitted the empirical curve of the prhnary afferent (Eq. (6.1) ).
\As ‘explained in Chap. 5 from the phase data of these tecords the tine
'delays in the feedback péthway were computed. Theoe values vatied
‘h“from 12 msec to-lSO’msec. The shortet!latencies uege:atttibuted~to
‘spinel.retlexes; -The louger'latencyjpothvuyo.could'fniolve:the-
cerebellum and the brainste-. Horeovez, the longer latencieo w!ro
'alvays accompanied by constant phase"ndvancel. BThe longet the lttency,
-the 3reater was the value of the phase advance. The lon; 1tt¢ncinl
- v:re associated with lov frequem:y (6—9 !l:) dupod oceinttiou 1u the

ntine donain zuc and ttnaioh‘zgcordu. One such record 10 ohoun in 3;:
) . : N N . . .. . o .‘t- _» 0) . -

Nei
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Fig. 6.8. The muscle contracted against a spring of stiffness 8 g/mm.
‘EMG was rectified and filtered and the M-wave was eliminated from the
analysis, The gain and phase valyes for the transfer fdnction.with
tension as input and EMG as output were computed.- The gain data
‘fitted the.gain curve of Eq;‘(6.l) up to 10 Hz. The deviation of the
phaee data from phases of Eq. (6.1) were plotted against freqnency
(Fig. 6.9) on-a lineér scale.‘ The time delay computed from the
fitted _Straight line was 75 + 5 (mean + S.E.) msec with a constant-
phase advance of 58° at all frequencies.,

Because of the inconsistency in the results, the observationa

13
on reflexes are too diverse for generalization. |

s

" brIscussion

Frequency response data for the muscle afferents have been

‘ computed and shown to agree well with the transfer functioas 3iven by :
other workers for primary and secondary endings (Hatthewn & Stein. ;
1969a; Poppele & Bownan. 1970; Ronenthal et aZ., -1970) but “not for the..
itendon organs (Rosenthal et al., 1970 Andcrcon, 1974) Our teadoa
organ data fitted with the tranofer charncteriotics of the Oooondtric‘

. and not prinatien. The deviationn of our. dd;b fro- othcr otudicc, vhtn
'observed are. probnbly duo to thc difforcnco ia tﬁy lo:hodolo;y of
'wo_ -« The. authorl quotod nbove epplied linnsOidal -trctchco to tho
‘nu-cle to study the. nodulntion of thn a!forent dt.chnf;c at o.ch L

'[frequency separately. In thc ptc.ont uork rundo- ltilul&ttou ﬁl!

N gpplied to vantral root fiia-ato of tho approprincc -uacln. Hitu this ?:1.:;;: s
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- tension

- | se¢ -,

Fig. 6.8. ' This figure shows rectified}and“filtérediEHG.qbove'gnd o
.corresponding tension record below.  The M-wave has been eliminited -
from the EMG record. The muscle contracted against a spring of -~

.stiffness 8 g/mm. . . A ST e g



~--calculated: from the ‘fitted straight 1ine is 75
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+100

eg) .
| I }
S
O

Phase Difference (d

o - _'Frequeni:y,(ﬂz_)" o 3

'F19. 6.9, Phase deviations of data.points from the primary transfer.

“ function are plotted against frequency on a:11near scale, "The delay . "

+ 6.msec (mean + S.EL).

Hean phase advance at a1 frequenctes 15 sg+." -~ DT
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method the stimulus to the‘afferent endings was active contractions
applied in a random manner. All frequencies of modulation desired to

i be“studiedfwere 1nc1uded 1n one run. For a perfectly linear syeten
random stimulation and separate sinusoids should give the ‘same results.
Since the afferents are known to be highly nonlinear, the two methode :
cannot be expected to give exactly the-sene reeults Hhen sinueoidal

)

length ﬂlanges are applied to the muscle t:he nonlinearitieo of the

nerv;:;necle preparation (Chap. 3) are by-passed In our nethod the

properriee of the muscle did affect rhe reaponse of the afferente

The coherence values fell more sharply with frequency for soleul

) muscle and soleus muscle afferente tban for the plen;aris nuecle end

1ts afferents (Chap. 3 and Chep. 6, RESULTS) l-“‘ :. ' _,‘i3 p S R
The random stinnlation we uaed for planterie Iuecle prepar- o

. éations had low power up to -0 6 Hz which resulted in 1ov coherence n,‘ f; :;

.fvelues of the first two or thtee~pointo of the frequency reqponee o

‘: curves. This has been: dtscuesed for the resﬁlts ehovn 1n Fig 6 Aa-.ﬂf,

Our af the three mucle afferents che tendon or;nna bed the

A “nigheat coherence valuen. aecondary afterentn were next end “then%he' a

| prinrtee._ Por one type of mcle tbe cohttence *veluee t‘e.Ll -ore
. _eharply vith frequency for prhnrin thnn for the ncmdery or Golu
B tendon orwu Theu obemntooc Micou thet wtth tbe nue o!

: awlimdet of concrccuon ve uql, pg(myz mgm "r¢ m‘.'“.““ ”, BE
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(Figs. 6.1 and 6.2).

The secondary and tendon organ afferents showed cqgr!,et ’
dependence, i.e. peaks in gain and phase data at ‘the frequency |
corresponding to ;he-steady firing rate of the afferent. This effeet
ihas been . discussed by Poppele (1973) for secondaries and Anderson
'(1974) for the tendon organs. They have argued that carrier
dependence is different fron uhase locking, a propetty exhibiced
'by the primary. endings only. vAceording to these authors, carrier
dependence and phaae locking are a;tributed to diffetences in the .
nerve endings-of the afferents , Since we have obaerved carrier
"dependence in afferents, model neurons (Chap. 2) and'notoneurono

.(reflex experinents on cats) it does not seeu to be’ dependent on
':a particular ‘kind of'nerve ending. For the tendon organ (RESULTS)
‘7which were not spontaneoualy firius. peaks were ubserved nt the ’
| effective firing rate.- Thus ‘the cetrier dependence ee!l' to be
'f einherent in the~analysis rether than heing a property of the accondery
“ ot tendon organ netve endinss‘, The carrier-dependeut and phnae locking
| peaks can be aboliohed by adding mice at the expensq of 1ncrusin; the
X ceatter &Chap. z, Stein, x970).x_.,-fj;.;t;ﬂ7.-' o SRR

o N "nu Iulch ia a lov ptu ulttr ot uc_ n -

'!;ﬁefftt!ﬂts shﬂu au 1ncreaee in gein ﬂith £nerce¢eiin ft"”‘““!df"lhe_




146

increased (Stein, 1974). The primary afferents compensate better than

do the secondary or the tendon organ afferents
o

.hf'. We have shown that for the effeient-afferent frequency res-

ponse of Golgi tendon organs, the low frequency gain increases with

1ncrease in stiffness of the load ’l‘h’_ lower the s‘tiffness, the lowe;' .

is the tensfon gen@tated by the mugcle (Cﬁap. 3). This inpites that

the 1owerlthg~ttnsioh the louer‘is'tﬁe efferént-afferent gtln 6f the

tendon organs. In other words, lower nuscle tension results 1n‘}esn

: feedback inhibition. This obsgrvation suggests that the tendon organ-
'could compensate for fatigue by adding lecs 1nhib1tion. L

The low frequency gains for spindlea were’ flat over the jt

.range of stiffnesses studied exccpt at the 1sonetr1c value.A There

18 saturation in the response of afferents to conttactionl of the

' f_breparations. Thic reault supports Nicholc cnd Houk" (1973) obser- :

“the. uu no uflox a-cilhtionl mc oburved and the troqm:y m-

E '*-.’f._’ponu cutvq: for tcnuion u mput ud nl; u output urc vcty

: muscle by various lengths, both in anaenthetized lﬂd deccrebrate -4

_vation that duriag rolease the rnflexel do not effectively co-penlatc ;
"f:far nuséle prupertiel. j';['v.;Qiff'A_'.i :“1 ‘fjtj, SR

The dau on reflex cqaeri.untt an 1nco-p1atc., , llonc o!

L

&L

M thc o:cnlatim mn nry cx‘.g» .ng dnqsod tlu _' SR
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.

loops, involving the cerebellum and the brainstem, may be involved,
The large variation in’ the latency values can be due to- changes in ' »
excitability of the pathways. ’ _ o o : bs
. -The computed long time delays-were olwoysassocietedhvith : V |
constant phase advances.’ The volues'of theoe phase advances increased
‘as Ehe delay ihcreased. Jansen and Rack (1966) have suggested phase
‘advpnees introduced\in the feedback pathway in the prepatations vhich .
oscillated at 6-8 Hz They further suggested that Renshaw inhibition
’could introduce theee phase lthncee.A |

) Jansen and - Rack (1966) also observed the variable ntateli
of the decerebrate cats which ve observed. The phase lags at 2 Hz

in their experimpnts could be due to active walking or the tendency

of the animal to valk at thae frequenjy._ The large phnoe lngc nt

o 6~8 Hz vhere they observed clonus could have involved hi;het centetl. -

' !
Q]=Theit statically 1ess uensitive preporations could correnpond to our\

'-preparations uhere long latency reflex pathways uere do-inant._;”
PR Mout ‘of - the tile cven‘when the tone of tho mcle ‘and |

| fongoing EHB activity vere good no reflcx oacillations vore oblcrved &7
E_;and the ftequency teaponne cutves hnd no conaittcnt ‘h".a The ;“;;: ~*i§f..i

S reason could he thot vhen lote thnn ono ¥¢f1¢x pethuay convnrgoe ou ﬁvf.-f;:;oi.

o A e
;:the sape lotoneuroull pool-'th. oqcillntionl arn daapo& out\i<,‘;
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