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ABSTRACT

1

When actively contracting single fibres and whole muscle in

~ AR

vitro are subjefted to a ramp stretch, tension rises above

isometric levels. This excess tension varies with the final

muscle length, stretch amplitude and velocity of stretch. The

purpose Oof this thesis was to examiane the effect which cnhanges

in each of the above factors have on the eccentric torgues
i

produced by human skeletal muscle in situ.

Five subjects performed forearm supination on E:ggzz§ions

during which the muscles 1involved vere stretched after

deﬁéiéﬁﬁentH wb£Q§mmaxima1“‘ is;;;tfié torque. Nine different
comhigations cf final wmuscle lené;h;‘ stretch velocity and
amplitude were used. Excéstédrgue was exp;g§sed as the ratio of
torque at the end of stretch over isometricAtorque at the Hsame

position. The rate of decay of excess torgue after stretch was

also recorded. Excess_torgue during stretch was

smaller and
torgue decayed wmuch faster than has been ohserved in either

single fibres or isolated whole muscle. It 1is possible that

L LR .

these vAiscrepancies are the result of differences in the muscle
preparation itself i.e. the amount ot seriesm'elastiqity, fibre
composition, temperature and/or the stretch‘tonaitions used.
Excess torque increases with strgﬁch; velocity wuntil a
certain critical velocity has been reached. It decreasss with an
increase 1in ;fratch amplitude and is not dependent on final

muscle length. The rate of decay of torque tfollowing stretch was

found to be independent of final mnmuscle 1length, amplitude of

iii



_ stretch and stretch velocity.

P

The effects of stretch velocity and amplitude on excess
tension indicate that cross-bridge slip may be present in muscle
in situ. The absence of significant chaages in myoelectric

activity suggests that with high initial operating forces, the

intrinsic mechanical properties of the supinator muscles and not

reflex activity are primarily responsible for the torgque
response during stretch. Time constants for the rise in

isometric torque were found to be consideranly less than the
decay time constants for all stretch trials ending at the sane
nuscle length. The storage of mechanical enmergy in the series

elastic component can not therefore by itself account for the

changes in torque after stretch.
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I. Introduction

The biomechanical properties of skeletal muscle have, over
the years been generally expressed as a function of sarcomere
length and/or velocity of shorteuing, assuming a relatively high
level of activation. Almost without exception ‘the forces
produced have been explained by the iscmetric tension-lepgth and
isotonic force-velocity relationships based on Huxley’é (1957)
5liding tilament model of muscle contraction. Under isometric

conditions  the tension developed is thought to be dependent on

e——
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the overlap of thick and thin’filqygnts which in turn governs
the number of effective actomyosin interactions. With concentric
activity a characteristic decay 1in tension 1is observed as
velocity 1increases due to a supposed imbalance in the rates of
cross—-bridge breakage and reformation. There is a net. reduction
in the number of active cross links present at a gifgg instant
in time and tension falls.

During an ecceﬁfﬁic éontracticn the fqgces generated are
significantly higher than those observed when . jsometric
contractions are pertormed over an identiggl range of sarcomere
lengths (Sugi, 1972; EZdman €t al., 1978a, 1978b; van Atteveldt
and Crowe, 1980). While the force-velocity relationship predicts
an increase in force with eccentric activity, it alcne can not
acqung for 2311 «c¢f the excess tension produced when actively

contracting muscle is forcibly stretched. This additional "force

enhancement”" is thought to be the result of temporary changes in




the above fixed muscle properties (Edman et al., 1978a; 1978Db).

With prior eccentric movement muscle is able to

i o

increase
it*s positive work output above that obtained when it is allowed
to shorten from an iscmetric contraction (Cavagna et al. 19¢68).

Depending on the activity there may also be a considerable
increase in power since the time interval over whica the
positive work 1is carried out tends to decrease as well. This

enhancement of positve work and/or power is dependent not only

on the amount of excess

tension produced by the countermovement

but also the timekdelay between the eccentric and concentric
phases. -

Begérdless of whether a previous stretch is applied, muscle
loses some of 1its ability to generatetéénsibn during "active"
shortening. This process of mechanical deactivation is not
caused by changes 1in sarcomere_ length alone (Edman and
Kiessling, 1971). Rather it seems to be the result of chgnges in
the myofilament system which influence the binding of activator
calcium énd prevents the formation of actomyosin ;ross-bridges
(Joyce et al., 1969; Edman, 1975; 1380).

In order to distinguish Letween enhancement and this
deactivation process, "stretch and hold” techniques have been
used which prevent active shortening. These studies indicate
that excess tension gradwpally falls away, eventuq;}xryeaching
iébmetg}g_iggg;g for that muscle 1length. Both \ﬁgg;>rise in

tension during stretch and the decay of force following the

termination of stretch appear to be influenced by a variety of




factors i.e. temperature, level of activation, final

muscle: sarcomere length, velocity and amplitude of stretch

ST e

(Sugi, 1972; Edman et al., 1978a,1978b; cCurtin and Woledge,
1979; Flitney and Hirst, 1978; van Atteveldt and Crowe, 1980).

¥Kithin thg literature there is little direct information on

how various combinations of these factors inflﬁence eccentric
tension in intact mammalian muscle. Most homan movement studies
deal solely with changes 1in the amplitude of the eccentric
phase. Attempts have been made, usiug single fibres and isoiated
whole muscle , to determine the effects which changes in one or
more of these conditions have on the s;gétch response of muscle
in xiﬁgg. However due to the relatively Sq@fgllifetime of each
preparation and the lengthy restoration pericd required between
successive recordings, it is difficult to egamine many of the
possible combinations using the same prepagation {(van Atteveldt
& Crovwe, 1980). Since the fragility of these preparations
increases drastically with temperature, most studies wusing
single fibres and isolated whole muscle are carried out at or
near 0°C. This difference in temperature as well as differences
in the amount of associated connect;vertissue and the absence of
neural}vinputs must be taken 1into account when applying
information obtained from isolated preparations at 0°C to intact
vhole muscle at 37°C.

In recent years considerable research has been conducted in
the area of muscle modelling. Hatze ({1981) has in fact produced

a "myocybernetic" model which 1is capable of predicting the




changes 1in tension during and after stretch. Another less

T R .1 AR At

complicated model has been developed by Crowe et al. (1980). Yet

much of the data used to develop these models has come from in

vivg muscle studies. Therefore several assumptions must be made

he

=
=

using these models to predict the stretch response in

mammalian muscle in situ.



Purcpose

The object of this study was to examine the effects which
changes in tot§£w52§q;e length, rate and amplitudelroﬁ“‘gtretch
have on the eccent;&c‘tqrques froduced by human muscle (forearm
supinators) activated voluntarily and maximally. By compg;ing
these eccentric values with iscretric torques at the samé muscle
lengths it was possible to obtaigwmea§gres of both the excess
tension generated during a ramp stcg}éh and it's rat??pf decay
once the strgpqh had been terminated. 1Using torgue andeﬁMg
records an attempt was made to determine the various mechanisms
which contribute to the enhancement of positive work and/or
power in human skeletal muscle in situ. A comparison of the
stretch _response of muscle’;g situ with that of either single
fibres or 1solated whole muscle may lead to modifications which

will facilitate the development of umore accurate muscle models

of human muscular contraction.



IT. Review of Literature

Evidence of Enhanced Positive Work and/or Power Followipg Active

Stretch
Using moticn picture amnalysis and a platfofm‘sensitive to
forces in the vertigal direction Marey and Demeny (1885b) noted
that when tygwjgyps are performed in succession the second jump
was consistently higher than ghfmfi;st. Although they failed to
provide any gqualitative results of their experiments they
emphasized the benefical effect of prior ecgentr%gWhmovement.
Similar observations were reported by Fenn {1930).
Morton (1952) compared the heights reached when standing
high jumps were initiated from a squat position with those after
a drop to the squat position, and he reported that performance

levels were approximately 11% highéf when preceeded by a

e

dowan;d_gpuqterqpvement. Anderson {1967) was able to show that
the ground reaction forces. were considerably greater in the
Sgéphd type of jump. Cavaéna et al. (1971), and Kcmi and Bosco
(1975;W;éport that takeqﬁﬁ\yglqgity ftor a vertical jump could be
increased by a factor of 1.064 and 1.11 "respectively when the
countermoggment was used.

Although Cavagna et al. (1971) found that tie pasitive work
dope (m*g*h) was incteased by approximately 10% when preceeded

by eccentric actiwvity the tipe interval over which this work was

-
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done (Tw) decreased 51gn1t1cantly. With this reduction in Tw,

sl

the power output was 1ncreased by as much as-’ 70%.

M g N

Bosco and Komi (1979) also Qggg:vgg an imptoiément,_{p
perfo;mance with =subjects who incpgggggwﬁhewampiétude of the
eccenﬁfic‘ggvement byld;opping from various heiéhts (30-70 cm)
beforgmmggglnnlng their upward movement. With malegmfhe optlmal
drop height was o#.5 cum. while fewmales had their best jumps~when
dropplng,,from an average height of 47.6" cm.. Asmussen and
Bonde-Peterson (1974) used a Si@i}%f techpigue to deponstate
that takeoff velocity could be incrggse§mp1“q“faqggﬁmgf .17,
although th%iw9n§ancement tended to -decrease once ’the drop
height exceeded 40.0 cm.. Bosco and Komi {1%79) included a
damped drop- jump where the subject was allowed to absorb some of
the grav{tatngg}” force over a greater change in knee_angle.
witthhi§h§é;gy both the power and work done were lower than 1in
the undamped Jumps where upward movement began as soon as
possible after landing from an elevated platform.

An inCF?ase in positive work through pg;or eccentric
activity has also been observgdﬁ_in movement ta§§§ involving
fle;;on:exteﬁsicn of thg”wglbow (Asmussen and Sorensen, 1971;
Cnockaert, 1978° Bober et al., 1980; Cavagna et al., 1568) and

forearm pronatlon supination (Chapman, 1980). <Cavagna et al.

(1968) ‘have shoun a 51m1;ar enhancement in isolated auscle

fibres (toad sartorius and frog gastrocnemius).



Mechanisms Of Force Enhancement

Over the years numerous explanations have been given for

S .
the enhancement of force following stretch.s, Many of the

hypotheses, particularly those derived using single fibre and/or

lsolated muscle preparations, suggest that enhancment is dne to

a “\temporary , ggd}ixcatlcn of flxgd muscie propertles 2Jw
transient changes in the force-length " and force-velocity

relationships. Studies concerned with rmovements produced by
intact muscle systems eg. vertical jump studies, also emphasize
the role of reflex activity and its affect on the recruitment
and rate coding of motor units. The 1literature summary which
follows deals with both paséive and active muscle comgponents as
well as possible’neurél influences. ﬁﬁch of this work has been

reviewed by Cavagna {1977).

Storage of Elastic Energy

Having calculated the work done against gravity during
walking Marey and Demeny (1885a)! wrote:

"A part of the negative work stored 1in the  muscles
during each falling trthase 1is recovered during the
lifting phase which follows. But it is impossible up to
now to estimate the value of this recovery of work
which, however certainly exists."

Cavagna and Kaneko {1977) noted that the mechanical work domne in
fast walking surpassed that predicted by energy expenditure

data. Thelr results suggest a positive work to net erergy
ttranslation guofed from Cavagna, G.A. (1977)- Storage and
utilization of elastic emergy in skeletal muscle. Exercise and
Sport Science Reviews 5, 89-129.




expenditure ratio of .35 to .4 while the theoretical eftiéiéncy
of..the gontractile process 1s thought to be approxiié£ely 25
(Dickinson, 1929). They attributed this difference to the
releasgbwpf méchgpical ; pc;ential“ energy stored in the
intramuscular connective tissues and tendons as the extensor
muscles of the lower leg contract eccentrically ir response to
gravitational and inertial forces.

This storage of'énéggy in the muscle's passiﬁe ~elastic
components, first discussed by Hill (1950), was found to
increasei;}nearly with speed in 1evg¥m£gnning. Cavagna et al.
(1964) calculated the efficiengzwqfvpgsitive”yqu‘duriqg running
to be .4 to .5 while subsequent studies (Cavagna and Kaneko,
1977; Cavagna et al., 1976) 1indicate this value may be as high
aswrgwit~$peeds of 32 Km/hr. They suggest that since eftlclency
increases with speed, the excess pogltlve work delivered is
primarily the result - .of stored mechanlcal energy rather than the
transformation of chemlcal energy by the contractile component.'

Dawson and Taylor (1973) observed a similar treand in
kangeroog where oxygen consumition was shown tovdecpgase as
speed of hopplng 1ncreased The mecbanicdl energy stored was
proportional to the square of the forces acting on the elastic
elements. Since these forces increase with speed Qf hopring, the
relative importance of elastic energy in the production of
positive work is greater at higher speeds. Alexander and Vernon
{1975) calculated that about 40% of the positive work domne by

the muscles of the leg of a wallaby at each step was sustained



by the elggtic regqil of the jastrocnemius and rlantaris
tendons. -

While it 1s true that a muscle must be at least partially
contracted befbf;;‘ii can~stdsem§;§5tig“energy it is generally
felt that the recovery of &pmechanical enerqgy more than
compensates for the chemicalienergy spent to maiq;aigmtension
during st;etch (Cavagna, 1977). However this recovery\sphase is

of limiggghggiation since, as Fenn (1930) suggestéd, themg}ggtic
engrgyris continually being dissipated as heat.

Active ~Sttetch seens to temporarily moqify muscle
éQgg;;gndé enabling a ¢greater amount of mechanical‘ééeggfito be
released for a given drop in fcrce during shortgging (Cavagna
and Cittero, 1974). These changes in elasticw“properties are
short 1lived and tend to be more pronouonced in fatigued muscle
(Vigreux et al., 1980).

Margaria et al. (1963) measured oxygen consunption during
successive deep knee bends with a variable interval of time
between flexion and extension ot the lower limbs. As the length
of the interval was decreased, the efficiency increased since
more of the elastic energy stored during stretchirg could be
recovered during subsequent shortening. Since both tha storage
and re;overy of this elastic énergy are timevdggen&ant, Asmussen
and Sorenson (1971) recommend that in athletic activities with a
wind wp, the delay between eccentric and concentric phases be

minimized. As the benefical effects of the wind up will be

greatest during the initial part of the movement, utilization of

T ——
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stored potential energy during the concentric phase of the

movement is therefére also a function of the velocity of
shortening (Cavagna et al., 1968). N

This ability to utilize stored elastic energy not only
depends on the internal structure of the muscle but also its
oriantation relative to other muscles and/or 1limb segments.
Cnockeart (1978) <reports a significant difference in the work

done by antagonist muscle groups, elbow flexors and extensors,

during to and fro movements.

Re-synthesis of ATP During Negative Kork

According to Fenn (1930) and Elftman (1966) the functional
significance of stored elastic energy is negligible since the
muscle " cannot retain this store of energy without continuous

o, W

contraction.” During the negative work phase the stored energy

e

AR

is coﬂ£inually teing been lost, as heat and for tension to be
maintained, chemical energy 1is vrequired. Instead Fern (1930)
suggests that with ecéeﬁtric contraction, some of the nggative
work done by the muscle is temporarily stored igwgﬁa;form of
chemicalﬁpotéhtial energy. This is the result of a shift in the
creatine kinase pathway favouring the synthesis and accumulation
of adenosine triphosphate (ATP).
creatine phosphate + ADP = creatine + ATP

With the onset of the concentric phase, this excess ATP is
rapidly metabolized and converted back into mechanical energy

allowing the muscle to increase its work production.

1




Having observed that the work done exceeds the difference

in heat production for stretch and ro stretch conditions, Abbott

o

—— -

t al. (1951) proposed that the miss;gg work was ab§gtogd in
cheQ}Cal resynthesis. A net re-synthesis of ATP from negative
worKk 555 also been suggested by Hill and Howarth (1959).

Cavagna et al.(1968) gquestioned the validity of Ferumn's

hypothesis, stating that only when these energy stores fall

belaoaw a «critical 1level, which we associate w1th iathue, does

potential chemical energy become a limiting factor. With short

term aerobic and anerobic activities, there is an gycess of

chemlcal energy present ulth or withQut previous stretch and

Ao o T

this therefore can not be used as an index of creatine kinase

activity. Additional work by Infante et al. (1964), Gillis and

Marechal (1974) and Curtin and Davies (1972) tends to supyort

R T

the argument put forward by Cavagna et al. (1968), and it seens
unllke{y that enhancement 1is the reswlt of an increase in ATP

s Y

synthesis.

Potentiation of Contractile Machinery

passive elastlc elements u1th1n muscle are unablp to store
enoogt mthanlcal energy, even wnen coupled with changes 1in
compliance, to account for dll ot the increased positive work
observed. In 1968 Cavagna ot al. vere unavare of the increased

compliance,* and suggested that a“poxtion of the enhahcedvﬁork

component

output was due to a "potentiation ot the contractl e

itself.¥ <Cavagna and Citterio (1974) have s}poe shown that with

12




actlve stretcﬁ)lntact muscle is able to contract agalnst aYorce

. e i Ao [

greater than Po, the maximal 1isometric force predicted using
Hill's {1938) equation. ThexJ_proposed that regoil of passive

elastic structures with the onset of the concentric nhase allovws

the contractlle component ta. shorten more slowly. This shifts

—

the muscle upwards and to the rlght on the force-velocity curve.

The effect Ls' greatest near Po and decreases exponentially as

shortenlng agproacaes maximum veloc1ty (Vmax)-

Using 51ngle rlbres bathed in relax1ng solutlon Guth et al.

e a5 oA A

{1977) were ablieé to show that the excess tensiom Hltummstretch

JE— o Yt i it
M—wmm

does 1indeed 1involve altered cross-brldge act1v1ty and is Lot
M I R S e T S

e

51mp1y due to the propertles of the nmuscle's passive- elastic

elements 1ie. tendons, intramuscular conpnective tissue, etc.

Cavagna and Kaneko (1977) examlned the stretch over a range of

T, e

temperatures and found that the 1ncgg%§e in work done was
ST R s %“

consideratly lpréé; than would be expected fronm recoil of the

AR

elastic components alone. The fact that single muscle fibers,

lacklugwguch of the acsociated connectlve tissue, showed a

. -\,(1:_ e R NI 0

51m11ar~,sh1tt in the rorce-veloc1ty curve also suggests that

e, i
et

some other process must be involved (Edman et al., 1978a,

1978b) .

e

Active stretch appears to have a direct effect on the

contractile _machinery by mod1fx1ng the molecular arrangement in

e, S

some way and 1ncrea51ng ‘the . amount ugf; tEHSLDﬂ which can be

TREeRY,
generated (Cavagna and Citterio, 1974' Edman et al.,
1978a,1978b) . It is thought that thloﬁégggggggement might open

o e e,

13




up addltlonal actln blndlng Sites-which were prev1ously unable

B e AL 20 o

to participate 1in the formation of actomyosinp linkayes. #With

this increase 1n the -number of active cross-bridges, available

e s B e e T Tt e e

cbemical energy could be delivered at a greater rate acd the ATP
e

sto:es utlllzed more eife01ently (Cavagna et al., 1968). A givern

R N i

amount. ot work can be accomplished over a shorter period Qf time

ey gy [Rp——

thereby increasing the power output and reduc1ng the malntenance

IR s e L O

e

........

If the eng§§§e£egiw proceés was the result of changes in

myosin ATPase act1v1ty we would expect an increase in Vmax.

i R W

While this 13§C€§§9M“is observed with increased temperature

e A

(Julian et al., 1971) and the addition of hypotonlc solutions

ittt s Erer

(Edman and Hwang, 1977), Vmax dees‘hotnéﬁmnge appreciably with

vy

actlve stretch (Edman et al., 1978a).

Curtin and Woledge (1973) used the rat10 of ten51on to rate

e e

of ATP splitting as an indicator of the onumber of actomyosin

W 2

e

linkages”,gresent at a given instant 1n time, and found little

dlfference betaég; 1sometr1c ‘and "prior stretch” conditions. The

et »
heat plus work (h+w) produced, an index of all chemical

reactlons occuring within the muscle was also not significantly
different 1in the two types cf Con}xaction. Since the splitting
of ATD is the ma]or source of energy for the con+ract11e process

s, o FERNE o Y

Curtin and WwWoledge (1979) feel that the ;;se ;n tension after

etch”ls“iof due to oar }roportloual 1ncrea5e in the

T R NP B N

-

LT R ‘ e
S E b ety U e e,

number of conveutlonal cross-brldge cycles. X-ray lltfractlon
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studies conducted by Yagli aund Matsubara (1977) failed'to produce

any eyidence of the structural changes which would be expected
if addltlondl cross-bridges were presegthmtqtigging active
stretch. Still it may be possible to altgghtﬁgigc;ce generating
capability‘ cf» eschv‘cﬁcss—btidge and ngtwafgﬁct the Kinetics
which infiuence Vmax (Edman et al., 1973a) .

Cddi{ﬂé_ﬁhsually causes muscle fibers (Buchtal and Kaiser,
1951)>and tendons (Aptct, 1972) to beconme 'stiftcf. However
Asmussen et al.(1976) found that the stiffness of 1eqjextensor

muscles was not measurably lnfluenced by temperature changes in

e

the range of 30°C to 379C. Sluce st1ffnes= was the same for a
- SRR IR A A -

R SR e Y

given mean ten51on level reqardless of temperature they cuggest

SO e . o e

that much of the muscle's series elasticity is Lccated in the

cross-bridges<

,; N ;‘,/"' V_ ) -~ ' . . .
With recent models ot muscle, cross-bridge structure has

been modified to include an "instantaneous elastic element”

which 1is responsible for shcrt-range stiffness (Huxley and

Simmons, 19717). It is felt that ®ith actlve stretch

e A R L

cr055°br1dges do _nqﬁJ”simply detach spontanecusly with the

#7 R P
et R o

spllttlng of ATP tut rather remaln 1n a locked on position until
the ampl;tgggwwgnd/or veloc1ty of stretch exceeds some critical
1evel (Noble and Pollack, 1977; sSugi, 1972). At this point- the

fen51on stored 1in

actomxgg;“ llnkages Hgive®", discharg%ggmi

- e

the straxned eldstlc elements. Griffths et al. (1980) feel that

it 1is this detachment of Cross brldges which accounts for the

decrease in musclgwgtlggpess observed during large anplltude

o A
Y
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stretches. Evidence of cross-bridge slit has been reported in
frog muscle ﬁibers (Sugi, 1972), isolated whole frog muscle {van
Atteveldt and Crowe, 1979) and insect fibrillar muscle (Guth et

al., 1977; 1979).

Reflex Activity

With isolated muscle preparations, force enhancement can be
attributed to <changes 1in the contractile machinery and/or the
storage and utilizaticn of elastic energy. In voluntary
movements such as the vertical juap, neuromuscular connections
remain 1intact and performance may well be influenced by
proprioceptive inputs as well.

It has been suggested that with prior eccentric activity it
may be possible to reduce the electromechanical delay (EMD),
i.e. the time lag between onset of electrical activity and the
developnent of tension, for the concentric phase since it seemed
to be a function of the rate of stretching of the series elastic
component {(SEC) (Norman and Koni, 1579) . With vertical jump
studies Bosco and Komi (1979) observed considerable EHMG activity
in leg extensors before the actual upward novement was
initiated. This preactivaticn would be advantageous for two
reasons. It would tend to increase muscle stiffness which in
turn increases the effectiveness of force enhancemert mechanlsms
i.e. the storage and utilizaticn of elastic energy. It also
enables the muscle to be more or less fully active at the start

of the concentric phase of movement. Bcth of these would lead to

16




an increase in positive work.

EMG levels during an eccentric contraction have been shown
‘ to be greater than with a maximal 1isometric contraction
(Schmidtbleicher et al., 1973) or a pure concentric contraction
(Vviitasalo and Bosco, 1982). However in an ecarlier study
Asmussen and Sorensen (1971) found that EMG activity was maximal
at or opefore the onset of tension development even when the

k

muscle shortened “from rest. The more gradual rise in temnsion
with pure concentric contractions does nct appear to be due to
"delayed dinnervatiocn" but rather differences ia muscle
properties.

Traditionally the neuromuscular response to external length
changes has been attributed to the recruitment of additiomal
motor units and/or an increase 1in the rate of firing of

previously active motor units by the spinal stretch reflex. The

role which each of these mechanisms plays in the overall reflex

response seems to depend on a muscle's fibre composition and

function (Kukulka and Clamann, 1981). -

In decerebrate cats, Nichols and Houk (1973, 1976) and °

Hoffer and Andreasscn (1981) found that with large stretches
soleus muscle stiffness was greatiy reduced when the dorsal
roots to the muscle were cut. This was particularly evident at
low operating forces and tended to become less prominent as the
preload was increased. This suggests that muscle stiffress and
not 1length may be the primary regulatory concern of the stretch

reflex (Nichols and Houk, 1976; Hoffer and Andreasson,1¢31) . The

17

~%
75



relative contributicn of this recruitaent of additional tension
via the st;etchmreflex and the intrin;}c mechanical stiffness of
actively contracting fibres during stretch can be seen in Figure
1.

Passive stretch tends to produce considerably less spindle
activity than an eccentric contraction of similar ampli£ﬁde and
velocity. This difference has been explained by increased
fusimotor activity under eccentric conditions whigh may account
for the rise in "net" reflex compensation at low to npedium
operating levels (Burke et al., 1978).

This reflex activity tends to improve the linearity of the
stretch response, compensating tor the non-linear mechanical
properties of active soleus nuscle eg. cross-bridge =slip. The
time interval between the onset of stretch and the appearance of

reflex activity is such that it prevents mechanical yield wuntil

1976). In an intact limb the overall joint stiffness can also be

altered through the recruitment of added force from agonists
and/or antagogists {Hoffer and Andreasson, 1981).

The éignificance of the spinal stretch reflex as a
regulatory mechanism has bee;w questioned by several
investigators. Hammond et al., (1956) feel that in man the role
of the monosynaptic strech reflex is secondary to that of longer
latency reflexes. Melvill Jones and Watt (1971) also stress the

importance of a "functional stretch reflex"™ (FSR) which in man

has a 1latency of approximately 120 msec. compared to the 40-50

18
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central long loop reflexes can take over (Nichols and Houk,



Figure 1: Dependence ot muscle stiffness on operating forcec.
Data obtained 1in the presence ot reflex and durinjg cut
nerve stimulatior of cat soleus muscle.

{fedrawn from Hotfer and Andreasson, 1981)
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msec. delay generally associated with the spinal retflex. While
R e e

this delayed EMG activity has been observed in numerous amuscle

N

systers eg. human triceps (Dietz et al. 1981), flexor/extensor

nuscles of the wrist in monkey (Bawa and Tatton, 1979), the long

flexors of the human thumb (Marsden et al., 1976), its origin -

and significance are still uncertain.

It is unlikely that 1A fibres are the only afferent pathway

activated during eccentric movements., Grourp Ix spindle
afferents, jolgi tendon organs, joint and cutaneous
mechano-receptors will surely be involved 1in the overall

response. In fact it maybe the reflex excitation of separately
responding ngp; neuron subpopulations which accouat for the
series of peaks in the averaged EMG (M1,M2,M3) following joint
displacement (Bawa and Tatton, 1979). Hagbarth et al. (1981)
tend to disagree, stating that the 'burst iantervals' observed
can not be explained by stepwise recruitment of different
mechano-receptor populations or the synchkronous firing of
receptors within a single pgpulation.

Pompeiano (1960) found the relationship between soleus
muscle stiffgess and the amplitude of stretch to be the sane
before and after the dorsal roots had been cut. Grillner (1972)
also suggests that the visco-elastic properties of pre-activated
muscle alone must Le able to compensate for sudden changes in
load and/or length since at high velocities the monosynaptic
time delays are tco long for reflex conmpensation. Dietz et al.,

(1980) point out that the stretch velocities and amplitudes used

\
kY

S
¥
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it many of these studies represert a small fraction of those
wvhich occur naturally in man. Even So several studies (Marsden
et al., 197¢ ; Goodwin et al., 1978) have shown short latency

EMG responses and a «clear increase in the size of the spinal

reflex with speed of stretch, even at the slower velocities.
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Factors Influencing the Enhancement of Force

The following secticn deals brietly with those factors

Rl SO e

which, by altering the mechanical propgrties of the muscle or
the responséfiggjwprpgiiocept;rs, may influence: the forces
produced dufing an eccentric contraction. The conditions g?egént
during st:étéh will also wultipately determine the“amount of

positive work done and/or power Jgenerated if the muscle is then

allowed to shorten.

There is considerable disagreément within the literature

concerning the effect of temperature on muscular performance.
Asmussen et al. (1976) report a significant positive correlation
between muscle temperature (Tm) and maximal isometric strength

while Binkhorst et al. (1977) suggest the two are independent of

o et

one another. Bergh (1980) found that isometric strength was QSF

affected by Tm while maximal dynamic strength showed an increase

e,

of U4-5% per degree Tm. This effect was observed over a range of

concentric velocitigrs, producing a shift to the 1left on the

s -

force-velocity <curve. Since force enhancement is a measure of

the tension generated above the isometric maximum for a given
R e .

muscle 1length, it will no doubt be influenced by temperature as

o
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wvell.

Bergh and Ekblom (1979) found in both tpe vertical jump and
sprinting, perfq:mgnce levels were lowe; ‘gtvéhb—normal_body.
tempera tures and increased by 4.2% and 5.1% per degree
respectively at elevated temperagsures. Since there was no
apparent change in EMG activity it is suggested that the
variations 1in temperature had little if any effect on temporal
coordination in these activities.

Evidence presented by Asmhéséﬂ'gg ale (1976) on the other
hand indicates that +the ability to store m?chanical eneryy
during an eccenpfic contraction ie. a dowguard countermovement,
is enhanted by a reductiqn in temperature. While the positive
work rébhe at cooler teﬁperatures was reduced due to a s}gwqr
developmehﬁ of tension, the effeciency ofruovement was improved.
Under warm conditions (379C) approximately Q;QS% of the absorbed
enerqgy was re-used while the figure was 11.2% in the cold
condition (329C). Studies using singlewfibrés have rproduced more
dramatic results. Sugi (1972) foand ﬁg;gg_enhaucement increased
by as much as 50% when the temperature was lowered from 20° to
ooc. k

The;déC5§Wfﬁ‘tensi9n‘is much more rapid in mammalian muscle
at 379°C (Sté;éégwéiw;;., 1980) than with £frog muscle at 0°C.
Single fibre studies by Edman et al. (1978) indicate that 09°C
excess temsion may persist for 4.3 seconds after stretch.
Subsequent work by the same authors (Edman et al., 1978b) has
shown evidence of erchancement 7.0 seconds after the stretch has

‘ N
24



been completed. Again this may not be due to temperature
differences alone but also differences in series elasticity.
Since both the development and decay of tension during
isometric contractions is slower at reduced temperatures, it has
been suggested that the blochemlcal p;oceqses ie. ATP splitting
associated with each cross-bridge cycle must be af£8:éﬂ in sone

way. The result is an increased stiffness and resistance to any

change in length, be 1t shortenl

i

or stretch. Musclé relaxation

is alsQ.slowed, and st;ﬁfness péf%ists for a longer ’geriod

O s ot M SN i it

allowing more of the elgsticlenergy to be carried over into the

positive work phase (Asmussen et al., 1976).

Level of Activation

ining forcy

When ex; Venhancement muscle ggtivation is

,,,,,,, =T

generally assumed to b& maxlmal prlor to qtretch Joyce et ale-

{19 69) state that the ratesiofvsp;pulatlon used in‘mgggwmuﬁcié‘
stodies are considerablY‘highér than those present during normal

movements. Using iptactkWEat_sQleﬁs thev discovered that for a

T N

givegﬁgﬁglitude and velocity‘ofmgtretch, the enhiﬁcéﬁent”pgofile
vgried; with the -rate of Stimulation. At higher rates {35 pps)
the tension consisteﬁtly rose above isometric levels, while
1oggrmJ§§}mulus rates (5-15 pps) - produced forces less tharn
isometric for that muscle length.

With aﬁ$gpc;)s£imu1ﬁs | rat\; the rapid  turnover of
cross- brldges more than makes up for any mechanical slippage. As

the level of dctlvatlon decrea "§ there is a roiuctlon ;n the

,,,,, "‘"‘M
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number gf cross—brldge cyclei)per unlt tlme. The sllvpaue can no

s l(..i‘u.nw» TR s I

longer be adewuately comgensated for and tenslon/ﬂfalls below

RECCSERTY S

isometric.
g ey PRI

Since much of the shart rangewstitfness is containe@_within

the active cross-bridges, submax1mally contractlng mus&}e tends

e

to be more comgllant While this allows more of the ‘Bbsorbed

o TR

elastic energy to be recovered, the forces 1involved in

stretching the nuscle are - spaller. Wita fewer gpotor wunits

activated the end result is an overall reductipn in recoverable

e S ]

. “glastic energy (Cavagna, 1977). Still Cnockeart and Goubel

2
Y {1975) report that a submaximally active human kiceps which has
‘) T i e, LT e

™

been, stretched is able to accomplish the same amount of work as
a maximally active wmuscle which has not teen previously

stretched.

Both Fenn (1930) and Grillner (1972) found'éhg togﬁégﬁ

present followlng actlve strg}ch to be 1ower or theﬁ 

AR 2 e

isometric, for a giﬁen muscle léngth. Cavagna ({1977) suggests
. m 0 s

that the above observatlons can be explalng by ditferences in i

~«mof actlve motor un1§§ priﬁ?gi under each conditiona. &

,fifJﬁ3BaVa (1981a) agrees\that dlffgpgnces in thgwl?xsl of activa%iyn }
»w '“»§%y acébuntwwzogﬁ thlS discrepancy. However at or near Qé%lmal

S R AT A S R e €O

activity 1t uould be the result of d1fferences in firing

e D T T e

frequency not the number ot motor unlts recru1ted.

R e S, 6 S e
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Stretch Parameters

~ “Belagyi et al.{(1979) tound that the groflle of force ™

[ il 2

‘enhancement (P/Po) varied dependirg on the time characterlstlcs

e e AR

of the appiied sfretc@ (ie. linear; parabollc~ exponentlal). In
C

Sz e iem

most 1nstances however act1Ve stret h is assumed to represent a

e T WA R T L g, S e
jroes R N i
-

llnear’ or ramp change in muscle len;th. Under{ihese~cond1tldﬁs

Vit oy,

force enhancement (P/Po) has been shown to be a functlon of both

SR P

the ramp“pargueters (ie. magnitude and veloc1ty of stretch) and

absolute muscle sarcomere length

- e i A B st

Using bundles of frog semitendinosus fibtres Sugi (1972)

found that sﬁbrt stretches (less than 10% length) carried out at

T e, e

a velgg&&&, of 1Scm./sec {10L/sec) produced a smooth rise in

e o
e po

tenslon through out the eccentrlc pnase and a grddual decay “back

towards 1sometr1c'

durlng the hold phase. The magnitude of peak(

ten51on 1ncreased with both velocltj and ampllrude oﬁr stretch

vhlle the gJecdy 'iIn ten8ion was more rapid as stretch veloc1ty
AR s TR R R ey st

increased.

B i

Due to the\ tlme required for retormatlcn cf actomyosin

"’--,.‘,..,,,wvw a Nt et

linkages there is a proportional decrease in their number as

~~~~~~~~~

velocity increases (Sugi, 1972; Joyce et al-, 1969). With slow

_— ———
Ty i

to moderate stretch veloc1§y, it is felt that thls reduction 1in

It s 7 R P smgan
L

number ls“ overghadowed by the enhanced force gene;&%ed by each

stralned crossﬁbrldge. However as veloc1ty 1ncrea}es {30-80

Pr— e B T P———

cm./sec.; 20-50 L/sec.) more and more. cross—hrldges are torcibly

detﬁﬁ&ég‘allouinq the extended elastlc compdgents to recoil

- A 3 et sy ap s P

before the stretch can be completed As the cross links "give"

27
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there 1is a sharp 1n1tlal drop in tension , and then a qradual

e

P S

decay phase similar to that observed at . slowe B qstretch
WW"“ el ) Wc“ﬂ ot

velocities. With still faster velocities (80-150 cm. /sec-,

70-100 L/sec.) this initial drop is more gronounced and tension

e e,

falls below lsometrlc for that muscle length.atensxon then

clinbs slovly back towards 1sometr1c. Sugi (1972) rerorts that

both-the mdgnlbude of the initial drop and the tlme regu1red for

e i BT
e e

this secondary rise in. tension increases with amplitude of

stretch.

Varn Atteveldt and Crowe (1980) re—examlned the work of Sugl

(1972) and Edman et al. (1976;1978a;1978b) u31ng 1solated whole

N

muscle {frog sartorious). While the same general patterus

emerged there were ceveral differences. Mchle Sllp was obsgrved

at much louer veloc1t1es o[ stretch and the decay in enbancement

R it o L S T BRI S

wWas conglderably slouer than with fibre preparatlonq. Since the

muscle used was dissected out complete with its tendlnous

I A g el

insertions, the authors conclude that the differences are the

JEE e

result of additional cerz.es elastlc connectlons.

e i AT 2

Flitney and lest (1978) used intact froy sartorious muscle

L

and found that enhdncement increased wlth opQQd ct stretch until

g ERRE L e T

a certain temperature dependent critical veloc1ty ¥as reached.

s

Beyond thlS p01nt (3.8 mm/sec.; .M L/sec at 0 () tension was
mora2 oOr 1e§§M‘ihaé§endent of any furthegiw%hgfease up to o4
mm/sec. ; 2.35 L/sec. T-‘1lament dlsplacement greater than 11-12

nm. (1-.2% of muscle length) produced an gh:gggwiggheése of

approximately 33 mp. in muscle length. They state that this 1is

e



con51deratly larger than most estimates for the worklng range of

e T

a slngle cross-bridge. However in rcv1eu1ng ‘sore ot the work in

.,
A i e

this area, Noble and Pollack (1977) aotlced ‘that the magltude of
these qudden length changes was generally in the range of 40- -45

TR L SR

nm. per sarcomere. They §E99¢St thls‘ig}ge is similar to the
heli;eib tepeat spacing of cross—br;dges ‘alcng the thick
filaﬁent. |

In discussing their results both Flitney and Hirst (1978)
and Griffths et als (1980) emphasize thekfact that the amount of
elasticity 1in single fibres is conslderably less, approximately
ZOiI“Of that in whoie muscle. Griffthas et al. (1980) qsed single
fibres in which the sarcolemma had been mechanically removed and
obs;;ved slippage at stretch amplltudes of 1. 2¥ Similar results
were reported by Flitney and Hirst (1978) using isolated whole
muscle. On the other hand Edman et al. (1978a;19;8b) subjected
single tibres ‘te”etcetcges much greater than 12 nm without any
indication of the cross-bridges giving out. While Sugi (1972)

rsns a5

observed slip,x it was not evident until the amount of stretch

rose above 6.0% L.

i

Total Muscle Length

With 51ane fibres fror frog semltenilnosue ruscle Edman et

g £ N

L

al. (1978a; 1978b) found the rise to peak tenqlov during stretch

L \ .
to be dependent on velocity but not magnitude of stretca oT
degreefdf filament overlap. After stretch _exces tension was

1ndependent of stretch veIQC1ty and at sarcomere lengths between

29



1.9 and 2.3 um. it was also independent of stretch amplitudes

greater than 25 nm. per sarcomere. At lengths greater than 2.3
um, percentage exéeSs”tension increased with muscle length.
Hav1ng accounted for changes in restlng ten51on Hill (18977)

demonstated that the excess ten51on malntalned after stretch

oK,

increases with muscle length. Peak temsion on the other hand

o LA B

tends to decrease at longer muscle lengths. van Atteveldt and

e S L

s TRE

Crowe (1930) report that excess tenslon regains more or less

constant at shorter muscle lengths up to Lo, the length
g ) PRe ‘,:a:::}izw'. Giatt & : -

correspondlng to maximum isometric force. Once this value has

been surpassed enhancement tends to increase with lenyth over

the downward portion of the iscmetric force~lengthﬂcurve.

1o csn o e

Stretch Cornditions and Reflex Activity

When muscle 1is expcsed to a ramp and hold displaceuent

i I O

serles the response of the spindles has traditiorally been given

wﬂ”ﬁ

as a functlon of acceleratlon, veioc1ty and p051tlon or muscle

length. Recent work by Houk et _;, (198 1) suggeqts that the

TR, v A'g‘ﬁ'*'wﬂ‘mt’%{;a% LaekmR e vpm. Wit 21t

irin at
g Wg«, -ma&ﬁ % i

They feel it can be more accurately descibed as "a product

'mp;X a: Sun of these thregﬁggggggﬁggﬁi

Rt Wyl R

" Wﬁm B

gefgg;oiﬁ between musclev length and a Low fractlonal ponér of

“-Wa..-l s

ve1001EzP

Splndle activity tends to vary alth the level of actlvatlon

et S S

qf preload. Lengthenlng contractlons produce a hlgher sglndle

dlscharge rate than a 93551ve stretch of 31m11ar amplltude and

velocity (Burke et al., 1978). The sensitivity of the stretch

30
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reflex is greatesi“for small chkanges 1in muscle length and/or

PPPORE. L% B L TSt L Sy - e s

L 8 e s

load {(Matthews, 1972). This wmay be dueto “the “f“ct\:,hat
5\_“ T Y T LA et w8 S

followlng the 1ntflal ‘reflexn burst the exc1ta011;ty of the
T — i L o A

segmental pathway is temporarily reduced (100—150 msec) due to a

S e T B B e s Lot .

"rebound" membrane hyperpolarlzatlon {(Gottlieb et al., 1970).

g T e

Fev} stvdies'ﬁave examlned hcu reflex act1vrt(mchanges with

b e 0 TR AR e g

temperathre.WMA study by P. Bawa (currently in  progress)

1nd1cates that a reductlon 1n temperature produces llttle chdnge

"~ <
R R - gt

in the amplitude of the Stretch response but causes 1t to be
AMW*“ PERR o e 5 b o

shi fted ln‘tlme.r

An enhancement 1n posxtlve work is observed when mus cie is

2 i P
m st

forcxbly stretched from the iqometric <>condit10n. Inis

enhancement has been attrlbuted to a varlegy of mechanlsmo. Some
earlier hypatheses ie. the ,re-SYhfhesis”wa”’At?r Auring the
R : O e N R e S

negative work phase have been more or legs abardosed™and at

present it aprears that the enhancement of pOaLtlve work 1s the

result of (a) the storage\worwrgggggnlg energy in“ pa551ve

elastic structures {b) changes in the contractlle propertles of :

PRI T,

the actomxobln ¢r°,§195$di?b and, if the neural connections are

e # e AT e ~ AR ST e

intact, {c) reflex activity. These mechanisms appear to be
» mwm,fmmmm 1 NIRRT ... o

‘.m——-z%

ges 1in the characterlatlcs vpgﬁ the¢~appiied

T S R R AT

actlvatlon. Changes 1n one or more of these factors does not
i b B R e - e‘; %o’ -
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necessarily have the same effect on the enhancement proflle in

e »‘fw RO TR U]

1

overlap, muscla temperature and leverﬂgﬁi
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all types of muscle prepartions (in ¥ivo or in vitro)e.
8+ TR e S e

[

elast1c1ty, chemlcal preparatlon, fatique,

R LR v

fibre composltlon, etc. will alter the devrlopment and decay of

D LR

excgs,_tensron. Yet certain genera;rtles have been nade about

i AT

the response of isolated muscle to active stretch.

Eccentrlc torce tends to increase with veloc1ty of stretcha
o TRt -

This relatlonship = eventually breaks‘down at high veloc1t1es as

e
‘ s et

cross—brldges begin to sllp. Increases xn amplltude of stretch

it
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seem to nroduce a larger enhancement effect. Wlth muscle in situ

i

an 1ncrease in veloc1ty of stretch muscle 1ength alsc

e i AR AT

RO T

produces an 1ncrease in reflex actlvatlon. The rate of;decay{ in

Sy LA, e

.
roey

tension during the hold phase-is thought to re a functlon cf

N o P -
A g 6

pr or stretch veloc1ty and total muscle length. reductlon in

. i
N g R T Nt a8 o, e Y i iR

temperature and/or an increase 1n 1evel of actlvatlon tends to

xR

o

,magnlfy the“ enhancement process by lncrea51ng m# ttens1on

B L e i At

Nt

generated durlnq rtretCh while prolonglng the decay of excjssﬂ}

s g Ao e e i R A i

tension after stretch.
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II1. Methods

The subject population consisted of five healthy males,
each right handed, ranging in age <trom 22 té 40 years. The
sub jects had no known musculo-skeletal abnormalities which might
restrict their range of @movement and/or torques during
supination. One of the subjects (AC) 1is a proficient squash
player and was therefore somewhat more familiar with the action
of supination/ pronation under a variety of conditions of
activation and velocity. 1In addition this subdject (AC) had

performed the actions many times during experiments which

utilized the present apparatus.

Apparatus

The experimental set up 1is summarized schematically 1in
Figure 2. A polarized light goniometer (POLGON) (c.f. Grieve,
1969) which has a range of 180° vas used to monitor <changes in
angular displacement. The device consists of a aodulator unit
which plane polarizes the light emitted from an incandescent
source and a pair of photo sensors. One of the sensors acted as
a stationary reference while the other was attacked to the arm
of a Cybex TI TIsokinetic Dynanmometer (Lumex Inc., New York).

Movement of one sensor relative to the other produces a phase
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Pigure 2: Schematic diagrasm of experimental apparatus.
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shift which is ccnverted by the POLGON module (PG6) into a
voltage signal. The output was presented on the oscilloscope of
a Teca (model TE4, White Plains, New York.) recorder which also
produces a hard copy ot the data on UV sensitive papera.
Calibration of the POLGON was carried out wusiny a carpenter's
level to position the handle at 0° and 90° Zero degrees
represented the position in which the handle was horizontal with
the forearm in pronaticn and the palm facing downwards.

Torques were mea sured using strain gauges
(Micro-Measurements Ltd. Romulus, Mich.) attached to the handle
in a Wheatstone bridge configuration. The 1linearity of these
gauges has been previously verified. This signal was passed
through an AD6 amplifier contained within the Teca unit. Due to
the electronic configuration of the POLGON there is a 40 msec.
delay between angular displacement and both the torque and EMG
traces on the 0V paper. This delay has been corrected for in all
Figures.

Raw EMG from the biceps was obtained using surface cup-type
electrodes (IMI Ltd., Newport, Calif.) and a Teca AA6 MK III
amplifier. The signal was filtered using a low frequency cut-off
of 32 Hz and a high freguency cut-off of 1.6 KHz. The output
from this wunit was then rectified and passed through a sinple
R.C. type filter with a time constant of 200 msec (Teca 1Ib6
integrator module).

With several minor modifications the «constant velocity

qualities of the Cybex II unit can be used to produce ramp and
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hold stretches of various amplitudes. Three switches were
installed which made it possible to override the standard sgeed
control and 1limit the movement of the Cybex arm. With switch A
in the on position, movement of the Cybex arm could be stopped
manually by depressing button B or automatically, when switch C
was tripped by a @metal paddle attached to the Cybex
potentioweter. With switch A off, switches B and C no longer
influenced the Cybex «circuitry and the arm couid be

re-positioned.

EMG electrodes were attached to the biceps and a ground
strap was fixed across the wrist. An attempt was made *o 9place
the electrodes 1in the same pcsition each test day. The handle
and elbow support were adjusted to produce 90 degrees of elbow
flexion and the subject was positioned as shown in Figures 3 and
4.

During forceful supination there is a tendency to dip the
right shoulder. A harness was used to keep the subject as
upright as possible. This also held the upper arm tight against
the side of the chest, preventing wunwanted rotation of the
shoulder,

Prior to each trial hand pcsition was <checked to ensure
that the subject?!s middle finger 1linred up with the axis of
handle rotation. The handle was placed at 10° {(8F1) and a record

of isometric torque at that angle was taken. The handle was then
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Tigure 3:

20sitioning of subject.
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passively rotated to position 851 (90°) and the desired stretct
velocity {60, 150, 240 9/sec.) vwas dialed in on the Cybex. With
button B depressed the Cybex arm was fixed and the sukbject
supinated maximally. Pre-stretch isometric levels for eack
position were kept as constant as possible by providing the
subject with a visual display of torque on an oscilloscope.

When button B was released, the Cybex arm was rotated
counter clockwise until the handle reached 8F1 {109). At this
point switch C was tripped, reducing the cicuit resistance to
zerd. This prevented any further movement of the handle. During
this hold phase the subject maintained a maximal contraction of
forearm supination for a period of 4 to 5 seconds. This was long
enough for the torgue to drop back to the isometric level at the
nuscle length correspecnding to 9F1. Stretches from 951 to 6F1
were then carried out at the other velocities.

An isometric reading was taken prior to each stretch trial,
leaving approximately 1 minute between contractions. in an
attempt to reduce the effects of fatigue a longer rest period of
5 nminutes was used between stretch trials. The above procedure
vas rTepeated starting from position 852 (170°) and finishing at
871 {10°) and again from 852 (170°) to 8F2 (90°) (Table 1.).
With each degree of stretch there was approximately an 0.016 cnm.
change in biceps muscle length (Appendix A).

At the start of each test session, a set of submaximal
trials were carried out from 85=170° to 8F =10° at the highest

stretch velocity (240°/sec.). The purpose 0nf these additional
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Table 1: Summary of stretch corditions.



90° 170°
80% Sec. 0%/ Sec
150°/Ser 150°/Ss;~c
240% Sec 2407 Sec.
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ISO°/Sec
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stretches was to establish if reflex activity changed with the
level of prior isometric contraction or preload. Each subject
repeated this complete series of stretches 5 times over a period
of two to three weeks.

From the pilot study it was evident that initially the
sub jects wmight have difficulty producing a maximal voluntary
contraction for each trial. This was particularly true of
supination at 6S2 (170°). For this reason the subjects were
allowed to become familiar with the task prior to the actual
test trials. In order to &minimize the learning effect and
prevent the subjects from anticipating the expected response,
stretch amplitudes and velocities used during each series were
randomized.

Since P/Po 1is a ratio of eccentric tension over isometric
tension a4t the same muscle length, it 1s important that the
conditions be the same for each contraction. While an attempt
was made to standardize the conditions for each trial it was
assumed that those factors over which we had little control (eg.
muscle temperature) remained more or less constant thoughout the

experiment.

Analysis
Figure 5. shows a composite of the torque data collected
during a prior isometric contraction at 8F1 ard a stretch trial

with a fipal position of 8F1.
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Figure 5: fample record to show hLow P/Po and decay constants (¥)
were measured. The top trace represents the chanje in
anjyjle from 9 S to 89F., Stretcn velocities ware
calculated by differentiating thke anjular displacerent

trace.
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Angular Velocity

Al though the Cybex II isokinetic dynamometer was originally
developed for rehabilitatior purroses, over the past decade it
has frequently been wused as a research tool. Recently however
the validity of some of these Cybex studies has been questioned.
Failure to take gravitional effects into account may produce
considerable errors when conductingy various nmuscle performance
tests (Winter et al., 1981). There also appear to be calibration
problems which make it "necessary to <calibrate the Cybex 1II
isokinetic dynamometer every testing day and at every test
speed"” (0lds et al. 1981).

Having compared the actual stretch velocities frcm the UV
traces with those dialed in on the Cybex it was apparent that
the Cybex speed control was not properly calibrated. Rather than
take the time to «calibrate the Cybex each test day the
pre-determined velocities were selected on the Cybex control but
the actual strech velocities were calculated through numerical
dif ferentiation of the angular displacement traces. S5Since none
of the Cybex traasduceré were used, calibration errors in torgue
and/or angle were not a probler. The differences between the

pre-selected values and the true stretch velocities are shown

below.
Cybex Corrected Value £5D
VYelocity 1. 609 /sec. 63.1+.889%/sec.
Velocity 2. 1509%/s5ec. 144.5+.81% /s¢ec.
Velocity 3. 2409 /sec. 227.0+1.69/secCa
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B/P2

Peak torque (P) from the stretch trials and isometric
torques {(Po) were measured as displacements from the zero
baseline. Peak torque following stretch was then divided by the
average isometric torgque at the same finishing position. The
ratio P/Po represents peak eccentric/isometric torque. While
this ratio is not a true measure of force enhancement "per se"
it can be used to show how the enhancement mechanisms as a whole

behave under the various stretch conditions.

Decay Constants

The decay in torque after stretch is expressed as a decay
time constant ( ). One time constant represents the time
required for torque to drop expomentially by 63% of the
dif ference between P and Po. Due to the fixed visco-elastic
properties of muscle the decay in torgue after stretch due to
recoil of the SEC should have a similar profile to the rise in
torque during an isometric «contraction at the same muscle
lenygth. By determining the time constant for 1isometric torqgue
and comparing it with the decay time constant for the hold phase
it should be possible to make sone general qualitative
statements about the separate contributions of storage of

elastic energy and enhancement of the contractile machinery. If

storage of elastic energy was the only factor responsible for
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the enhancement of torJue after stretch then one would expect
the isometric rise time constant to be more or less the same as

the decay constant.

Changes in the rectified smoothed EMG were used to indicate
any gross reflex increase in motor unit activity. With a filter
time constant of 200 msec. it 1is difficult to make any
conclusive statements about the reflex response to stretch since
short latency bursts will most likely be masked by the EMG
processing. Still if reflex recruitment and/or intensity coding
of motor units are contributing tc the rise 1in ‘tensiorn during
stretch eccentric EMG should be greater than isometric ENG at
the same muscle length. The EMG response at tae end of stretch
#ere therefore measured and compared with the isometric levels

at the same finishing position.

Statistics

The means for both P/Po and the decay constants for eack of
the subject's 5 trials were calculated. The variances of the
group response, for each experimental condition, were aralysed
using a two way ANOVA (BMDP2V: Analysis of variance and
covariance with repeated nmeasures, Health Sciences Cemputing
Facility, UCLA). ¥When the ANOVA showed significance the

differences between the means were examined using Tukey's test
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for pairwise compariscns amonqg means.
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IV. Results

Torque and EMG data was collected for the 9 different
stretch conditions outlined 1in Table 1. These stretch trials
Were repeated 5 times by each subject and the mear values for

P/Po and decay constants were calculated.

Torgue Changes During Stretch

¥hile the shape of the torque records differed slightly
with each subject the same basic patterns were observed overall
(Figures 6 and 7). With the onset of stretch torque rose
sharply. Both the magnitude and duration of this 1initial rise
varied depending c¢n the stretch conditions. With short quick
stretches from 90°9-10° or 1709-90° this steep phase persisted
throughout the stretch and torgque peaked as the ogwmovenent
stopped. With slower velocities there was a much more gradual
increase following the 1initial rise in torque. For any given
velocity an increase in the amplitude of stretch (170°9-10° vys.
90°~10°) had a similar effect. Torque rose sharply at first and
then more slowly during the latter part of the movement. Tn both
cases peak eccentric torques were recorded as movement ceased.
%hen a reduction in velocity was coupled with an increase in the
amplitude of stretch ie. 1709-10° torque response was mnuch more
rounded reaching a peak before the stretch could he conmpleted.

In many of the trials subjects RB and BC in particular,

consistantly showed a slight drop in toryue midway through the
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Figure 63

Sample record of angular displacement (top trace),
torque response (siddle trace) and rectified:averaged
©MG (bottom trace) durinjy and after mecdiumr velocity
stretch from 8S2 (1709 to 8F2 (13° . This sort of
response was typical of tnose produced hy sukjects AC,

AP and CT.
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Figure 7:

Sample record of angular displacement (top trace),
torque response (middle trace) ari rectified:averaged
EMG (bottom trace) durinag und after mediur voiccit}
stretch fror 8S2 (1709) to 8F2 (10°) . ™his sort of
response was typical of tnose produced ty suabijects BC

and RB.
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movement. Torque then recovered and continued to climb until the
stretch was completed (Figure 7). This pattern was most evident
in medium and fast stretches from 1709-10° or 170°-900°,

When submaximal prelocads were used subjects AC, CT and AP
also showed a similar drop in torque and then a secondary rise.
As the 1isometric preloads were increased the height of both
peaks increased and the troujh between peaks bhecame spaljer.
with maximal preloads the two peaks had more or less fused
together {(Figure 8).

Cn several occasions subject BC showed a different sort of
response when medium and fast stretch velocities were used. 1In
these trials torque rose sharply at f£irst then suddenly levelled
off. This plateau persisted until the rovement stopped and then

torque began to drop away (Figure 9).

B/Ro

On successive experimental sessions fluctuatious were
observed in the isometric values (Po) as well as day to day
variations 1n the gpeak eccentric values (P). Despite the fact
that isometric tor4yues prior to stretch were kept constant there
was considerable intra-subject and inter-subject variability in
the values of P/Po (peak eccentric/isometric torque) obtained
for each stretch condition. An example of the intra-subject
variability is given in Appendix D. In any event the etffect
which changes in muscle 1length, velocity and amplitude of

stretch had on P/Po tended to fcllow the same pattern on each
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Figure R: PRectified:averaged ZHG and the torque respnnse duriag
stretch with different isometriq nreloads. The
preloads were determined through visual feedback froz
an oscillcscope and represent minimal effort (0%),
Falf maximal effort (50%) and maximal voluntary cfrort

{1007%). Subiject: AP.
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Figqure 9: A sample record showing a Dlateau
through the stretch. This sort »of
frequently observed irn medium ari

from suhject 3C.
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test day. The mean values of P/Po for each subject are given in
Appendix B.

When the mean P/Po values for the group were plotted
against velocity for each experimental condition several trends
were apparent (Table 2 and Figure 10). At each of the velocities
tested the largest values for P/Po were generally obtained
{20/25 trials) with stretches from 909-109, Stretches fronm
1709-90° produced intermediate values of P/Po and stretches fron
1709-10° the smallest p/Po. When the shorter stretch amplitudes
(90°-10° & 1709-5009) vere used, P/Po increased with each
increase in velccity. This was not true of the longer stretches
{1709-109). In these triais P/Po tended to ke greatest when
medium stretch velocities were used. Subject AC consistantly
produced results which were different from those of the other
subjects. At any given velocity his values of P/Po tended to be
greatest for the 170°9- 909 stretch conditicn.

A two way analysis of variance (BMDP2V) with velocity
(slow, medium , fast) and €S-9F (909°-10°, 1709-10°, 170°-909°) as
the grouping variables yielded F(3,36)= 6.72 and F(3,36)= 06.63
respectively at p<0.01. Since there was nro significant
interaction between the two grouping variables the =mean P/Po
values for each velocity and ©S-8F could be exawmined
independently. The results of Tukey's pairwise couparison of
means at p<0.05 are given in Table 3. The increase in P/Po was
found to be statistically significant when comparing the values

for velocity 2 and 3 with that of velocity 1. The value of P/Po
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Figure 10: Peak eccentric/isometric torgues {(P/Po) for the three
stretch conditions. Each value is the mean (+SE) of 25

trials (5 subjects).
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Table 2: Peak eccentric/iscometric torgues (P/Po) at the sane
final position. Each valu= is the mean (#SD) »of 25

trials (5 subjects).



95-9F

9009-10° 1700-100° 1700°-90°
vel 1. 1.109£.030 1.0204.079 1.166¢.074
Vel 2. 1.2504.034 1.1804.060 1.200+. 087

Vel 3. 1.260+£.026 1.165+.070 1«223t.076

N
52}



for velocity 3 was not however significantly different from that
for velocity 2. A change im final nmuscle length (90°-10° vs.
1709-90°) failed to have a statistically significant effect on
P/Po while an increase in stretch asplitude (170°9-10° vys

90°-10°9) produced significantly smaller values of P/Po.

Torque Changes After Stretch

As soon as the movement stopped torque began to drop. It
fell sharply at first and then more slowly as it approached tke
isompetric level for that finishing position. This decline
continued and eventually fell below isometric for that wmuscle
length. Isometric levels were generally reached less than 1.0
second after the stretch had been completed. While many of the
traces had slight oscillations in torque during the hold phase,
the general response can be described as an exponential decay.
The shape of the torque records during the hold phase were
similar to the tension changes after stretch reported by Sugi
(1972) and Edman et al. (1978a; 1978b).

While the immediate drop in toryue following stretch was
greatest when the highest velocity and smaller amplitudes were
used the time required for torque to drop below 1isometric was
the longest under these conditions. With anr increase 1in
amplitude of the stretch or a reduction 1in velocity torgue
decayed more slowly when the movement stopped. Yet when the
large amplitude (170°-109) and slow velocity were used the

excess torgue was short-lived. The reason for this was that in
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Table 3: Results of Tukey's pairwise comparison of group P/Po
values with angular velocity and 8S-9 F as the
grouping variables (HSD= 0.066, p<0.05). Fractions in
parentheses represent the number of subjects who
showed significant differences in P/Po between stretch
conditions. S and NS represent statistically
significant and non-significant differences

respectively.
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85~6F

30«10 1.1€5 1,250 1.260
170-10 1.0830 1. 130 1.1¢8%
170-30 1.166 1.2J00 1.222
Mean Te MU Qemame S ], £ 1) e NS e 1. 27 €

(Ly>) (1/5)
S
(4/5)
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these trials torque started to decay before the end of the
stretch and P/Po was not that large to begin with.

Final mnuscle length by itself (90°-10° ys. 170° -90°) had
little effect on the rate at which torgque decayed after stretch.
There were several trials however when torque never dropped to
isometric levels during the 4-5 second hold phase. This was most
frequently observed in traces from subject AC with stretches

~

from 170°9-909,

Decay Constants

The decay time constants () for each subject are presented
in Appendix C. #While the shape of the decay phase seems to be
dependent on the stretch parameters this dependence is not so
evident when the decay 1in torgque 1s expressed as a time
constant. As with P/Po there was a large amount of intra-subject

and inter-subject variability.

Most of the subjects showed a slight increase in decay time

constants with increased velocity. At each velocity torgue
tended to decay most slowly following stretches from 170°9-900°,
With stretches from (1709-10°) the decay in torque was slightly
faster and stretches from 90°-10° produced the most rapid decay.

The mean decay time constants for the group are presented
numerically in Table 4 and graphically in Figure 11. Using
velocity and 6S-9F as tihe grouping variables a two way ANOVA
failied to suygest any statistically significant trends at

p<0.05.
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Figure 11: Time constants (7z) tor the decay in torgue
stretch. Each value is the mean (+SE) of 25

subjects).
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Table 4: Time constants for both the decay in torque after
stretch and the rise to Po during isometric
contractions at 8F= 10° and 90°. Each value is the

mean (+SD) of 25 trials (5 subjects).
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900-1009
Jel 1. 0.277+.191
vel 2. 0.355%.232
vel 3. 0.641+.668
Isometric 10°

J.073:.019

85-~9F

1709~17009

Cod455+.17Y

0.481+.418

0.641¢+.663

9Q°

0.070+.021
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1700°-9009°

0.625%+.324

0.518+.340

0.729+.670




Time constants were also calculated for the rise in torque
during isometric contractions at both 8F= 90° and 10°. Assuming
that 1lengthening and recoil of the SEC follows a similar time
course, these time constants can also be used to describe the
decay in stored elastic energy during the hold phase. These rate
constants and decay constants at the same final position are

presented 1in Table 4.

)
=
o]

Subjects AC, AP and CT rarely showed a considerable
increase in EMG during stretch (Figure 6). On the other hand &EB
and BC corsistantly showed a definite reflex ccmponent in both
their torque and ENG traces (Figure 7). A similar stretck
response has been observed in the EMG from human wrist flexors
{Bawa, 1981D).

With the onset of stretch EMG increased sharply reaching a
peak of 1.5-2.0 mv after approximately 200-300 msec. The EMGt
then began to drop and continued to fall throughout the rest of
the stretch. When the movement stopped EMG increased slighktly
and then stayed mcre or less the same for the remainder of the
hold phase. Based on the results from these two subjects there
was no obvious relationship between the magnitude of this EMG
response and total muscle length, stretch velocity or amplitude.
Since peak eccentric torgues were generally iecorded at the end
of stretch, EMG levels at that time were compared with those

from an isometric contraction at the same angle (Table 5). A two
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way ANOVA wusing velocity as the grouping variable failed to
indicate any statistically significant differences in mean ENG

levels at p<0.05.
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Table 5: Rectified and averaged EMG (mv) measured at the end of
stretch and during an isometric contraction at 8F =100
and 90°. Each value is the mean (+SD) of 25 trials (5

subjects).
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95-8F

90°c-100° 1700-190° 1700-300

Vel 1. 0.92+.19 1.08+.13 0.90t.14

Vel 2. 1.14¢.29 1.13+.17 0.91£.12

Vel 3. 1.12+.18 1.25+.38 0.97¢+.14
Isometric 100 g0°

1.124.10 0.92¢.22




V. Discussion

When actively contracting single muscle fibres (Hill, 1977;
Edman et al., 1976, 1978, 1981) or bundles of fibres (Sugi,
1972) are subjected to a ramp and hold displacement series the
tension response is as follows. Tension rises during stretch
reaching a peak when the movement stops. This excess tension
then drops away eventually settling at the isometric level for
the new nuscle length. While the shape of the tension response
is much the same 1in 1isolated whole muscle, the increase in
tension during stretch tends to be smaller and the decay phase
slower (van Atteveldt and Crowe, 1980; Flitney anrd Hirst, 13978).

The resalts from this study sugygest that the response of
human forearm supinator muscles to ramp and hold stretches is
also similar to that of single fibres. Torque increases during
stretch and then decays when the movement stops. Agaln there are
some quantitative differences. The rise in torque during stretch
is smaller and the rate of decay in torque much faster than with
either single fibres or isolated whole muscle. It appears that
these discrepancies may be the result of differences in the
muscle preparation ie. the amount of series elasticity,
temperature, fibre composition, etc.

The amount of series elasticity (SEC) is much 1less in
single fibres, approximately 20% of that 1in isolated whole
muscle (Flitney and Hirst, 1978, van Atteveldt and Crowe, 1380,

Guth et al., 1979). During stretch these elastic elements will
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be extended by an amount (x) and resist the movement with a
force which is equal but opposite to the force generated by tke
contractile machinery, F=k1(x) where k1= SEC stiffness. At the
same time much of the negative work done in stretching the
muscle will be stored irn the SEC as elastic energy. Atter
stretch the SEC will start to recoil as the tension generated by
the contractile machinery gradually decreases. This will result
in an internal lengthening c¢f the contractile cemponent
(eccentric phase€) which in turn slows down the decay process.

With whole muscle in vitro the total SEC stiffness is
reduced to {(k1k2)/(k1+k2) where k2 represents the additional
series elasticity of tendon and associated connective tissue.
For a given amplitude of exterral displacement the SEC will be
extended to longer lengths and the percentage change 1n
contractile component 1length will be smaller. Since there is
also a certain amount of elasticity within the cross-bridges the
forces generated by the contractile component will be less. With
this reduction in SEC stiffness the decay 1ia excess tension
after stretch will also be slowver.

It is reasonable to assume that the amount of series
elasticity in muscle in situ is even greater than isolated whole
muscle. Because of the greater extensibility of the SEC and
therefore the smaller length excursion of the contractile tissue
one might expect the stretch response to be smaller and the
decay phase even slower in muscle in situ than whole muscle in

yitro. This was not the case with human forearm supinator
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muscles. While P/Po did tend to be smaller the decay in torque
vas much more rapid.

Joyce et al. (1969) have examined the eccentric forces
developed by cat scoleus in situ using stimulus rates of 3, 7 and
35 pps. %hen peak eccentric tension at 35 pps is compared with
isometric tension at the same ankle angle their values are
similar to those obtained in the present study.

A stimulus rate of 35 pps might be considered to be quite
high for cat soleus. However Zajac (1981) reports that during
treadmill running the range of discharge rates in a population
of extensor motor units was 15-55/s with a mean of 33/s. Similar
firing rates (15-54/s) have been recorded by Severin et al.
(1967) .

Unlike animal studies where force transducers can be
attached directly to the muscle, external strain gauges must be
used to examine the stretch response of human skeletal muscle in
situ. In the present study torques vwere measured at the handle
as shown in Figure 2.

Travill and Basmajian {(1961) have shown that when the elbow
is flexed to 90° the biceps is the primary supinator during
forceful supination. Under these conditions they also report
little activity ip antagonist muscles (pronators ‘teres and
quadratus). Torque is therefore primarily a function of biceps
muscle length anrd the biceps muscle moment ie. the perpindicular

distance from the axis of forearm rotation to the line of force

action of the biceps.
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Since the strain gauges were located on the handle the
torque response to stretch will a&lso be influenced by the
mechanical properties of those visco-elastic tissues located in
series between the insertion of the biceps on the radius and the
handle 1e. the interosseus membrane, ligaments and bones of the
wrist and hand, soft tissues of the hand and to a certain extent
the radius as well.

Several of the ligaments which help to stabilize the elbow
joint are also stretched during forearm rotation. However these
ligaments which act in parallel with the biceps tend to have the
greatest effect on torgque as the forearm approaches full
supination or full pronation.

It must also be remembered thit muscle studies in vitro are
usually carried out at temperatures of 09-4°C while @muscle
tempera tures in situ may vrvange from 35° to 39°C. With
tempera tures at or near 09 the rate of cross-bridge <cyciing is
much slower and there 1is a substantial increase in muscle
stiffness. With this increased resistance to lengthening the
forces genera ted during stretch are 1increased and more
mechanical energy is stored in the SEC. Increases of 30%-50% in
peak eccentric tension have been reported when the temperature
of single fibres is reduced from 20° to Q°C. {Sugi, 1972,
Buchtal and Kaiser, 1951). Flitney and Hirst (1978) observed a
similar increase in peak eccentric/isometric tension at the sanme

nuscle length with a decrease in temperature,
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At these cooler temperatures the increase 1in muscle
viscosity and reduction in the rate of «cross-bridge <cycling
allows the SEC to recoil more slowly thereby prolonging the
decay in excess tension after stretch.

Although @muscle temperature was not monitored in the
present study an attempt has since been made to measure biceps
muscle temperature under similar experimental conditions.
Unfortunately even a slight coantraction of the biceps produced
considerable pain in the region of the temperature probe.
Therefore it can not be assumed that muscle temperature at rest,
during prior isometric contractions and active stretch remained
mOTe or less the sane.

These differences 1in the amount of series elasticity and
temperature will not only infiuence the magnitude and duration
of the stretch response but also how the muscle responds to
changes in the stretch conditions ie. total muscle 1iength, the
amplitude of stretch and stretch velocity.

Flitney and Hirst (1978) report that 1in whole muscle in
vitro excess tension increases Wwith speed of stretch up to a
critical velocity (Vc). Beyond this point velocity had 1little
effect on peak eccentric tension.

At velocities greater than Vc strained actomyosin linkages
are mechanically FEtroken faster than they can reform. The
contractile machinery is unable to resist the tension stored 1in
the series elastic elements and the sarcomeres give. Teansion is

maintained at levels higher than isometric for the new nmuscle
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length since the rate of cross-bridge reattachment 1is fast
enoujh to prevent the SEC from recoiling completely (Joyce et
al., 1569, Rack and Westbury, 1974, Flitney and Hirst, 1978).

In the present study there was a significant increase in
P/Po going from slow to medium stretch velocities with all three
experimental conditions (85-9F= 90°-10°, 1709-109, 170°-90 9). a
further increase 1in velocity produced a small additional
increase 1in P/Po with stretches from $0°~-10° and 1709-90° while
P/Po for stretches from 170° -10° decreased =slightly. However
these <changes 1in P/Po were not found to be statistically
significant. The fdact that P/Po did not continue to 1increase
with velocity suggests that cross-bridge slip may also be
present in muscle in situ.

The shape of several of the torque traces from medium and
fast stretch trials also suggests the presence of <cross-bridge
slip. In these trials torque rose sharply at the onset of
stretch and then suddenly leveled off, remaining more or less
constant for the rest of the mpovement (Figure 9). At the sanme
time there is nothing in the EMG traces €rom these trials to
indicate that this plateau in torque 1s the result of some form
of reflex inhibition. While this sort of response was most
frequently seen 1in traces from subjects BC, an abrupt though
less dramatic decrease in slope was also shown by the other
subjects. With stretch velocities exceeding Vc the response
which Flitney and Hirst (1978) observed in isolate? whole nmuscle

is almost identical to that shown in Figure 9.
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In 1isolated whole muscle the critical velocity (Vc) has a
large positive temperature coeffecient ie. a 5-6 fold increase
over a temperature range of 0°-30°C. It also tends to be greater
in muscle with greater intrinsic speeds of shortening ie. a
higher Vmax (Flitney and Hirst, 1978). For a given muscle Vmax
will itself be a fuanction of temperature. 1In the medial
gastrocnemius of the <cat for example Vmax 1is reduced by
approximately 50% when muscle temperature is lowered from 38° to
289C (Petrofsky and Phillips, 1980).

It should be noted that van Atteveldt and Crowe (1980)
report that the slip effect occurs in isolated whole muscle at
much slower stretch velocities than in single fibres at the same
temperature. Again this can probably be attributed to
differences in the amount of series elasticity since 1isolated
vhole muscle 1is often dissected out with the tendons intact.
Still it may be arqued that with muscle in situ temperatures of
362+19C, Vc 1s raised to a level where cross-bridge slip is
unlikely under normal physiological conditions.

It is likely that the stretch velocities used in this study
are vastly different from those wused 1in yvitrc. W¥With single
fibres, isolated whole muscle or even cat soleus in situ stretch
velocities can be measured directly and are generally expressed
as %L/sec. or =am/sec. ¥When studying human muscle in situ the

change in muscle length per unit time must be calculated based

on externally cbtained measurements.
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In the present study an attempt was made to eguate a given
angular velocity of the handle wita the rate of change in biceps
muscle 1length (Appendix A). When this conversion from °/sec to
%L/sec is carried out it is apparent that the stretch velocities
used in tkhis study were considerably slower than those used in
vitro. Still it is perhaps more meaningful to compare the range
of stretch velocities wused with the maximum speed of unloaded
shortening since Vmax has been shown to be one of the
determinents of cross-bridge slip.

At 0°C., Vmax for frog sartorius muscle 1is approximately
1.3 L/sec (Abbot and Richie, 1951). Flitney and Hirst (1978)
examined the stretch response of frog sartorius (0°C.) at
velocities up to 65 mm/sec (2.4 L/sec) and found that the ratio
of peak eccentric/isometric tension at the same muscle 1length
reached a maximum value at 3.8 mnm/sec or .14 L/sec (Vc/Vmax=
0.10B). With cat soleus in situ Joyce et al. (1969) used stretch
velocities up to 40 mm/sec. While excess tension did continue to
increase with velocity over this range 1t had more or less
plateaved, reaching 95% of 1its maximum value at a stretch
velocity of 5 mm/sec. Work by Petrofsky and Phillips (1980)
indicates that the raximum velocity of unloaded shortening for
cat soleus (38°C. and full activation) 1is about 60 mm/sec
(V¢ /Vmax= 0.083).

In the present study the eccentric aagular velocities
ranged trom 63.1+.88%/sec to 227+1.6%/sec. During unloaded

supination 1t 1is possible to reach angular velocities of
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23009%/sec (Chapman, 1981). If one takes Vc to be the medium
stretch velocity (144.5° t.819%/sec.) then Vc/Vmax = 0.063. While
this value is less than that for frog sartorius (im vitro) or
cat soleus (in situ) all three values are of the same order of
magnitude. It is also possible that Vc for forearm supinator
muscles 1lies somewhere Dbetween the medium and fast stretch
velocities. If Vc is set to 2279+1.69/sec. then Vc/Vmax
increases to 0.098.

Unlike most studies in vitro P/Po did not increase with
stretch armplitude ije. 1709-10° versus 909-10° In fact an
increase in amplitude had just the opposite effect (Figure 10).
This may simply be due to the fact that the subject was unable
to maintain a maximal contracticn throughout the entire stretch
when the amplitude was 160°. While effort 1is difficult to
measure there was nc drastic reduction in EMG to suggest that
the subjects were mnot giving a maximal effort through out the
stretch and hold phases.

Although the slip phenomenon is generally expressed as a
function of stretch velocity (Vc) a certain amplitude nust also
be exceeded before cross-bridges will be mechanically broken and
the sarcomeres give. This «critical amplitude 1is thought to
represent the working range of the myosin heads or short range
stiffness (Rack and Westbury, 1974) . Edman et al. (1978a) tfound
that the critical amplitude required to reach a plateau in the

force record during stretch was approximately 15 nm. Flitney and

Hirst (1978) suggest that slip occurs when the actomyosin
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filaments have been displaced by more than 11-12 nn.

With the elbow flexed to 902 the stretch amplitudes of 800°
and 160° used in this study 1epresent a change in muscle length
relative to resting biceps length of approximately 4% and 8%
respectively (Appendix A). These values are similar to the
percentage length changes (2%-10%) used in most muscle studies
in vitro.

With single fibres Hill (1977) suggests that each sarcomere
is extended by the same amount during active stretch. However it
seems unlikely that a given amount of handle rotation produced a
uniform change in sarcomere length through out the supinator
muscles. It is possible that with the smaller amplitude (809)
most of the cross-bridges remained intact since the supinator
muscles had not been extended beyond their short range
stiffness. With the larger stretch amplitude (160°) the short
range stiffness accounts for the initial steep rise 1in torque.
Hovever during the stretch a greater proportion of the
cross-bridges will be displaced by more than the critical amount
ie. 12-15 nm. The result will be a reduction in peak eccentric
torgue (P). Since Po for 909109 and 170°-10° stretches are the
same P/Po will also decrease.

The amount of excess tensicn present during stretch has
been shown to be dependent on total muscle length (Hill, 1977;
van Atteveldt and Crowe, 1980). This relationship 1is most
apparent at lengths greater than Lo, the length at which maxiwunm

isometric tension 1is observed. Peak eccentric tension {(P)
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increases while isometric tension (Po) decreases over this range
of muscle lengths ie. the descending portion of the force-length
curve. The end result is a substantial increase in P/Po.

With forearm supination maximal torques are recorded in the
fully pronated position. As the forearm is supinated torque
drops away slowly at first. Once the handle has passed beyond
approximately 120° (full supination = 170°) isometric torque
starts to decrease much more rapidly. Up to 1209 the decrease in
torque can be attributed to changes 1in nmuscle length. Beyond
1202 the nuscle moment arm suddenly starts to decrease as well
(Figure A1).

It is wunlikely that the supinator muscles, biceps in
particular vere stretched to lengths greater than Lo. In going
from a handle position of 10° to one of 909 the supinator
nuscles shorten and Po decreases moving to the 1left along the
ascending limb of the force-length (torque-angle) relationship.
However P will also increase with muscle length over this range.
Although P and Po Wwill be greater for stretches from 90°-10°
than with stretches from 170°-90° the ratio P/Po may not
necessarily be significantly different.

The fact that muscle lengths less than Lo were probably
used in the present study also helps to explain why the stretch
response of the forearm supinator muscles was coansideratly
smaller and the decay back to isometric much faster *than with

muscle in vitro.
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With single amphkibian fibres (0°C) at sarcomere lengths
less than Lo (2.4 um) Edman et al. (1978a, 1981) rerport that
force enhancement after stretch decays quite rapidly, reaching
isometric levels in about 1.0 second. The amount of tension
present at a given time after stretch is independent of velocity
and amplitude. They suggest that the decrease in excess tension
represents the decay of force built up in visco-elastic tissues
during stretch.

At lengths less than Lo parallel elastic elements do not
generally have a great deal of intluence on tension. It should
therefore be possible to describe the decay phase wusing the
stress relaxation function for a' Haxwell boedy (spring and
dashpot in series).

F{t)=Aexpl (B/K) t]
B=coeffecient of viscosity
K=spring constant
A=torque present at end of stretch
t=time

If the above equation accurately describes the decay in
supinator torque during the hold phase then the decay time
constant shouild be a function of muscle stiffness and viscosity
{ =B/K) but not the prior stretch conditions. In the present
study changes in total muscle 1length, stretch velocity or
amplitude of stretch did not have a statistically significant
(p<0.05) effect on the rate of decay in torque after stretch.

While the rate of decay may not change with the stretch
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condition the absolute torque present at a given instant after
stretch will still vary depending on the peak eccentric value.
Sirce the forces produced by a visco-elastic element are
the same for lengthening and shortening the decay time constants
at ©OF=90° and 109 should thecretically be the same as the time
constant for the rise in isometric torgue at those positions.
The fact that the isometric rate constants were much faster than
the decay constants for all stretch conditions Table 5)
indicates that the storage of mechanical energy in the SEC can
not by itself account for the changes in torque after stretch.
It is possible that the reflex recruitment of additional
motor units and/or increase in the rate of firing of previously
active motor  units may have influenced the stretch response ot
human muscle in situ. In decerebrate cats, the additional
tension recruited by reflexes (net reflex contribution) is
greatest with medium preloads and decreases towards zero when
high opeating forces are used (Hoffer and Andreasson, 1981).
With minimal preload (0%) or half maximal effort (50%) all of
the subjects in this study showed a secondary, reflexly mediated
rise in torque. Wwhen a maximal isometric contraction (100%)
preceeded stretch this reflex component was no longer present in
the traces from subjects CT, AC and AP (Figure 8). It was
however still evident in the torque records from subjects BC and
RB. Unfortunately with a filter time constant of 200 msec it 1is
impossible to determine accurately the origin of the retflex

response.
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Both Grillner (1972) and Rack and Westbury (1974) feel that
the initial respcnse to stretch wmust be determined by the
mechanical properties of muscle (short range stiffness) since
even with spinal reflexes there will be a time delay before the
reflex pathways can react. This has been confirmed by Hoffer and
Andreasson {1981) who showed that for a given preload the

initial rise in cat soleus tension is the same whether or not

..,

the soleus nerves had been cut.

In stretching the supinator muscles from 85 to OF there was
ample time for reflex pathways to react. During stretch there
will be a decrease in EMG simply due to the <change in @uscle
length. This can be shown by cocmparing the isometric EMG levels
at various handle positions between 170° and 10°. Also Gottlieb
et al. (1970) 1indicate that the excitability of the segmental
reflex pathways may be momentarily reduced following a reflex
burst. This rebcund hyperpolarization lasts for 100-150 asec. At
the same time many of the phasic motor mneurons which were
initially active suddenly stop firing. It is theretore possible
for EMG to fall below isometric levels at the new muscle Jiength
(Ryall et al., 1972). Finally the stretch response may be
ref lexly inhibited by signals originating from the 50lgi tendon
organs (Houk and Henneman, 1967). In the present study the time
taken for the small fast stretches to be completed was

approximately 350 ms.

If reflex activity, regardless of its origin, is

contributing to the enhancement of peak eccentric torques, one
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might expect higher EMG levels at the end of stretch than with
an isometric contraction at the same muscle length. These EMG
values were not however found to be significantly different
(p<0.05). This coupled with the fact that the EMG traces fron
three of the subjects (CT, AP and AC) rarely showed any sign of
reflex activity suggests that with high initial operating forces
(raximal voluntary contraction) it is the intrinsic mechanical
properties of the supinator muscles and not rTeflex activity
wvhich 1is primarily responsible for the torque response during
stretck.,. The above hypothesis is supported by Hoffer and
Andreasson (1981) who have shown that in decerebrate cats the
net reflex contribution during stretch is greatest with mediun
pre loads and decreases quite dramatically when high preloads are

used.
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VI. Summary

Based on the results from this study it was found that

excess torque , P/ Po (peak eccentric/isometric torque),
increases with stretch velocity wuntil a certain critical
- e et . e e AR S e 3

velocity has been reached. It decreases with an increase 1in

stretch 'amplitude and is not dependemt on flnal huscle length.

A

The rate of‘dégé}win torque after stretch was found to be

independedé?*of final muscle length; amplitude of stretch and

o v g A N B T Ll SR i S
.

stretch velocxf} The effec;s of cpretch veloc;ty and amplitude

e S
s Ry

on  excess tén51on cuggest that CIOSSjbr1dge Sllp may be present

TR T SR

: 7_‘_" -

in muscle in 51tu -

It would be urong ‘towrsuggest that these results can be

R R

applled dlreciiy tc the contractlle process at the molecular

R oy

level. The chang® “in torque‘ during and after stretch is not

sim@ly'the sum cf the responses of fibres in a homogeneous

R i g 50T E

population. There is no doubt considerable variability within a

b L T

given muscle due tc localized differences in activation and

ekgéficify. The sgrg§g§ fespohse will also most certainlngigfer
from muscle t6“£%étle depending on fibre composition,
oqéenfétibn of the muscle relative to jOlDtS and the aciibnb of
agonistic/aptagonistic nyscle groups. Still these results m@may

provide additiqnal insidht into the movementxqf‘igggctujoint

systems and/or limb segments.
Duriny many athletic activities, particularly those

designed to produce a high termina; vélocity, we take agdvantage
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of prlor stretch to improve performanCe. Tﬁgse tasks can
.h»n-; ey e 7 : e ' o T o

generally be divided inte --twd™ dlstlnct élfetnétihg Phasges.

AR R T

g e B

Initially therec is an eccpntrlc countermovement or windup where

Vit

i

the contpapting muscle is stretched by antagonist groups,

o P

inertial forces and/or gravity. This is immediately followed Ly

a concentrlc phaset during which the activity is carried out

G 42 N e D L T i, i

using the prevlqnsly'stretchedkmuscle.
B L SRR

This increase in work and/or pouér during the concentric

L B G R o i R R

phase has generally been attrlbuteu to the otoragé of mechanical

energy 1n passlve elastlc elements within the muscle. While this

1nteract10n betueen serles ela th and contracp;le cemponents

‘«4-1

el A

will undountedly #enhance _pe;formance 1t can not by itselt

s
account for all of the imcrease ;p’wqu/pbwer.

With maxlmai voluntary actlvatlon it does no+ appear . that

A AL RS S S

reflexes play a major role in the torque _response to stretch.

e 4*ww"w‘ . pagnieskers

Whlle it is p0551b1e that the true ENG response was lost in

. e

proceSSLng the :aw slgna] this additiona l nhancemeut seens to

be the result téiw a. temporary gotent¢&tibn of the contractile

machinery. Clearly with subma11mal oPeratlng l@fels the relative
g SR R

contrlbutlon of each of the above mechdnlsms may be considerably

LD
",

dlfferent. With further reseaﬁch in thlS area it may be possible

RS L
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to develop optxmal pre-stretch strategxgs for a varlety of humar
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activities,
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Appendix A: Biomechanics of Foreara Supination
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As early as the mid 19th century, investigators vere attaching
metal rods and paint brushes to the radius and ulna of cadavers
and recording the gpovements associated with pronation and
sup ination. Development of more sophisticated techniques have
simply made the kinematics more complex and confusing.

Ray et al. (1951) suggest that movement of the ulna during
supination depends on both forearm position and the rotational
axis chosen. In addition to this rotational motion Kapandji
(1970) r=2ports a certain amount of translational movement of the
ulna at both the proximal and distal radioulnpar Jjoints. Little
if any ulnar movement was observed by HMorrey and Chao (1976) or
Youm et al. (1979) with respect to the humerus while the distal
end showed a combination of flexion:extension and
abduction:adduction. These ulnar movements as well as the
rotation of the radius appear to be impaired by abnormalities at
either the radioulmar and/or humeroulnar joints (Ray et al.,
1951) .

Youm et al. (1979) feel that forearm pronation:supination
and flexion:extension of the elbow are independent motions which
do not influence one another. Darcus and Salter (1953) present
evidence from several studies which indicates that the amplitude
of pronation:supination does indeed vary with both elbow and
shoulder position. With the elbcw flexed to 90° they report
average values of 156.3° to 173.8° tor the range cof
pronation:supination. Youm et al. (1979) give values of 709 from

vertical for pronation and 85° for supination.
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The maximum isometric torques generated during
pronation:supination of the forearm also vary with shoulder,
elbow and hand position (Darcus, 1951; Salter and Darcus, 1952).
The reasons given for these differences include the degree of
shortening and mechanical advantage of the prime movers, the
extent of their <contraction, toe activation of synergistic
and/or antagonistic muscle groups. #ith supination, the greatest
torques were recorded when the shoulder was 1in the anatomical
position, the elbow flexed to 90 degrees and the hand near full
pronation.

Salter and Darcus (1952) report consideraktle variation in
both amplitude and torque between successive recordings from the
same subject. They feel this is due to slight changes in posture
and /or handle grip. With a wrist-cuff arthrometer variations
within a group were reduced by approximately 50%.

EMG studies conducted by Travill and Basmajian (1961)
suggest that wunresisted supination is initiated and gererally
maintained by the supinator muscle ({(figure Al). However during
rapid movements with the elbow flexed or forceful supination
regardless of elbow position, the biceps takes over as the
principle supinatcr muscle. The above authors found little
correlation between the various phases of supination and
activity in the brachioradialis. Sometimes referred to as the
supinator longus, it does not appear to bhe a true supinator.
There was also little activity 1in antagonist groups, most

notably pronator teres, during supination. ‘?
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Figure A1: Origin, insertion and action of Biceps brachii and

Supinator. (Redrawn from Crouch, 1976).
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While 1t is impossible to Fartition out the actual changes
in contractile component and SEC length an attempt was made to
get an estimate of the overall changes in biceps muscle length
during forearm rotation. Using isometric force-length data for
biceps from Noble (1980) and simple skeletal measurements an
increase in biceps muscle length of 0.016 cmn per degree of
pronation was calculated. Noble (1980) found the mean biceps
length (short head) of 6 subjects to be 34.25 cm with the elbow
flexed to 90°., Based on the above, stretch amplitudes of 80° and
1609 produce a 4% and 8% change in biceps length respectively.
The handle velocities used in the present study represent

stretch velocities of 3%L/sec, 7%L/sec and 10%L/sec.
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Appendix B: Average P/Po values for individual subjects.
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909-10°
Subject:CT
Vel 1. 1.209+.031
Vel 2. 1.249+.035
Vel 3. 1.264+.021
Subject:AP
Vel 1. 1.197+.036
Vel 2. 1.288+.060
Vel 3. 1.290+.084
Subject:AC
vel 1. 1.185+.066
Vel 2. 1.269+£.062
Vel 3. 1.268+.023
Subject:BC
Vel 1. 1.198+.051
Vel 2. 1.219+.082
vel 3. 1.237+.089
Subject:RB
Vel 1. 1.132+.107
Vel 2. 1.2061+.104
Vel 3. 1.2332.104

8S-6F

1709-100

1.050+.039
1.234+.027

1.242+.065

1.133+.098
1.238+.114

1.207+.115

1. 108+.063
1. 142+.075

1.186+.041

1.116£. 049
1.179+.016

1. 1221. 0484

0.938+.032

1. 099+.092

1.068+.079
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1709-909°

1. 188+ . 044
1.205¢.039
1.233+.057

1.175¢.026
1.225+£.016

1. 186+.072

1.232+.085
1.186+.041

1.349+.052

1.122+.034
1.158+.083

1.214+£.084

1.038t.021
1.085¢+.028

1.137+.063




Appendix C: Time constants for individual subjects.
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Sub ject :RB
Vel 1.
Vel 2.
Vel 3.

Isometric

Subject:CT
Vel 1.
Vel 2.
Vel 3.

Isonmetric

Subject :BC
Vel 1.
Vel 2.
Vel 3.

Isometric

Subject:AP
vel 1.
Vel 2.
Vel 3.

Isoaetric

909-10°

0.119+.038

0.476+.103

1.072+£.297
100

0.103+.018

0.285+.055

0.521+. 141

0.545+.356
100

0.066+.004

0.175£.158

0.138+.019

0.081£.029
100

0.081£.010

0.602t.154

0.330t.144

0.393+.105
100

0.063+.016

8S-8F

1709-100

0.5381.226

1. 182+.337

0.986+.232
90¢°

0.101+.019

0.648+.245

0.610+.204

0.579%.375
9900

0.071+.014

0.242+.155

0.140£.034

0.166+.077
900

0.086+.011

0.312£.133

0.430+.131

0.200+.121
30¢°

0.051x.011
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1709-909°

0.732¢.244
0.553¢. 247

1.150+.310

0.699t.253
0.337t.127

0.411t.2

0.284+.265
0.161£.062

0.169:.085

0.337+. 176
0. 358+.215

0.217+.142




Sub ject :AC
Vel 1.
Vel 2.
Vel 3.

Isometric

909-100

0.205t.123
0.705+.120
0.852+.173

1009

- 0.054+.010

8S-6F

1709-1009

0.128+.058

0.1831.065

0.684+.194
900

0.053+.013
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1709-9Q0°

1.470+. 342
181112320

1.700+.289




Appendix D: Data for repeated trials. Subject: BC.
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9s-9F

900~ 100  1709-10Q0 1700-900
vel 1. 1.220 1.108 1. 105
1.262 1.070 1.140
1.152 1.108 1.148
1.217 1.200 1.070
1.139 1.095 1. 149
vel 2. 1.200 1.189 1.220
1.349 1.162 1.077
1.243 1.200 1.061
1.149 1.167 1.188
1.155 1.175 1.242
vel 3. 1.260 1.283 1.315
1.273 | 1.221 1.210
1.262 1.315 1.158
1.292 1.146 1.234
1.233 1.2044 1.248
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