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ABSTRACT

The effects of strength training and immobilization upon neuro-
"
muscular function in man were investigated. The selected measures of
neuromuscular function were voluntary strength and a numbér of electro-
physiological measurements, including motor unit counts, motor nerve
conduction velocity, reflex potentiation, and the contracti;e properties

o™
of isometric twitch contractions.

Three kinds of experiments were conducted; First,'gubjects
" - i

participated in training and immobiii:ation expeéiments.- Training,
which consisted of maximal isometric and concentric musgleicoqgractions
and weight lifting, was performed three times per week ove; a period of
10-20 weeks. Relative disuse of selected muscle groups was achieved
by immobilizing the elbow, wrist and thumb joints in a cast for 3-6
weeks. Second, measuréments were made in sefgcted groups of athletes
(weight lifters, gymnasts, cyclilsts. sprinters; cross country skiers)
to provide cases of long term training. Third, measurements were madé

—_—

on control subjects, whose results were cogpared to those of the athletes,

T;giginq resulteq;in an increase in voluntary streng;h: As
cases of long :e;m.training,fvoluntary strength was enhanced in weight
lifters and cyclists. Immobilization resulted in a decreas; in vbluntary
sfrength.

‘

Training had no effect upon motor unit counts and the mqtor unit
counts in the weight lifters were rormal; however, the gymnasts exhibited
reduced motor unit counts in distal but not proximal muscles. It was

hypothesized that injury to the nerves at the wrist and ankles was

—a
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responsible for the Teduced motor unit counts in the gyrmnasts.  ImmpbTTi-
zation had no effect upon motor unit counts.

Neither training nor immobilization caused a chanpe in motor nerve
conduction velocity 1in relatien to the control condition; however, in
one group of subjects, there was a small though siygnificant ditffercnce
between the greater post training and the lesser post immobilization
values. Nerve conduction velocity was greater in weight lifters and
|masts than iﬁ controls.

Reflex potentiation increased following training, providing
new cvidence in support of the hypothesis that adaptation occurs within
the nervous system in response to training. In agreement with the
abo§c finding was the enhanced reflex potentiation in the weight
lif£crs. Immobilization caused -a decrcase in reflex potentiation,
indicating that the nervous system is involved in the adaptation to

relative disuse/na‘wq}l,ns to training.
- &

TN ——

Muscle (triceps suraec) twitch tension and contraction time were pgreater in
- » . ) 3 h
weight lifters than in contrels. In this same muscle, short term
training resulted in an increase in twitch half relaxation-time, These
findings represent the first report of a slowing of muscle contraction
i ~
in response to training. S
In conclusion, the present investigation provided new evidence
indicating adaptation within both the muscle and the nervous system

in response to strength training and within the nervous system in

response to immobilization.
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I. INTRODUCTION
]

Lo

N
A, General Introduction

Purpose of the Investigation

The purpose of the present investigation was to obsexve the
effects of strength training and immobilization upon neuromuscular
function in man. The measures of neuromuscular function selected

for the investigation were volunﬁary strength and a number of electro-

physiological measurements, including motor unit counts, motor
nerve conduction velocity, reflex potentiation, and the contractile
'pmp*s of isometric twitch contractions. -The basis for selecting

these measures is presented in the conclusion to the iptroduction,

-
. o

following the review of the literature.

. The term "voluntary strength" refers to the mechanical effect

.

of a maximal voluﬂtary muscle contraction. Voluntary strength may
be measured as the peak force (or torque) éeveIOped during a contraction,
or as impulse (force x time), average force (impulse/time), work
(force x displacément) and power (work/time);
The term "strength traininé" refers to the reguiar performance

of forceful muscle contractions (e.g. lifting heavy weights) in

order to increase voluntary strength. The term "immobilization"

[2 . '
in the present investigation refers to fixation (mechanically preventing

 movement at a joint) .of a joint by means of a cast. e
_

Scope of the'Investigation

w

St “

To fulfill the purpose of the investigation, three kinds of

1
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o
experimenis were conducted. First, healthy, untrained subjects

participated in training and immobilization experiments. Measurements
were made before and after immobilizition and training. Second,
measurements were made in selected groups of athletes. Weight

lifters and gymnasts received gpecial attention because these athietes
require a!high level of voluntary strength for successful performance,

The other groups of athletes included cyclists, cross country skiers

and sprinters. Third, measurements were made on healthy cortrol
ghbjects. The results in the control subjects provided a basis for
comparisdn with the groups of athletes, as well as being of interegt
by themselves. éontrol experiments were also conducted to estahli;h
the reproducibility of the measurements.

. The training and athlete experiments were complementary

to one another. A limitation of the training experiments was the

'short duration (10-20 weeks) of the training periods, while the

athletes provided cases of long term training (several years).
However, in any comparison among groups of athletes or between
athletes and controlS, thefggestion arises as to what_extent the
observed differences were due to training or genetic endowment.
The training experiments served to demonsffate.whether training could
account in part for the observed differences.

The training and imiobilization experiménté were also comple-
mentary t6 each other. The effects of training represeﬁt neuromuscular
adaptation to'greéger than normal function and the effects of immobi-

N .

lization represent adaptation to less than nommal function. Thus,

the training and immobilization conditions permitted observation

of adaptation in opposite directions from the normal condition.



- B. Review of Literature

4

Introduction

The effects of traininé and immobilization upon the morpho-
logy, biochemistry and contractile propertfes of muscle have been
the subjects of human and animal experiments for many vears. The
effects of training and immobilization upon the nervous system have
éeceived less attention, although it has long been suspected that
the nervous system plays.a role in the adaptation to st{}égth training

(e.g. DBlorme et al, 1950).

The_re are at lez;st three reasons‘fdr the sustained'popularity
of training and immobilization experiments. F;rst, these two con-
ditions, because of their opposing nature, provide an excellent model
for investigation of the funéamental process of cellular adaptation.
Seéond, the knowledge obtained about the regulation of function
in normal tissue might lead to further understanding of the résponse
'of tiésue to disease. Third, the results of these investigations
may find application in rehabilitation medicine and athletic training.

Below, the current knowledge of thé effects of strength
training and immobilizgtion Upon neuromuscular function in man and
animals will be reviewed. The review will be delimited, The effects
of endurance training will not be reviewed in detail {for refereﬁces,

see Hollozy; lgﬁi&fnd Hollozy & Booth, 1976). 1In some animal

experiments, a condition similar to strength training has been

'S
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-] the

induced by denervation or tenotomy of synergistic muscles; thus,

faining functionally intact muscle(s) is(are) subjected to

functifnal overload. The most relevant of these studies will be
reviewed. The review of the effects of immobilization will be re-
stricted primarily to investigations that have employed joint fixation.
by means of casts as the model for relative ''disuse'. Other models
have included denefvation and tenotomy. These and other models of‘
disuse have beéh'recently reviewed by McComas (1977, pp. 82-88).

Some of the difficulties of interrelating the fiﬁﬁings from experi-
ments using cast immobilization, denervatibn and tenotomy as models

for disuse have also been discussed by Booth and Kelso (1973b).

Effects of Training

Voluntary Strength
In Man '
The current methods of stmngt_ll training are isametric-exercise, weight
training and isokinetic exercise (for a“x:e‘cent review of these methods, see Laﬁb,
1978, pp.135-139) . Isometric exercise inwolves performing maximal or near maximal
isometric ‘contractions (muscle remains at the same length while producing
tension) for a few seconds. Wefght training involves raising and
lowering weights against the force of gravity. In raising ;h.e weight,'
nmscleg perform a concentric cont.raction (mus-cles shorten wh@}e
producing t;en:';ion] while in lowering the weight the muscles"p‘e_rfom
an eccentric contraction (muscles lengthen while producing t,e.nsion).
The term "isotonic" is often spplied to weight training"'exerci'se;

however, the application is incorrect. "Isotonic' means "same

tension" but the concentric and eccentric contractions of weight



lifting are rayely if ever isotonic (Astrand §& Rodahl, 1977, p. 103).
In fact, isometric contractions are more likely to be isotonic.
The term "isokinetic'" is relatively recent (Perrine,_ 1968) and means
"'same velodt)"'. An isokinetic device allows maximal concentric or

eccentric con-\f(tions to be performed at a preset constant velocity,

Theoretically, isometric contraction is a special case of isokinetic

,\contraction, in which the velocity is zero. It is not intended

here to discuss the relative merits of the different methods of

strength training; however this subject has been reviewed by Clarke

(1973) and Rasch (1974).

Regardless of the method of training, two general principles

of strength training are applied. First, the training should involve

muscle contractions of maximal or near maximal force -(Muller, 197). In isometric
and isokinetic training, maximal or near maximal mscle contractions are performed,
.In weight training, weights are selected which permit the performance of a few
repetitioné (consecutive 1ifts) only before fatigue occurs. This:
approach to weight training has beery called heavy resistance, low
repetition exercise, while endurance may be trained by performing
low resistance, high repetition exercise (Delorme, 1945} . The second
principle of ‘training is progression. As streﬁgth increases, the training
load must be progressively increased (Hellebrand &Houtz, 1956). In isometric and
isokinetic training, progression is achieved automatically as the -
trainee continues to perform maximal ﬁoluntary contractions during
the course of trainiﬂg. In weight training, progression is achieved
by lifting progressively heavief weights as strength inc.reases.

It is well documented that strength training does in fact

significantly increase voluntary strength. Isometric training (e.g.



Darcus & Salter, 1955; Grimby et al, 1973a,b; Hettinger § Muller,

1953; Xomi & Buskirk, 1972; Mathews & Kruse, 1957; Muller, 1962

?

1970), isokinetic training (e.g. Komi § Buskirk, 1972; Mannheimer,

1969; Moffroid & Whipple, 1970;: Moffroid et al, 1969; Pipes and Wilmore

]

1973; Thistle et al, 1967) and weight training (e.g. éerger, 1960;
Delorme et al, 1952; Pipes § Wilmore, 19%5; Rasch § Morehouse, 1957;
Stromme et al, 1974; Tanner, 1952; Thorstennson et al, 1976b; Wilmore,
1974) have all proven effective for increasing voluntary 5trength.
Generally, strength incregses by a few per cent per week fo., the
first several weeks of training (Clarke, 1973; Muller, 1962, 1970).
The most common training response‘fs one of a gradually decreasing
r§te of strengﬁh increaSe-(Berger, 1960; Gray, 1966; Muller, 1962,
_fﬁgfé). When the same training programme is administered to-a group
of subjects, the individual variation in response is large (Berger,
1960; Brown § Wilmore, 1974; Craikes, 1957; Gray, 1966; Mathews &
Kruse, 1957; Jones, 1966; Rose et al, 1957), For.example, Berger
(1960) found a range in the individual training increase from 12-48¥\
after weight training while Jones (1966) observed a range of -8%
to 129% in the individual isometric training increase. It has also
been observed that the response to training variesain different

muscle groups and that the variation is due in part to the variation

in the initial strength of the muscle groups, expressed as aproportion

of the maximum attainable strength (Hettinger § Muller, 1953; Muller, 1962).

In Animals 3 AR

N
It is more difficult to gain the co-operation of animals in

voluntary strength training experiments; nevertheless, an increase
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in weight lifting performance by trainiﬂg has been demonstrated in
the rat (Gordon 22_323n1967b), mouse (Goldspink, 1964), hamster (Gold-
spink & Howells, 1974), cat (Gonyea & Ericson, 1976) and the Lesser

. Bushbaby (Edgerton, 1976). An increase in strength by isometric

training has been demonstratedin the rat (Exner et al, 1973 a, b).
S | ’
i Muscle ' ]

1. Contractile Properties

In Man
The term '‘contractile propefties" refers to the twitch tension,
tetanic tension, contraction‘time, half relaxation time and rate of
. - tension development of muscle contgactions (usually isometrié) evoked
by artificial nerve stimulation rather than voluntary control. Liberson
& Asa (1959) observed the effect of twelve weeks of isometric and
weight training upon the twifch tension of the hypothenar muscles
(i.e. abduction of the fifth digit). Training caused a 60% increase
J
“in twitch tension and a’150% increase in voluntary strength. No
other contractile properties were investigated. These authors inter-
preted the difference in training increase between twitch tensién_
and voluntary strength as indicating that extramuscular adaptation to
’ training occurfed. Howgver, the observed differeqce might have béen
smallef if tetanic rather than twitch tension had been measured
(sée below). To the author's knowledge, ;his is the only investigation

.
that has observed the effects of strength training upon the contractile

properties of human muscle. .

In Animals - ' e

(1) Twitch and Tetanic Tension.” Twitch tension has been shown



.

. to increase in the flexor carpi radialis and palmaris longus of the
cat (Gonyea & Bonde-Petersen, 1978] but to remain unchanged in-the
gastrocnemius of the Lesser Bushbaby (Edgerton, 1976) after weight

. training. In both of.these studies, there was a significant increase

in tetanic tension. Isometric training reéulted in an increase in
tetanic tension of.rectus femoris but not soleus of the rat (Exmer
et al, 1973a, b). In contrast _,‘Bndurance training apparently does not affect
twitch or tetanic tension (Bama et al, 1970; Edgerton et al, 1972). !

“The -findings of Edgerton (1976) are of interest, for they show

that training intense enough to cause a significant increase in

tetanic” tension failed to cause a significant-increase in twitch

L3 —

. v . . .
tension:” These results encourage e Interpretation that tetanic
- v g Ip .

¢reased \E\\\\

contractile strength in muscle after training. ///
R .

tensdon is a more sensitive indicator than twitch tension of i

-

A model that has been used to simulate strength t aining

~

consists of overloading a muscle by'functicnal{x_eliminating its
synergist(s). Twitch tensiofi (Binkhorst & van't de, 1973) and ;

tetanic tgnéion (Binkhorst, 1969; Binkhorstfﬁ/ian't Hof, 1973;

Vfi—fipge, 1962) ingcreased in rat plantaris'following denervation of
’ \\‘~>synéfgists. Tenotomy of synergists resulted in an increase in twitch
and tetanic tension in the sgé%us of the cat (Jewell § Zaimisg

‘Q:: 1954) and an increase in the tetanic tension of mouse soleus (Rowe, ‘
1969) . : e
e

(2} Contraction Time, Half Relaxation Time and Rate of Tension

Development. Gonyea & Bonde-Petersen (1978) observed an.increase in
twitch contraction and half relaxation time éng a decreasq in rate of

tetanic tension development in the flexor carpi radialis/and palmaris.

. o o
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longus of the cat after weight t.raining,,vwhiie Edgerton (1976)
| observed no significant chaﬁges in th&;e-measures in the gastrocnemius
of the Lesser Bushbaby after helght training. It has been suggested
that the dlff&I‘E)‘lCE in results be tween these two investigations may
be related to a difference in the intensity or duration of tra.mmg
(Gonyea & Bonde- Petersen 1978Y. Exner gt al (1973a) found an increase
in twitch contraction t1me in soleus and a decrease in contractlon
\ time in Tectus femor:.s of the female rat after 1sometr1c training;
in the male rat, the same training programne had no effect on ‘these
fmeasures (Exner M, 1973b) .
The overloading of a -muscle by’ functional eliminatiori'
(denervation, tenotomy, exc:.smn) of synesglsts has resulted in an '
increased twitch contraction time in both fast (Gutmann et al, 1969 1970, 1971;

)

Gutmann & Hajek, 1971; Vrbova 1963) and slow {Gutmann et et al, 1971; Rowe, 1969) muscles.

Overloadmg muscles of one linb by de: afferenting (severance and removal of dorsal
d roots) the contra;_lateral limb resulted in QQ_mcreased contraction time of the ovwer-
loaded muscles in the cat (Olson § Swett, 1969). On the other hand Binkhorst (1969)
| and Bmkhorst & van' ? Hof (197)) observed no change in congraction
r -G‘ time. in rat pllantans after denervatzoﬁ of synergists,

B

X Half relaxat:.on time has been shown to incresse in fast )
, (Gdpann § Hajek, 1971 Gutmann et al, 1970, '1971) and slow (Gutmann
et al, 1971) muscles after functional elimination of synergists
Bamard et al (1870) and Edgerton et al (1972) found no change
,}\ ‘twitch oontractlon or half relaxatmn time after endurance tralm.ng'
Kln the guineg p].g and Lesser Bushbaby :espectlvely, @116 Gutmann &

Hajek (1971) observed a decrease in contraction and half relaxatlon time

-
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«~ in the rat after intensive swimming exercises

2: Muscle Size :
In Man - ' ////ﬂ::/
_ -~

In human strength tr%?;ing,experiments, changes in gross
muscle size have usually been ;easured as changes in limb girth. An.
increase in voluntary strength after strength training has often been
accompanied by an 1ncrease in limb gf&th (Barney ﬁ Bangerter, 1961;
Delorme et al, 1952; Hettinger § Muller, 1953; MacDougall et al,.
1977b; McMorris § Elkins, 1954; Marley, 1962; Meyers, 1967; 0'Shea,
1966; Pencek, 1966; Pipes & Wilmore, 1975;Rasch § Morehousé, 1957;
Stromme et al, 1974; Tanner, 1952; Ward, 1963; Wilmore, 1974),
However, increases in_voluntary strength without significant increases
in limb girth have also been reporfed (Libersoq & Asa, 1959; Penman,
1970; Rose et al, 1957; Tamer, 1952; Thorstensson et al, 1976b;
Wilmore, 1974),

Apparently, it is more difficult fO‘develop muscle size in
the legs and especially the calves than ifi the arms (Delome et al,
1952; Fahey § Brown, 1973; Pipes & Wilmore, 1975; Stromme et al,
1974} Tanner, 1952; Ward, 1963; Wilmore, 1974). The experimental
.results cited are in agreemenf with the ‘-empirical observations of

.body building authorities (Fallon & Saunders, 1960, p. 91; Franz,
1969, p. 16; Kirkley, 1963, p. 36; O'Shea, 1976, p. 58; Rader,
1956, p. 26 Rasch, 1975, p. 44; Richford, 1968, p. 21; Steiner,
1974, p. 67). z

It-is interesting to note that body buiiders prefer weight

training over isometric training for increasing muscle size; in fact,




they usually avoid isometric training (Gordon et al, 1967c; MacQueen,
1954, Richford, 1966,'p. 9)? There is some experimental evidence
to support this custom (Marley, 1962; Riﬁgh& Morehouse, 1957; War&;m
\\‘/lesﬁs). The ;voidance of isometric exercise by the most earnest and
successful body builders may be surprising to those(including muscle
physiologists) who have been exposed to 'Charles Atlas" and '"Bullworker"
\\\hgﬂvertisements. The misconception is due-in part to the fact that -
some success{Pl weight trained body builders sell their services to
¢ advertisers of isometric training équipmentf
Also of interest is the distinction which body builders and
compéfitive weight 1ifte£§ make between weight training for strength
énd weight training for muscle size. Thus, competitive weight lifte
use€ very heavy weights in gets of ;ery low (1-3) repetitions, while.
body buiiders use lighter weights in many ;ets of higher (6-10
or more) repetitions (Homola, 1968, p. 17; kirkley, 1963, p. 11;
Lamb, 1978, p. 151; MacQueen, 1954; Rasch, 1975, p. 2; Richford,
1966, p. 16). '
In summary, there is evidence th;t in some cases, increased
voluntary strength after t:aining is ass&ciated.with an increasq
in ﬁuscle size. Presumably, the incre;se in muscle size is the result

of anatomical changes in the muscle that could account in part for
. - o

the incfease in volyntary strength” (see below).
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”ﬂ\\\in=Animals

In animal experiments, chamges in gross muscle size after training
have usually been measured as changes in muscle weight. Weight training
has caused an increase in muscle weight in the cat (Gonyea & Bonde-
Petersen, 1978; Gonyea § Eric;on, 1876; Gonyea et al, 1977) and the
Lesser Bushbaby (Edgert&ﬁ, 1976) but no increase in muscle weight in
the mouse (Goldspink, 1964) or-rat (Gordon et al, 1967b). The increase
in muscle weight has been assoéiated with an increase¢(Gonyea & Bonde-
Petersen, .978) and no change (Edgerton, 1976) in twitch tension,

’
an increase in tetanic tension (Edgerton, 1976; Gonyea § Bonde-Petersen,
1978), and an increase EGonyea & ﬁonde-Petersen, 1978} and no change
(Edgerton, 1976) in contraction and half relaxation time. -

In contrast, endurance training does not increase muscle weight
in the guinea pig (Bamard et al, 1970}, Lesser Bushbaby (Edgerton
et al, 1972) and rat (Gordon, et al, 1967a); nor is there any change
in contractile\gxoperties (Barnard et al, 1970; Edgerton et al, 1972).

There are other training studies which are difficult to_clasgify
as-involving strictly endurance or strength training., Staudte et al
(1973) found that "sprint" training in the rat resulted in no change
in ﬁeight of soleus and rﬁctus femoris; in both muscles, there Qas an
increase in tetanic tension, and in soleus there was a decrease in
contraction time. This latter“finding was in cohtrast.ﬁq the increase
in soleus contraction time found after isometric training (Exner et al,
1973a). Seiden (1976) observed an increase in the weight of extensor
digitorum longus (EDL) of the rat after swimming exercise. Gutmann

& Hajek (1971) found no chanEb in the weight of rat EDL and soleus

.after swimming exercise; however, there was a decrease in contraction time.




In summary, if the strength tralnlng model in the cat (Gonyea
& Ericson, 1976) were taken as the most sutcessful and if the studies A
by Barnard et L et al (1970) and Edgerton et et al (1972) were taken as representatlve
of definite endurance training, then it can be concluded that strength
training results in ap increase in muscle size and strength and an increase
in contraction and half relaxation time while endurance training causes
no change in these measures. Training which falls between these extremes.
produces variabie results,

‘ An experimental model that has been asscciated with strength
'tralnlng (Goldberg et al, 1975) is the model often referred to as "com-
pensatory hypertrophy” (e.g. Gutmann et_al, 1570; Mackova & Hnik, 1971)

In this model, an increase in the weight of a muscle is induced by func-
tionally eliminating its synerglst(s) (Binkhorst, 1969; Binkhorst &

an'®Hof, 1973; ;Goldberg, 1967; Goldberg et_al, 1975; Gutmann § Hajek,
1971; Gutmann et al, 1969, 19?0, 1971; Ianuzzo § Chen, 1978; L°5°h.E£_E£
1968; Mackova § Hnik, 1971, 1973; Reitsma, 1969; Rowe, 1969; Rowe and
Goldspink, 1968; Séiden, 1976; van Linge, 1962). The increase in weight
has been associated with an increase in tetanic tens1on (Binkhorst, 1989;
Binkhorst § van't Hof, 1973; Rowe, '1969; van Linge, 1962), a decrease
in tetanic tension (Gutmann et al, 1969), an increase in cohtraction
time.(Gutmann et al, 1969, 1970, 1971; Gutmann & Hajek, 1971) and no
change in contraction time (Binkhorst, 1969; Blnkhorst and van' t Hof,
1973},

The increased muscle weight, tetanic tension and contraction time

-reported severa.l times using the "compensatory hypertrophy" (H) model

are also found after strength training; however, reservations have been
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" expressed about the suitability of the (H model as a model for "excessive

use' or training (Edgerton et al, 1972; Gonyea § Ericson, 1976; Gutmann

et al, 1971}. A principal resérvation has arisen from the observation

that CH can be "induced in a denervated muscle (Gutmann et al, 1969;

Schiaffino & Hanzlikova, 1970; Sola et al, 1973). These and other experi-

ments have led to the conclusion that (H is largely the result of passive
ténsion developed within the muscle from being stretched by antagonists
(Gutmann et al, 1969, 1971; Mackova & Hnik, 1970, 1971, 1973).

In confrast, the increased muscle size resulting from strength
training is probably related to the high level of actively developed
Fensibn within the muscle during streﬂgth exercise. Thus, in endurance
training, in which relatively weak contractions are repeated many times,
there is little or no increase in muscle size.

In summary, bofh active (as in strength.training) and passive
(as in (H) tension can tause an increase in muscle size, tetanic tension
and‘contfaction time, Under_normal physiological conditions, active

tension is probably the dominant factor (Goldberg et al, 1975).

3. Muscle Filyres

prertrophy
In Man. An increase in muscle fibre cross-sectional drea (hyper-
trophy) has occurred in an arm muscle (long'heaq of triceps, Mac Dougall
et al, 1977a) but.notdin a leg muscie (vastus lateralis;'Penmgn, 1970;
Thorstensson éz_éi,_1976b) as a result of strength training. In all
three of these investigations, there was a2 significant increase in

voluntary strength but an increase in limb girth occurred only in the

"arm'" study. ''Sprint" training resulted in increased voluntary strength
, ) .

-
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and thigh girth but no change in fibr-e area in vastus lateralis (Thorstensson
et al, 1975)}. The apparent contradiction between increased thi.gh girth
but no increase in muscle fibre size would be resolved if hypertrophy
'occurredlin other thigh muscles; it is known that vastus lateralis 1is
used less in running than in, for example, cyeling (Golln'ick et al,
1973a). The greater trainability of the arm muscles than the leg muscles

has been dlscussed above in relation to changes in muscle size.

Strength training causes hypertrophy of both fast twitch (FT)
and slow twitch (ST) muscle fibres (MacDougall et al, 1977a) although
hypertrophy occurs to a greater extent in FT fibres (MacDougalll et al,
1977a; Thorstensson et al, 1976b). In contrast, endurance training has been
shown to cause hypertrophy of slow twitch fibres only (Gollnick et al, 19733) .

These results of strength tnainin:g experiments suggest that
strength exercise mcmits both FT and ST motor units whereas endurance
exercise recruits preferentially the slow twitch motor units. Support
for the suggestion comes from muscle glycogen depletmn studies in man
(glycogen depletion of a musele fibre indicates recrultment) Long Flistance
running (Costill Ea_l, 1973), cycling'at workloads corresponding to a
small percentage of maximal oxygen uptake (Gollnick et al, 1974b) and
sustained isometric contractions at less than 20% of maximal .voluntary
contraction (MVC) (Gollnick etlal, 1974a) cause glycogen depletion primarily -
from ST fibres. In contrast, cycl;mg at work loads corresponding #o a high percentage
(100% ormore) of maximal aerobic power (Gollnick et etal, 1973, 1974b) anﬁperformng

3 maximal isokinetic concentric contractions (Thorstensson § Karlsson, 1}576) cause glycogen
» depletion fromboth FT and ST fibres. In sustained'ieanetric cmtractions at great;r

than 20% MVC, FT fibres are depleted of glycogen (Gollnick et al, 1974a).

Also supportive are the results of electmmyogfaphic experiments

Fa
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in man. Low threshold motor units %ctive during muscle contractions
of low force (as in endurance training) are characterized by their
small size, as indicated by motor ﬁnit potential amplitude (Gydikov
and Kasarov, 1974; Person and Kudina, 1972; SFephens and Usherwood,
1975) andrtwitch tension (Milner—Brown et al, 197:) These small

low threshold motor un1ts possess a low maximal firing rate (Hanner:,
1974), a continuous flrlng pattern (Grimby and Hannerz, 1977; Hanner:z,
1974; Warmolts &VEngel, 1972), a high resistance to-fatigue (Grimby

& Hannerz, 1977; Gydikov § Kasarév, 1974, Hannerz, 1974; Stephens

& Usherwood, 1975) and a long twitcﬁ contraction time (Miiner-Brown
et al, 1973). These studies suggest that the low threshold motor
,units are slow twitch motor units;. further, Yarmolts § Engel (1952)

by combining electromyography and histochemistry with an open biopsy-
method demonstrated that the muscle fibres of low threshold, continuous
flrlng, fatlgue resistant motor units possessed the histochemical
properties of slow twitch fibres. In contrast, the high threshold
motor units recrulted only durlng maximal Or near maximal contractlons
(as in strength tralnlng) are larger, have a higher maximal firing
rate, fire intermittently, are less fatigue resistant, have a shérter
twitch contraction time and possess the hlstochemlcal properties of
FT fibres (for references, see correspond;ng character15t1cs of low

- threshold motor units). S . ' _ "

The reason for the greater 'hypertrophy of FT relatlve to ST
fibres after strength training is not known. Presumablyt slow twitch
motor units are contracting maximally during strength e#ercise (see
above). ,Pprhaps the FT fibres have greater potential for increasing

size or are less "trained" prior to strength training. In this regard

\

-
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Ashworth et al (1967) suggested that (strength) training is concerned =
with the high threshold motor units and referred to the popular use
of heavy weights in training in ora9r to exercise these otherwise

‘inactive motor units.
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‘ In Animals. Weight lifting exercise has caused an increase
in musele fibre size (diameter or cross-sectional area) in the mou;F
(Goldspink, 1964), hamster (Goldspink § Howells, 1974), rat (Gordon
et al, 1967b), Lesser Bushbaby (Edgerton, 1976) and cat (Gonyea §
Ericson, 1976). The increased mu#cle fibre size has been associated
wi;h-an iﬁcreaSe (Edgerton, 1976; Gonyea § Ericson, 3976) and no cﬁange
(Goldspink, 1964% Gordon et ‘al, 1967b) in muscle weight. When the -
training has not produced an increase in muséle weight, it has been
suggested fhaf the training has not been of sufficient intensity or
duratioﬁ (Gonyea & Ericson, 1976)._

In a non-huinan primate (Lesser Bushbaby), it was shown that
weight training caused hypertrophy of fast twitch giycolytic (FGQ),
fast twitch oxidative glycolytic (FOG) and slow twitch oxidative
(S0) muscle fibres (for a discussion of muscle fibre typing, see
Burke & Edgerton, 1975 and McComas, 1977, pp. 57-62),'but the hyper-
tiophy was greater in FG and FOG fibres; endurance training cause&
gregter hypertrophy of FOG and SO fibres (édgerton, 1976). Gonyea
E;?zir(1976) found that weight training in the cat caused hypertrophy_
of all fibre types although hypertrophy-was greatest in the FG and
FOG fibres, These authors also suggested that.in studies where training
had caused hypertrophy of only the initially‘sméli‘muscle fibres
(Goldspink, 1964; Goldspink & Howells, 19743}, tpe training had not

“been intensevenough. Gordon et al (1967b) observed that weight lifting
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exercise caused greatest hypertrophy in fast twitch fibres, while

endurance exercise (running and swimming) caused hypertrophy of both

-slow twitch and fast twitch fibres in the rat.

In summary, the effect of strength training upon mscle fibre
size is similar in animals and man (see above); namely, strength training
causes hypertrophy of all fibre types but the effect i§ greatest upon
fast twitch (FG, FOG) muscle fibres. Endﬁrapce training has a relatively
greater effect upon SO and FOG muscle fibres. The results of training
in both man and animals suggest that in strength exercise all fibre
types are recruited, while in endurance exercise SO and FOG fibres
are selectively recruited. Supportive evidence for this suggestion
in man has been discussed above. In animals, evidence in favour of
this suggestion has been reviewed by Henneman § Olson (1965) and
Burke & Edgerton (1975). |

Functional elimination of synergists (compensatory hypertrophy
model, CH) has resulted in an increase in muscle fibre size and in
muscle weight in the overloaded muscles of the rat (Goldberg, 1965;
Gutmann et al, 1971; Seiden, 1976) and mouse kRowe, 1969) . When
was combined with running exercise, similar results were obtained
(Reitsma, 1969; Van Linge, 1962). Gutmann et al (1971) observed
hypertrophy of both FT and ST fibres in rat soleus in CH. ‘Thus, the
results obtained with (i were similar to those obtained with strength

training in respect to muscle fiéie size.

Fibre Number

In Man. There have been no reports of an increase in musclé

fibre number within a muscle in man following strengtﬂ\szfping.
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However, muscle fibre splitting has been obseryed in muscular dystrephy
(Erb, 1891, cited by MéComas, 1977) and in the hypertrophied redtus
abdoﬁinis of a pregnant woman (Durante, 1902, cited by Reitsma, 1969).
Recent unpublished observations in body builders (Elder, G.,
Ma;Dougall, J. D. and Sale, D.-ETI are of interest, for they showed
that while the body buildeés pos;egt gréatly enlarged triceps brachii
muscles, analysis of muscle biopsy samples indicated that muscle fibre
area was not significantly greater than in young men who had weight
trained for a short period of time and in whom the triceps muscles
ﬁad not become greatly enlarged. Thus, muscle fibre area.could,not
account wholly for the massive triceps muscles of the body builders.
One possible interpretation of the results is that prolonged, intense
training induced an increase in fibre number as wéll-as size; these
changes have been demonstrated recently in an animal (see below).
Another interpret;tion is that the body bﬁilders were born with a greater

than average number of muscle fibres.

In Animals. An increase in muscle fibre number and fibre
splitting without degenerative changes has been demonstrated in muscles
of the cat after weight training (Gonyea et al, 1976). Goldspink
& Howells (1974) did not find fibre splitting following weight 1ifting
exercise in the hamster.
| Fibre splitting has been induced using the~(H modef in the rat
(Hall-Craggs, 1970) and mouse (Rowe § Géldspin;fﬁ:;ZA). A combination
of functional eliminati;n of synergists and running has also induced
fibre splitting in the rat (Reitsma, 1969 Van Linge, 1962).. When

the CH model has been used, fibre splitting has often been associated

with instances of fibre degeneration (Hall-Craggs, 1970; Reitsma,



1969; Van Linge, 1962) and it has been suggesbted that fibre splitting
1s a response to injury (Hall-Craggs, 1970). However, as noted above,
strength training has induced fibre splitting without evidence of
degeneration (Gonyea et al, 1976). This latter finding suggests that
fibre splitting may be a normal adaptive response to functional overload
in the form of strength training.

Sola et al (1973) obtained beth hypertrophy and hyperplasia
(increased fibre ﬁumber) of mus¢le fibres in the anterior latis_»simus
dorsi muscle of the chicken in response to stretch of the muscle
(weights were attached to the w'ing)'. The amount of hypertrophy and

. hyperplasiawas proportional to the degree of stretch. Of pafticular
interest was the finding that the response occurred in both innervated

—t

and denervated muscle.

Fibre Type Distributicn
In Man, Studies of endurance training (Gollnick et al, 1973a),
"sprint" training "(Thorstensson et al, 1975)"\:{1 strength training _\
(MacDougall et al, 1977a; Thorstensson et al, 19>6b) have failed to
show changes in the percentages of FT and ST muscle fibres within
the trained muscles.- However, a conversion of FG to FOG fibres héls

,been demonstrated following endurance training (Andersen § Henriksson,

1977).

In Animals. Strength training (weight lifting) has caused
an increase in the percentage of FG fibres and no change in the percentage
of SO fibres in the palmaris longus of the cat (Gonyea § Bonde-Petersen,
1978); there were no changes in the flexor carpi radialis of the, cat

& .
{Gonyea gt 'al, 1976). Endurance training has caused an increase
&

F1l
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in the percentage of FOG fibres and no cﬁange in the percentage of SO fibres
in the Lesser Bushbaby (Edgerton et al, 1972) and the gunea pig (Barnard et al,

1971; Pe.ter et al, 1972). ‘The unchanged percentage of SO fibres after endur-

ance training was associated with no change in muscle twitch contraction time
{(Bamard et al, 1971; Edgerton et al, 1972; Peter et al, 1972) while the un-
changed percentage of SO fibres following strength training was associated with
an increase in contraction time (Gonyezfr & Bonde-Petersen, 1978; Gonyea et al,
1976). Thus, in -these experiments, there is mn apparent lack of correlation
between changes in fibre type distribution and contraction speed.

In contrast to the effect of strength training, functional elimination of
synergists (CH) resulted in an increase in the percentage OJ S0 fibres within ‘
the affected muscle (raw plantarls, Lanuzzo § Chen, 1978); however, a similar
experiment performed on a muscle already predominately slow in natu're (rat soleus)
resulted in no change in the percentage of a SO fibres {Gutmann et al, 1971},
Emploving a different medel (rmobili:ingene hind limb), ~ the consequent overload-
ing of the contralateral limb resultedin an increasein the percentage of type I
(S0} fibres within ra¥ soleus (Eisen et et al, 1973). Thus, the effect of muscle
overloading upon fibre type distribution may depend upon the nature, degree and
duration of the overload and upon the initial fibre type distribution of the muscle.

» R

In summary, the results of training studies in both man and anfmals suggest
that neither endurance nor strength training cause a change in the percentage of
S0 fibré within the trained muscle however, endurance and strength training

r

may result in an 1n§re&se and dacrease Tespectively in the percentage of FOG fibres.

PR

4. Myofibrils and Myofilaments

“In Man
Strength tra.ininghas resultedin an increase in the cross-sectional areaof

uyof1br115 inbrachial tnceps further, an increase in the numberof myofibrils in

the process ofspllttmg was observed. 'I'here was no change in the volume density o

myofibrils within the n'uscle fibre. There wasno change in the packing density of ofilaments

1



within the myofibrils; therefore, the increased myofibril nugber andsize was

. . . \
associated with an increase in the total number of myofilaments {MacDougall

et al, 1976, 19782/ ‘ : ﬂ/
: . ‘ ot < f’/\

In Animals

Weight lifting exercise resulted in an increase in the number
of mycfibrils in mouse biceps muscle (Goldspink, 1964). Myofibrils

-

increased to a certain size and then split (Goldspink, 1970). Functional

elimination of 'synergists also caused an increase in the number and size 0

of myofibrils in mouse soleus muscle (Rowe, 1969). However, endurance -
training (running) failed to.cause‘gh increase in the number of myo-
fibrils in rat muscle although there was a trend toward more myofibrils

at the ends of-the muscle (Holmes § Rasch, 1958). -
The increased number and size of myofibrils and thus the increased ¢
number of myofilaments would. account for. the increased contractile

Force of strength-trained muscle.

5. Biochemistry

By
. - Protein Synehesis and Degradation
i In Animals. The increased muscle mass and associated increased

muscle fibre size and number, increased myof1br11 size and number and

1ncreas%} numbe T of myofilaments followlng strquth training indicates

that training causes an increase in the protein content of the trained

muscle. The increased protein content could be the result of increased

protein synthesis and/or decreased protein gggradation within the muscle,
: v

The effects of increased muscle function upon protein synthesis agﬂ'

degradatlon has been recently reviewed by Goldberg et al (1975).

;o -

e — - -~ e e -
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P Emﬁloying the compen;au_tory hypertrophy model in rat muscle, muscle

* ., growth has been associated with increased aminc acid transport, increased

protein synthesis and decreased\‘protein degradation. It has-also been
- :

demonstrated that the muscle growth is associated with increased DNA

and RNA synthesis. In contrast to developmental muscle growth this

~ "work" hypertrophy can occur in the absence of growth hormone and

€  insulin and during starvatidh. Tension 'deve_loped within-the muscle
stimulates increased a:nino\?acid' transport, for when both hemidiéphragms
of the -'i-at,werg stimulated, such that one contracted isorﬁetrically

and one-shortened agains._t‘ ,no' loa\d, amino acid transport was greater

in the fomt;;,, Passive’ stretch of a muscle will also increase protein 3

synthesis agd decrease protein degradation (Goldberg et al, 1975). .

Myofibrillar V@lasnﬁc Protein - .

K In Animals. Endurance training has been found to increase the

Y

concentration o_féarcoglasmic protein (i.e. all protein exclusive of myofibrillar ad

stromal protein}-wi e trained muscle while strength training i'ncreased the con-

centrataon of_m_fl\b/nllarpmteln (Gordon et al, 1967a, b Jaweed etal, 1974). '[hse
fm% are in agreement w:LtK/ hypothesis recently proposed by Edgerton

’ . (1976) that endurance training leads to an increase in metabolic protein

ithin tpe muscle while strengtﬁ t:;a:ining leads to an increase in
- - '
ntragtile protein. .
Seiden (1976) observed ‘a decrease in myofibrillar volume density

\)

increase in mitochondrial volume ~density in compensatory hyper-
w‘le .sw1mm1ng exercise resulted in no change in these two measures

/ 1Fli\::mder (1961) found an mcrease in myoflbnllar proteln concentration

after running exercise and an increase in sarcoplasmic protein concentration

after inactivity,




i

2
In Man. Strength training has resulted in a decrease in the mitochon-

drial volume density of triceps brachii (MacDougall et et al, 1978).

Thus, the results of experiments in. animals and man suggest A spec1fic1ty
of tralnlng response; namely, strength tralnlng causes an increase in myo-
fibrillar protein concentration and thus increased contractile force, while

N
endurance training causes an increase in sarcoplasmic protein and thus in-
creased endurance. Some of the observed changes in.protein concentration may
have been related’to changes in fibre type distribution within the trained

muscles (as discusséd above). The apparent d11ut10n of sarc0plasm1c proteln

in strength-trained muscle could concelvably result in reduced endurance

Energy Metabolism (Substrate) = - B

In Man. Strength tralnlng has been assoc1ated Wlth increased resting
levels of a en051ne t&lphOSphate (ATP), creatine phosphate (CP and glycogen
in the traiped brachial triceps muscle (MacDougall et al, 1977b). These sub-
strates would be repeatedly used dur1ng strength exercise (MacDougall EE_El
1977b; Thorstensson et et al, 1976b) However strength training (isom
tralnlng, Grimby et al, 1973) failed to change resting levels of ATP, CP
and glycogen 1n vastus lateralls and sprint training ‘of this same muscle
failed to change restlng concentrations of ATP and CP (Thorstenssonizt_gl
1975). The absence of changes in the latter studies may be related to the
lesssttxaunabllity of the leg muscles in comparison to- the arm muscle (see
discussion of muscle size above). Endurance training has also been assotiated
‘with 1ncreased concentratlons of glycogen (Gollnick et et al,1973a), ATP (Eriksson
et al,1973; Karlsson et al, 1971 1972) and CP (Er1ksson et al, 1973)

It is difficult to mla,te the increased storage of substrate to

the incregsed contractile force which results from strength training;

however, increased'storage of CP and ATP would allow high levels of
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force to be maintained for longer periods, as suggested by MacDougall et al

(1977b)., ' . ..

Energy Metabolism (encymes)
In Man. Strength training (weight lifting) has resulted in an increased
activity level of one enzyme (myokinase) involved in anaerobic metabolism

»

but in no change in activity level in othef eniymes (magnesium stimulated
- :

ATPase; creatine phosphokinase, CPK; and phosphofructokinase, PFK) in vastus
laterali; (-Thorstensson_g‘g_al_, {976b). In this same muscle, sprin‘t training
(5s tm;;.dmill runs at high vélocity and steep inclination) resulted in
increasad aciivity .of okin\é'_tge, magnesi um stimulat\e.d ATPase and CPK but

no change'in lactate d&gdmgenase (LDH). It was suggested that a biol gical
implication of the increased enzyme activities would be to enhance ATP
| msyn:thesis for extreme muscle activities, such as sprinting (Thorstensson

et al, 1975) However, isometric strength training (a series of brief man{lal
contractions) has also resulted in an mcmased activity level of an oxidative
enzyme, ﬁxccmlc oxidase (Grimby et al, 1973), En]!}g}rance training (cycling
for one hour at a workload corresponding to 75% of maximal aerobic power) has
been shown to increase the activity level of enzymes involved in both

aerobic and anaerobic metabolism (Gollnick et al, 1973a).
_ P T

In Animals. Weight lifting training in the rat has resulted in inéreased
activity of succinic acid dehydrogenase and phosphorylase (Kowalski et al,
19%1e isometric trﬁr;_ir_xg has resulted in increased alctivity of creatine
kinase E.l'\ld citrate synthetas'e:‘('ﬁxner et al, 1973a, b) of the trained muscles.
Sprint training in the rat gs\ul d in increased activity levels of hexokipase,
citrate synthetase, glycogen pho hoxylase ‘triose phosphate dehydmgenase
and creatine kinase in the trained muscles (Staudte et al, 1973). Thus, high
intensity training affects the activity level-of énzymes involved in both

L}
aeroblc/a{d anaercbic metabolism.

- -

—
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Nervous System e

Research in Man

L
It has often been suggested that the increased voluntary strength

that occurs in man fbllbying strength training is in part a learned act,
implying that adaptation has occurred within the nervous system (BOWde=~__
Petersen, 1960; Darcus, 1956; Darcus § Salter, 1955; Delorme et al,
1950; Rose EE;EL' 1957; Ward § Fisk, 1964). It has been postulated
that the trained indivi&;al has learned to activate more motor units
(Darcus, 1956; Lundervold, 1951; Thorsténssqn et al, 1976b) and to
eliminate unnecessary muscle activity (Lundervold. 1951). Several
kinds of experimental evidence support the hypothesis that adaptation
occurs within the nervous system during strength training. The evidence

' i; enumerated below.

Y.

h

1. Rapid Inmitial Increasbs in Strength

The initial iﬁcreasek\in'strength in a training programme are
very rapid and itfis uglignéy;that muscle hypertrophy could account
for these initial increases (Hellebrandt § Houtz, 1956j. In fact,
improvement in strength has been demonstrated within the first-training

session (Whitley § Elliott, 1968) .

2. Increased Strength Without“Hypértruphy

Increased voluntary strength has occurred after fraining without
an increase in gross muscle size (Liberson § Asa, 19 9; Penman, 1970;
Rose et al, 1957; Tanner, 1952:'Thorst¢nss§n gz;igrtj976b; Ward & Fisk,
1964) or muscle fibre size (Penman, 1970;_jhorstensson et al, 1976b).

One possible interpretation of these findings is that adaptation within



: L. Lt
the nervous system accounted for a large portion of the increased

strength.

5. Specificity of Training

ﬁhen the same apparatus_islﬁsed.for both training and testing,
¥ L}

the measured increases in strength, are greater than when different

apparatus is used for training and testing (Bonde-Petersen, 1960; -

Leister, 1865). Thorstensson et et al (1976b) observed that eight weeks

of weight tralnlng increased weight lifting strength by 67% but strength

measured on an 1sqmetric dynamometer increased by ‘only 13%. Hellebrandt

et al (1947) found that ankisomeiric strengfh test failed to indicate

an increase in strengthalthoﬁghweight lifting strength greatly improved

after weight training. Following weight training programmes, voluntary

strength measured by weight lifting increased signiéicantly, while

strength measured on an isokinetic dynamometer.did not increase (Fahey

§ Brown;y1973; Pipes & Wilmore, 1975j. If 1ncreased voluntary strength

with training were only the result of changes within the muscles, various

. methods of - ‘measuring strength should give simiMar results. That this

is not the case suggests that the nervous system is involved in the

training response. ‘ -

4, Cross-training

Training‘of'one limb is associated with significant increases
in strength of the contralateral untrained 11nb (Coleman, 1969; Darcus
& Salter 1955; Hellebrandt et et al, 1947; Mathews et _al, 1956; Rasch
& Morehouse, 1957 Slater-Hammel, 1950; Wagnar, 1970). .The effects of

skill training can aiso be transferred in thls manner (Hellebrandt

»

\3



1951). These findings suggest that adaptation within the nep{ous system
N :

occurs during training. It has been demonstrated that unilateral

strdngth edercise evokes motor umit activity in the contralateral

regg &t al, 1957; Moore, 1975; Sills & Olson, 1958; Stish, 1958);
however, the amount of recorded activity (EMG) was not large and it is
SN

probable that little adaptation would occur within the muscle in this

situation.
»

]

.
-

5. Unilateral vs. Bilateral Strengt Performance

Untrznzined subjects performing a bilateral leg strength test
are not capable of matching the sum of the forces produced by the legs
performing singly, and it has been suggested that fibre recruitment is
“restricted in bilateral compared to unikateral lég exercise (Secher
et al, 1977). further, trained individuals are able, in theirbilateral per-
formance, to match the sumof separate left and right unilateral performances,
(;Secher, 1975; Tesch § Karlssdn, 1978) . Ithas been suggested thatwith training there

is an increased ability to recruit mtor m}ts during bilateral leg exercise (Tesch &
i(arlsson, 1978). : . “

6. Disinhibition

According to Darcus (1956), the improvement in muscle strength
by training may also be due to a redﬁction in inhibitory impulses ori-
ginating in the periphery (Golgi tendon organ) or passing down from
higher centres. Studies of the reticular system suggest that the effect
of training may be a reductjon of the inhibiting effect of the extra-
pyramidal system on the motoneurons (Magoun, 1959). Morehouse (1960)
and MorehouSe & Miller {1876, p. 56) have also favou;ed'the disinhibition

theory of strength development. Related\ to this theory is the finding




thai7strength performance is increased under hypnosis (Ikai & Steinhaus,
1961; Roush, 1851) except in individuals who are already highly trained
(Ikai & Steinhaus, 1961). In addition, auditory stimuli (shouting,
gunshots) just prior to stréngth trials increase:performance (Ikai §
Stéinhaus, 1961). These findings suggest that under normal conditions
most individuals are incapable of activating all motor units; however,
in wnusual circumstances or with training, individuals can activate -
more motor units, presgmably.as a result of disinhibition. Also<
relevant is the recent finding that in patients who had undergone partial
amputation of one arm, inhibition ;as significantly diminished in the
other amm (triceps), possibly as a result of ovefuse {(McComas et al,

1978} . {\’ "
N

7. -Motor Unit Synchronization

While the evidence discussed above supports the hypothesis that
the response to strength training involves the nervous system, it does
not include an actual measurement of adaptive chapge within the nervous
system. In this and the following sections the results of ‘quantitative
measurements of neural function before and after strength training are

1

presented. ,

Synchronization of motor units became more pronounced in a group
of subJects after a six week strength training programme. Further, motor
unit synchronization was enhanced in weight lifters and in subjects
1nv01ved in manual jobs which requ1red large, brief forces to be exerted
(Mllner-Brown et al, 1975). On the basis of the results of reflex

experiments (see below), these authors postulated that the increased

motor unit synchronization was caused by enhanced descending inputs to



motoneurons from supraspinal centres. B

8. Reflex Potentiation

Upton et al {1971) developed a method for measurjng the degree
to whlch motoneuron exc1tab111ty is ralsed during maximal voluntary
muscle‘contractions. The method,'hhich involves elettromyography and per-
cutaneousher;é stimulation, consists of measuring the extent to which
voluntary contraction potentiates recorded reflex responses. 'There
is a positive correlation between the'degree of voluntary effort and the
degree of reflex potentiation. .

The method was employed in a study of elite sprinters (:unnérs)
and it was found t@at the sprinterg‘p%ssessed a greater level of reflex
potentiation than a group of normal control subjécts (Upton § Radford,
1975). Reflex potentiation has also been foﬁﬁd to be enhanced in weigﬁt
lifters (Milner-Brown'gE_gl, 1975). One of these weight lifters was
investigated after a twa month lay-off from training; reflex potentiation
declined, suggesting that the previous higher level was due in part to
training and not all due to genefic endowment (however,.a six week
strength training programme with four subjects failed to cause a signi-
ficant chahge in reflex potentiation). These investigators also observed
that the enhancement was greater for the longer compared to the shorter
latencylreflexes. The decline with iractivity was also greater for the
longer latency reflexes These findings were interpreted as suggesting

\
that adaptive changes occurred in supraspinal pathways.

9. Motor Nerve Conduction Velocity

Burke (1971} found that 12 weeks of isometfic strength training




had no effect upon ulnar motor nerve conduction velocity.

10, Reflex Time and Reaction Time

Strength training has resulted in a significant decrease in
patellar (Francis § Tipton, 1969) and triceps surae (Reid, 1967} reflex
t{me. {n the latter investigation, the decrease in monosynéptic reflex
time was 1nterpreted as indicating an 1ncrease in nerve conduction velocity,

Strength tralnlng hasng&i? resulted in sigMficant decreases
in reaction ‘time (Bates, 1967; Crowder, 1966; Michael, 196o Parker,

1960). P0551ble mechanisms underlying this flndlng would include

1ncreased nerve conduction velocity and/or faster 1ntegrat1on within

the central nervous system.

Research In Animals

There have been no studies in animals of the effects of strength
training upon the nervous system; however, the effects of endurance
traiﬁing have been-invesfigated. In addition, other models of hyperactivity‘
have been employed to study adaptive changes within the nervous system:

Some of these investigations are reviewed below.
- B ‘ N -

1. Nerve Fibre Diametefr and Conductian Velocity

Endurance exercise (running, swimming) in rodents has resulted
in,an inciease (éammeck, 1975; Samora?iki & Rol§ten, 1975), a decraase.
(Andersson § Edstrom, 1957] and no change -(Tomanek § Tipton, 1967)

" in nerve fibre diameter. The variation in the flndlngs of these studles
could be related to the variation in the intensity and duration of
training, as suggeste?ﬁﬁ?ESaﬂ;E?jski & Rolsten (1975).

W 3',/(



Partial deneuritization.(Eddé, 1949}, denervation of synergists
(Edds, 1950) and immobilization of one hind limb (Eisen et al, 1973)
have all resulted in increased diameter of nerve fibres ignervating
the overloaded muscles. ' &Ef

Sammeck (1975) observed that the increased nerve fibgé,diameter
following swimming training in the fat was associated with increased
myelin thickness (more spiral tumns of‘sheath). In view of the demon-
strated positive correlation‘between conduction velgFity and nerve
fibre‘ﬁiameter (Hursh, 1939) and myelin sheath thickngss (Sanders §
Whitteridge, 1946), -it is.tempting to speculate that an increase in
nerve conduction velocity éccurred in those studies where an increase
in nerve fibre diameter and myelin sheath thickness were found. In
fact, an increase in'nerve conduction velocity in the peripheral nerves
of Ehe rat after endurance training has been reported (Retzlaff §
Fontaine; 1965). / |

Edds (1950) had suggested that the increased nerve fibre diameter
was.dpe to increased metabolic rate in the soma of the neuron and a ”
consequent increased rate of axoplasmic flow. According to Samorajski \\\\
& Roléfen (1975), it is still un;ertain whethex nerve fibre diameter |

changes result from increased neural activity per se or from changes

S

4

in muscle mass. -

—
1

2. Synaptic Transmission.

Eccles (1953, 1958) hypothesized that use leads to an increase

- and disuse leads to a decrease in fﬁé}synaptic potency, The hypothesis

is supportéd by the evidence that monosynaptid reflex amplitude was

increased after denervation of synergists (Eccles et al, 1959,

)

N . Y
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Further, monosynaptic reflex activity was enhanced in segments of
spinal cord adjacent to those affected by dorsal root section {Eccles
& McIntyre, 1953}, According to Kandell § Spencer (1968}, however,
tﬁese experiments failed to determine whether the observed changes were
due to increased usage or pathological manifestcfions of the surgical
procedcres employed. These authors also cited the review by Sharpless
(1964), who presented evidence for the contrary view tha; decreased
synaptic usage can lead to a compenéatory increase in symaptic potency.
Given the assumption that increased usage enhances §ynaptic function within the
central nervous system, Morrell (1961) reviewcd‘\ﬂ'xelpossible anatomical correlates
which include swelling of afferent termin f} (Eccles & McIntyre, 1953)
and multiplication and branching of axon termincls (Hebb, 1949; Xonorski,
'1950). Kandel] § Spencer (1968) cited the hypothesis of Hyden (1965) wﬁ%
Leld that a partlcular pattern of 1mpulse activity caused de-repression
of DNA, Wthh led to a new messenger RNA which led to new protein forma-
tion (enzyme), whlch led to a new end-product {transmitter) which

resul

d in increased synabtic efficacy,

&ractivity has been reported to affect enzyme activity
at the romuscular junction. Endurance'training in the rat caused

.an increase in the activity of endplate and non-endplate cholinesterase .
in white vastusﬁiateralis but not in soleus or red vastusAlateralis

There was no effect upon choline acetyltransferase (Crockett et al,

1976) The overloadlng of rat plantaris muscle by functional eliminat}on

of synergists resulted in iﬁcrcased activity of both choline acetyltrans-

v

ferase and acetylcholinesterase (Snyder et-ﬁl 1973): The physiological sig-
nificance of these changes is not clear how@ﬁhr they may mediate an adapta-

tion consxstlng of increased synthesis and inactivation of acetylcholine in

response to increased endplate activity (transmitter release).
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= ' 5. Changes Within the Nerve Cell Soma

Gilliam et al (1977) reported that sprint training as opposed

Eo endurance training had a retarding effect on the growth of soma

size in the rat. Following endurance training (swimming) in,the guinea

pig, Edstrom (1957} found no change in the size of so%a or nucleus;

however, the size of the nucleolus was significantly ihcrehsed, a sign
;ﬁsf intensified protein synthesis. Edgertdn (1976) reviewed the effects

of exercise upon the soma and referred to the-ﬁork of Dolley (1909)

and Gerchman et al (1975) which demonstrated changes (e.g. enhénced acid

phosphatase activity) related to protein synthesis; howevér, as pointed

out by Edgerton (1976), these findings are difficult to relate to endurance

or strength performance.

Effects of Immobilization

Voluntary Strength

In Man
Joint immobilization in.human limbs results in a decrease in

_ _svoluntary strengtﬁ. Dietrickﬁgg_gl {1948) observed isometric strength
decreases of 13% and 21% in dorsi flexion and plantar flexion respectively
after 6.5 weeks of immobilization in leg casts in four young men. In .
one subject, liills § Byrd (1973) found a.44%‘decrease in handgrip stfength
after four weeks of immobilization in a forearm cast. Stillwell et al
(1967) applied casts to one leg of 22 young adults.for two weeks.
Knee extension'strength decreased by approximately 30%. Muller (1970)
reviewed gtudies on cast immobilization; two weeks of immobilization

resulted in an average decrease in'strength of 25-30%.
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The decrease in voluntary strength after immobilization can be

Al

attributed to relative "disuse' of the involved muscles, for whéﬁ sub-

* .
jects were instructed to perform isometric contractions regularly while
the limb was immobilized, a loss in strength was prevented (Stillwell
et al, 1967). In animal research, imhobilization in.the Lesser Bushbaby
(Edgerton et al, 1975a) and in the rat (Fischbach § Robbins, 1969)
was associated with markedly reduced but 65t abolished motor unit

activity in the immobilized muscles. Therefore, immobilization is

an effective method for inducing relative inactivity in muscle groups,

T

In Animals
To the author's knowledge, there have been no studies on the
effects of immobilization upon voluntary strength.in~animals, probably .
because of methodological difficulties related to strength measurement,
&7

» Muscle

P

1. Contractile Properties

In Man
To the author's knowledge, there have been no studies in man
on the effects of immobilization upon the contractile properties of

muscle contractions evoked by indirect nerve stimulation.

In Animals

{1) Twitch and Tetanic Tension. In contrast to strength

»

training, immobilization results in a decréase in isometric twitch
A A

tension. A decrease_in'twitch tension has been found in the gastrocnemius

of the guinea pig (Maier ef al, 1976),; the soleus, gastrocnemius and

flexor digitorum longus of the cat (Cooper, 1972) énd the soleus and

e



36 - ' ’

tibialis_antqgﬁzy of th¢ kitten (Mann & Salafsky, 1970) after immobili-
zation, Howeve?}\no significant change in twitch tension was observed

in the plantarié of the Lesser Bushbaby (Edgerton et al, 1975a) or

guinea pig soleus (Maier et al, 1976) after 'mmoﬁilization.

Similarly, there is a decrea§éwip teftanic tension following
immobilization. This has been:observ;dgin at soleus, gast; emius,\\v/ ?
and flexor digitorum longus (Cooper,_lg /)4/kittén soleus éﬁzzz
Salafsky, 1970), rat soleus (Fischbac; & Robbins, 1969; Wells, 1969)
and guinea pig gastrocnemius (Maier et al, 1976). Jdowever, no sigﬁificant =¥
change was fbﬁnd in the plantaris of the Lesser Bushbaby (Edgerton
et al, 1975a), guinea pig soleus (Maier.st—al, 1976} or kitten' tibialis
anterior (Mann § Salafsky, 1970). ' ‘ T /.

When twiﬁighand tetanié tension are expressed per uﬁit muscle
mass rather than absolutely,- immobilization results in an increase in

twitch and tetanic tension in fast muscles such as guinea pig gastrdehemius

(Maier et al, 1976), plantdris of the Lesser Bushbaby (Edgerton et al,

1975a) and rabbitﬂgastrocnémius-(Fischer & Ramsey, 1946)._,Inwadditioﬁ,
T ¢

Maier et al (1976) poilited out that the dagg,of Mann & Salafsky (1970)

indicated a similar result, for a ndn-significant increase in tetanic

tension of kitten tibialis anteriqr after immobilization was coupled

with a significant decrease in muscle weight. Related fb'these findings

was the observation by Burke et et al (1975) that fibre d1dheter was pro'///f—‘
portionately more reduced than max1mum tetanic ten51on in single FG

motor units of 1mmob11}zed cat gastrocney:us. In contrast an increase _ °
j‘in tension per unit muscle mass (specific tension) was not found in slow

guinea pig (Maier et al, 1976) or kitten (Mann & Salafsky, 1970) soleus

after immobilization.—*Tn»explaining the differencq in response between




_f\!‘?

f%iy’and slow muscles, Maier et al (1976) referred to the work of

£

-

Ii%gpek & Lund (1974) which showed greater deterioration of the comtractile

appqratus ifn the immobilized soleus as opposed to fast-twitch muscle.
chanism for the increased specific tension of fast-twitch muscle
fter immobilization is unknown (for a review of possible mechanisms,

see Maier et al, 1976). AN »

+ (2) Contraction Time and Half Relaxation Time. Immobilization

of the slow sgleus muscle in the guinea pig (Maier et al, 1976), rat .
(Booth & Kelso, 1973a; Fischbach § Robbins, 1969) and kitten (Mann §

. ‘ |
Salafsky, 1970) resulted in a decrease in twitch contraction time.

Cooper (1972) observed an increase in contraction time in immobilized

» . :
- cat soleus. No significant change .in contraction time occurred after

/—"
immobil'ization in fast plentaris of the Lesser Bushbaby (Edgerton et al,

1975a}, guinea pig gastrocnemius (Maier et al, 1976) rat rectus femoris

{(Booth & Kelso, 1973a) and kitten tibialis anterior (Mann § Salafsky,

1970).. Cooper (1972) observed an incre?se in Eontraction tiﬁe in

immobilized cat gastrocnemius and flexor digitorum longus,

alf relaxation t;me has beeq reported t3 decrease in immobilized '
guinea pig soleus (Maier gt al, 1976) but to inckease in immobilized
cat soleus (Cooper, 1972). Hal% relaxation ;ime did not changé signifi-
cantly after immobilization in the plangaris of the Lesser Bushbaby
(Edg;rton et al, 197Sa). d guinea pig gastrocnemi#; (Maier et al,
'1976); however an incrdzi: in E}lf relaxation fime was r;pofted in

immobilized cat gastrocnemius and flexor dfgitorum longus (Cooper,

1972).

*

Therefore, the general finding (with the exception of the findings
) ,
w .

7 | | | o
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of Cooper,‘1972), has been for immobilization to cause a "speeding
up" of slow muscle and to leave fast muscle unchanged in contraction
and half relaxation time. The mechanisms responsible fbr the changes
-in conifactile speed are not knqyn (see howayer, the discussion of the
efﬁgét of immobilization upon fibre ;ype conversion below); this subject
has been recently discussed by Maier et al (1976).

It should be recalled that this general finding in relation to

: . : : - Al
immobilization is in contrast to the general finding in relation to

strength training (a "slowing" of muscle contraction).

2. Muscle Size
/

Ve .
In Man ) )

Immobilization has resulted in a decrease in muscle size as
measured by limb girth (Deitrick et al, 1948; Ingemann-Hansen § Halkjaer-
Kristensen, 1977; MacDougall é&_gl, 1977b) and limb volume (Ingemann-
Hansen § Halkjaer-Kristensen, 1977; Sargeant et al, 1977). Ingemann-
Hansen & Halkjaer-Kristensen (1977) found that 30 d;ys of thigh immobili-
zation resulted in a 6% decrease in thigh circumference, an increase
iﬁ‘?ﬁbcutaneous fat thickness, é 17% decrease in lean thigh volume and

no change in fat volume; they concluded that the loss of thigh volume

due to loss of muscle was partly concealed by an unchanged fat volume.

In Animals
In animals, chénges in muscle size as a result of immobilization
have usually been measured as changes in muscle welght Thus, immobiliza-
" tion has resulted in-a decrease in muscle welght in rat soleus (Eccles,

1944; Goldspink, 1977; Herbison et al, 1978), extensor digitorum longus




(Goldspink, 1@77) and in gastrocremius and plantaris (Herbison et al,
1978}, in cat soleus (Cooper, 1972; Mann § Salafsky, 1970), tibialis
anterior (Mann & Salafsky, 1970) and gastrocnemius and flexdr digitorum
longus (Cooper, 1972), in rabbit gastrocnemius (Ferguson et et al, 1957
Fischer § Ramsey, 1946) and tibialis anterior (Ferguson et al, 1957);
in guinea pig soleus and gastrocnemius (Maier et et al, 1976); in monkey
gastrocnemius and soleus (Chor & Dolkart, 1936); ank in plantaris,
soleus, gastrocnemilis,tibialis anterior, vastus-iateralis, vastus
medialis and vastus termedius qf tﬂe Léﬁgér Bushbab} (Edgertén EE_El’
“1975a) . '
o Some muscles decrease in muscle weight in response to immobili-

zation to a greater extent than others. 1In particular, soleus atrophies
more than other hind 11mb muscles (Eccles 1934; Edgerton et al, 1975a;
Mann & Salafsky, 1970; Summers § Hines, 1951; Thomson § Luco, 1944},
However Booth § Kelso (1973b), Cooper {(1972) and Herblsoh\et al (1978)

found that atrophy of soleus was similar to that of other leg muscles

(although Cooper, 1972, noted that atrophy of soleus was more rapid).

L

Maier et al (1976) found a greater weight loss in gastrocnemius than
soleus. Edgerton et _al (1975a) observed the effect of immobilization
upon ten hind limb muscles in the Lesser Bushbaby; the genefal finding
was greater weight loss in extensor compared to flexor muﬁlles, a result
also found by Thompson (1934) and Wells (1969}; Edgerton et et al (1975a)
suggested that thlS finding might be expected because the relative

. decrease in demands caused by immobilizatien would be greater in the

' antigravity eitensors than the flexors. Edgertoﬁ et al (1975a) also

discussed how different groups of muscles (e.g. calf vs. thigh muscles)

could be affected:diffEIently By immobilization.

A\
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'Andther factor which affects the degrée of muscle atrophy during
immobilization is the length at which the muscle is immobilized.
Muscle atrophy is greater when the muscle is immobilized in a shortened
versus a lengthened.position (Ferguson et &d, 1957; Goldspink, ,1977;
Ralston et al, 1952; Summers § Hines, 1951; jhomsen & Luco, 1944),
Further, a musqie immobilized in a lengthenid position may increase in
weight (Ferguson et et al, '1957; Goldspink, 1977; Thomsen & Luco, 1944
the role of passivef;en51on in mussle hypeizﬁﬂghy was di;cuésed above
in relation to the effects of training) ' , .,

In summary, the general finding is that immobilization causes

a decrease in muscle mass, This finding is in contrast to the effect

of strength training, which causes an increase in muscle mass,

- 3. Muscle Fibres -

Fibre Size (diameter, area)
In Man. Atrophy of muscle fibres has been reﬁorted in brachial

triceps (MacDougall et al, 1977a) and.vastué lateralis (Edstrom, 1970;
Saréeant et al, 1577) following immbbilization. In brachial triceps,
greater atrophy occurred in FT (Type II) fibres while in vastus lateralis
greater atrophy occurred in ST (Type ;) fibres. This difference in
'the pattem of atrophy in vastus lateralis and triceps may be related
- to the normal use of these muscles. Thus, vastus lateralis is a postural
muscle and ST fibres would be very active relatlve to FT fibres in. normal
activity. In contrast triceps would be used intermittently and in
"phasic" contractions involving FT fibres. Therefore, it is possible
that within a muscle, thos motor units which are normally heavily

used are most susceptible to atrophy during immobilization (MacDougall

AN

~
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et al, 1877a). A similar suggestion has been made in relation to the

results of animal experiments (see below}.

In Animals. Following immobilization, fibre atrophy has been
shown in cat gastrocnemius tBUrke et al, 1975; Cooper, 1972) and soleus
and flexor digitorum longus (Cooper, 1972); in monkey gast;ocnemius and‘
soleus (Chor' -§ Dolkart, 1936),; in rat soleus (Fischbach § Robblns,
1969; Herbison et al, 1978) and plantaris and gastrocnemlus (Herbison
et al, 1978); in guinea pig gastrocnemius (Karpati § Engel, 1968; Maier
et al, 1976), soleus (Maier et al, 1976; Tomanek & Lund; 1974) and vastus
lateralis (Tomanek & Lund, 1974); and in the plantaris, soleus and vastus
intermedius of the Lesser Bushbaby (Edgerton et al, 1975a)},

There is evidence of preferent1al atrophy of specific fibre - .
- types followlng immobilization. Thus, greater atrophy of ST versus FT
fibres occurred in rat soleus (Booth & Kelso, 1973a) and tibialis anferior
(Jafre et al, 1978); in caf gastrocnemius (Burke et al, 1975); in
guinea pig gas£rocnemius (Maier et al, 1976) and vastus lateralls *
(Tomanek § Lund 1974); and in plantaris, vastus intermedius, v%§tus
lateralis, t1b1a115 anterior and gastrocnemlus of the Lesser Bushbaby
(Edgerton 35_51, 19753). Greater atrophy of FOG wersus FG fibres has X_‘
been reported }n rat tibi;lis anterior (Jaffe et al, 1978); in guinea ) ~f}
_pig gastrocnemius (Maier et al, 1976); and in plantaris, vastus lateralis

and-gastrocnemius of the Lesser Bust%aby (Edgerton et al, 1975a).

Herbison et al (1978) found preferektial atrophy of FT'fibres;ig rat
Plantaris, Contrary to findings cited above, no preferent1a1 atrophy.
was found in rat soleus (Flschbach & Robbins, 1969; Herblson 53_55

1978} or guinea pig gastrocnemius (Karpati § Engel, 1968). A
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s discussed in relation to human experiments above, preferentiéjf
atfophy of fibre types within a muscle may be related to the normal
use of the muscle prior to immobilization. For example Herbison et al ’
(1978) found similar atrophy of FT and ST fibres in Ttat soleus but
greater atrophy of FT fibres in plantaris. These authors suggested
that the normal activity of soleus involves both fibre types, but in
plantaris, FT fibres are preférentially used. Con51stent with their
suggestion berélthe normal FT/ST fibre dlameter ratios in the two muscles;

\

. : . ._
the ratio was considerably higher in plantarls than in"soleus.

In summary, 1mmoblllzat10n Tesults in muscle fibre atrophy,
which is in contrast to the effect of stre;lgth training (hypertro;hy)
Ilmnob:Lllzatlésapparently causes preferentlal atrophty of ST or FT muscle fibres | b
-depending upon the normal use of the muscles; strength training tended
to cause gre§ter hypertrophy of Ff f%bres.

-

Fibre Type Distribution

~
In Man, Immog;zizatlon of brach1a1 triceps resulted in no change '
in fibre type d1str1but10n (% FT vs % ST, MacDougall et et al, 1977a) '
\
In Animals. A decrease in the percentage of ST fibres affér'
1mmoblllzat10n has been found in rat soleus (Booth & Kelso, 1973&,
Fischbach § Rnbblns 1969; Herbzson et f;78), in guinea pig soleus - <::

(Maier et al, 1876); and in soleus d vastus intermedius of the Lesser

_-~Bushbaby (Edgerton et al, 1975a). is change in fibre- type distribution

may be partly\respgnsible for the decrease in contraction time of slow

miscle following immob%#}zation (for references, see above). 'In contrast, (:"

-

- [ ] e
nominally fast ?uscies do not change in fibre type distribution after

immobilization, as shown in rat recfus femoris (Booth & Kelso, 1973a)
“ L 4
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and plantaris (Herbison et al, 1978); in guinea pig gastrocnemius- (Maier

et al, 1876); and in several fast hind limb muscles of the Lesser

Bushbaby (Edgerton et al, 1975a). These findings may be related to the
. - \
fact that contraction time does not usually change in fast muscles? >

after immobilization (for references, see abovek
™

4. Myofibrils and Myofilaments v

InMan ' T ‘L b

Immobilization caused in brachial triceps a dec¢rease in myofibril

) > [ P ]
size and nymber and a acreased ingidence of splitt}x‘g myofibrils, ’

There was no change in myofilament packing density; thus, there was a

i

decrease in the number of"'myofilaments within%sclé fibre:s {MacDougall

et al, 1976). / ¥ /@‘

-

In Anifials . i’

' ’\ w
k Immobilization of skeletal muscles of the cat (Cooper, 1972} ke

~

and \ea pig (Tomanek § Lund, 1974) é&ted 1n a decrease in myofibril &

number and diameter and a consequent loss ofilaments.

—
Thus, the fmdlngs in man and animalsl a iw{lar and the decrek e\f
wn .. - ,

in contractile protein could accofnt for the decrease in twitch and -

‘tetanic tension reviewed above and for the decrease in fibre and gIOss L2 /
4

~

muscle size. In contrast, strength training, as reviewed above, has

‘a reverse effect; namely, increased number of myofilaments and myofibrils,

- increased myofibril s!ze, increased fibre and muscle size and increased

contractile force. ] -

S. Bioche;nistry

K

' Pm_tei;l Synthesis and Degradation

In Animals. In the rat, imobiiiza&iﬁ& hind

—

imb muscles
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in a shortened position (but probably not in a lengthened position; see
review of effect of immobilization' upon muscle size above) resulted in a

decrease in the rate of protein synthesis and an increase in the rate of

L

protein degradation, the former being more prominent. These changes
were associtj with a decrease in DNA synthesis and BNA concentration

(Goldspink, 7). Thus, the. effect of immobilization upon protein

synthesis and degradation is the reverse -of the effect of functional over-
\ .

load (for discussion see above)._
 The decreased protein sy‘néhesis and increased protein degradation

in immoBilized muscle would lead to a decrease in total protein content
' "N | : o |
-of the muscle.
/ .

-

Joye

-

Myofibrillar vs. Sarcoplasmic Protgin.

-

A\ In Animals. A greater loss of myofibrillar compared to sarcoplasmic
%tein has been obsetwved in skeletal muscle following\J'}mobilization

; ” . \ .
(Fischer § Ramsey, 1946; Helander, 1957; Herbisoket al, 1978). The data of
Y : st al,. a

Maier et~al (1976) also indicates a trend toward greater loss of myofihrj.llar

T\ than sa oplasmig protein. In contfast, stremgth training results in a pro-

portiongtely grédter increase in myofibrillar than sarcoplasmic protein (see above) .-

Energy MetabdI¥sm (Substrate) . vy N ' \
-~ * In Mani Immobilizationofbrachial triceps resu’lte}i ima decrbase in thg,

B | S . ‘ ,
resting concenﬂrations of creatine phosphat? (CP) and gl)icogen but\nﬁ change in

adenosine triphosphate (ATP), while strength training resulted in an injrease in

resting concenffatipps of CP, ATP, and glycogen (Ma¢Dougall ﬂl‘ al, 1977b}). - B
: 2

In Animals. Ferguson et al (1957) found a decrease in the con-

centration‘of' glycogen and creatine in immobilized rabbit gastrocnemius. -

N ‘ - - - ’ . -

.
1)
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Energy Metabolism (Enzymes)
In Animéls. Long term immobilization of skeletal muscle aid
not result in significantlchanges in the activity of enzymes associated
with anaerobic or aerobic metabolism (Edgertoﬁ et al, 1975a; Manﬂ &
Salafsky, 1970). Edgefton et al (1975a) interpreted their findings ™
as indicating tﬁat when metabolic demaﬁds are suddenly and greatly
reduced, adjusthents afe initiated immediately to accommodate the new -7

»
level of muscular activity.

Nervous System -

‘._/ ’ /

In Man

To the author's knowledge, there have been no studies on the

effect of immobilization upon neural function in man. °

- -

In Animals

- - Nerve Fibre Diameter. Immobilization resulted ;p a aecrease
in nerve fibre diameter in the nerve suppl&ing rat soleus (Eisen et al,
1973} but not in the'ﬁefve supplying medial gastrocnemius (Tomanek,
1968).' In yodng rats, immobilization retarded myeiination of nerve
fibres (Tomanek, 1968); .The différencq in the response of“the nerves
to.rat soleus and gastrogpemidg mayQEF %elated to the relatively greater
o

effect of immobilization ‘ufon soleus than ather muscles (see above). |

' ]

-

In contrast, hyperactivity has resulted in an increase in nerve

//// fibre diameter™and a thickening of the myeiin sheath (see above).

Neuromuscular Junction. The motor end pla of rat gastrocnemius
have been reported to decrease in size in pargdlel with the decrease in
muscle fibre size following immobilization (Cole}- 1960). Fischbach 5

, )
-




t2

b 46

Robbins (1971) found a small spread of extra junctional acetylcholine
sensitivity following immobilization of rat soleus. Snyder et al

(1973) observed a decrease in the activity of choline acetyl gransfcraée

[}

and acetylcholiné esterase at rat néhromuscular junction followiﬁﬁ'
r

immobilization.

-,

Neuromuscular Function in Athletes

_Voluntary Strengt
~ h‘ e

-

The evidence indicating that strength training does increase
voluntary strength has been reviewed above. It would be expected, therefore,

. , \
that groups of athletes who employ strength training, or whose *sports

— -

performance is a form of strengtﬁr;raining,,to have greater strength than

untrained control .subjects or endurafce athletes. Thus, it has been

'demonstra£€§ that weight-lifters possess greater isometric leg strength

than untrained controi subjects and endurance athleijs (Edstrom & Ekblom,
_ . _ : 7/
1972; Tornvall, 1963). Sprinters, jumpers, throwers/and downhill skiers

. i - T
L\*/’E;gtéss greater isometric leg strength than untrained controls or

endurance athletes ;uch as cross country skiers, long distance runners
p and orienteers (Komi et al, 1977; Thorstensson et al, 1977).

: 'One factor which affects the results obtained ‘is the type of
muscle ﬁontraction used in the testing and also the speed of gontraction.
When sprinters and_}umpershperform knee extension at a joint angular
velocity of 180 deg/s they afé much stronger rélative to other groups
than when they perform™isom#tric (0 deg/s) kngg extension. In contrast,

. # -

,+ the performance of endurance athletes (orienteers, walkers) is relatively

poorer at the higher velocity (Thorstenson et al, 1977).
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- - 1‘ f/
The questior arises as to what extent the superior E%rength
-7 performance of certain groups of athletes is due to-training and due
. - - .

to genetic endowment. It has already been established that strength

training increases voluntary strength; further, the data of Tornvall
. ' _ . 'é'f -
- (1963) also suggest that training is an important factor. The strength

'performance of welght lifters relative to controls varied dependlng

i -

on the muscle group. Although the welght ifters exceeded the control .
} _subjects in allAmeasures, the dlfference as greatest in those muscle
‘;:}ting. Below, evidence

\\xji> groups directly inveolved in competitive weight

is presented which suggests that genetic endowment is also importint.

-

P

.\\ o ) _‘4 .
A J
Muscle

. : ’ . L
Muscle Siz ' - : ) N
_{- | . D

S

e . .
A positive correlation has been demonstrated between the cross

*

/aﬁsgstional area of a muscle and its strength (Ikai § Fukunaga, 19€8).
i;_4§978), employing soft tissue X-rays, found that weight oo

Haggiﬁark et al
lifters possessed greater thigh cross sectional area and thigh muscle

cross sectional area than controls and endufapce athletes. "The pndufance \
athletes were similar to controls in these~measuremenfs. Thus, there . _K\\
is a‘corrélatioﬁ between the muscle size measurem in these groups -
and voluntary ;trengtﬁ (see above) indicating that variation in muscie

size is one factor accounting for the variation in voluntary strengan

q

found in groups of athletes.

Muscle Fibre Size ' o -~

—

The FT fibre area of vastus lateralis has been reparted to

be greater in weight lifters than in controls or endurance“®hletes ~

(Edstrom & Ekblom, 1972; Gollnick et al, 1972; Haggmark et al, 1978;
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Prince et al, 1976}. The ST fibre area is also enlarged in scme
(Gollnick et al, 1972; Haggmark et al, 1978; Prince et al, 1976} but
not all (Edstrom § Ekblom, 1972} weight lifters. Thus,‘the ratio of
FT to ST fibre area is greater in weight 1ifters than in cdntro}s and
endurance athletes, (Edstrom § Ekblom, 1972; Gollnick et al, 1972;
Haggmark et al, 1978; Prince gg;éi, 1976)._ These findings are in
agreement with thos; of strength training‘studies (see above).

Sprinters and jumpers also tend to have a relatively high FT/ST

fibre,aréa ratio -(Thorstennson et al, 1977).

!
v

Fibre Type Distribution

A positive correlatign has bgen demonstrated between Q\ngh
percentage of FT fibres within vastlis lateralis and isometric leg
strength (Tesch & Karlsson, -7 knee exgénsioq‘strength at a joint
angular velociky of 180 deg)s (Thorstensson, 1976) and kﬁee'extension

- lf“. .
strength at~)ﬂg deg/s expressed as a percentage of isometric strength

(Thorstensgon et al, 1976a). In contrast, endurance %is correlated

with a high percentage of ST fibres (Hulten'sg_gl, 1975; Thorstensson
& Karlsson, 1976). t

’) On the basis of these findings, one might prediﬁf a relatively
high percent#ﬁe of FT fibres within the muscles of "strength" (weight
lifters, sprinters, jumpers, throwers) athletes. These aéhletes have

been showﬁigggk@§ess a relatively high (in comparisoﬁ to endurance

athietes) ntage of FT fibres in vastus lateralis)(Edstrom & Ekblom,

'1972; Golln

fi.et al, 1972; Haggmark et al, 1978; Karlsson et al, 1975)

and deltoideuft(xarlsson et al, 197@}“ It has beeﬁ suggested (Thorstensson

et é , 1973), on the basis of strength (Thorstensson et al, 1976b)

. r’a
R

—
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*.cathletes while the reverse pattern has been observed in endurance athletes

-
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endurance (Gollnick et al, 1973a) and sprint (Thorstenssen et al, 1975)
tralnlng studies and experiments with mono and dlzygous tw1ns (Komi,
et al, 1976), that fibre type dzstrlbutlon (% FT vs % ST) in man is

genetically determined and cannot be altered by training.

Biochemistry (enzymes)

Strength (weight lifting, sprinting, jumping, throw1ng) performance
is prlmarlly anaerobic in nature while .endurance (e. g distance rﬁ;nlng,
cress country skiing) is primarily aerobic in nature. Therefore, one
might expect streﬁgth_and endurance athletes to possess relatively i
high enzyme activity levels for anaerobic and aerobic metabolism respectively,
Thus, relatively high levels for greatine phosphokinase (Komi et aly
1977) and iactate dehydrogenase (Cos;ill et-al, 1976; Karlssonvgz_él

1975; Komi et et al, 1577) but a low level for succinic acid dehydrogenase .

(Costill et et al, 1976 Gollnick et et al, 1972) have been found in strength

(Costill et al, 1976; Gollnick et al, .1972; Komi et al, 1977).

/

”
@ Nervous System

Mator Unit Synchronization

. Motor unit synchronization has been shown to be enhanced in
weight lifters and in individudls whose occupation involves the performance
of brief, fbrcéful muscle contractions {Milner-Brown et al, 1975).
These results are in agreement with the results of a strength training

[l

study discussed above. .
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J
Reflex Potentiation

8
Reflex potentiation has been demonstrated to be enhanced in

weight lifters (Milner-Brown et al, 1975) and in elite spriﬁiers (Upton \
& Radford, 1975); however, one training study failed to show an increase ‘3

. &
in reflex potentiation (Milner-Brown et al,- 1975).

» m _' l.

Nerve Conduction Velocity

Kato (1960} and Lastovka (1969) found no difference between’

. B .
athletes and controls in ulnar motdr nerve conduction velocity; however, va
Lastovka (1969) did find a significant difference between athletes and
[} - ’
controls in posterior tibial motor nerve conduc velocity.\ Upton

e

& Radford (1975) found no differenfe between ellite sprinters and controls

in median,ulnar or peroneal motor nerve conductio velocity. Variation *

in the calibre of athletes, type of athlet extent of training

could account in part the variation in reSﬂits of the different studies.

Motor Unit Counts .

Application of a method for estimating the number;gf motor #—“ﬂ\j
units within a muscle (McComas et al, 197}Qh295 revealed low motor unit

cowts in some athletes (McComas, A. J., personal communicatibn). The

~ [

question arises as to whether the low motor unit counts are due to genetic endow-

_ ' ”
ment, the result of the physiological overload associated with trainin Ma'}‘esult

‘of nerve trauma which occurs in the performance of the sport. In
‘ . .

relation to the latter case, Braddom § Wolfe (1978) reported three ‘\\\\\¥

cases of musculocutaneous nerve injury associated with regular lifting ' -

‘ .
of heavy weights; it was siuggested that th%,coracobrachiaI;;&;;;EY;‘“\\\#//

Q‘ .
. . . . . i
1n3ured_§he nerve either by intermittent strong contractions or by

\ \

I . ‘ ) - “
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chronic pressure secendary to hypertrophy; all three subjects recovered

when the limb was rested. Injury to the Jlnar nerve at the wrist has

-

been reported in cyclists (Eckman et al, 1975), presumably as a result _ 5
g — : .
of pressure from the handle bars. .
' -

.Reflex Time and Reaction Time

-

Reflex time (Consrdgne, 1966; Karpd ich t al yggO) ‘and reactlon
time (Beise & Peaseley, 1937; Con51d1ne, ‘§ﬁ Karpov1ch et al, 1960;
Y Keller, 1942; Knapp, 1961; ‘Olsen, 1956; Slater-Hammel 1955; . Youngen,
\\359) have been reported to be shérter in athletes than in control
\“suggects. Sprinters possessed shorter reflex (Lautenhack § Tuttle,
) and reaction (Westerlund § Tuttle, 1931) times fhan distance
Tunners. : —~— | - i

v

C. 'Conclusion

In the present investigation, \gxperiments were designed to
extend further the current knowledge (as reviewed above) regarding the
effects of strength training and immobilization upon neuromuscular function K/Eth

in man. The rationale for selecting the measures of neuromuscular

functioh used in the investigation is given below.
~ S

Previous studies of'th¢-effect oAt ‘“Ezhg and immobilizatioﬁ
uwpon voluntary strength aﬁd of Strengfﬁ/j:::jimance in athletes havg been
restricted to thel peak force of mﬁximal*bdluniary confractions. In
the present investigation, voluntary strength was also measured as
impulse, work, and-powér. , oo

The:e h#s~on1y been one previous stu@y of the effect of strquth

tréining upon the cr?tractilé properties of human mwscle (restricted

. -~




52

to twitch temsion) and there have been no studies in‘relatibn to im-
mobilization. Therefore, changes in twitcﬁ'tension, contraction time,
half relaxation time and rate of tension devélopment were observed
following training and immobilization. In addition, the contractile

properties of \{sometric twitch contractions were measured in two groups

of strength-trained athletes; namely, gymnasté and weight lifters. -

4

Reflex potentiation has been reported to be enhanced in weight

<.
lifters and ellte sprinters; however, a short-term training programme

involving a few subJects f;xled to increase reflex potentlatlon In

' the present investigation, more subjects, involving more muscle groups,

participated in longer-term strength training p¥ogrammes to assess the
effect of training upon rei&ex potentiation. Reflex potentiation was

also measured in gymnasts.and weight lifters. The éffect of immobili-
iation"upon\;eflex potentiation Wad~measured for the first timg in the

present study.

.The previously reported data on nerve conduction velocity in

athletes have not bébn;gmiformly'cbnsistent. Therefore, two further

groups of athletes were investigated; namely, gwmnasts and weight lifters.

One previous study revealed no effect of strength training upon motor
nerve conduction.velocity. In view of the existence of only one previous
training study and the inconsistent results in groups of athletes, it
was félt that further investigation of the effects of training upon
nerve conduction velocity wds warranted. The effect of immobilization
upon nerve conduction velocity was measured for the first time.

The reduced motor unit counts observed in some athletes raised

the question as to whether this would be a wide-spread finding among

I . - *
athletes. The question also arose as to whether the observed low motor

1



-

unit counts were the result of chronic physiological overload (training)
or chronic trauma sustained during training or performance. To provide
further data related to these questions, motor unit counts were made

in gymnasts and weight lifters, and motor unit counts weres before

and after a period of strength training. The effect of immobilization

upon motor unit coun s also obse:;ged. . k
In summary‘,}g'agures;’of muscle function (contractile properties)]
d n 1 function (ref}éx potentiation, nerve conduction velo;ity,
moto it counts) were selected to-inveffigate the effecte of-strength.
(T *

training and immobiliZation upon neuromuscular function (voluntary

ngth) in man .




11, METHODS

A. Metﬁods of Measurement

1. Voluntary Strength. Voluntary strength was measured

with an isokinetic (constant velocity) dynamometer (Cybex II,

Lumex Inc., Néw York). This device zllows strength to be_measured
during isometric and concentric (shortening) muscle contractibnsf/<~‘
The veloci{y range of the apparatus is limited ang corresponds éo a
0-310 deg/s (0-3.665 rad/s). The instrument possesses a lever

arm, to which various parts of the body may be attached. The lever

arm is mechanically prevented from exceeding the preset velocity,

and offers resistance equal to the force applied to it by the body

part. Thus it is possible, with a single concentric contraction,
to measure strength throughout a range of motion.

The muscle groups tested were the ankle piantar flexors,
knee extensors, elbow extensors and thumb abductors. The positioning
for the strength tests is shown in Figure 1. To test ankle ﬁlaqtar
flexion; the subject sat on a chaif with the ball of one foot resting
on a metal plate. The knee joint was at an angle of approximately
90 degrees (full extension = 0 deg.). The padded lever arm was
placed on the thigh at the knee. The subject was instructed to begin
each-contraation with the plantar flexors relaxed and the ankle

joint passively dors®flexed, and tQ continue th contraction until

the ankle joint was completely plantar flexed. To test knee extension,

the subject sat at the end of a padded table, with the edge of the
. h

N
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Figure 1.

A
»”

Voluntary strengtﬁhtesffﬁg on the Cybe; II dynamometer.
Positioning of subjects for testinglg;bow extension (A),
Knee extension (B), thumb abduction (C) and ankle plantar
flexion (D)/i;iipewn. See text for details.
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table aligned with the knee joint. The thigh of the leg to be tested

was restrained by a strap attached to the tablef/xﬁhe\padded lever

" arm of the dyparometer was attached to the front of the lower ieg,

The pivot poini,o ™, lever arm was aligned with the knee joint.

The subjecfr:;; i:;:tjﬁted to grasp the sides of table and to éaintain_
the trunk in the vertical position. Contractions began with the

knse joint at am angle of 90‘deg§sg§, and continued until the knee
joint was fully extended. To test-elbsw extension, the subject lay
supine upon the padded table. The upper arm of the arm to be tested
was restrained by a strap fasteniﬁ‘;n the table. The paéded lever

arm was attached to the forearm at the wrist; the pivot point of

the lever arm was aligned with the elbow joint. Each é&ﬁg{action

'

‘began with the elbow joint passively, flexed and continued until

thé joint was completely extended. The forearm was maintained in
semi-pronation. To test thumb abduction, the hand was.laid supine
upon the padded table. The padégz lever arm (pad not shown in
Figure 1) was placed on the distal phalanx of thé thumb. The contrac-
tions occurred with the-éhumﬁ adductedxand resting on the index finger.

The EéﬁEEities selected for testing varied according to the
muscle group tested. For elbow extension énd knee extension, strength
was measured at lever arm velocities of 30 and 180 deg/s. In these
two movements, the pivot point of the lever arm was aliéneiﬁwith the
Tespective joints; therefore, the joint angular velocity ﬁas equal
to.the levef'arm velocity. For ankie plantar flexion, strength .
was measured at lever arﬁ velocities of 6 and 36 deg/s. For thumb

‘ > -

abductiqn, strength was measured at a lever arm velocity of 0 deg/s
» . .

‘(i.e. isometric contraction).



" impulse was measured with an electronic integrator.

58 .

For all strength tests, subjects were allowed three warm-up
contractions followed by three test contractions at each velocity

-

tested. A rest period of 20 seconfl’s was pernu'.ttéd between consecu-
tive test contractions. Subjects \were encouraged to make maximail
efforts 'du\ring the test,contracti'ons. In each test, the best of the
three trials was taken -as the measure of strength.

In the course of the experiments, t}gree recorders were used
ia conjunction with the isokinetic dynamometer. They included a
Cybex strip chart recorder (Lumex Inc., New York), a Sanborn 500
strip chart recorder (Hewle;t Packard, San Diego, California) and
a Hewlett-Packard 7402A oscillograph 'recox'-der,'_ }ligure 2
shows sample recordings using the H-ewlett-Packard receorder. . From

the recordings of the test contractions, the following mechanical

properties could be measured: )

0

(1) Peak torque (N.m, newtoh-metres] ~ measured as the peak

torque developed during the contraction.

(2) Impulsev (N.m.s, newton-metre-seébnds) - measured as the -

area under the torque-time record.

(3) Average torque (N.m) - measured as the impulse

divided by the duration of the contraction. g

.Impulse was measured with a polar planimeter during most of the

experimental pefiod. Toward the end of the experi}ental period,

"Values for peak torque, average torque and impulse can be converted

. to peak power (W, watts), average power (W) .and work (J,.joules), respectively

by multiplying by the lever arm velocity (in rad/s, rad - radians) at which the test

contractions were made. In the results of(\the control-experiments, -

values for all six mechanical properties have been reported. In




Figure 2.

Recordings of maximal voluntary concentric capzfactions
performed on the Cybex II dynamometer by a control subject.
Recordings of ankle plantar flexion (APF), knee extension

')
{KE) ATdelbow extension (EE) at the lever arm velocities
selected for testing are shown.

L]
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the remaining experiments, only th values for peak torque, average
torque and impulse have been reported; however, coneersions can

be made by'multiplying by tﬂe appropriate veloci;y (6 deg/s = 0.1047
rad/s; 30 deg/s = 0.5235 rad/s; 36 deg/s = 0.682 rad/s; 180 deéﬁs A
= 3.141 rad/s) in rad/s. '

The results of the strength measurements were expressed
absolutely and/or per Rg body mass,

In ankle plantar flexion, knee extensioq and elbow extension,
strength‘was measured at a relatively lcw and.reiatively high
velocity. Thus, for each mechanical property, a sst,ngth veloc1ty
relatlon ratio could be determined by d1v1d1ng the value obtalned
at the hlgher velocity by the value obtained at the lower velocity.

When a muscle group was tested on both left and right sides,

a symmetry ratio could be determined for each mechanical property
by dividing the value for the weaker side by the value for the stronger’

side,

2. Motor Unit Counts. The method for estimdting the number

units within extensor digitorum brevis (EDB) was that

described by McComas et al. (1971), and for estimating the number
‘otor units within the hypothenar anq median invervated thenar
muscles, the method described by Sica et al. (1974) was used. The
same protocol was use& for esfimating the number of motor units
within soleue {McComas, 1977) and 5rachioradialis muscles,

The method.involves surface electromyography and graded -

nerve stimulation, The arrangement of the st1mu1at1ng and recordlng

electrodes is shown in Flgure 3. The stimulating electrodes were



, Arrangement of electrodes for estimating the number of

motd¥ units within muscles. Medign innervated thena; 4
muscles (top 1ef£): Sm, median nerve stimulating electrodes;
T1 and TZ,.stigmatic and reference recording (R) electrodes.
Hypdthenar_puscles: Su, ulnar nerve stimulating electrodes;

Hi and Hé, \s)tigmatic and ;eference recording electrodes. ; _

-~

Extensor digitorum brevis (top right): .S dp, deep peroneal

nerve stimulating eléctrodes; 1 and 2, stigmatic and reference
- N - 3 - \
recording electrodes. Brachioradialis (Yottom left):

Sr, radial nerve stimulating electrodes; 1 and 2, stigmatic

. and reference recording electrodes. Soleus (bottom right):

S mp, medial popliteal nerve stimulating electrodes; 1 and
2, stigmatic and referencg recording electrodes. In all *

cases, the stimulating electrodes were placed with the

cathode distal. " ;~/f—\\ i ' i
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chlorided silver discs, 10 mm in diameter, which were’mounted in a
Perspex holder go that their centres were 3 cm apart. The stimulating

electrodes were fastened to the limb by means of a Velcro sE;aﬁ: The

?

. 7 _— .
6'cm x 6 mm. For EDB, the ground electrode was also a strip of silver

s?}gmatic and reference recording electrodes were strips of silver foil
foil; however, for the remaining muscles, thi ground electrode was
a4 cmx 2.5 cm lead plate. For thenar and hypoéhenar muscies and EDB,
the stigmatic electrode was positioned over the end plate zone. After
preparing the skin with alcohol and electrode jelly, the recording
electrodes—were attached to the skin by adhesive tape.

The stimuli consisted of réctangular voltage pulses 50 or 100
micro seconds in duration,ﬂkﬂivered from a Devices Ltd. Model 3072
stimulator which itself received a trigéering pulse from a digital
timing device (Devices Ltd. Digitimer, Model 3290); The responses
were fed through an amplifier ysing a frequency response which was
3 db down at 2 Hz and 10 kHz. The requnse§ were displayed and measured
on a storage oscilloscope with variable persistence (Hewlett-Packard,

Ltd., Model 141b). (//hT

. With the electrodes in place, the subjéct lay supine %& prone
upon a bed and was encouraged to relax. Stimuli, which were delivered
at a rate bf 30 per minute, were gradﬁally increased in intensity from J&
a subthreshold‘value until the first response appearéd. The stimulus
intensity was increased-further until 8-12 incremental responsesk\
had been recordéd. The method assumes that each increment imthe response
reflecfi(the excltation of an additional motor unit. The total ampli-
tude of the responses was me€agured and a mean motor unit-potential
amplitude was calculated. ;I'h_e ls_t:imulu;'. was then mf_ié\-sqpramaximal

Pt
'in order to evoke ‘a total muscie response (m#ximum M wave),

»
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whose amplitude was measufed. An estimate of the number of motor units
within the muscle was made by dividing the value for the amplitude of
the total muscle response by the value for the mean motor unit potential
amplitude. The method is illustrated in Figure 4. Cfiticisms which have
been raised concerning this method have been discudsed in detail by McComaS

(1977, pp. 307-311).

3. Reflex Potentiation. Reflex potentiation was measured using

the method described by Upton et et al (1971) for thenar, hypothenar and
EDB muscles. The same protocol was used to measure reflex potentiation
in brachiorad;alis and soleus muscles,

The arrangement of theostimulating and recording electrodes was
the‘same as for the motor unit counting (Figure 3).

) The subject was encouraged to relax and a maximum M wave was
elicited by nerve stimﬁiation, and its amplitude was measured. The
stimulus was then made supramaximal by 80-100 V, and a series of 10
stimuli were delivered at é rate of 12 per minyte. Whenever the response
included an F wave,‘its amplitude was measured. The subject was then in-
structed tosperform 10 maximal contractions of the muscle at a rate of 4
per minute. The contractions were made isometri; by the applicat;on of
" external resistance. A stimulﬁs was delivered during each maximal contrac-
tion. In al; muscles except soleu;; the recbrded responsé included a M
wave fo1;9wed by V1 and Vziwaves (first and second volitional waves
respectively). In sol®us, the V2 wave rarely occurred, and résults for the
V2 wave in fhig muscle will not be reported. Examples of Vl and V2 responses
are shown in Figure 5. The amplitudes of the V1 and Vz'waves were meﬁfured.

From the data obtained by these measurements,. potentiation |

ratios were -Calculated

see Figure 5). Fo; the V1 responsei/a Vl

?otentiation ratio was)calculated by expressimg the mean (of 10 trials)
. »
~ ‘X




froure 4.

Estimation of the number of brachioradialis motor units

in a 21 vear old control subject. At the top are shown

10 incremental responses. In reproduction, the second and

third responses appear as one. At the bottom is shown the

total muscle response (maximum M wave). Mean increment

amplitude, 14.7 uV; maximum M wave, 12 m\'; estimated
number of moter units, 816.
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Figure 5.

Refldg potentiation in the thenar muscles of a 20 year old

cont subject. The figure shows hand tracings of actual .
recordings. “‘The two .tracings show responses lr Test’ and
during a maximal isometric contraction to supra maxfmal

The F wave (F) yhi

often appeared at rest was usually very small and is not

stimulation of the median nerve.
resolved at the amplification at which the recording was
made. The appearance of the V, and V, waves during effort
is readily seen. _At the bottom of the figure are presented
the formulae for calculating the reflex potentiation

L 4 L.

ratios. See text,
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Vl wave amplitude (minus mean F wave amplitude) as a percentage

of/the maximum M wave amplitude evoked at rest. Similarly, a.

[

&

v, ratio was calculated by expressing the mean V2 wave amplitude

Kl

as a percentage of the maximum M wave.

4. Motor Nerve Conduction Velocity. Motor nerve con- )

ﬁd%%ion vexgcity in the median, u&nar ‘and deep ﬁeroneal nerves
was measured by the conventional method (for example, see Le Quesne,
1971). In this method of estimating fhe conduction velocity of
qﬁhnost rapidly condﬁcting fibres iln a nerve trunk, a supfamaximal
stimqlus is applied to the nerve 4t two levels and the time interval
between the stimulus and the onset of the ﬁuscle acE}on potential
recorded in both instances. The difference in latency of the
two responses is the conduction time in the fastest conducting
fibres petween the two points stimulated. The difference ‘in
latency, togethar with the distance between the two points, can
be used to calculate nerve conduction velocity. -
The two ievels of stimulation of the median, ulnar and
deep peroneal nerves are shown in Figure 6. Latency was measured
as the time between thp stimulus agglthe foot of the negative
deflection of the muscle actionnpotential: Prior to any measure-
, ment of nerve conduction velocity, the limb was warmed (skin temperature =

36-38°C) by means of a heat jamp; this procedure prevented the slowing

of nerve conduction velocity hat would occur in a cool limb (Le Quesne,

©

1971).

5. Sensory Nerve Conduction Vélocity. Sensory nerve

f
conduction velocity of the median and ulnar nerves was' measured

~ - ‘ ke

o )
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Figure 6.

-3

Measurement of motor nerve conduction velocity. Proximal
and distal levels A&f stimulation of the ulnar (ULN), deep

peroneal (DPN) and median (MED) nerwves are shown; muscle

~action potentiais e recorded from hypothenar (HTH),

extensor digitorum brevis (EDB). and thenar (TH) muscles
respectively (for.arrangement of recording electrodes,

see Figure 3). At the bottom of the figure afé shown
examples of the recorded response in EDB to proximal (P) .
and distal (D) stimulation of DPN. Response to distal
stimplation: amplftude, 9.0 mV; latency, 3.0ms. Response

to pfoximal stimulatioﬁ: amplitude, 7.8 mV; latency,lolo ms.
Calculation of nerve conduction velocity: dif%erence in
latency, 7.0ms; distance between levels of stimulation,

33.6 cm; nerve conduction velocity, 48 m/s.

o+
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using the method described by McComas et al (1974;_see also
Cohen and Bramlik, 1976; Goodgold and Eberstein; 1972; Smorto

and Basmajian, 1977). The electrodes used for stimulation

in the motor unit estimations were used to record the.sensory

nerve potentials. The electrodes were positioned as shown

in Figure 3 to record the orthodromically conducted impulses

in digital nerve fibreg of the median and u}pa; nerves. The stimuf
lating electrodes were two pairs of spring loaded staiﬁless steel clips
and were positioned at the base and distal 1nterpha1angeal 301nt

of the third (medlan) and fifth (ulnar) d1g1t {cathode prox1mal)

The amplitude and latency of the sensory nerve potential .
evoked by supra maximal Stimulétion were‘%easured. The distance
Bétween the c!thoae and the recqrding electrode was also !

measured. The measured distance and the latency were used to

calculate sensory nerve conduction velocity.

6. Muscle Twitch Properties. The isometric twitch

properties of extensor hallucis brevis, trzceps surae and
thenar and hypothenar muscles were measured. The proper-
ties measured were peak tension, time to peak tension
(contraction time) half relaxation time and rate of teﬁsion

development (peak tension divided by contraction time).

Y

L
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The apparatus and set-up for measuring the twitch properties are shown
in Fiéure 7. To measure th€ twitch properties of extensor hallucis brevis,
the method described by Sica and McComas (1971) was used. The foowwas posi-

tioned in an adjustable holder. The sole of the footrresteﬂr§gain_t a flat

aluminum plate containing‘a window, through which the great toe coul
protruded and connected to a strain gauge (Statham.type'Gl-BO—ESO, Gould I
Oxnard, California). The strain gauge was attached by é‘wire hook to a copper
ring round the proximal phalanx of the great toe. The strain gauge was mounted
in a U-shaped bar which pivoted abaut an axis aligned with thé first metatarso
phalangeal joint. The resonant frequency o} this apparatus was 2.2 KHz
and the compliance was 5 um/N. A 9.81 N (1 kg) initial tension was placed
on the muscle by mo&ing the U-bar. A stimulator probe'type 202375 (Rgthester
Electro-Medical Inc., ﬁ;w Hope, Minnesota), placed on the skin over the
lateral branch of the deep'peroneal nerve at the medial border of EDB, was
used for stimulation (cathode distal). A supra maximal stimulus was used -to
evoke the twitch respynse. ) |

' To measure the twitch properties of the thenar and hypothenar muscles,
‘the hand was placed paim down on the base of.a retort stand. A padded wood
plate was p;essed'firmly onto the back of the hand and fastened securely to the
retort stand. The ring éf a ring strain gauge type 412500 (Rochester Electrp-
Medical Inc.) was placed foﬁqd the’ distal interphalangealrjoint of the thumb
..(thenar) or_fifth (Qypdtﬁqnar) finger. The strain gauge was held by a retort
stand‘clamp. The resonaﬁt frequency of this apparatus was 400 Hz an*.ihe
compliance was 7 um/N. The height of the clamp could be adjusted to place an
initial tensidp of 9.8IN upon ‘the muscle. The arrangemenf' for sti&ulating the
median (thefiar) and ulnar (hypothenar) nerves was the same a;ffﬁr the motor
unit counting (Figure -3). _A Supra maximal stimulus was used to evoke the

twitch response.




Figure 7. Apparatus and set-up for the measurement of muscle twitch
properties in thenar (A), extensor hallu®s brevis (B}, .
hypothenar (C) and triceps surae (D). See text.
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To measure the twitch properties of the triceps surae muscle,- the

subject sat with the thigh horim(é‘;l and the‘ knee joint at an angle

of approxmiately 90 degrees,. The foot was placed on an ankle jerk straln
gauge type 415005 (Rochester Electro-Medical, Inc.). The"?%oﬂnfnt fre-
quency of this apparatus was 45 Hz and the compliance was 45 um/N. The
positioning of the foot on the strain gauge was the same for éach.subject,
The strain gauge rested on a stand, one feature ofwhiclh was a padded wood plate

which ¢ouldbespressed down firmly on the thigh at the knee and secured. This

. Qﬁ""‘

‘arrangement prevented raising of the heel during contraction of the cal f muscles,

-
-

The stimulator probe (cathode distal) was placed in the popliteal
fossa in order to stimulaté the medial popliteal nerve. A supra
- ..

maximal stimulus was used to evoke the twitch response.

| ]

Prior to evoking a twitch response, the muscle was warmed”
with & heat Lamp until the temperature of the skin overlying the

muscle could be maint‘nin'ﬁd at #6 to 38 degrees C : Pnor to each

measurement, the aystem was callbrated with a l kg mass .

s

All of ‘the strain gauges were energlzed by a 7 volt d.g¢. power

supply which was connected to a low noise differential d.c. amplifier.

.
.

The display device was the storage oscilloscope described above.

7. 'Anth-‘ropometry.' Height and body mass were measyred to the -

L}

- . ‘ . -
nearest 1.0 cm and 0.1 kg respectively. Upper arm, thHigh, and calf

girth measurements were made at the level of greatest circumference

+

to the nearest 1.0 mm with a steel tape.

B. Control Experiments

. {“
The control experiments consisted of collecting data on samples’ .
o

\ ‘1'1 . ] ' \'\



. were also made.
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of control subjects using tho mensurcments dcscribcd above.

For' voluntary strength mcasuremonts of ankle plantar flexion, knee
: extension and elbow extension,_ 25 malos, aged 18 46 ycars (X, 24.3; sD, ..
7. 3) served as subjects, Thc subjects includcd university students. fac-

, ulty-and staff, In thesc same subjocts, the anthropometrlc mcasurcmcnts

>

M

- The characteristlcs of the control subjects on whom eloctrophyszo-
llogical ‘Measurements were mago are presonted in Table 1. The suchcts
-lincluded univcrulty students and staff, o

All control subjects were healthy at the time of 1nvostigat10n and

were unpald volunteers who pdrt1€1pdtcd with thcir own 1nformcd consent,

[o -Training and Immobili:ation Experiments

¢ 1. Immobilization, Fourtecn male subjects underwent immobilf?ﬁtion.

-

r‘Thi}tecn of the subjects ranged in age from_19§23 years (X, 20.1; SD,'l.Oj.
The fourtiznth suhjcct was 44 ycafs of age. "The subJocts were paid volun-f
teers who participated wlth their own 1nformed consent, The casting pro-
cedure was approvcd by the cthlcscommlttce of McMaster Un1v0r51ty s Dopart-
; @cnt of Medlcino. The thumb and clbow 301nt (Jo1nt angle aﬂprox1matcly 120
deg.} wero 1mmoblilzed by plac1ng thq\non -dominant arm in a- flbroglass |
(Lightcast II, Merck § Co., West P01nt Pa,} cast (Flgurc 8). The duration
of" immoblli.atlon rang;:\from 3-7 wocks (x 4.7; 8D, 1, 0) Measurcmcnté -
made bofbro and aftor (withln two hours) 1mmob1112at10n included voluntary 5
strongth of clbow extcnsion (at a veloc1ty of 30 deg/s on .the Cybcx),
voluntary strength of thumb abduction (isomntrlc contractlons on the Cybex),
-modian moEor nerve conductlon volocity and mogor unit counts, reflcx poten-.-
tiation ahd the muscle - twitch propert1es of tho median 1nncrvatod thcnar

muscles,

Twelve subjects underwent both immobilization and training: Six




TABLE 1. Age and ‘sex of control subjects on whom qlectfophysiologicql"
: measurements werce made,

- R | N S ' Age

=

Measure o Male Female Totai_ - X sp Rahgc;

Motor unit counts

Brachiorndiafis 45 -3 48 22,0 2.3 /18-3p
~EDB 7 19 | 6 25 22,3 3.3 1932 ¢
Hypothenar 13 1 4o 211 20 19.37
Solews - 37 6 43- - c219 2.5 19-30
Thenar 25 1 26 21.9 8.2 19-44 ‘
Rcflex potentiation .
Brachioradialis 33 2 35 22,0 2.3 .18-30
| EDB. 12 st . e L2201 2.8 19-30
‘Hypothenar = . 11 2 T13 T 2007 1.4 19-24
Soleus 23 6 2 218 5.5 19-27
Thenar 25 3. 28 13 4.7 19744
. i
Motor nerve conduction“ -
; yelocity - | 5 | :
DPN 18 6 2. 2255 35 ouse
Median . 00 17 s 2200 4.8 19-a4 ‘
Ulnar =~ - 12 1 13 24,2 2.3 9.7 -
Twitch propérties j
BB 14 5 20,0 0.7 19.21
Hypothenar -~ . 15 4 19 21,6 2.8 -19-30
" Thenar B 1 19 212 56 f9-44
Triceps surae’ . 46 10 56 22,2 3.1 19-32
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Mothod of immobilization, A:_ the cast uscd to 1mmobxli.c

the thumb and elbow joint. A small opening in the cast ;ﬁ

" pormitted placement 0f a recording cloctrodo on _the skin
';overlying tho thenar muscles. B: arrangement for record- «

ing from the thcnar muscles of ‘the immobilized limb while

performing muscle contrat;ions‘yith other muscle groups. . =~
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subjects immobilized prior to training, and the othor.six nubjocta trained

prior to immobilization. Moasuromonts wore made in the control oondition
and aftor craining dnd immobilization. In the two subgroups (to which sub-

‘jocts hnd boon randomly assignod), mean (- 5D) durntion aof immobilization

_(5 1= 11, 2 and 4, 8 - 0.6 wks) nnd training 20.3 2 3,8 and 16.8 % 3.3 wka)

. was similar.

N

‘An additional subjoct,‘C.C., aged 21 yoars, who had qustoinod a ;
fracture of-tho humorus, was invostigatod'after 6 weoks of immobilization,
- after 12 weeks of rocovory and after 20 wooks of: training. ;

In throo subjocts who undorwont immobilization, a smull oponing

© was mado in the cast so that a rocording oloctrodo could be placed on T
tho skin ovorlying tho thoan.musclos (Figuro 8) Tho ovorall urrunpomont

‘ 7 of tho rocording ‘oloctrades was as” shown in Piguro 3. Whilo rosting the

immobilizod limb. the. subjocts ware instructod to contract other muscle
groups (fingor floxors nnd elbow floxors of the contrn lntornl limb)ega

- various porcontagos of maximnl voluntnry strongth ﬁnd with' difforont durn~
,Jtions. Tho subjocts woro ulso instructod .to tie thoeir shoo lacos using
“tho fingors of tho immobilizod 1imb During thoso nctivitioa, oloctromyo-
_graphic rocordings wore made from tho thenar musclos. Obsorvutions %é?g
‘mado on ono subjoot nftor one wook of immobilizntion and on tho -other two

subjects nftor five wooks of. immobilizntion.

2, Training. Tho trnining was dosignod to incronso the force of

maximal voluntary controctions (i ¢. strength truining) Tho training mothods

N

includod woight lifting, isomotric contrnotion& and concontric contractions

' on the Cybox. The musclos trainod woro tricops (olbow oxtonsion), brachio- .

" radialis (elbow. floxion], tricops surao (ankle plnntnr floxion), QDB
(extension of the toos), thonnr musclos (thumb ubduction) and hypothenar

"musclos (floxion of the £ifth fingor) . Illustrntions of somo of tho i

" wolght lifting oxorcisos used in the truining aro shown in Fi pure 9. .

e
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Figure 9

-

Some of “the’ weight 1ifting exarcises used for strength
trniningr “Te train elbow extension, the Nautilux elbow
oxtension unit, (A), tha bench press (BJ\\the,preus down
(C) and the weighta& dipa (D} were used, - E: the sen&ad

Hﬂ;%“§“£’°‘f°r trnining the ankle plhntur flexors. I é'
“We gh: 1fting appnratus ‘used to train thumb abduction, ]
the same apparétus was - used to trnin flexion of the fLfth-

finger. :
~
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et ‘ . TN
! ’ .3 Y -
‘ —C o T
—— . 5
;
o .
<& .
- < .
V\I : . ] -
- L1
G~ &



=



B T VS

*

‘ tho-"pyrnmid" Sys

All of the subjects (N=14) who trained olbow oxtonlioh

porformed tho weight 11 fting oxorcises Lllustrated 1n Flgure 9 (A- D)

Tho oxorcises were porformod throg timoa por woek In two ot the wookly
training seaaionn. 3.5 sets of 6-10 ropotitions of each oxorciso waro |
performad (g ropo;ition in\ono oxocutiqn pf an oxorcise movemont,

and a set is afgroup qf‘cohnccutivq ropotitions, foliowbd by~a‘

rest pariod). The intersot-rest poriod was two minutos. For oach

oxercisu. a woight wan' solectod which permitted no more than '
. ./
dauignntod number ot ropotitions to bu complotod, ¢ maximal

~offort, In the first 2- 3 woeks of training, nubjoct' porformod 3
-ksets o£ oach oxorciso, thorcnftor, 5 sots of oach oxercise were por-‘
:tormod. 1In each oxorciso, subjocts woro instructed to 5oloct a woight
‘which initially permittod only- 6-7 repotitions ‘to bo porformed on

“the first sot, whon 10 ropotitions could bo porformod on tho first

sot, tho weight was incroeased and thc procoss repoatod. Tho exercises
woroe porformod slowly through tho g:ﬂntost possible rnnge of movumonts
(1.0, "good style'), ‘Blbow extension oxorcisos woroe porf%rmod at

& velocity aimilar to ‘the volocity omployod for testing and trnining
on' the Cybex (uoo bclow) In the third wookly i}%ining aosaion.

tom was porformod “In tho "pyramid" system, thoG%:/

a

ter onch s0t until on the finnl sot, only one*
ropotition cnn bo porformﬁd. Six of tho subjects nlso trninod elbow
oxtonsion on tho Cybox (Figuro ), Thia training consistod of
two sqts of 10 maximnl copcontric contractions at a Joint angular

velocity of 30 dog/s. Tho contractions were porformed at a rate

L B

\
.“ ' '

L}
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of four per minuto thoro was a two mlnuto rost period batwoen the
two sots. The trnining was porformed thrdc times por week,

To train ankle plnntnr floxion. subjcc:s (N=7) porformod

the woight lifting exorcise shown in Figurn 98 using thu same procoduro _

dolcribed nbovo for trnining olbow oxtonsion.,
To trnin the thenar muscles  (thumb abduction), oight of
tho 14 uubjocts who trninod this movoment performed the woight lifeing
?xorciso lhown in Pigurﬁ 9F using tho same procodura described
nbovo for elbow oxtonsion. The remaining six subjects trained by
porforming 1sometr4c contractions on tho Cybex (Figure 1C).  In this
| trnining, subjocts porfbrmod two sets of ton maximal, five socond’ )
-isometric cantractions at a rate of four por minuto, with a two
minuto rost poriod botwoen tho sots, Tho training was performed
“three tines por woek, - | |
f ;,_.-. . "- To train the hypothonnr musclos (flcxion of the fifth 1ingor),
.f ;' y subjocts (N=3) used thu woight 1ifting nppuratus shown in lipura 9F,
f 3 " The training copsiatod of performing floxion of the fifth finger
using the procoiuro doscribod nbove for olbow oxtonsion, The l1n1ning
occurrod three timos per wook _ -
To train o:tonsor digiéliﬁh brevis (EDB), subjcctJ (Na3)
nttomptod to oxtond the toes against an oxternul resistance which

cuused the contrnctions to bo isomotric. Two sots of ten mnximal,

five second, 1aometr1c contractiona wore porfbrmed at a rnte of four

-~

"t
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Per minute, with a two minute rest poriod between the sets.. The
training oceurred throe times per woek.

To train olbow flexion (brachioradialis) subjects (N=4)
L

'porformod°1bm*floxion (forearm semi-pronated) with a dumbbell

according to the weight training procedure described for olbow exton-
sion,

* The mean (+SD) durntion of training was for olbow oxtension
(tricops), 19 0 3 8 wks, ankle plantar floxion (tricops surae),
21.1 - 2 4 wks; thumb nbduction (thenar muscles), 18, 12 4.8 wks;

fioxion of the fifth finger (hypothonnr musclcs), 21.2 2 1.1 wks;

” extonsion of tho toes (EDB), 9. 31 1.8 wks “olbow floxion (brachio-
'rndialis), 10.7 % 6, 1 wks.

For olbow extension (tricops):nnd_thumb abduction (thenar

mUscloo), the monsuromonts made before and after training were the

“same as 4n the inunobilizntion experiments doscribed above. The

N _ o
before. and after training measuremsnts for the other muscloS‘wero

for tricops surao. soleus motor unit counts and reflex potcntiution
and muscle twitch proporties, brachioradialis: Toflex potcntintion-(/

hypothennr muscles: ‘motor unit counts, roflox potentiation, muscle

twitch proportios and motor nerve conduction velocity of the ulnur norvo,:

EDB: motor unit counts, reoflex potontintion. muscle twitd1proportios nnd |

motor nerve . conduction volocity of the decp poronoal nerve (DPN)

-




The Subjccts who‘pnrticipnted in the training experiments congistcd
of 18 male and 2 fomalc university studcnts, ranging in age from 19-24
ycnrs (X 20.6; SD, 1.4). The subjects included paid and unpaid volunteers

who pnrtiéipatcd with their own informed consent.

- D. Voluntary Strength and Electrophysiological Measurements in Weight
Prnincrs

Voluntary strength and cloctrophysiological measurements were made -
in seven compétitivc wci&ht'lifters, four body builders and six unclassi-

fied woight tralncrs. This entire group of subjects, who will be called‘_;>

/’F

weight trainers or weight liftcrs. consisted of males ranging in age betwoan
20-35 years. (X, 25.8; SD, 4.4), These subjects were paid voluntoers who
participated with thoir own infbrmed consent. Voluntary stfcngth of ankle
plantar flcxion, knee extension and elbow extension was mcasured on
the Cybex. Hoight body mass and uppcr arm, calf and thlgh girth were also
measured, Eloctrophysiological measurements included motor unit counts and
reflex potentiation of soleus and the median innervated thenar muscles,
muscle twitch prcportiés of triceps surao and the median innervated thenar
muscles and thc mo£or nerve conduction velocity of theimedianhnervc.

The rosults of the measurements in the woight trainers were comparcd

with the corrosponding results in groups of male control suchcts.

E. Electrophysiological Measurements in Gymnasts'

électrophysiological mcésurcmcnts were madc‘in five fomalclgymnnstsi‘
age 12-fﬁ years (ih 15.0; SD, 0.7) and eight male gymnasts aged 20-27 yenrs‘
(R 53 S'lSD 2 7j All subJects were unpaid volunteers who partic1patcd
with their own informed consent, = For subJects belomg&he age of 18 years,

parental conscnt was also TQCClVOd The measuremcnts 1nc1udcd motor'unlt

|
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counts (EDB._thcnaa. hypothenar, soleus and#brachioradialis), reflex poten-

tiation (EDB and brachioradialis), motor aerve aonduction velocity (median,
ulnar. dccp peroncal) sonsory nerve conduction velocity (mcdian, ulnar)

and musclc twitch proportica (triccps surao) It was not possiblc
to-perform all of the measurements on overy gymnast (sca RESULTS)

The rosults of thc mcasurcmcnts in the gymnasts were compared with

\

-

the corresponding results 1_n gmups_ of _contm% subjects., o i
o ' ) ‘ . . P @ . A
- F. Knaa Extension Strength in Athletes ) {—\

Knoee extension strength Eas mcasurcd in four groups of malc athlotcs:
- the weight 1iftcrs doscribed above (N212}; three mombcrs of the Canadian
napional sprint team in 1976; tho Canadian national‘cross country ski
team in 1975 (NnS)g the Ontario provincial cycling team in 1975 (NeS).

The results of the measurements were compared with the correspond-

' 4
ing results in a group of male control subjects.

»

-

é. Statistical Methods

A

Descr1ptive statistics included the mean (R), standard dcviatlon

. o
f

(SD), standard error of the mean (SE), range (min max) and the number of

E subJects or cases (N). ' h

Comparisqné between groups were made with tha.qltcst (two-tailed)

“fqﬁgj for independent groups.. When measurements were repeated in the same group

‘of subjocts, the t-test (two- tailad) ‘for non-indcpendent groups was used.
Corralatlons between pairs of variables were computcd by the
Pearson product-momcnt mothod (r).
Levels of signlflcanca (p) were 1nd1cated as non-signlficant

{'NS) and signifacant at p<0 05 p<0 025, p<O. 0 , p<0.01, p<0.005 *

~
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and px 0;001. - The ;ignificanco level of p<.0.iolwas indicated hs:
NS, p<0.10,
| ‘ H R;producibi1ity of the mousufoménts was determincd by fwo
methods., When a measurement was performed on subjocts on scveral
different occasions, fhc mean, standard deviation ;nd coeffiéi&nt-of
variation (V) of thd‘rosults of the repbatod mcasuromcnts were computcd
The coefficient of variation was uscd as the indicntion of reproducibility,
| Whon,q measurement was made only twicc in a group of subjects

eproducibilxty wa5~determined by computing ' the "meﬂxod orror” using

“the following formuln (Friman, 1077 Thorstensson, 1976):

ME - \/icd-a)*/zcn-n _ ) - 7

in which d = thc dlfforcnco between the two measurements in ecach bUb]LCt,
a the mean difference and n = thc number of subjec 1he me thod
error (ME) has been defined as' tho standnrd deviation for a -;inglct
experiment (Thorstensson, 1976) and may be etpressed in‘ the units of
measurement or as a coﬁfficient of variation by using the following
formula: s | | |

4

ME
(RI+Rz)/2

ME(V) = x 100

in which ME{V) = the mothod orror, expressed as a coofficient of
variation, ME = the method error; Xl = the mean result of the group of
subjects on tho first testing occasion and R = the mean result on

the sccond testing occasion. L S
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III. RESULTS

-

A, Reproduc1bility of Mecasurecments

1. Voluntarv Strenpth. The method error for the measurcment

of ankle plantar flexion, knee c\tenalon and elbow extension strcngth
. lg given in Table 2 . The overall method error for thebe measurcments
was 11.5%. There was some variation in the method error according to
E’E3movemenc (ankle plantar flexion, 14.6%; kace thenalon,_S 353
elbow extension, 7.9%), the mechanical propurty (peak torque and powo

tjm\““\ 11.2%; average torque and power, 10.4Z; impulse and wo;k, 11. 3 5o thu

. velocity (slow, 9.3%; fast, 12.6%) and the side (le@t, 14.5%; right,
11.4%)‘measured. When the order at which the Velocities wcrc tested .
‘.1_:—”

was reversed® on the second testing session, the method error (12 07%)

<|4 was§§imilar to when thé same order of velocities was used on the second
*;occasion (12.54).

' ' - The overall method error for the'determinatipn of the strength-

. o
o velocity relation was 13.2%. There was some variation in the method

.\

error with respect to the movement (ankle plantar flexiom, 14 6%; knee

_ Qfexténsion, 8. 34, elbow extension, 7.9%), the mechanical property (peak-

torque and power, 13.7%; average torque and power, i2. 1/ impulse and
work, 13 7%) and the side (left, 16 77%; vight, IZ.QZ).

4%;§h' . The overall method error for the determination of the Symmetry

'rétio was: 10.1%, There was some variation with respect to the movement
(ankle plantar flexion, 12. 4%3 elbow extension, 7. 8/), the mechanical -

\Z“

property (peak torque-and power, 8.0%; average torque and power, 8.3%;

A

2 i b [ i
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impulse and work, 12.6%) and the velocity (slow, 9.0%; fast 10.1%; strength-

veloqu;\¥61ation, 10.7%).

In the training and immobilization experiments, volumtary isometric

muscle strength of thumb abduction was measured, The method error of thls

. measurement, detcrmlned from rcpcatcd measurements in seven SUbJGCtS, was 9. 4

2. Motor Unit Counts. The OVerall method crror;;} the motor unit

counting moasurcmcnt was 26.4%. The method error varicd'in different
, _

muscles (écc Table 3). In brachioradialis and soleus muscles, reproduci-
bility of this measurement was. also determined by testing a group of 5uchcts

h

on ‘several different occasions (Tablc 4)}. The avcrapc coefficient of

?
varlatlon was 19, 2” for brachioradialis (N=7)} and 18.0% for soleus (N=2).
In these two muscles, the two methods of.dctcrmining'rcproducibility oP/l

measurement produced similar results.

. ) 4 .
" The method error for the measurement of the maximum M wave ampli-

. tude in the various muscles is pfcsentcd in Table 5. In cach muscle, the

method error for M wave amplltudc was smaller than for the motor unit counts
. t

In brachloradlalls and soleus muscles, reproduc1b111ty of thls measurement

o’

was also. determlned by testing a group of subjects on sevcral d1ffe1cnt
occa510ns (TabLe 4). In this group of subjects, the method error for M

wave amplltudc was. not con51stcntly smallcr than the method erroy for ‘the

-
-~

motor un1t counts._

-

Vo

-

3. Motor Nerve Conduction Vclocity. The overall method error for

-

this‘measurement was 3.4%. The variation ln method error in thc d1ffcrcnt

2

‘nerves tested is shown in Tablc 5.

4. Reflex Potentlatlon The overall method error for the V /M

x100- measurcment was 28 la, and for the V 5 /Mx100 measurement, 26, 9

Varlntlon of the method error in dlfferent muscles is shown in Table 6

.

'S, Muscle TWltCh Propertles. The method error for the measurcment

of muscle tw1tch propertles is presented in Table 7. The overall method

PRS-l i s o i

o

B
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Table 3, Reproducibility of motor unit counts and maximum M wave o -

amplitude;as indicated by the method error calculated from |
duplicate determinatfions

Y

Method Error (V), &%

. . i - ‘ |
Muscle N Motor Unit Counts M Wave Amplitude | ‘

" Brachioradialis 30 24,0 19.2

Extensor digitorum , ' | o i
: brevis 3 ' 29.6 16.6 L

26.8 3.6

Hypothenar " 7 |
 Thenar | .27 22,6 . | 9.9

Soleus L 21 22.0 7.6

5
i
1
1
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TABLE 5. Reproducibility of measurement of motor nerve conduction
o velocity. 7 ' .

A}

Motor nerve conduction vcloéity (m x s-l)

| ' XL+ x P ME (V)
Nerve © N 2 ‘ME Y

Deep peronapl 1l 48.8 S 2.7 { 5.5

Meddan 20 '59.8 . 1.9 | 3.2

Ulnar: 5 56.8 0.8 L4
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TABLE 6. Reprodudibil.’!.tylof measurement o;‘c‘ re_:flofx potentiation,’
VliM x 100 : V2/M x 100 -
X, + X X, + X .
. L2 ‘ L2 ME (V)
Muscle N 2z ME ONE (2). T 2 ME

_Brachforadialis 15 3.6 657 205 . 230 5.0 217
'Extensor digitorum ‘ I . :

' Hypothenar 4 19.4° 5.1  26.2. . 16.4 . 3.9. 23.8
Thenar 22 26.3. 5.3 20.2 23.7. 6.9 29,3
Soleus 13 16,3 4.6 27.9 - = e

- * \ i
Note: in the soleus, the V,/M x 100 measurement was not made .
R
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TABLE 7, Raproducibility of measurement of muscle twitel propertien.

4

-
1 5
]

Method ecrror (V), %

Rate of  linlf
Twiteh Contraction tension relaxation

‘Muscle N tension time - development time.

bravia 5 . .11.3 012.3-

Hypothenar . -5 a7.l ':3,0 )

12.1

12,0

_". Thenar . | 17 1.5 - 8.5 L I®,3 ?m 15.2
Tricnpu,auéhe ' .._l& 5.6 o 8.1 . 8.7 <. G;l
: : > -
| ‘ [ 4
. R .
.{l ‘;."4‘
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orror for extensor hallucis brovis was 13.5%, for hypothenar, 20.8%,,for'.

thonnr.-IZ.d% and -for triceps surao, 7.1%. The method error vari&ﬁ .

i S *according tQ the twltch proporty measured (twitch Ecnsionl 16,1%; contrace
o . tion timo, 8,0%; ruate of ‘tension dovoloptznt. 18.1%; half relaxation timo,

i | o | § .
B S . io6," Anthropomctriu Moujurcmcnts. The mothod error tor tho nnthroi_

R

pomotric measuromonts is proscnted in Table 8,
7. Summagx. A summury of the roproducibility of tho mcasuramonts. L
is prcscntod in Table 9. The mothod orror was smallest for tho nnthropo-

motric measuromonts and motor norvo conduction volocity, wus lnrgost for

‘ . 'the motor unit counts and roflox potontiution, and was intormodinto in

mngnitudo for VOIuntnry strongth and twitch propSrtios. -

~B..1Control Monsuromonts .

-

1, Voluntnry Strongth Tho results of the voluntary strength

) monsuromonts are prosontod in Tables 10-12, On he 1vor|go, the vuluos for
‘ ra

the right side: worJ 6. 6*4 1% (iiSD) groatox thln those for the lcft side

: 'Ihoro was -some Variation uccording to the movement (1!][\10 plantar llcxion.

5

‘ “34 7 4 1%; kneo cxtonsion, 8 7¢ 2 "%; ylbow oxtons ilon, 6,3%d 0%), the mLLhnﬁiCﬂl

ffproporty (pouk torquo And powor, 7,634, 2%; nverugc torqyle and power, 4 2t

T e s ok
{

"f., 4. 2% impulso nnd work 7 9 3.4%) nnd the velocity (6 low, 4.5%3, 0., iasg,
”‘aB 7‘3 2%) Tho vnluos fOr nvorapc torquc und powor woro, on the average,

: 62 0*9 8% of those fbr ponk ‘torque and power. . ‘There was some v1xidtion

b
o

o

according to tho movomont (ankle plantar Eloxion 57.5%2, 0 knoc cxtcnuloh,

s
it ot e W 7 e, Y T 2 T

54,1% 4 7% elbow oxtonsion. 74, 3*3 ua), thc Jido (lojt, ba 1311.. uu, rlph
<L__?P .8% 9 0%) nnd tho volocity (slow, 64,4 - 9 ﬁj; fast, 59,5%10,0%),
| Tho corrolations umonp the mcchnniual pxopertio- are proaontud

in Tnblo 13 All corrolationq were poﬂitmvo and. .tntistically hignificant.

¢ .
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TABLE“S. Reproducibility of anthropometric measuremenca.

L

Moasure N

Method error (V), %

Body maas . i 14 
Calf girth _ 15
‘Thigh girth - 15"

Upper arm girth .15

. 0.8

0.5

1.7

l.1.

o T .
2 o
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-

TABLE 9 . Summary of reproducibility of measurements.

N

-

Measure

Methed crror (V),

“

Voluntary strength
Peak torque and power
Average torque and power
Impulse and work
Strength-velocity relation
Symmetry ratio

Motor Unit counts

‘Motor nerve conduction velocity

‘/wﬁﬁflex potentiation

T

e Vi/M x 100. , R

. Va/M x 100
) “TﬁitchrprOperties

Twitch tension

Contraction time .
.Rate of tension development
"Half relaxation time.

'Anthpobometrig measures -

" Body mass
" Calf girth
Thigh girth
‘Y\ ~ Upper arm girth -

.
—

11.2
10.4

11.3

13.2

10.1
26.4

3.4

- 0O 0D O

-0 0
.- -
— ~J o
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The correlation coefficients rahged from r = 0.47 (elbow‘exceqsion,

'30 deg/s, right side, peak torque and power vs average torque and power)
tor = 0.94 (ankle plontar flexion, 36 deg/s, left éidc, average torque
and power vs~mpulse and work). The aveﬁage correlation was, for peak

torque and power ;s average torque and power, r = 0.79; for pcak torque

and power vs impulse and work, r = 0,73 and for average torque-and power

vs impulse and work, r = 0.81. The correclatious were not affected by -

the velocity .or side of the body tested, The correla-

tions-among the mechanical properties were greater in ankle plantar ‘
‘ flexion (r = 0.84) than in knee extension (f = 0,73) or clbow extensionl.
(r = 0.77).

The cofrelations among the three mé@pments (anLle plantar flexion,
knee extension and elbow cxtension) were gencrally low and non~significant.
Of 36 possible correlations, only four hﬁ;e statistically significant
(see Taole 14).. In each of the movements, howover, the cor;élations
between values for the left and right gides were in moot cascsrpositive
and significhnt (see Table 15), | |

| - The_rcsulto)of'the helght, mass and limb girth meaéufements of
,the control subjects. in the ocangth study are presented in Table 16.-
The correlations between theqL anthropometric measurements and the
/;é:engtn mcasurementa are shown in Tables 17- 19 'In ankle plantar
flexion (Table 17), the correlations were generally non-significant,
only four of 48 poosible correlations were sign%f%:ant. The signifioant-
" correlations were‘low'(r = 0,47 - 0;52).d in knoe.extensioh (Tubie 18)
the results were sﬂnilar, with only one of 48 possible corrclations being

significant._ In elbow extension, (Table 19), the correlation between

¥

2




110

s/8ap 9¢ pue s/39p 9 21aa sor3iT20T7aA U3TY pue HoT mmu‘.mOmeﬁu MMucmwm o7que Jog
- 5/3ap 081 pue S/3=2p (g @123 =373T2072A USIY pu® Mol =2U3 ‘UOTSULIXD I3UY PUE UOTSUIIXE MOQTs J10j

100°0>¢ ¥ “10°0>d

*£foar1dadsaa
*£1aar1oadsaa

rez0y -,

8e°0
¥09°0
¥15°0
< ¥x£9°0

(€0
8E"0
£zT°0
¥¥89°0

62°0
£1°0-
0£°0
L2°9

.-

%D 0
Y1°0-
11°0

L1°0

z0°0-

010~
€1°0
$0°0 -

£1°0
€1°0-
£2°0
810

00°0-
“0z°0
£0°0
60°0 .

£E1°0
Li*o
I1°0
£E0°0-

5 0£°C
€070
01°0
€1°0

ydra

3397

y31a
1391

ydra
RECH

yBra-

13971

Iydra
13e1

- 3y8tx

" 313871

huﬂUOﬂmb MoT-

iznod pue anbaol wes;

3

£31%0794 Y91y

£3T20T9A moOT

jyaom pue ssTndmy L

Katoofaa ydtu

£31700T9A MOT

aamod pue- anbioy mmwumbﬂ

AUWUOHm>.:mw:

T

UoFSUIIAI MOQTY

SA

UOTSUIIXD IaUY

UOTSUSIXI noqT7Y
SAa
uoIxar3 aejuefd ayyuv

UOTSU33IXa 93Uy

SA

uoTzaTl aejuerd aryuy

(S2-%Z = ) s193lqns Toiluos ur sjusweinsesu yiJuails K1ejuntoa jo sdy3azedoad IEDTURL TR
9Y3l UT UOTSU3IIX3 MOqT?2 PUB UOTSUIIX3 29Uy ‘UOTxXa[3 iejueld apjue Suouwe,suorieT91109)

o
v1 BAEVL

D



111

o TABLE 15. Correlation botween right and left sides in measurements of
j S L voluntary strength in contral subjects (N = 24-25)
- Left vs Right
: Peak ‘torque Average torque Impulse
Movement ' and power and power . and ‘worlk
Ankle plantar floxion 6 deg/s 0.69%* 0.73%% . 0, G5k
P e , ; 36 degls  0.Ghk T 0.66%% 0,504k
Knee extension © 30.deg/s 0.63** 0.63%x% 0.80%*
| B R - 180 deg/a  0.75wk 0.92%% 0,95k
Elbow extenasion 30 deg/s 0.51* 0.80%w 0.59*4
o 180 deg/s 0,37 0.62%w 0.60%%
R - . :
l I * . " . B ﬂ
: © *<p 0,01, %% p<Q,00l
£
i
B
3
- ‘f/
: .
.
N 1 ,'.
- :
¥ o -
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TABLE 16, Height, body mass and limb girth measurements of the subjects
' used for.the control voluntary strength meagurcments (N = 25),

T Measure X s, Ratige
> ' ; ot :
lieignt, cm, | 177.5 5.4 167.6 - 188.0
Body mass, kg o 71.7 7.5 . 57,0 - 85.0
Calf girth, cm . .
Tefe S 2. 1.8 33,5 - 40.7
right’ , S 373 1.9 34.5 - 41.0
 -Thi3h_girth,'cm .
 lefr ‘ 5.6 . .24 - 504 - 59.5
right =~ - 56.0 2.7 . 50.6 = 61,0
Upper arm giich, cﬁ' .
left g 30.2 L5 0 27.0 & 33.3
‘right. - . 30,20 - s T 27,00 3346
e '
- . g ’ .
N
" ’ ‘ . A
[ "J .
_;. - ‘

o d——— - -

L s
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TABLE 17, Corfclationu'betweenﬁunkle plantar flcxion'strcngch and
t:) height, mase and calf girth in control subjeety (N = 18-25),

. e B e e ot s et oepoirm A T T T PR

Calf girth

Mcoasure Helght - Mass  Loft Right
~ Peak cofque ST - ' Lo
* and power 6 deg/s lefe 0.08 0.18 0.1l 0.06
right  0.05 - 0.31 _ 0.35  0.30
. V . " ) . ,
36 deg/s  left: 0.14. -0.07 0/04  -0.01
‘tight ©. ' 0.19  0.39 0.51% ~ 0,49
Average torque ‘ ; :
and power "~ 6 deg/s - left . 0.13 10.22 0.04 ~0.01
right 0126 0.48%% 0.49% 0,45
36 deg/s  left ! 0,03° 0.3 0.11  .0.08
right . 0.1 0.35  0.52%  0,47%
N Impylse and ' : ' . - .
work 6 deg/s.  left - 0.12 0.16 0.17. 0.09
cright © 0.16 0,27 0.30  0.28
s s o -
36 deg/s  left 0.06  0.09 0.14 ' 0,08
© right . 0.11  0.18  0.31 0.28
% p<0,05, %% p<0.02 \ -
. . /

LR
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TABLE 18. Corrclations between knee extension strength dnd hei
- mass and thigh girth in control subjects (¥ = 18-25)

114

ght ’

Thigh girth

Measure - - Helght  Mass Left ~ Right
 Peak torque 30 deg/s . loft -0.07  0.09 0.16 . 0.07
‘;Nﬂ?ﬁ power right  C70.36 0.23 =000 -0.06
. 180 deg/s = left 0.26 0.23  o0.12 - V.02
) right ~  0.33  0.41% ° '0.07 .03
Average torque 30 deg/s  -left 0:00 0.10 .  0.03 . -0.00
and power o ‘right . " 0.20 - 0.06 0.08  0.07
180 deg/s.  loft 0.13  0.14 . -0.11  0.07
right 0.30  0.33 9.08  0.04
Impulse and 30 deg/s  left 0.02  0.08  =-0.16 =-0.17
V°‘kr;'- right 0.20 0.26  -0.07 -~0.01l
180 deg/s  Lloft 0.12 -0.20 -¥0.03  0.02
! " right 0.18 ~0.25 = ~0.10 =0.09

e

. -

* p<0.05 F )
a ;,/f -

T e - i AR T
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'TABLE 19, Correlations between clbow extensio
and upper arm girch

115

n strength and height, maés
in control subjects (N = 19-25).

Height

Upper arm girth

Measure Mass Lefe Right
Péak torque
and power 30 deg/s lefe 0.16 0.47 0.64 0.66%#%
' right  0.50%%  Q.g2%tk .19 0.20
180 deg/s 1left 0.20 6{58*** - 048 0.55%%
right 0.31 0.56%%x 0,15 0.14
_ Average torque
+" and power 3054&5/5 lefr 0.07 0.28 0.50% - 0.52%
right  0.16 0.26 0.28 0.41
180 deg/s left 0.10 0.40% 0.52% 0.5o¥
right 0.28 0.41* 0.21 0.32
Iﬁpulse and :
~ work 30 deg/s left 0.12 0.31‘ 0.47% 0.46%
| right 0.3l 0.37 o_éoj" 0.37
180 deg/s left  0.10°  0.46%% 0.57#%%  0,63%kx
¢ right  0.31  0.4gw

0.04

0.17

* p<0.05, %X p<0,02, *¥% p<0.0l,

ekokk p<0.,001
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Al

atrength and the anthropometric measurements was greater’ 20 of 48
possible correlations were significant. - However, the significant
correlations werefagain low (r = 0.46 - 0.66). .
There was a significant, positive correiation between low and'
“high velocity strength performance (Table 20). he-corrclatioes ranged
from r = 0.44 to r = 0.84 (x:r = 0.74). The correlations did not vary
in relation to the movement, meceanical property and sideltested except
in the case of peaL torque and power in knte L\Cenolon, where the
correlatlon was notably lowver.
The results of the strengthhvelocity relatiOn deterﬁinations
b
are presented in Table 21, The following average str;ngth—velocxty ‘
relation ratios were obtained when the values” for the three movements
‘and right and left sides were combined: peak power, 4.26; average
power, 3,94; work,‘O.SQA; peak torque, 0,710; avefage tordue, 0.656.
and impulse, 0.134. It suould be neted that peak and average power
increased when tested .at the high velocity, whereas the'remeining pro-
_perties decreased at the ﬁigh velocity.. The resules Qere similar for
left‘and right.sides.
| It wae not possible to compare the strength-velocity rclation

ratios of ankle plantar flexion with those of knee extension and elbow

extension because of differences in the testing procedures (sce Wéthods)}

however, similar testing procedures madt it possiole tc compare knee

extension with elbow ettension in tnzs respect. he results are shown

in Table 22, In peak torque and power, there was no differonce between

: elbow exteﬂslon and knee extension in the btrength—veloc1tv relation;

however, the values for elbow extension exceeded those of knee

.
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- TABLE 20. Correlation between low and high velocity values of mechanical
’ : properties of voluntary strength measurements in control
subjects. (N = 24-25), - ‘
Average
Peak torque torque - Impulse
Movemont . ' ' and power and power and work

»

‘ f Ankle plantar flexion left 0. T4k 0.79%%% 0. 72%%%

: 6 deg/s vs 36 deg/s _ :

. * . ‘right 0.7 1k 0.33%%* 0.80%%x%
Knee extension - left 0. 44 0.80%%%x 0,7gk%%
i 30 deg/s vs 180 deg/s T

. - right  0.58%% 0.71%%% 0,79k
"a 2

| : o
2 Elbow ‘extension o left  0.77%kx Q. 7BMkx 0 gakwk
' 3‘ 30 deg/s vs 180 deg/s ) : ) -
s : _ right - 0,77%%% 0.74k%% Q650w
y
e *.p<0.05,-**% p<0.0p5, *** p<0.00l

i ¥ -"— A )
i N % .

: | -

LT e o T e i o o
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TARLE 22 Comparison of strength—velocity‘relatlon ratios of Lnee
extension with those of elbow extension in control subjects
(N = 24-25), - . ’
oo v -
-E§§= . -
v :
<z . ; AR
) e Strength-velocity relatipn ratio - o
. .
" Mechanical N Knee Elbow . ¥ ,
property extengion extension Difference
\cb . . ) ‘/ ' 0 ' :
ry4 . )
Beak torque left  .0.78320.027 " 0.x83+q/6zzd \,_ﬂoo+o 036 R
i n right 0.786%0.024F 0,833:0.028 .047+0 040 o
s ‘ .
Peak) pbwex lefe  4.70:0.16 % ° 4.70x0.11 °  0.00:0,22 . T
3 right  £.72:0.14 5.0Q:0.17 0.28%0.24 - - ¥

Average torque 53£t

t I}ig'ﬂt
'Averagé'power left
. ' right
.
Impuéée'l left
‘ rigat
Work ‘ left
. . E right _
L

-08320.026%%*

0.672£0.020 54,021 0
0.672£0<021 $0.029 ¢ 0.135:0,039%x
{ : ...
4.03£0.1 4.5320.13  .0.50:0, 156%xx :
4.0320.1 4.8480.17 0.8120.234%%x" - =

0.122+0.004
0.12620.004

N T

‘OOS

403 Q.
Q

0130, 005%%

.01620.007* -

0.332£0.024  0.510:0.018 «F.07820.030%x

0.75620.024  0,852:0,036, 0.

09607, 042% .

' 1
N -
Values are x#SE -

* p<0.05, ** p<0,025;

b2

® . =
. ; '
& F _:,-:)
' s




‘extension by iﬁzlin average torque and power and by 12% in impulse and

work.

‘\J B . .

-y

The correlatlons among the mecnanlcal propertles in the strength-

velocitcy relatlon are shown in Table 23. The correlatiqns were generally

positive'and significant. The average correlation botteen peak torque
and power and impulse and work was slightlv hlgher (r = 0. 63) than the

_ _correlation between peak torque and poner and average torque and power

(r =0, 56) and the correlation between average torque and pontr and

1mpulse—and uork (r = 0.54), There was some variation in the Gorrelac-

‘tions in relation to the side (left, r = 0.52 - right, r =-0.63) and the

:movement (ankle plantar flex;on, r = 0.63; knee evtens1on, r = 0.56; ¥

N : \ | I ~
e elbow extension, r = 0.54) tested. :

¥ . . - -

'There were no significant correlaticns among'the three movements.'
o tested in-the-strength~velooity relation ratios.i . a
The correlations between the strength—veloc1ty relatlon ratlos
N
and the mechanical properties for ankle plantar fleYlOﬂ, knee exten51on

and elbow exten510n are presented in Tables 24 =26 respectlvelv. All of "

K the 31gn1ficant p051t1ve correlations ‘were between the strength—veloc1t;

a

relation ratios and the\hefhanical propertles measured at nlﬂh velocity,

.

wnlle all of the- smgnlficanttnegative correlatlons were between the »

strength—velocity relation ratios and the mechahical propertles measured
at low velocity. ‘ : ' : _ o _._-

W
-

The symmetry ratios of the voluntary strength mea"urements are

'presented in Table 27, The overall symmetry ratio was C 865, There was

.,a small variation in relation to the mechanlcal property (peak torque

- ;’; and power 0. 867 average torque and power, 0 877 impulse and tork

' . N . . v
- . -~
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- TABLE 24.

* p<0.05, ** p<0,02, *kx

d

p<0.01, **x* p<p,00l

ﬁorrelation_btheen strength-velocity relation'raﬁios and H
mechanical properties in ankle plantar flexion (N = 24-25) . i
|
!
Strength~velocity relation ratio ;
Mechanical Peak torque Avefage torque Impulse g
property and power and power and work ]
Peak torque 6 deg/s left . 0.00 <0.13 0.05
* and power right _ -0.00. ~-0.01 - 0.30
36 deg/s left 0. 62% ek 0.34 0.48%
right  0.69%%xx% 0.46%x 0. 665%%% 8
. :
Average torque 6 deg/s ‘left ~-0.01 -0.29 0.19 ‘F
and power r?ght 0.10 -0.12 0.28 i
. . [
36 deg/s 1left 0.41% 0.35 Q.48%% ﬁ
: ~ righ 0.48%% 0.44% 0.57%%% %
’ %]
i
. ( E
Impulse ' : i
"~ and *work 6 deg/s left*’"‘j0.0S_‘ -0.08 -0.22
B right  0.12. 0.14 0.08
36 deg/s léfc C0.42% 0.32 0.49%% .
right 0.5 L% 0.48%% 0.63%k&*



NG
TABLE 25. <Correlation between strength-velocity relation ratios and
o mechanical propertiés in knce extension (N = 24-25),
1 : . : _ : .
Q. . »
Strength-velocfﬁy relation ratio
Mechanical Peak rorque - Average tordue Imﬁulse
property and power and power and work
. o . : +
Peak torque 30 deg/s left ~-0.4d% 0.10 0.14
and power - - righe ~0. 01k -0.33 - -0.44%
180 deg/s left 0. 2R 0.53%%% 0, 60%kx
right -0.29 0.28° . . 0,10
dverage torque 30 deg/s left -0.14 -—0;10 0.03 : :
and power - right ~Q, 67 *kx% =0.50%% =0, 50%* ¢
180 deg/s left 0.19 0.58%k%  0.45%
right -0.20 0.24 -0.12
. Impulse 30 deg/s left -0.28 -0.07 -0.28
> and work . ‘right =0, 55%% -0.18 =0,062%%%%
180 deg/s lefe - 0.06 0.34 0.35
CEight  .-0.22 - 0.24 -0.03
* p<0.0S, ** p<0,02, *** p<0,01, %kdk p<0.001
. . 3 S
.x .

OG- S

e
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o - ) N
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s . = . i . b .l . ’ .'- . *
-TABLE 26, Correlation between s gth-velocity relation ratios and
: mechanical properties in elbow extension (N = 24-25),
“- . . ) -
. Strength—vclqg&fz;}clation ratio
Mechanical 4 " Pesk torque Averageltorque Impulse
property - and power and power and work
Peak torgque 30 deg/s left . -0.50%*  -0,35 =0.47%%
and power . right -0.15 0.12 -0.02.
180 deg/s left  0.15, -0.12 S
: © right . 0.50%% - .0.35 0.47%*
, -Average torque 30 deg/s Left =0, 51%kk 0 58k - -0.42%
- and power , , right -0.25 T 0L BTk -0f42*
180 deg/s left . =0.21 0.03 -0.24
- right 0.18 ~0.05 /0.12
" Impulse 30 deg/s  left S0.53%kk 0. 43% 0. GO Hk
‘and work - Cright - -0.26 =0, 57%%% -0.44%
180 deg/s left.  =0.28 -0.32  -0.09
) right 0.39 - =0.01 _ 0.39
* p<0.05, *% p<0,02, Hk p<0.01,_3*** p<0.001'
. . \
N
.'_b_
. h
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‘right sides. On the average, the values for the right side etceedtd

0-75*0- 22|

‘nerve conduction velocity measurements are presented in Table ’9 The

' -values for the ulnar and median nerves were similer, and . wexe ﬂpproxi-

‘There was no-difference between the values for the two sides. -Thej_ -

*

‘ 0 853) the movement (ankle planter flexien, 0 830 knee extension, 0 890". -

]

elbow extension, g}&?S) and the vclocity (alow, 0. 870 fest 0. 861)
tasted S ‘ o ' s N v

- R ~

‘2. Motor Unit Counts. rht results of the motor unit counting

- measurementb are prc ented in Teble 28, In 20 subjects (brachioradialis,

N = 4; extensot digitorum brevis, N - 8' hypothenar. N=1; sofeus,

N = 2; thennr, N - 5), motor unit counts were made on both left end

those for tlie left side by 74 but this. diffcrenee was not significant.

i

The correlation between the valueo for the left and right sides was

r =0,78 (p<0 001). The wean (*SD) symmetry ratio was 0. b7+0.t1

In theae same subjccts, the corresponding compnrisons were made
in the M~wave: measurements.‘ On thc average, the yalues for the right
side exceeded those for the left_eide by 127, but this difference was

not'significent. The correlation between thL values for the left and

right sides was r = 0. 88 (p<0 001). The mean (+SD) symmetry ratio was

3. Motor Nerve Conduction Veloeity. The results of the motor

mately 267 grcater than the value for the deep peroncal nerve.
In 12 aubjeets (deep peroneal nerve, N = 8"median a2, N =-3;

ulnar nerve, N = 1), measurcments were made on both left and right sides.

correlation between the velues for the left and right sideu was

r=0, 81 (p<0. 01) The mean (£SD) symmetry ratio was 0. 95-0 04,

o
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TABLE 29. Motor nerve conductian velocities in control subjects.

Motor nerve conduction velocity, m/s

Nerve N x° so . Rangé

Median - - i1 58¢9 3.

Deep peroncal 24 7.5 ©3.1 O 42-53

o

33-67

Ulnar ‘ 13- 60.2 4.9 48-67
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In 11 subjects, the correlation betWeen the ralues for'the ulnar

o

and median nerves'wns r = 0;73,(p<0;02). In 11 subjects, the correla-

3‘ - .. tilon between the valuts for the medlan and deep peroneal nerve was

" =0.64 (p<0.05). — R
. = ‘\-" . .‘ . ) ' . -
s : ‘ 4, Reflex Potentiation. The results of the reflex potentiation
measurements are presented in Figures 10-12 and Table 30, The values for . _;ﬂq :

 both V1 and V2 potentiatidu wera grcatest in theqar and brachioradiaLrs
musc}es;._The cbrreietion between the V1 and Vz relues was,'fer.the
thenar miscles, r = 0.63 (px0.001); hypothenar muscles,‘r = 0.58 (D<b.0§5;
bracnloradlalls, r = 0 63 (p<0.001) and t\ttnsor dlgltorum brev1b,

v

0.86 (p<0. 001). : . L

-

1S
In 10 subjects (cxttnsor dlgltorum brevrs, N = 6h bracnlqradlalis,-h o
. ' O

b
N}

:r

23 thenar, V = °) measurements were madt on both left and right

[ .. \

sides. TFor both Vl and V, poeen ‘ation,nthere was do‘Significant

\\<x; difference between the values £

lation betweenlthe‘left and ri

e lefc'and'righc'siqesl The corre-
sides was,:for Vi, r = 0.67 (p<0.05)
R | and for V2, r = 0. 77 (p<0 01) The ﬁesn)QSD) symmetrf ratio &as,-forl.

) - vl, 0" 6320, 23 and for V,, 0:69:0.17.  }
There was llttle dorreiation among muscles in reflex potentia-

-tion (see Table 31).  An exception was a significant positive correlation

‘»between thenar V and hypothenar V, potentiation (r = 0. 66 p<0.05).

- 5; ‘Musgle watch Properties. The results Qf the measurement T S

e T of the muscle twitch properties are shown in Figﬁres 13-16 and in o'

S Table’s2. | N S g Con
% . .‘.- . . ) } ~ . .. ' . . ] . .

The correlations among the twitch properties are presented .in -

" Taple)33{ Signifieeﬂt positive correIatibnS‘here_fqund yetiveen twitch o



- e B oure JD_ Rgrlc\ potcntlltlon in. 10 ncdlan 1nnnr\atoc tbcnwr

-

'nusLlcb..}AiD;: SPOHHC\ i four subr 2cts rc~1_and

1ur1wn na\:nnl “so etric ontract:on { '*o1t\ S

v ‘1' "‘ k]
. B ¥ ’
LN ' -
. ’ - ~ » v
. : ; .
: “‘ v . "'
I N N
. ~
i » .
\
ERY : .
N . 1} -
. * h ]
. : LT v
whoe F 1 : : .
o . o . . it el
d . [ v Lo
" ‘, 3
” : . .
- N .
L -
y . -
\
- - . L r
" [ R .
! .
i - » ' .
. . -y '
1 " .
. ' - ~ -
-~ - ~ -
. - .
.
X . - v i
o . i .
. ' >
] - - ‘
, ‘. ' .
) . o
: 1
B s L b
- ] . A
\ o :
B .
y . -
»
- ., -~ .
- i .
. L XN .
"
\
e
.
. . .
. -
‘. . L.
. . :
. T -
r ) ‘ o T
i



132




. Figﬁré ilf ,Reflet potent1at10n 1n brachloradlalls (A), hvpothenar

'j(B) and ettensor dlgltdrum brev1s (C) in . three sub1ects

' ‘#
; = Responses at rest and durlng ma\lmaL,lsometrlc coﬁtrac-,
Lo el t10n< (effort) are shoﬁn ;O ms tlme marks. N IR
The e e _ g : . = . e E—
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Figﬁre 12.

. - -2
- N P -

.[Réflex p entlatlon in. 5oleus. A< D responses 1n four

_subJects av rest and durlng mw\lmal 1sometr1L contractlon é'
73'(eftdrt) 1@ msftlme mkzks aﬁﬁ :hf,;%_ :
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TABLE 30. Reflex potentiation in control subjects,

Reflex potentiation
V ,f . .
Muscle N V1/Mx100, % V2/Mx100,5
; hRd . * 3
Thenar 28 27.6%13.4 . 24,1212.4
. (7-68) (1-54),
Hypothenar 13 15.027.1 15.1%6.7
7 (5-32) (4-27)
Brachioradialis | 35 . 51.4%18.2 26.7%14. 7%
TR » (4-67) (3-54)
" Soleus 29 15.3%9.3 * %
‘ (3-47)
- Extensor digitorum brevis 16 11.1%7.4 18.1%973
o (2-23) (5-33)
Valueéaére gl SD/ (min-max) .
'_*Fo;;fhis’measurement, N % 32.
**In soleus, this méasurement was. not made.

e
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TABLE 33. Correlations among twitch properties in contrcl subjects
Eﬁtensor. ‘
) hallucis brévis = Hypothenar
Properties (N =25) (N = 19)
' TV vs CT 0.65 0.27
T ys'RTD 0.59 0.95 %+
RO NS
vs 1/2RT --0.09 \ 10 .
CT vs RTD -0.22 ‘ .03
.vs 1/2RT 0.52 .12
RTD vs 1/2RT -0.67. 3
) \\/
" .

]“‘

AN

&

;o

v o

~Thenar
(N =19)"%

o,

Trileps surae

(N = 56) Q

-0.26
|
0.15

0.01

-0.65%% .0,

- 0.17

0.
0.

Q.

0.

0.

(\_
31*»‘\

74***

17
g%+
16

a7

© T = twitch tension, CT = contraction time, RTD

1/2 RT = half relaxation time

*p£ 0.05, **p0.01, ***p20,001 - -
.
;.
| N

= rate of tension development,

: /Nv
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7 tension and rate of tension development (hypothenar, triceps surae) A

51gn1f1cant negatlve correlatlon was found betwaen contractlon time and

A
rete of tension developmentl(thenars t:lceps surae),

-In 35 subjects, there was no coj;iﬁation between the twitch
tension of triceps surae and the M wave lapplitude of scleus, nor was
) .3

there any correlation between the soleus M wave amplitude and calf girth

‘( 19). THere was-a low but significant correlé‘ion (r = 0.35, p<0.05)

It

between twltch tension of triceps surae and calf glr (¥ = 38). In -
“\\\Fhenar (V 19) and hypothenar (N.= 13) musc%es, thered was no corre%&-
tion between twitch tension and M wave amplieude. .
‘-There_were o siénificant ébrrelatieﬁe amodg é&e mscles in any
of the twitch propeftiee.
In 12 subjects, the twiech-prOPerties of triceps suzee\gnd calf

girth were meaaured on both left and right sides. The,halfj:elaiation

time of the rlght side was 12% (p<0.05) longer than that of the lefr

C “

side. There were no s1gn1f1cant dlfferences in? any of the other twitch
. —

propertles,wnor in-calf girth. The correlation Detween left.and right

51des was,, for twitch tensionm, r = 0.93 (p<0 01), contraction tlme

0 60 (p<0. 05), rate of tension development, r = 0,90 (p<0.0l); half’

relaxatlon_tlme, r —.0.72 (p<0.01) and for calf girth, r = 0.99 (p<0.001).

The mean (£SD) symmetry ratio wae, for twitch tension, 0.9420.04; con-

o~ »

Eraction time, 0.94*0.05; rate of tension development, 0,93+0.07; half

relaxation timeé, 0.86+0.10 andfor calf girth, 0.99+0.01.
A comparison .of male and female control subjects in the twitch

properties of triceps surae and incalf girth is presented in Table 34.

Rate of tension developmené was greater‘By.IBZ and calf gircth by 5% in

T e PPN, -

EVES VIS
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TABLE 34. Comparison of male and female control subjects in the twitch

‘properties of the triceps surae muscle and in calf girth.

Femaleg\\,//' Difference
Property (N = 10) ®
Y Fal
- - e
Twitch tension, N 22 6+3.2 1.2%54.3
-Contraction time, ms 104.422.12 115.8%3.7. 11.41'4.l2<§ ~
Rate of tension developmgnt, . . N
N/s o 906.127,5 802.2%23.5 103536, 3%+
Half relaxation time, ms  '85.2%2.1 96.625.6 11.4%6.,0
Calf girth, em 36.420.4 . 34.6%0.6 1.8%0.7+
= +
Values are X - SE
*£0.02, **pz 0,01 .
S .. : g .
B . .

B .
a R .
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the males. Contraction time was 11% longer.in the females. - .

C. Training and Immobilization Experiments,

1. Valuantary Strength, The results for subjects in which elbow

extension strengtn was measured after both training and umnoblllzation are
presented ln,Figure'l7. In the group which immobilized.priofrto tragn-
ing, peak torque decreased by 257 (p<0.005) after irmobilization, und
after training increased by 77% (p<0.03) over the post immobilization
value and by 33%'(NS) over the conﬁrol'value. Average torque decreased
b& 30%Z (p<0.005) after ﬁmnobilizétion, and after training increased by
847 (p<0 02) over the post immobilization value and bv 28% (p<0.05) over
the control value. Impulse decreased by 39% (p 0.025) after immobiliza- ‘

tion,‘anu after training increased Ly 115% (p<0.05) over the post
ﬁmnobilizaeion value and by-BlZ (NS,“p<O.10) over the control value.

In tee group whichltrained-prior to immoHilization,-peak torgue
increased by 50% (NS) after training, and after iﬁmobilizatibn, decreased
by 33% (NS, p<0.10) from the post training value and by 8/ (NS) from -the
controi‘value. A;e%age torque 1ncreased by 24% (p<0.05) after tralnlng,-
and after‘:mmoblllzatlon, decreased by 302 (p<0.001) from the post
training value and by 13% (NS) from the control value, Impulse
increased by 12% . (Ng) after training, eud after immobilizatioﬁ, decreased
by 30/ (P<0 001) from the post tralnlng value and by 22/ (NS, p<0 1)
from the control value.. ..' . . ‘ 'f -

When the results of those subjects who 1mmoblllzed Eirst were

combined with the reﬂults of those who trained first, the overall results

' Twere as shown in Table 35. The posi\iiiining value exceedeq;the control

M




el R T T R S __-mw:w:‘—-..mQMM\mu\me—:nmsﬁ' -
. N .
e e - A
N
: i
(O : '
“ @_4- . L -
- . . - .
-
o
.
L 3

) Figure 17,

. ' R B N . ) | ) //‘_

e . P

Effect of training and immobilization upon elbow
extension strength. Left: the group ?Eiph immobilized
Prior to training; ‘right: the group whi trained

prior to immobilizatién; C =-control, I = after immob-

. ilization, T = after training. Values are X ang SE.

. 1 4
.
"‘-_ > -
-
L- K ,
v
. - -
. . R
A s
" L I\
N Al "
Sl N
" - .
H . . - v -
C m . " M z
RS - "
. . -
T . . )
. - -
) . " —_
B ‘ . X . ‘
: : v A
B - \ . "
Co . . r‘ e,
: . . - . . 3
g . . : A
. . a4
o R M
. s

iy bt bt L < s e e

[

v

BRI

e



W-NINDYOL Mv3d -

. ! 0 . . :
o R ‘ “
TT T T T 7 T 1 | _ _ | T = J e N At
5 | .
— — — ~
— —] 1— ) -
. —~=_
L4
]
— - ¢ — —
- \..
_”ﬂ ] — , —
SN _ . g |
P A
1. | - 4 | = TN |
4N N T N B _ ! I A W S N N TY I S B .
o O O Q O O O O O o O Q O Qo O
O, ) © @ <+ « © < S Q w0 ol

WN'3NOYOL FOVH3N  s-wiNISTNGAN
. £

. «



AR Ay,

- R T e T T Tl iy it S T T T M 84 P s Mo

Table 35,

TR T b ey R T

AN

154 ' .

e - V
- T

Effect of training aand immoblllgation upon elbow extension
strength when the results®of the group which immobilized

first and those of the group which trained first were

'5‘\\\éifib1ncd

Post Post

.-é&:f=

Measure Control training ‘immobilization
&—-\'; —
Feak torque, N.m 35.423,2

Gi = 11)

' Average torque, N.m
(¥ = 9)

_'impﬁlse, N.m.s
(i1 =9)

/;9 8x12. | 46.0%5.2

33.9%4.3

41.7+2.5 32.324.4

116.0215.4

-

159.627.0 187.9212.9

Values are X*SE

. .
o,
. ‘ %
i
& ‘
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value by 42% (5<0.05) in peak- torque, 25%7(p<0.0055-ih average torque
and by 18% (p<0.02) in.imp&lse.‘ The post trainlng value exceeded (;e
lp0at immooilizac1on value by 697 (p<0. 005) in peak torque, 354% (0<0 00lL)

in average torque and by 627 (p<0;001) in impulse. The post immobili;g—.
tion_value was leaé‘ﬁhan the contfol value by 16% (p<0.05) in peak torgue,
19% (p<0.02) in average torque and by 27% (p<0.065) in impulsé; (

| A total of seven subj?cts trained w1thout prior 1mmobi11gat10n

Peak torque incruased by 48, (NS) from (\+SE) 54.624.,7 . ¥.m to 80 8*18 4 N.m.
“Average torque increased by 21% (p<0.05) from 41.123.1 N.m to 49.8£5.6. .,

\
Impulse 1ncreased by . 10% (NS)Jfrom 163.5:8.0.N.m to 179.6x14.4 N.m.s. 7.

-
4'  A total ‘f\}3 subjects trained leow uxten51on Six of these
lsubjeét 1mmo§i}1:ed prior to training. In relatlon to the dbntrol value,
peak torque.(§:§ﬁ) incrgased by 39% (p<0 05) from 54 1+2.8 to 75.2+10.6 N.m.
Average torque increased by 18% (p<0.01) from §1.1:2.2 to 48.5x3.4 N.m, .
Ihpulse increased by 117 (NS, Qéo.lo) from.160.3:7.4 to 178.5%9.7 Nwa.s. “

 Immobilization occurring prior to training did not significantly affect.

-
! I

the response to training, when the training increase was expressed in
relation to control values.
L : ~
» 8ix subjects who trained on the Cyvbex as well as with the
weights were comparéd, in their training response as measured on the
Cybex, with six subjects whod tfained with the weights only. In each
- group, half the SUbJeCtS tralned Prior to 1mmoblllzat10n, and half g

trained after 1mmob111~at10n. The Cybet—tralned group in relatlon to

| control values mada lncreases of 73% (p<0 05), 29% (p<0.01) and 25%

(dx0.02) in peak torque,‘average torque and impulse ‘respectively. The ' k>‘

 group which ;r&ineg with weights only madeﬂnon#sigqificadﬁ"increases of

1o ey
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-9%,{$%~and ~1Z er.peak torque, 'average torque and 1mpulse respectlvely.
The training response of the Cybe\ group. was 51gn1f1cantly (p<0. 05)
. greater tnan tnat of tne group which tralned with weights only
In the group (N = 6) whlcn tralned on the Cybex, strengta was
tested on several occasions derlng the training perrod. The individual
traiﬁing resronee in four of these Subjects is shown in.Figures-18—2l,
and the group response is shown in.Figure 22. VWhen testing was done
frEquentl§ (Figures 18 and 20), considerable day to day variation in
IrErfermanee was reveeled"however, the average performance for the group
1ncreased progreb51vely with time (Figure 22),

There was a p051r1ve correlation in tﬁe increase with training
(¥ = 13) between peak torque and average torqee (r = 0.72,‘p;0.01),
oetween peak torque and impulée (r7= 0.@9, p<0;05) and between average
torgue and impulse (r = 0.8.;3,71'9('0.001)‘. | —

A totel of seven subjects immobilized'witheer a prior training
periog. Peak torque (¥ = 7) decreased by-ZSZ (p<0.001) to 41.5t4.5 from . -
55.8:4,9 N.m (x*SE). Average torqde (ﬁ = 5) decreaeed by 26% (p<0.005)
to 32.3+4.8 from 43.7:3.8 ¥.m. TImpulse (¥ = 5) decreased by 36% (p<0.001)
to 99.8212.2 from 156.2+16.4 N.m.s. |

A total‘of'13 subjects underwenr immobil%;arion. Six of the
subjects trained prior to imreeilizacion In relerion ro theicpdtroi
- value, éeak torque (N = = 13) decreased by 18% (p<0.01l) to 46 Vx4, 6 from
55.813aé/3ﬂn~(§:SE). Average torque (N = 11) decreased by 19% (p<0.005)
to 34.1+3.9 from 42:2:2.5 N.m. Impdlse { = 11) decreased by 287 .
- (p<0.001) to 115.0x13.4 from'lso_.oea.e ¥.i.s. In the group ‘::'nich

immobilized prior to training, peak torque decredsed by 267% (p<0.001),

Pl
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_wf“'. X o
" average torque decreased by 262‘, (p<0. 005) and :unpulse decreased by 362 o

. J’
(p<0 001) in relation to control valaes. In the group vhich trained

- . B : --‘_4'

_ iprior,to immobilizetion, peak torque, average torqué and impulse decreesed

by 87, 137 and 22% respeotively in relatlon to the eontrol values, tlrese
- ) .

. decreases were not smgnlficantfggThe deereaee in elbow extension sfrength,

Jin relation to the control value, which occurred in the group wh;ch
immobilized without prior‘training was not signifieangly greater‘than,

the decrease that occurred in{fﬁeﬂgroup which trained prior to dﬁﬁooiliza—
tion. . . .

There was a positive correlation in the decrease with immobiliza-

tion (N = 11) between peak torque and impulse (r = 0.73, p< 0.02) and
between average torque and impulse (r = §.78, p<0.001). The correlarion

vetween the decrease in peak torque and average torque (r ='0.Sl) was

not significant. ° \ ‘ .

1Y

- An additional subject, CC, was investigated after sustaining a
-~ ' .

fracture of the. humerus (Figure 23). Tested shortly after removal of

the cast, his values for peak torque, average torque and impulse were - ‘ ﬁ

2.82, 2.53 and 2.95 SD respectively Pelow the post immohilization. means "

- bin
. e
r . . ki

of those subjeots (N = 7).who immobilized without prior training. After ' Y

three montas of normal recovery, peak torque, average torque and impulise

nad increased oy 2674 325% and 300% respectively, however, nis valuea‘

e cocaieans s, b i

for peak tgTque, average torque and lmpulse were stlll‘Z 02, 2.41 and

~.4"

he, Cyhex _and with weights, peak torque, aver-

Tl w4 -

age torqu .md impedlse 1ncreased further by 105 112% end 169% respcctlvel},

fQ\Jhe three month‘recovery values and his values were now 0. 41, 0.60 and 1.31 8D

e,

R S
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Elbow extension stremgth perforﬁance in subject CC

[
( © ) who had sustained a fracture of the hyferus. e E'
Values are shown shortly after removal of fcast (I 5. %
1mmob111 ation), after three months of norkal recovery o 2'
(C = controlJ and after five months of tralnlng (m). -
Also shown for comparison, are values (K - SD) in y E
a group of subjects (O; N = 7 for peak torque; N = § _ €
for average torque-and impulse) which had immobilized - - g
prior to training. Their post 1mmob111"at10n (1)’ T -_ . ?’
and_ control (C) values prlor to immobilization are shown, ‘@
For another group of subjects ( [0 , N = 3) which T E
trained after immobilization, the post training values ' o
ére‘given (m. - o :‘fu . i
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- respectively above the control means'in the sawme, group of subjedts. -

The effect of training and 1mmoblllzat10n upon voluntary 1§b-
- 3

metric stren th of “humb abduction is shown in Figure 24. In the group CL

" which trainéd prior to immobilization, peah torque 1ncreased by 47& (YS)
after training, and after 1mmoblllzat10n decreased by 47% (p<0.025) from
the post training value and by 22% (NS) from the control value. = i

In the group wnlch imuobilized prlor to tralnlng, peak torque

decreased by 567 (p<0 01) after 1mmob111~atlon and after training

..increaged by 204% (NS, p<0.10) over the post immobilization value an&‘by_

5 ‘
352 (NS) over the control valuea.

When the results of both groups were combined (N = é); peak o
torqhe/increased*by 40% (p<0.051\i? a post Eﬁfining value (x*SE) of
56.5:6.9 N.m from the control value of 40.4*4.1 Y.nm. The post tralnlng

value excaeded the pObt 1mmob111aatlon value of 23,5*3, 2 ¥.m by 141”

(p<0 0l). The post 1mmoomf§:atlon value was less than the control value

by 427 (p<0.02). ‘ - ‘ ) : )
'.I - Whether the ingr;asé with training was eﬁpressed in felation to

‘the controlﬁgr'posc immobilizati&n values, tie training resp&nse of the
grﬁup which trained“priot to iﬁmobilization was not significantiy

& féreﬁt from the response of the érbgp which immobilized prior to “.. i

aining, .A\;/J‘ | s | R o L

e . ‘ a

Feour subjects 1mm0bllluhd ultnout Prior tralnlng Peak torque Lt
f ]

!

‘ »)
ecreased by 57% (p<0 001) from a control value of 49 5+3 3 N m to-a ?

post nmmobllizatlon value of 21, 42,6 N.m. g .
> A total of seven,subjects underwent immobilization. Three of

~ ~ . . ) . - . .
-'the subjects trained prior to immobilization. Peak torque decreased by

+

B T T
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~ Figure 24, Effect of training and immobilization upon voluntary

isometric strength of ‘thumb abduction, Top: a group

(N = 3) which trained prior to immobilization. Bottom:

q

a group (N = 3) which immobilized prior to training.
 Values are X and SE,"+ .
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extension (r = 0.91, p<0.02).

-similar to the value for one day of recovery from 1mmoblllzat10n. after

- 45 (p<0.01) from a control value of 42.4#4.0 ¥.m to = post immobiliza-

tion value of 23.2+2.7 K.m.

In_reietion to tie control velue, the oeak.toraue.ofltﬁe'grdﬁp‘
(N = 4)° which ummoblllzed w1thout.prlor training decreased by 37% .
(p<0. 001) after 1mmoblllzat10n, whereas the peak torque of the group
which trained prlor to immobilization decreased by 227 (NS) after
’immobilizatioo.. The decrease with 1mmoblllzat10n vas 51gn1f1cantlvf\

less (g<0 Ol) for the group which trained prior to ummoblllzatlon.

In six subjects, E?Fh elbow extension and thumb abduction

~strength were measured after tralnlng and _mmoblllzatlon ] With respect .

to changes/ln strengtn caused by'training and immobilization, the only

significant correlation was between the increase in the peak torque of

thumb abduction after treiuing, in relation to the post immobilization

value, and the corresponding increase in average torque of elbow

. & , § ; ' .
- In three subjects, thumb abduction ana elbow extension strength.

were measured after tralnlng and immobilization and after one and seven
. ” :
days of recovery from nmnoblllﬂatzon (Table 36). . In both thumb abduction u
- _ﬂ . - B

and elbow extension, the,value for immediate post immobilization was

seven days of recoVery, tHumb abduction strength had returned to the

initial oiggrol value, wiiile elbow extension strength had surpassed the

initial control value, - e

. |
v . [} -

2. Motor Unit Counts, The results,for/zubjects'in whom thenar

] . . ) F

Dotor units and M wave amplitude were measured after both training and

immobilization are shown in Figure 25. In the ngup whichimmobilrjhd
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Figure 25. Effect of training (T) and )immobilization (1), in
' ‘relation to control values (C), upon thenar motor unit
counts (top) and M wave amplitude (bottom), Left:
o a group (N = 5) which immobilized prior to training,
Right: a group- (N = 6).which trained prior to im-
mobilization. Values are X and SE.
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- =

prior to. traifing, tlm motor unit .coun; decroased by 307 (is) after
lmmobilizntion. ‘and after trninlng, increaned by 36% (p0,02) over the
pont {mmobilizat lon value and by 4% (N5) over the control value., In the
group which trained prior to Llmmobilizat {on, the observed clmngen wera -
amall (< 13%) and aot significnnt. In Dboth groups, changes in M &an
amplitude were small (S 6;) and not significant,

When the results of both groupn ward Cmeined, tha control. post
unnobilizn:ion and poat training motor unlit counts were (x£SE) 352:59,
322241 and 352136 respactively; there were no aignificant differcncem
among the three conditions., The control, post meobilizntion and post
trnining values for M vave nmplituda ware 9, 6£0.5, 9 6:0 7 and 9.810.5 r¥
raspectively; there wara no aignificant diffe:enceu among the three con-
ditions. |

When the rasultu.of.tha two grohpu'were comparnﬂ. thera was no

significant difference between the two groups in the differance batwaeen

control and post training values or in the diffarence batween control and

post immobilization values for motor ~apd M wave nmplitudi. However,
~in th; group ;hlth meob11izedf;::;;*::*::::E:;g, the post immobilization
~valus for motor unit counts wla‘272“€p<0.022 lﬂl; thnﬁ the postltraining.
value, while in the group whiéh trnincd‘prior to iﬁmobilizngi;nh the pdlt
immobilization value waa 8z kNS) gr-at;r than the post training value. '
The two groups differed significantly (p<0;05) in the difference

" ‘between post trninink and poat immobilization values; thers was no

corrniponding significant difference batwean the two groups in M wave

amplitude. ’/,//’ ‘ X |
L] . - '
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>

A total of six sublectn (mmobilized without prior training, The
thenar motor unit cuunt'decreaned by 28% (NS) from a control value of
3502101 to a post immobilizat{on valua of 233244, Thae control and post

immob{l{zation values for M wava amplitude were 9.3:0.6 and 9.4+0.7 my
raspectively ( 1%, NS).

A total of 20 pubjucta participated in training experimenta
involving 30 muscles ‘(thenar, N = 14; hypothenar, N = J; extenmor digf{-~
torum brevis, N = 2); brachiorndialia. o= 4 noleus, N=17), There was
60 effect of training upon motor unit counts (2X, NS) or M wave ampli-
tude (1%, NS).

3. Motor Nerve Conduction Velocity. Filve subjects immobllized

" prior to crnining} Tha control, pohﬁ-immobilizntibn and poat training
.valﬁiu for madidn motor nerve coﬁduction vélocity wera (i:SEz 61,021.6,
59.2£1.0 and 60.8t1.3 m/a ranpectivnly: The diffarnncha among cond{tlana
ware small (5 3z hounVar. the post training vnlua wag lignificantly
(p<0.05) 3raltnr than cha post, 1mmobili:ntion valua. ' _
Six :ubjlctl traincﬂ priot :0‘1mmobilizltion} The control, post

training and post immobilization valuas wara 60 3z1.5, 59 821.2 and

60. 8:1 2 m/u rclpectivcly. The diffcrnpcon among condit;onu ware nmnll_‘
(3 2%) and non~significant, E

When the results of both groups were combined che*control. pont

training and polt immobilizacion vilues weras 60, 6:1 0, 60 320.9 and
59.6£0.8 n/s respectively. The di!!orancol among conditiéns ware smaIl. 
| (<1!) And non-ligni!icant. .
Whan the rclultu of the two ¢roup¢ were compared, thare was no

uigni!icnnt dif!crcncu bntwnun the two 3roupu in thn dif ference betwean
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control and poast tralning values or fn the difference batweesn cantrol
and post Immobllization values. However, In the group which (mmobil!zed
prior to training, the poat trnTnlng value exceeded the post immobil]{za-
tion value by IX (p<0,05), whtle (n the group which truinéd prior to
immoib {1 Lzation, the poat training value wan lenn than tie post
immobilization value by 2% (N8). The two groups differed algnificantly

(p2.05) in the difference hatwesn poat trainlng and poat immob {1 1lzat fon

values.,

A total of'gix aubjecta fmmobilized without prior training. The
control and Tost immobillization valuas éor médian_moqpr narve conduct fon
valocity ware 60.8£1.3 and 59,220.8 m/n reapectivel%. The diffarence
between conditionn (2%) waé not significant,

.A total of'12 mubjects undarwent immobillization, six of whom
_trainad prior to 1mmobilization. The control and post immobilization
values ware 60. 6£1.0 and 60, 910 »7 m/a respectively, The difference
" betwean conditiona (1%) wnn‘not signif {cant, _ N
’ A total of 16 subjects participnted ln training exparimantn tn
" which motor narve’ conduction valocity way meanured. A total of 20 miaclen,
(nervas) ware trained: thenar (nedian), N = l&y extansor digitorum
brevias (deap ﬁéténnul), N= 3; hypo:hnnnr (ulnar), tt = 3, ‘There was no

di!feranca (<i%, NB) b-twnnn tha control and poat training values.

. 6. Ref lex Pocanciction. Thn results In the thenar muscles for

those subjncta who both :rnina¢\%nd 1mmob111zed are presented in Figure 2¢.
In the group (N = 6) wailch trainad prior to immobilization. tha Vl valua
did not bhahge (<1%) aftar training, and after {mmobilizatton, decreaned

by 30% (b<0.05) from both tha control and post training values. The Vz

.
' | Qﬂ
LA .



. Figure 26,

Lffect of immobilization (%) and trajning (T) upon
potentiation of the V1 (top) and V£/(bottom3 wavgs

in thenar muscles (C = consizf\v%luonl. Loft:” the
results for the ‘group N « which i{mmobilized briar
to training., Right: the rosults for the group .
(N = 6) which trained prior to immobilization., Values

- are R and sp,
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value did nor s lsngo Alpndf feantly (37%) afcor training and aftar
hmmnnliznttnn. deorogpad by 28% (p-0, 0%) from tho poyy tralining valye
and by 30x (p-0.0Uﬁ)‘frnm tha control valye,

In the Broup (N « %% wuhien lmmthll*ud prior to training, the
VI value decroaned by 33% (p-0,02%) from the control vitlye, and af ter
training increamad by 148% (p-0,02) over the pont Immobil{zatton value
and by 13% (H3) ovar tha control valua, The V: value decroanod hy 157
(pr0.003) after immobilization, and after training incroanad by 61%
(pr0.0%) over the poat fmmobilization valua and by 06X (NS5) over tlo
control valya,

Whan the results of both groupu ware combined, the control, pont
trafning and'pont {mmob (li{zat {fon Vl values (xt5E) wara 30.8&&.0. 32.{53.6
and 18,923,3 raupncflvai}. The poat tmmohtllzntion value wan lean by
37% and 41% (p<0 00l) from thae control valun and pout crntntnp //_
valua reupactivaly. - Tha poat truiqing valua axcuaded tha control value
by 4% (N5). The control, poat training and post immobilizact fon V2
valuue ware 27.1:3:9. 27.023.9 and,lﬁ.ﬁtS.i rnupncttvoiy.‘ The pout
{mmobilization value was lean by 31% from hoth thae control (p<0.N01)
and post training (p<0.005) values.

Whan chn reuults of the two §roupa wvere comparad, thera was no
aignificant dlf!eroncn bcéﬁinn the two groupa in the difference batwaeen
control and poat crainina values, bctweon control and post immobilizncion
'vnluo:\qg_bccwcnn podt training and post meobilization values for the
bl and V2 Redsuras, |

A total of nix wubjects fmmobilized tha thenar musclas without

prior training. The V| valua decreaaded by 55%° (p<0 02) from a control
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valua (x£85) of 2178401 o a pont fmmobilizacion value of 9.7£1.9. The
VJ value decraanod Ly 337 G 0.01) from a control vialue of 16.95%.0 to a
pont tmmobi]{zation of 11,130,

A total of 12 subjaocts undervent {mmob{l{zation of thoe thenay
mincley,  Six of thase aubjacts trained prior to 1mmohiliz5tlon. The Vl
valuo decraased by 39% (p<0,001) from a control value of 29,2¢4,0 to a
pont lmmuhil!zntioﬁ valua 17.1:3.2._‘Thn V, valug decreased by 312
(j» 0,001) from a control valua of 25.5}3.62;;-n pont (mmob il ization
value of 17,0t3.1. There wan no corralation In the decreane with
Immuhillzac!on, in ralattion to eithar the control or pont tratning valuas,
hatvean tha Vl and V2 values.

A total of 20 subjaects, who trained 31 minclea (thenar, N = l4;
aypothenar, N = 3;'uolnuu; N = 7; axtannsor digitorum bravis, N = J;
brachioradialin, N = 4) participated in training axperiments in which Vl
~ valuens were monuﬁrad. Thn remsulta are shown in Figure 27 (top). The |

overall rewlt waa a 25% (p<0.00%3) increase with tralning. A total of
19 wmubjects, who Ernincd 23 miwclas (thenar, N = |4; hypothanar, N = 3;
axtensor digitorum bravia, N = 3; brachioradialis, N = 3) parﬁ)‘tpn:cd in
training experiments in which Vz valuas wera measured. The rengltn

-

ara shown in Figure 27 (bottom). The overall result was a 21% (p<0.005)

-

increase with training. There was a posditive correlation (r = 0,54,

p<0.01, N = 23) in tha increase with training between Vl and VZ valuas.
‘ . .



”

Figuro 27, Effoct of training upon reflex potontiation, Individual
values of \J’1 (top) for 31 muscles trained in 20 subjects
and V, (bottom) for 23 muscles trained in 19 subjocts
are sI:own along with the line of identity, Muscles
trained included thenar ( A ), hypothenar ( ¥ ),
soleus ( @ ), oxtonsor digitorum brovis ¢ a >

and brachioradialis { W ). To the right of the fiqure
are shown the overall values (X 1 SE) before ( O )

and after ( @ ) training.
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In 'sovan subjects, reflex potentiation in the thenar muscles
was measured at varlous timoes during recovery after immobilization
terminated. The results are shown in Table 37. Vi potentiation
'nppeared to recovef at_ n' faster rate than V.? potentiation,

5. Muscle Twitch Properties. The results for those subjects

who both trained and immobilized are presented in Figures 28 and 29,

In the gfoup (N;A) which immobilized prior to training, twitch tension
increased by 2% (NS). after immobilization, and after training decreased
by "33% (NS) from the post immobilization value and by 31% (NS, p<0.10)
from the control value. .Contrnction time increased by 9% (NS)

after immobilization and after tralning decreased by 16% (NS) from

the post immobilization and by 8% (NS) from the'confEdl value, Half
relaxation time increased by 4% (NS) after 1mmoﬁilization. and after
training decreaséa by 3% (NS) from the post immobilization value and
by 9% (NS) frﬁm the control ynlue.‘ Rate of t;nsion development
decreased by 9% (NS) after immobil;:ation. and after wraining decreased
by 184 (NS) from the post {mmobi 14 zatdon value and by 25% (NS) from

.

the control value, -
In the group (Ne6) which trained prior to immobilization,

twitch tension decreased by 198 (NS, p<0,10) after training, and after
immobilization incregsed by 36% (NS) over the post training value and
by 9% (NS) over the cpntrol value, (;ontracti.on time decreased by -
8% (p <0.05)\after training, and after immobilization increased by

128 (NS) over the post Frainlng value and by 3% (NS) over the control

~ value, Half folnxatioﬂ.tino increased b§ 10% (NS) after training, and
after 1mhobiltznticn increased by-llt (NS) over the post training

’,

value and by 21% (NS) over the control vuluo.' Rate of tension development

~
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TABLE 37, Reflax potentiation in thenar misclen during recovery after
termination of {mmobilization., V| and V3 values are
axprassad as a percantage of control values,

. Racovary
Post
immobilizat ion 4=24h 4-7d 21d
Measura (N=7) (N = 4) (N = 4) C(d = 2)
v, 63£10 79£30 B4zll 9120.01
v, | 5718 56117 7617 8016

Vqlucn ara x:SE




Figure 28,

Effect of training (T) and immobilization (I) upon

twitch tension (top), contraction time (middle) and

half relaxation time in thenar musclés (C = control
values}. Left: a group (N = 4) which immobilized

prior to training, Right: a group (N = 6) which traineﬁ
prior to immobilization. Values are X and SE,

v/

5
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- Figure 29,

}

Effect of training (T) and immobilization (I) upon

rate of twitch tension development in thenar muscles

(C = control values). Top: a group (N = 4) which
immobilized prior to training. Bottom: a group
(N = 6) which trained prior to immobilization. Values

‘are X and SE.
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decreased by 13%(NS) after training, and after immobilization in-
creased by 15% (NS) from the poet training value.

Table 38 presents the results of b'ot_h‘gmups combined
(N=10). The post training value for twitch tension was less than
the control value by Zsf‘ti‘(p<0.01) and iess than the post immobili-
zation vnlue by 29%.(p <0;05). The post immobllization value exceeded
the control value by 6% (NS). The post training value for contrac-
tion time was 8% (p <0.05) 1e-ss than the 'co'ntm; value and 13%
" {p< 0.025) l-ess than the post immobilization value. The post
immobilization value exceeded the contml value by 6% (NS) The
post training value for hnlf relaxation time excoeded the contml
value by 2% (NS) and was 11% (p<0.025) loss than the post immobili-
zation value. The post immobiuzation value exceeded the control
value by 14% (NS). The post training value.for rate of _tension
development was 19% (p <0.05) less than the contml value and
15% (NS) l_ese than the post immobilization \f‘alue. The post 1mmob111-
zation value was 4% (NS) less than .th_emcontrel value,

In the changes in twitch properties between the control
and post training conditions, ‘there was a correlation between the

change in tension an ] chenge in rate of tension developmen't

(r = 0,93, p(d.OOl). T® were no othe::' eig’nif_iéent correlations

among the twitch properties\ In the changes between the control
and immobilization conditions, there was a correlation between
the change in twitch tension and the change in half relaxation

t:lme.(e = 0.70, p <0.08). There were no other significant correlations.




TABLE 38.
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Effoct of training and immoblilization upon twitch properties
of thenar muscles when the results of the group (N = 4)
which immobilized first and those of the group (N = 6)

which trained first were combined.

P

_ Post fost :
Measure’ Control training immobilization
Twitch tension, N 2.29%0.25 1.72_?.14 2.43%0,31
Contraction time, ms 53.151.8 49.0°1.8  56.0%2.7
Half relaxation time, ms 49.322.4 50.3%2.8 56.423.7
Rate of tension develop- . . .

ment, N/s 44,3-5,2 36.1-3.6 42.4-3.8
\

Values RisE

Ay
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among the twitch properties, In the changes botween the post train-
ing and post immobilization cﬁqditions, thofo was n correlation
botwoen the éhange in twitch teﬁ!ion and the change in contrnéfion
time (r = 0,72, p-<0l02), and a correlation botwoon the change in .
tgnsion and the change in rate of tension dcvolopm&%t (r = 0,8Y,
[)401001). There wore no other 5i§nificnnf correlations among tho
twitch properties.

When tho results of the two RTOUps wore comparod, there )
was no significnnt di fforence boetween the two groups in tho ditfcroncp
botweon control and post training values, botwooen control and post
immobilization values or betwoen post ‘training and post immobili-
zntion‘valuos of the twitch propertios.

A total of five subjocts immobiliiod witﬁout prior trniﬁing.
The post immobilization value for twitch tension of 2.73 * 0.40 N
-oxceeded the control value of 2,65 + 0,29 by 3% (NS). The post
1mmobili:ntion value for contraction time' of 55 0 24,9 ms oxcooded
the control vnlue of 53,71 1,7 ma by 4% (NS). Tﬁb post immobill-
zqtion,value for half relaxntion time of 56.4 2 5.4 ms exceeded the
‘control value of 49.2 * 2.9 ms by 15 (Ns), “The post immobilization
value for rate of tension dovelopment of 48.78 + 2,93 N/s was less
thnn the control vnlua of 50.41 - 5 74 N/s by 3% (NS).

A total of 11 subjectn underwent 1mmob111¢ation of the thunnr
muscles. Six of the subjoctu trained prior to‘égmnbilizntion.

After 1mmobilization twitch tension increased by 6% (NS) from a

~ control value of 2, 31 - 0 22 N to 2, 45 % 0.28°N, Contraction time
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incroased by 4% (NS) from'53.7 21,7 ma to 55;0 2.5 ma. Half
relaxation time {ncreased by 18% (p<0.05) from 49.3 2 2.2 ms to
53.8 1 3.9 ms. Rato of tension dovelopmont docreased by 2% (NS)
from 44.03 2 4,69 N/s to 43.31 & 3,50 N/s3. There was n corrolu{ton
botweon the incroasc in twitch tension and the increase in half
rolaxation time (r = 0.62, p <0.05), 'Ihpro wore no othor significant
corrolations among tho twitch proporties,

A total of 13 subjocts t.minod tho thonar muscles. lour of
the“yub jocts {mmobilized prior to training, After training, twitch
ﬁ;snsion docr;nsod by 23% (p<0.01} from a control valuo of 2.23 :
0.24 N to'1.72 £ 0.12 N, Contraction timo docronsed by 7% (p €0.02)
from al &ntrol value of 53.1 = 1,4 ms to 49,5 ° 1.4‘m:;. Half rolaxa-
tidn time did not change after training. Rate of tonsion development

+

decreased by 17% (p <0.05) from a control value of 42.74 ¥ 4.82 N/s
to 35,36 : 2,92°N/s. Thore was a correiution botwoen the decrense
in twitcht tonsion and the decroayo in rato of tension devolopment
after training (r = 0.95, p <0.001). ‘Thore were no other signifi-
cant correlations nmng/;he"i/;itdl properties. |
Three subjects trained tho hypothenar muscles and two subjocts
trained extensor hallucis brevis, The results in these muscles were
added to‘.th.ose of the thenar muscles and are presented in Pigures 30 |
and 31. The overall (N=18) mean witch tension decreased by 21%
(p<0.,005) after training. Conta:actioh time docreased by{ 3% '(Nsl).
and half rezlaxntion,timoj ‘did' not chnngp_.m:pnt'o.o‘tf: tjo'ﬁ'nsion d.t.n.mlg;mnt.
décreased l;y 18% (5(0_01) When tha-res;xlts for. the three mt{sclos

were combined, there was n:'i:or'relntion botween the decreanse in ‘twitch



Figure 30, Effoct of training upon muscle twitch properties,
Top: ind{vidual values of twitch tension in thenar |
- . ( A ); hypot ( O ) and extensor hallucis
brovis ( ) muscles are shbw'n along with tho line
of identyfy. To the right of the figure are tho overall
moan T-SE) values before ( O ) and after ( @ )
trt;ininA;v;.__—Bottom: individual values of contraction
time (unfilled symbols) and half relaxation time (fillod
~* symbols) in themar ( A , 4 ), hypothenar ( [0 .,

' ' l ) and extensor hallucis brevis ( o , . )
muscles along with tho line of identity. To the right
of the figure are shown the overall values (X I SE)
before ( O , contraction time: 'v , half relaxation

- time} and afrer (filded symbols) training.
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Figure 31.

%

Effect of training upon rate of twitch tension development,
Individual values for thennr ( A ), hypothenar ¢ O ).
and extensor hallucis brevis ( ) ) muscles

are shown along with the line of identity. To the right
of the figure are shown the overall values (x = SE)

before ( O ) and after ( @ ) training,
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fénsipn and the decrease in rate of icnsiqp dcvélopment (r = 0,94,
1)<0.bbl). There were no other significant correlations among the
twitch properties, |

Eight subjocts trained triceps surae, After training twitch -
tension decreased by 2% (NS) from a control value of 96.4 1 9.6
to 94,7 2 9.4 N. Contraction time increased by 4% (NS) from 109.0
D 3.8 ms to 113.5 :_3.7 ms. Half relaxation time increased by 7%
(p<0.025) from 93.8 2 4.1 ms to 100.9 % 5.0 ms. Rate of tension
development decreased by 9% (p <0.05) from a control value of 889.3
: 89.0 N/s to 831.1 2 70.7 N)s. ih was a negative correlation between
the increase in contraction time and relaxation time (r = -0.37;
P <0.01). There were no other significant co?relations among the
twitch properties, " |

6. Response of the Immobilized Thenar Muscles to Activity of

Other Muscle Groups. Three of the'subjects who underwent immobiliza-

tion had small openings made in .their casts so that electromyographic
recordings could be made of the immobilized thenar muscles during
activity of non-immobilized muscle groups. Observations were made in
twb of the subjects after five weeks of immobilization, and in the
third subject afteb one week of immobilization. The results in two of
the subjects are prusonted in Figuras 32 and 33, The results were
similar in all three ‘subjects. Contraction of the finger flexors and
elbow flexors of the non-immobilized limb was associated with an
increase in motof unit activity in the immobilized thenar muscles,
l'l'hare was an apparent correlation between the force and duration of the
~ contractions of the non-immobilized muscle groups and the degree of motor

wit activity evoked in the immobilized thenar muscles. The greatest re-

sponss of the immobiiized thennr muscles occurred when the fingers of the

immobilized limb were usod to tie shoe 1aces. 2
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Figure 32.

Electromyographic recordings from the immobilized thenar
muscles during contractions of other muscles, Recordings
made on the left side in subject MA after one week of
immobilization, A: all muscle groups at rest. B: 5s

o .
isometric contraction of the right finger flexors at a

force equal to 50% MVC Mmaximal voluntary contraction).
C: 60s isometric contraction of the right finger flexors
at SO% MVC. D: 15s isometric contraction of the‘right
finger flexors at 100% MVC. E: Ss isometric contraction
of the right elbow flexors at 100% MVC. F: putting on a
coat using the right arm only. G: tying shoe daces
using the fingers of the left (immobilized) 1imb.
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Figure 33.

Electromyographic recordings from the immobilized thenar
muscles during contrucéions of other muscles. Recordings
made on the left side-in subject SG after f1ve'weeks of
1mmob111.at10n At "all muscle groups.at rest. B: G5s
isometric contraction of the right finger flexors at a
force equal to S0% MVC (maximal voluntary contraction).
C: 60s isometric contraction of the right finger.flexors'
at 50% MVC. D:. Ss isometfic‘éontraction'of the finger
flexors at 100% MVC. E: 1Ss isometric contruction'pf~g
the right finger flexors.,at 100% MVC. F: Ss isometric
contraction of the right elbow flexorseat 100% MVC.

G: tylng shoe laces using the fingers of the left

'(immobiliged) limb- . '
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J. Voluntary Strength and Electropn:siologicnl densurements in
Weight Trainers

he results of keasurements in weight trainers are presented

with corresponding results in control subjects.

l. Anthropometric Measurements. The results of anthropometryic

meaagzsgenta in/yeight trainers.and control subjects are presented in
Table 39, The control subjects_wefé 2% taller on the average than the
weight trainers; however, the weight trainers were Zli hehvier than the
‘control subjects. When the values fos.the right and left sides were
combined, calf, thigh and am Birth were-greater in the weight trainers

- than in the controls by 5%, 12% and -25% respectively.

2, Voluntary Strength. The results of the voluntary strength
measurement s in:weiéht trainers and control subjects are presented in
Tables 40 and 41. 1In Figure 34, the mean values fpr voluntary strength
and anthroﬁdmetric measurements in weighE trainers have been expressed
as a proportion of tie corresponding values in con£r01 subjects, Thel
waeight trainers' values exceeded the control values to the greatest

extent in arm girth and elbow extension strength and to the least

extent in calf girth and ankle plantar flexion strength, The correlations

‘betwaen strength and height, mass and limb girth are presented in
Tables 42-44, ‘Tha cé?relations between strength and the anthropometric
measurements were greatest for elbow extension and smallest for Alee
plantar flexion. There was a notable lack of correlation in all three
movements between strength and height.

In all three movements, there was a positive correlation
© between body mass and strength. When the strergth valuea'were expreg;;d

Jer kg bodemnaé rather than absolutely, the diffarence between the

. WA 8 i st !
o S
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TABLE 39. Anthropometric measurements in weight trainers and control
. subjects. ’
Measure Co'ntrols Neight trainers Diff. P
Height, cm 177.531.1 174.521.6 3.0 - NS
\ (25) (16)
Mass, kg 71.751.5 86.4%2.5 14,7 ~0.001
(25) (16)
Calf girth, cm ..-
right . 37.320.4 39.2%0.6 2.0 £ 0,02
(19) (13) * .
left 37.220.4 38.6%0.5 1.4 £ 0.05
(19)é (12)
Thigh girth, cm
right 56.020.6 62.521,4 6.5 <0.001
\1:) (12)
left s5.6%0.6 . 62.3%1.4 6.7 <0.001
(19) (12)
Arm girth, c‘m _
right 30.220.4 - 38.521.0 8.3 <0.001
' L 19) (15) .
left 30.2%0.3 . 37.0%.8 6.8 «0.001
(19) -~ Q2)
e -
Values are % - SE/(N) '
»
-
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Figure 34,

Comparison of weight trainers with control subjects

in anthropometric measurements and voluntary strength.

Comparison is made by expressfng the mean values for
the weight trainers as a proportioﬁ of the values for
control subjects (weight trainers/controls). Top:
comparison in limb girth; values for left and right
sides have been combined. Bottom: comparison in

voluntary strength at slow and fast velocities; values.

for left and right sides and for peak torque, average
torque and impulse have been combined. Values are
expressed absolutely ( O d per kg body mass
(@).

i
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weight trainers and controls was reduced (see Figure 34},

The correlations among peak torque, average torque an& impulse
vere positive and high (Table 45); there was a similar high positive
correlation between low and high vefoeit1 strength (Table 46) . \

The\eorrelations in strength among “ankle plantar flexion, knee
extension and elbow extension are Hresented in Table 47. The correlation
was highest'between knee extension and .elbow extension and 1owesf‘
between knee extension and ankle plantar flexion. Overall, the.sig-
nif icant cerrelations vere low or moderate;fr - 0.34-0.70)."

The results of the strength-veleciCy relation determinations in

_ ‘ -
. welght trainers and control%tarerpresented in Table 48. There were no
significant differences between the two groups in the;strength-velocify
relation, except in one instance,

The resui:s of ‘the symmetry ratio determinations in weight
trainers and controls are presented in Table 49 ., In low v oeity

strength, the symmetry ratios in weight‘treiners wene consistehtly

greater ehan in controls"howener, the difference we; not significanq
The{g\sze no’significant differencea between the two groups in the < /> ‘
symmetry ratios ofrhigh velocity s:rength.

3% Eiectrophysiologieel Measurements. %he results of the

electrophysiqlogical measurements in controls and weighc nrainern are .
presented in Table 50, ?here wAS no significant difference becween

the two groups in thenar and aoleus motor unit eounta and M-wnve ampli- -,
tude. Reflex potentiation in’eoleus vas signifieancly gteafer by 70Z

in the weight Erainera than in the centrole. There was no significant

difference between the two - groups in reflex potentiation in the thenar

musclea. Motor nerve conduction velocity of the median nerve was
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TABLE 46, Correlation between low and high velocity strength in

control subjects (N = 24-25) and weight trainers (N = 11-153.,

N\

\

A
)

Low vs High Velocity
' )
Movement Reak torque Averagé’%orque Impulse
Ankle plantar flexion
(6 deg/s vs 36 deg/s) left 0.87 0.87 " 0.85
right 0.77 0.81 0.80
Knee extension
(30 deg/s vs 180 deg/s) left - 0.70 0.86 0.82
right 0.70 0.78 0.82
Elbow extepsion . ,
(30 deg/s ys 180 deg/s) left 0,91 .93 0.93
: -
. ' . right - 0.86 0.91 0.85

' f
Note: All correldtions significant at p< 0.001
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Ty greater by'BZ in"the weight trainers ‘than in the controls.

Twitch ten$fHn and contraction time in triceps surae were significantly

greater b % and 203 respectively in the weight trainers than in the
There were no’ significant differences between the LWO groups

in the/twitch properties of the thenar muscles.

E. Electrophysiological Measurements in Gymnasts

1. Motor Units. The motor unit characteristics in the controls
_—

and 'gymnasts are presented in Table S1. In extensor digitorum brévis,

‘thenar and hypothener muscles, the motor unit ‘counts were significantly

less in the gyanasts than in the cbntrols The mean- values for the gym-
nasts were 65%, S7% and 55% of the control values for extensor digitoruml
.brevis, thenar and hypothenar muig;ea\Fespectively There was no sig-
nificant difference between gymnasts and controls in the number of motor
upnits in brachioradielis and soleus nusc les.

The mean moXor unit potential amplitude in the hypothener muscles

was 391 (p<0 05) greater in the gymnasts than in the’ controls. In exten-
sor digitorum brevis, thenar, bracﬁgoradielis end sol muscles, there

._were no significant differences between controls apd’ gymnasts - in chis

‘peasure.

The control #a;ue for.M wave amplitude in extensord;gitofum
brevis was 49% (p<0.02) greater than the value for the gymnasts. In
tnepars- hypothenar, braehioradf;fis‘;nd soleus, there were no signifiéaet
di ferences between controls and gymnasts in 'this'mea‘sure.

In one gymnast, M.P. (male, 2ly), it was p0551b1e to make

measurelents on several occasions. Each test.on a muscle group was per-

formed on a sepagate day. The brachioradialis motor unit counts on three

A -"\

3
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" units (RfSD, 75:6J. The mean value was 1.42 SD below the mean.of the control

‘group. The values for M wave amplitude were 3.1, 4 2 and 3.7 mV (R SD

below the mean for the control group_; The maximum M-wave amplitudes were

_mean value for the control group.

‘muscles of the left side were estimatpd on three occasions. The values

" 7.4, 8, 2 and 7.2 mv (RIsp, 746- 20.5 mv). 'The mean value was 0.8 SD below

brevis was estimated on three occasions. The values were 71, 82 and 71

below the mean value for the control group. The maximum M wave values were

‘mean value was 1.1 SD below the mean Vaiue for the control group. The

234

occasions were 755, 800, and 750 (X%sSD, 768228). The géan value was

0.2 SD below the mean value.of the‘céntrol group. The maximum M wave
amplitudes on the three occasions were 7.4, 10.4 and 10.5 mv (XZsp, 9.4%1.8
mV). The mean value was the same as that of the control group. The ! H
soleus motor unit couﬁts;on two occasioﬁs_were 890 and 1088 (i:SD,
989:140). The mean value wgf 0.1 SD below the mean of the control group.
The maximum M wave amplitudes on the two . occasions were 20.0 and 24, 5 mvy

(R%sD, 22.3%3.2 mV). The mean value was 0.3 SD below the mean oﬁ-the

. ' . -
cont;ol group. The number of motor units within the left extensor digitorum

’

3.7%0.6 mV). The mean value was 1.5 SD below the mean value for the
‘control group. On the right side, the motor unit counts estimated. on

two occasions were 100 and 66 (R:SD, 83:24).- The mean value was 1.3 SD

5.8 and 4.8 W (R7SD, 5.3%0.7'mV). The mdan value was 1.0 SD below the

The number of motor units within/the median innervated-thenar

were 123, 152 and 131 wnits (R°SD, 135(15). The mean value was 1.1 SD

the mean value for the control group. On the right side, the motor unit -

counts estmiated on two occasions were 134 and. 152 (%2sD, 138220). The

. . o ! X ﬁ‘
maximum M wave amplitudes were 7:8 and 7.9 mV. The mean value was 0.7 SD .

below the mean value for the control group. N
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The number of motor units within the left hypothenar muscles was
estimated on two occasions. The values were 192 and 106 units (i:SD, 149261
The mean value was 2.8 SD below the me an value for the control group. %he
maximum M wave values were 9.4 and 11.0 mV (Xsp, 10.2%1.1 mV). . The mean
value was 1.2 SD below the mean for the contrbl'g%oup. On the right side,
the motor ﬁnit count eétimated qQn one occasion'was 172, or 2.6 SD below the
mean of the control group. The maximum M wave amplitude was 9.6 mV, or

1.4 SD below the mean value for the control group.
In thiifaubject the median §ensory nerve conduction véioc{Ey was,

for the left side, 58 m/s and for the right side, 64 m/s. The corresponding

~values for the amplitude of the evoked sensory nerve potentials were 35

and 33 uv respéctivelx. The ﬁlﬁ#r sensory nerve conduction velocity for the

right si&é was 55 m/s and the sensory nerve potential amplitude was 12 uv.
The left extensor diéitorum brevis of another gymﬂast (D.G., female,

14 y) was inVegzggﬁted on two geparate occasions. The motor unit counts on

the two occésions were 147 and 125 (X2sp, 136%15. 6). The mean value was

0.7 SD below the mean value for the control group The‘maxjmum M wave .

amplitudes on the two occasions were 6.3 and 6.4 mV The.ﬁean value was

-

0.65 SD below the-mean_va;ue for the control group.

2. Nerve Conduction Velocitf.' The results of the motor nez;f’han
‘ .
duction velocity measurements in controls and gymnasts are presented in

Table 52. The gymasts' value for the deep pgroneal nerve exceeded that of

the controls by 6% (p<0.02). There'were no significant différeﬁces bq;yeen

the gymnasts and controls in conduct1on vei/plty in the median and ulnar nerves.

In three gymnasts. median and ulnar sensory nerve conduction velocity

was measured. The mean (-SD) conduction velocity of the median and ulnar
: . Y
nerves was 60.7%3.1 m/s and 58,3-4.9 n/'s, respectively, The mean median -

and ulnar sensory nerve-ﬁg::ntial amplitude was 30.722.1 w and 11.7°1.5 uv,

o

ot A8 1
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- 'respectively. In the DISCUSSION, these results are related to those

obtained in contrel subjects by McComas et al (1974}, using the same $

method at the same centre.
™~

3. Reflex Potentintion. The results of the r(: lex potentiation

measuremeﬁts are presented In Table 53. In both orach@G dialis and

extensor digitorum brevis and in both Vl and V2 potenﬁihti » the values

for the gymnasts excegded thS}\ of t:he controls by 37—98,.. however, the

differencus betweeg\the two groups vere n\é statiscically ignificanc.

4. Muscle Twitch Properti,gs. The muscle twitch properties of
"'\..

tricers surae in gymnasts and controla are preaenteiyin'TableS4 Cpngrr;;
traction time and half relaxntién time were significgntly greater by 146%
a;d.332 respeétivéiy in Egmaie controls chan.}n femnle‘l ‘fts. The -
‘average twitgh tension of the female control subjects was 21% greater

than thatof t female gymnasts; howevert'thg P&gaﬁfénce was not

- 2
statistically significant. There were no otler si

cant differences

between gymnasts and contrg}s in muscle twitch prqpegties.

%

F. Knee Extension Strength in.Athietas

1. Peak Torque. The results of the peak torque measurehents of

knee extension 1n athletes and coutrols are shown in Figure 35. When

qe_pes ‘were expressed absoluqely. the valua (x_SE N.m) at 30 deg/s for

the left side in the weight lift;;;r(232.6:10.7) exceeded those of the

controls (185.8:5.4).‘sprinters 160.0x1.6), cross-country skiers

- (163.8¢15. 8) and the cyclists (187 1%x5.5) by 25% (p<0’001), 45% (p<0. 001),

;&22 (p<0. 005) and 25% -(p<0. 005) respectively The cyclists a

L.

*v.u._- w —-=j-" = "T‘
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Figure 35.

Peak torque of left (top) and rifht (botxom) knee
extension at 30°/s (open bars) and 180‘@ (hatched

bars) in control subjects (N = 24-25) and in weight -
lifters (N = 12}, sprinters (N = 3), cross country
skiers (N = 5) and cyclists (N = 5). Values (} affl SE).
are e;g_re_s\sed absolutefy and per kg body mass . '
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-
'exceeded those of the controls (502.527.2). sprinters (158.2:l.8), Cross
country skiers (172.5%11.2) and cyelists (210. 2+7 1) by 20% (p<0.02},
’5&4 (p<0.001), 41& (p<0.001) and 16% (p<0.05) respectively The
cyclists value exceeded those of the sprinters and cross country skiers
by 33% (p<0.001) and 22% (p<0.025) respectively. The controls' velue g
exceeded those of the Sprinters and cross country skiers by 28% (p<0 001)
and 173 (p<0.05) respectively.
' At 180 deg/s on the left side, the weight lifters’' value
-(172.7:9;3) exceeded those of the ccetrols (144.125.2), cross country
skiers (120.4212.7) and cyclists (131;5:13.3) by 20% (p<0.02), 43X
(p<0.0055 snd 31X (p<0.05) respectively, On the right side, the weight
lifters value (192.5¢11.4) exceeded those of the controls (156.624.9)
- andjE{pss country skiers (131 3£16.0) by 231 (p<0 1) and 472 (p<0.01)
respectively. ‘ ‘

Nﬁin the results of the peak torque ‘measurements were expressed )
per kg body mass, the valueﬁszE N.m/kg) at 30 deg/s for the left
side in weight lifters (2 73:0.12) and controls (2, 63*0 09) exceeded
the sprinters value (2.30£0.10) by 19X (p<0. 025) and 14X (p<0. 025)
respectively. On the right si&E}sthe cyclists' value (2. 99:0 15)
excgeeded those of the Sprinters (2.2740.08) and cross country skiers .
(2.4020.10) by 32% (p<0a01) and 252 (p<0.02) respectively, The veight
lifters' value (2.85:0.15) erceeded Those of the sprinters ahd crgss
country skiers by 26X (p<0.01) and 19% (p<0.025) respectively. The
controls' value (2 8&:0 11) exceeded those of the sprinters and cross
- country akiers byr251 (p<0.9P1) and 18% (p<0.01) respectively. ‘

.st 180 degls os‘the left side,. the‘values for the controls

\

'f2.0§:0.05) and weight lifters (2.03:0.¥2) exceeded the cross country

A ’ . '

s
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skiers' value (1.6620. 11) by 22% (p<§. 005) and 22% (p<0. 05) respectively

On the right side,. there were no significant differences among the

-

groups.

Averake Torque. The results of the average torque measure-

Ments are shown in Figure 36. When the values wefe e absolutely,'
value (x%SE, N.m) at 30 deg/s on the left side in the weight

ffters (139.5:8.8) exceeded those of the controls (107 8 4 1),‘sprinters 1
(94,427, 0) and.cross country skierd (102.7:11.6) by 29% {p<0.005), \sz

(p<0 005) ands 36% (p<0.025) respectively. T?e éyclists‘ value (125.8%8.8) -
exceeded the Sprinters‘fvalue by 33% (p<0.05). On the right side, the ’

weight lifters' walue (143.3+8.2) exceeded_those'of

(129.3&3.0) exceeded those of the sprinters a ross country skiers by

48% (p<0.005) and 30% (p<0:025) respectively. The controis' value

exceeded those of the sprinters and cross country skiers by 362-{520 0C1)

and 192 (p<0. 05) respectively. ' o | o » —
"At 180 deg/s on the left side, the weight [lifters' value

(91.1£5.4) exceeded those of the controls (72.523.3) and cross coun;ry

skiers (69,518, 1) by 262 (p<0.0l1) and 31% (p20.05) respectively On the

v
c°n££°15 (77 9_3 0), cross country skiers (69.2:6. 7) and cyclists ; \
\

+3.6) by 30% (p<0.001), 46% (p<0.005) and 19% (p<0.02) respectively. " ‘\\\‘\¥

. Waen the results of .the averege torque measurements were -

expressed per kg body massg, the value (x:SE, N.m{iﬁ) at 30 deg/s ;:-::;_fﬁ\“\\\,/f

¥ g

right side, the weight lifters' value (101.3:5.0) exceeded those of iij—_’;)

(858

left side in. ths.syclists (1 77*0 OS)Kexceeded those of the controls




\

Pigure 36,

a

L4

-

Average torque of 4@ft (top) and rlg\‘ thtom) fknee

extension at 30 deg/s (open bars 80 deg/s (hatched
bars} in control subJects (N = ?_4 -25) and in weight

lifters (N 12), spnnters (N = 3), cross country

"skiers (N = S) and cyclists (N = 5}. Values (X ang SE)

are expressed absolutely and per kg body mass.

- -
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(1.5220.06) and sprinters (1,35:0.11) by 16% (p<0. OOSS'and 31% (p«<0.025)
- respectively. On the right side, the cyclists value (1.83*0.09) ceeded
those of the sprinters (1.25£0.07) and cros ntry skiers (}£38:0.04)
by 46% (p<O0, 005) and 33% (p<0. 005) respectrj;jjg The weighc lifters'
value (1.69%0.11) exceeded chose of the sprnters and cross couqtry
skiers by 35% (p<0.01) 8?55555‘(p<0.02) respectively. The controls'
value (1.6620.08) exceeded those of the sprinters and cross country -
skiers by 33% (p<0.001) and 20% (p<0.005) respeckively. i
At 180 deg/s on the left side, the cyclists' value (1.16£0. 02)
exceeded .those of the controls (1.02+0. 05) and cross country skiers
(0.96£0.08) by 142 (p<0.02) and 21% (p<0.05) respectively, On the right
side, the values for the cyclists (1.2i:0'05) and the weight lifters
(1.1620.06) exceeded that of the cross country skiers (0.96:0.97) by
262 (p<0 02) and 217 (p<0.05) respectively.
3. whmgglse. The results of the impulse measurements are shown -
in Figure 37. When the values were expressed abaolutely, the value
(X+SE, N.m.s) at 30 deg/s on the left side in the c;clists (414 4*15'5)
exceeded those of the ccctrols (290.8+13.6) and cross country skiers
(283 5229.6) by 43% (p<0.001) and 462 (p<0.005) respectively. The
weignt lifters value (400 2+18.3) exceeded those of the contcols and
cross country skiers by 38% (p<0.001) and 41% (p<0 005) respectively.
in the rigat side, the cyclists' value (456, 7+17 7} exceeded those cf
the confrols (31? 4+15'5), sprinters (281.3+21. &) and cross country
skiers (281, 2£21.5) by 44% (p<0.001), 62% (p<0 005) and 627 (p<0.001)
respectively. The weight lifters' value (406.9219.8) exceeded those -

of the controls, sprinters and cross country skiers by 282 (p<0.005)! 45%

.
;
/'( ’ -

~
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| Figure 37, Impulse of left (open bars} and right (hatched bars)

. knee extension at 30 deg/s (top) and 180 deg/s (bottom).
in control subjects (N 24-25), weight lifters (N = 12), /——‘
sprinters (N = 3), cro;s country skiers (N = 5) ‘and - :
cyclists (N = 5). Values (R and SE) are expressed -
absolutely- and per kg bbdy mdss.

)




. 249

|

l

l i

CONTROLS (24-25)

]
~ 4
H{//////////Z//////////////////7H

IFTERS (12)

q///////////////////////////////////// .

/'

spmrﬁﬁzsm

—_ _J—
F-MZ/////////////////////////}f

ZSKIERS (5)

—{

H_
MZ///J///////////]/////// H

cycLISTs 5)

H’}////////////////////////////////////j//////H

]

]

)

1

1

] | l )

. 60 30 0 160 - 320 480
r T | 1 1  | . | T T T T 1
180 ¥ H CONTROLS (24-25)
W7777¥7F77777777777777777;?7}1
) H LIFTERS(12) ‘
H’/////////////////// //////////////// /H/
—_ . SPRINTERS (3) '
| l-‘—127777777777777]77777‘ //////////////A—'
i._ | SKIERS(5) :

CYCLISTS (5)-

N ' '
*-[[//////////////////////[/ //////////1/////////H .

1

|

N |

1 1 - |

09

06

N-m-s/kg

Tt

‘03

0.
IMPULSE

25

N.m.s .

50




\;_’_,,44~—’f616?;01) and 45% (p0.001) respecti?éi;j _ : t

. _')Ef 180 deg/s on the left side, tihe c;cliﬁis{_value (5574:4.0)
‘exceeddh these of the controls (34.9%1.7) and cross coﬁntry skiers
(35.0%4.2) by 59% (p<0.001) and 58% (p<0.01) respectively.‘ he

/sprinters' value (52.416.8) exceeded the controls' “value by 50% (p<0.02).
 The weight lifters' value (48.6+3.3) excéeded those of the controls and
Cross country skiersfby 39% (p<0.001) and 3?2 (p<0.025) respectively,
On tue rigﬁt side, the cyclists' value (59.9%3.1) exceeded those of the
controls (}9.0:1.6), sprinters (AA.O:S.O)Lgnd ;roés country skiers .
(35.1¥2.8) by -53% (p<0.001) 36% (p<0.05) and 702 (p<0.005) respectively,
‘The weight lifters’ valug (5§?1:2.2) exceeded those of the controls and
cross country skiers by 41X (p<0.001) and 57% (p<0.001) respectively.
When the results of the impulse measurements were expressed per
kg body mass, the value (xtSE, ﬁ.m.s/ks) at 30 deg/s on the left side for
the cyclists (5.90£0.31) exceeded those of the controls (4.10:0.21),
weight lifters (4.7%0.22) and cross~country skiers (3.93:0.30) by 44%
;£§<0;001), 262.(p<0J01) and 50% (p<0.005) respectivelyf' On the right
side, the cyclists' value (6.5}&0.44) exceeded those of the contréis
‘f4.4§:0.22), weight fifters (4;82;0.30). sprinters (4.04:0.36) and cross
country skiers (3.80£0.16) by 462 (9<0.001), 357 (ps0<005) ;. 61% (p<0.005),
N and 67% (p<0.001) réspecfivelf;’\?he welght lifters' a ontfols? ‘
values exc;eded that of tﬁq croaé.;punkry_skiers by 24% (p<0.0£) and
14X (p<0.025) respectively. L | 7
At 180 deg/s Bn thehleft side, the cyclists' value (0f7;8:0|004)
exceeéded thHose of the controls-50.49}10.024):‘wéighﬁ lifterq_(0.573:0.0&2)

and cross country skiers (0.48420.041) by 58%- (p<0.001), 36 (p<0.001)

| _#V// | oo - va : .‘ l B ' .
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and 61% (p<0.001) respe{ijyely. The sprinters’' value (0.747:6.073)

exceeded those of the controls and cross country skiers by 527 (p<0.005)

and 5&: (p<0.025) %espectivelv On the right side, the cyclists' value

(0 852 0.046) exceeded those of the controls (0. 37420.022), wetight
lifters (0.64710.031), aprinters (0.627+0.058) and cross country sklers
(0.488£0,024) by 48% (p<0.001), 32%:%b<0.005), 36% (p<0.025) and 75%

(p<0.001) respectively. The weight lifters' and controls' values

‘exceeded -the cross country skiers' value by 337 (p<0.005) and 18%

(p<0.002) resﬁectively. ‘*\\\

4. Strength in Athletes as a Proportion of Strength in Contmol
. e

- Subfects. In Figure 38, the knee exte

groups of athletes has been expressed as a proportion (athletic group

value/control value) of the écrpngth in controls subjects. All groups

of athletes performed best in relation to contfgkfvalues in impulse and -«

worst in peak torque. Overall, the atilete values for peak'torque;

average torque and impulse were 972 103% and 12]% respectively of the

' corresponding control v&lueo. The difference in performance between

peak torque and impulse wag greatest in the cvclists and sprinteru The
cyclists' values for peak torque and impulse were 981 and 1491 respec- -

tively of /the control values. The sprinters' values for peak torque and

‘the weight lifters and cross country skiers. The weight lifters' values
for pedk torque and impulée were 112X and 125% respectivel& of the con-

-trol vhlwés. The cross country skiers' values for_beak tbrque and

lmpulse were 852 and 93X respectively of the control valueg.

B




Figure 38,
»
-

Knee extension strength in weight lifters (N = 12),
sprinters (N = 3), cross country skiers( (N = 5) and
cyclists (N = §) expressed as a proportion of the
strength of control subjects (N = 24-25). values for
peak torque ( A A ), average torque ( 0 m)
and impulse (Q @ ) are presented both absolutely
(open symbols) and per kg body mass (f111e3' symbols).
Top: strength measured at 30 deg/s Bottom: strength
measured at 180 deg/s. Values for left and right
sides have been averaged.
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The performance of the cyclists, sprinters, and cross country
skiers in relation to control values was similar vhether strength was

expressed absolutely or per kg body mass. Hovever, the weight lifters’
N
/performance, in relation to control values, was lower when strength was

expressed per kg body mass rather than absolutely. The weight lifters'
values for strengti expressed absolutély and per kg-body mass were 128%

and {07Z’respectiyély of the control values.

\

~ The performénce of_the Qeight lifters, cyclists and cross
country skiers in relation to control values was similar for both low
(30 deg/s) and ﬁiéh (180 deg/s) velocity strength. However, the ner-
formance-of the sprinte;s was higher in relation to control values in
high‘velocity streng;h than in low velocity st;fngth. The sprinters' |

values for low and high velocity strength were 88% and 111% respectively

B

of the control values. ° The sprinters ''values for lqw'hpq'high velocity

hnpulge were 101X and 1313 respectively of' the control values.

In peak torque and average torque expressad absolutely; the

L4 .

weignt lifters' values were greater in relation to the control values

than were the cyclistsf values; however, the cyclists' values for impulse

exceeded thé control value to a greater extent than did the weight

l:l.fterg' value.

5. Body Mass and Knee Extensioﬁ Strength. The body mass.

(xtSE, kg) of the weight lifters (85.8:3.0) was greater than that of the
controls (71.7:1.5, p<0.001), sprinters (69.9:2.9, p<0.005), iross
country skiers (71.723. 2 p<0. 01) and the cyclists (71 2*5.0, p<0.025).

The carrelation between body mass and knee extension screugth expressed
r

absolutely ifl the athletes and control subjects. i3 presented.in Table 55.
. . = . ' . N . A )
. e S - S
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TABLE 55.‘ Correlation between body mass and knee extension strength
in controls (N = 24-25), weight lifters (N = 12), sprinters
(N - 37), cross country skiers (N = %) and cyclists (N = 5)

Measure ‘ ' _ by ’ p
Peak torque 30 deg/s left ~0.51 <4 001
' ‘ right . 0.5] ’ . 0.001
180 ‘deg/s left - 0.52 ~0.001
' ‘right 0.63 <0.001
Average torque 30 deg/s left , 0.49 . <0.001
right
180 deg/s left 0.
right 0.62 . < 0,001
“Impulse 30 deg/s left 0.41 <0.005
right. 0.31 <0.05
180 deg/s left . 0.35 * < 0,02

right " 0.47 ©20.001
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There was'a significant positive correlation between every measure of
S

absolute strength and body mass; howevef, the correlations were low to
"‘-—:—....—-—-—-‘ - . ca

moderate (r = 0.31-0.63).

6. Correlations among Peak Torque, Average Torque and Impulse,
A L R

—

e .
The correl ns among peak torque, average torque and impulse are pre-

sented in Table $6. All correlations.were positive and significant and

ranged from r » 0.53 to r = 0.90. The lowest correlations were between
peak toooue and impulse at 1h0 deg/s. This lew cprrgg;tion is also
eﬁident in Figure 38, 1& which the cyclists and sprinters ﬁave
relatively low values for peak’torque, but relatively high vézaés for

impulse. The highest correlations were. between peak torque and average

torque at 30 deg/s: This high correlation is also evident in Figure 38.

7. Correlation between Low and High Velocity Knee Extension

Strengtn. The corrélation between low (30 deg/s) and high

T/

(180 deg/s) velocity .knee extension stmngthff(p_r%ented in Table 57, All

correlations were positive ‘and significant. The correlations with

respect to peak torque were lower than with r¥spect to average torgue

and impulse.

8. Correlation between Left and Right Knee Extension Strength.

The correlation between left and right extension osffgphﬂ is presented
in Table 58 The correlationsiwere hﬁbh positive and ;&gnificant.

The correlations were high\\\at 180 do’fj than at 30 deg/s.

9._ Strength-Velocity Relation. The strength—velocity relation °

\_

ratios of knee extension are shown in Figure 39, 1In. all groups, the strength-*

velocity relation ratios were highest for peak torque and louest for

impulse. 1In all measures. the values for the sprinters exceeded those of

"
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Measure =~ Left Right ' 1~
Peak torque 0.68 0.66
Average tordue - 0.82 0.77

. 0.79 0.84

TABLE 57, Correlation between low (30 deg/s) and high (180 deg/s) velocity
knee extension strength 'in controls (N = 24-25), weight
lifters (N = 12), sprinters (N = 3), cross country skiers
/‘ (N = 5) and cyclists (N = 5) '

258

Impulse

Note: all correlations signifiéant at p<£ 0,001

A
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TABLE 58. Correlation between left and Tight knee extension strength
in controls (N = 24-25), weight lifters (N = 12), sprinters
(N = 3), cross country skiers (N = 5) and cyclists (N = 5).

Measure ! 30 deg/s . 180 deg/s
Peak (torque 0.81 0.85
Average torque 0.78 0.91 .

Impulse 0.83 . 0.87

: . . .
Note: all correlations significant at p..0.001

4
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Figure 39.

~ -

and cyclists (CY, N = 5), Values for left (unfilled A

The strength-velocity relation of knee extension in
controls (C, N = 24-25} weight lifters (WL, N = 12),
sprinters (SP, N'= 3), cross country skiers (SK, N = 5)

symbols) and right (filled symbbls) sides are given ‘for
peak torque ( A A ), average torque ( [] W )
and impulse { O @ ). Values are X I SE.
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]

tﬁe other groups; however, only in imgulse ol the left side was the value
(x*SE) of the sprinters (0.167+0.0L5) significaﬁtly greater than those
of other groups; exceeding the values of the controls (0.123%0.004),

weight lifters (0.120%0.006) and cross country skiers (0.124£0.009) by

- 362 (p<0.01), 39% (p<0.02) and 35% (p<0.05) respectively.

.The correlations among peak forque, average torque and impulse
in the strength-velocity relation are presented iQiTable 59, a1l (
éorrelations were positive and significant, but only moderately high.

a
The cor;elations between lgfc and right sides in Ehe sérength-velocity
relation were for peak torque, i = 0.59, (p<0.001); average tor&ue,

r = 0.43 (p<0.005) and for impulse, r = 0.%6 (p<0.001).

’ . .
10. Symmetry Ratios. The symuetry ratlos of knee extensidﬁ«__

are presefited in Table 60. The overall symmetry ratio was approximately

0.9. There were no significant differences among the groups in ymmetr \;/?

v -

'
a

ratios. The symmetry ratios did not vary significantly with res ect to-

méchanical\property or velocity.
] , '
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(5% 4

TABLE 59. Correlations among peak torque, average torque and impulse

in the strength-velocity relation in knee extension in
controls- (N = 24-25), weight lifters (N = 12), sprinters
(N = 3), cross country skiers (N = 5) and cyclists (N = §)

Y

~
Peak-forque" > Peak torque Average torque
Vs Vs p Vs
Measure - average torque impulse ' " impulse
left 0.53 ‘ 0.55 " . 0.68
“.right 0.56 : 0.58 0.67
Note:

all correlations significa\ate 20.001

I
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IV. DISCUSSION

A. Reproducibility of Measurements

1.. Voluntary Strength. The method error/fs;‘tﬁé\peasurement
of peak torque of knee extension on the Cvbex was similar to that
reported by Thorstensson (1976). For duplicate determinations made
on separate days; a method error for the measurement of aver;ge torque
and impulse of knee extension on the Cybex has not been reported
in the literature. In the present investigation, the method error

for the measurement of average torque and impulse was similar to  that

for peak torque. ~The method error for the measurement of peak iorqu,

Aaverage torque and impulse of elbow extension and ankle plantar

flexion on the Cybe; has not been rapﬁrted in the litgratufe; in 4
the pregent investigation, the method error was similar to that for
cqrreséonding measurements of knee extension.

The method error!for the detérminat@on'of the s;rength-yeldcity
relation ratios and the symmetry ratios has not been previously reported
in the present investigation, the method error for these determ1nat10ns
was sxgilar to that for the measurement of the mechanical properties

~ The method error for the measurement of voluntary isometric
strength of'thumb abduction was similar to th ‘ ported prev1ously
for isometric strength testing (Astrand and.£§:::: ., p. 107;
Friman, 1977 Simonson, 1971, p 244; Tornvall 1963) The methsd '
error in the measurement of volumtarv strenﬁth includes both a methodo-
logical and biological variatlon, in the latter, the msjor factor is '

"
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.- the degreé\gf'co-operationlawﬁza;;ivation expressed by the subject -
during the testing. To minimize this variation, all subJects received

similar instructions a&ﬁ enN3uragement during testing.

2. Motor Unit Counts. The method error for the motor unit

~tounts, determined from 98 duplicate determinations in 98 subjects
<f";’ invﬁlving 5 muscles ranged from 22.0-39.6%. The method error for .
- M wave amplitude, determined in a similar.manner, ranged from 3.6-
1972%. The smaller-method error for the measurement of M wave amplitude
than for motor wunit counting has also been found by Sica and McComas
‘(unpublishéd observations), McComas'SE_El (1971) performed duplicate
. determinatibn; in six subjects of motor unit counts in exten;zﬁzhigitdfum
.brevis. On the average, thé greater of the two determinations exceeded
therlesser determination by 35.7% (SD, '31%); is value was 51mllar
to the method error for extensor digitorum breyis in the present .
investigation (39.6%). When several determ1nat ons are made in one
or two'subjects, the day to day variation, as 1nd1cated by the coefficient
of vnrxat1on. is smaller. Thus, McComas et al (1971) obtazned a
coefficient of variation of 135.8% fbr 11 determinations (on separate
days) in one subJect for extensor digitorum brevxs. cha_sz_gl_(1914)
obtained coefficients of variation of 10.8% and 9.5% for thenar .and
hypothenar motor units ‘respectively. 'For each muscle one subJect was
inve;;igated'on 10 different days. Sica.and McComas (unpubllshed -;
observafions) performed moto™unit counts~on 10 différent days in two-
subjecf§ for various muscles.” The coefficxents of variation in the two
, subjects were ’br extensQy dlgztorum brevis, 12 7% and 10.2%; for
,

median 1auf;vated then;;rmuscles, 12.9% 'and 12.6%; for hypothenar

muscles, 8.0% and 12.7% and for soleus, 9.5% and 7.1%.

. S
- <\\J
. o
. . .
-
4
‘




In the present inrestigation, mOtor unit counts in
brachieradialis were determined in se#en subjects on several
occasions. The coefficients of variation rana;d from 11 1% to
34.0%. In soleus in two subJects, the coefficients of vaTtiation
were 30.6% and 5.3%. These results suggest that when this method
is used to determine reproducibilitx, the procedure should be
performed On at least several subjects. : | ,

The greater method error for the motor unit counring
in relation to that for M wave amplitude is not surprlsxng,
because the method for determ1n1ng the latter is much szmpler and
there are fewer p0551b111t1es'for measurement erro® The rather
large meth\ﬂ\error for ‘ptor unit countrng found in the present
investigation may in part be due to the fact that a motor unit
count is based on the results obtained from a very small sample
(8-12 unxts) of motor units from the total populatlon (Slca et al,

1974) Further, the method error of the M wave measurement

contributes to the method error of the motor unit counting.

3. Motor Nerve Canduction Velocity. The reproducibility.
of this measurement was similar to that reported in the literature
(Honet et al. 1968; Norris et al 1953) Nerve conduction velocity
.1s affected by temperature. Motar couducgion velocity has been .
shown to decrease by 2.4 m/s per degree Celsius fall in intra-
muscular temperature and by 1.2 n/s ger degree_Celsjus fall in skin

temperature (LeQuesne, 1971).' Thus, averiationof(s degrees Celsius

LA AR o s P —
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in skin and muscle temperature hould cause a variation in conduct n
velocity of 3.6 m/s and 7.2 m/s respectlvely In the present
investigation, an attémpt was-made to control temperature by
watming the skin to a temperature between 36-38°C. The method
error for the measurement of motor nerve conduction velocity

in the present investigation ranged from 0.8-2.7 m/s in the nerves .
investigated. Possible contributors to the method error included )
varigtion in temperature, error in reading latencies anderror

in measuring distances. The cbserved small method errors suggest

that the method for controlling temperature xas successful

4, Reflex Potentiation. The reproduc1b111ty of this

measurement has not been reported in the literature. In the
present 1nvast1gst10n the method error was fairly large (27%).
xThe method error included a day to day biological variation similar
'.td that discussed in relation to the measurement of voluntary
strength. The methodological céntribution to the method error
was va:iation_in the timing of fhe.supradiximal stimulus to the
nerve:during the isometric mﬁsclq contraction. To minimize the
' - effect of this variation, the iean of ten consecutive tridls
. was taked as éhe measurement. of reflex potentiation. Nevertheless,
®

the method error remjined rather large, afid a largg'day'to day

vdggziion in this ‘measurement must be accepteddas a normal finding.

-
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5. Muscle Twitch Properties. The method error in the measure-

ment of muscle twitch properties was notably lower in triceps surae

than in extensor hallucis brevis, median innervated thenar’ muscfﬁs and
hypothenar muscles. In extensor hallucis brevis, thenar and hypothenar
muscles, the testing protocol inclueee subjecting the muscles to an
initial tension of 9.81 N. ‘This procedure, which was not done in the
case of triceps surae,‘max‘h3ve contributed to the method error, and
would thus account for the larger method error in the other muscles.
Lambert et al (19512 reported that the mean daf to day variation
in the duration of the triceps suras twitch was 8%. This finding is
similar to that found in the present investigation for coneraction time

and half relaxation time. There have been no other reports of the
L)

" reproducibility of muscle twitch measurements in man.

‘In contrast to the measurement of voluntary strength, variafion
<>

in: motlvatxon did not contrlbute to the method error in the measurement
of peak tw1tch tension. Th1s dlfference may exp1a1n the greater

method error in the measurement of peak torque of voluntary ankle

L}

‘plantar flexion {11 5%) than in the measurement of the peak twitch

tens1on of trzceps surae (5. 6%)
1

6. Anthropometric Measurements. The method error in the

anthropometric _uieasuréments (body mass, 'limb-gi!:th) was very small

in comparison to those of the other meashrements. The 51mp11c1ty

"of the anthropometrlc measurements reduced the possible extent of method-
ologlcaJ variation, and the relat1ve role of blologlcal variation was, |

for’ these measurements very small.

.
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at 180 deg/s:

270

E;)—

" B. Control Measurements

1. Voluntary Strength and Anthrogometric Measurements,

s

\ |
The results of the measurement of peak torque of knee extensmn,:
[ 3

at 30 deg/s on the Cybex are similar to those found by Fahey a.nd )

Brown (1973) and Thorstensson et al (19762) in control sybjects

of similar age and anthropometric measurements. The values of

Fd .
peak torque at 180 deg/s were similar to thoseqbtained by Nilsson

et al (1977), Thorstensson et al {1977), Thorstensson and Karlsson

(1976) arid Thorstensson et et al (1976a). Nilsson et et al (1977) have

alsorported values for average power and work of left knee extensmn
the1r values are similar to thoge of the present
investigation.

- Fahey and Brown (1_973) measured peak torque of elbow extension
at 30 deg/s snd 180 deg/s in a group of control subjects. Their
results are in general agreement with those of the present 1nvestxga-
ytion. Values for average torque (average power} and impulse (work)
of ‘elbow extension have not been Teported in the literature.

Results of” the ;measurement of ankle plantar flexion strength

on the Cybéx have not been reported in the literature.

For ankle plmtﬁ flexion, knee extension and elbow extension,

the extent to which voluntary strength of the right side exceeded

that of the left side (6-7%) was in agreement with the findings of
Tomvall (1963) fc;r isometric strength measurements., In the present
investigation -the extent to which the limb girth of the right s:.de

exceeded that of the leﬁt ﬁe was minimal (calf girth, 6. 3%; thigh

X
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'girth, 0.7%; arm girth, 0%; see also Tafle 16). Thus, a difference

in muscle mass between the two szdes 'Was probably'not a major factor:Jlthe

difference in strength between the two sides. 'The major or

may have been ;reater neural contrpl of the muscles on the right

side. Related to this was the finding that the strength of the -

right side exceeded that of the left side to a greater extent whe

measured at a hlgh veloc1ty (8. 7%) than when measured at a low velocity

(4. S%) There is other evidence that performance dependent. upon

neural'control is,better on the right sige (for example, see Radford

and Upton, 1975). -~ - i
‘ For left knee extension at 180 deg/$, Nilsson

et al (1977) reported a poeitive cdrrelatron between_peak

torque;aad worf (r.H_OéBJ and between peak torque and average power

(r = 0.87) in 12 control'suqupts; In the present investigation

the respect:.ve correlatlon'were T =0, 59 and r =_ 0 74 in 25 control

- ~ |

Subjects, Whrle the correlat1ons were lower in the present 1nvest1ga\v/

-

tion, the pattemn of a greater correlatlon between’ peak torque and, °

work than between peak torque,apd average power was s1mzlar dn the two -
Y

-1nvest1gat10ns There have been no other teports in the lrterature.

s
of correlatlons among the mechanical properties of-maxlmal concéntrlc

! ~ ’

. contractions, . \\

. , P
In the present investrgatron, low correlatlons in str@ngtﬁ

were found among‘dlfferent parts of the body {ankle plantar flexlon' -
knee extension an /éIbow extens1on) however, in each movement,~

there was a h1gﬁ/iorre1atlon between values for the left ‘and_right
sides. Theae findlngs are in agreement with those of Asmussen (1969)

* ‘j 1'
and Tornvall (1963) “however, relatlvety hlgh correlat1ons among- body parts

in isometric strength hawe been reported by Clarke (1966)
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In the control subjects of thp Present 1nvostigntion. thorﬂ wWas no
corre;ution between voluntary strength and height; this findiﬁg is in ngrée-
ment with that of fornvnll (1963), who found no correlation between isometric
strength and height in military conscripts., In the presen; investigation
(V, 3%) and in the study of Tornvall (1963; v, 3.5%), tﬂe variation in height
wias small, and this would account for the low correlation between height
and strﬁngth. In contrast, the corrﬁlntion between height and strength

in children of different agoigis high (Asmussen, 19692. In the present
| invéstigation, there was a low positive correlation between body mass and
voluntary strength. Tornval] (1963) also found a low positive correlation
between body mass and strength. The explanation for the correlation is thatr -
@ greater body mass is usually associatad with g}oaéer muscle mass, In
addiiion. the variation in body mass in éresant investigation (V, 10%) and
| ;p the study of &brnvnll (1963; v, 11%) was large relative to height (see
jabove)f Tﬁb correlations between 1imb girth and voluntary stroqgth'were .
moderate to low, The corfolations between elbow extension strength ang upper.
arm girth were similar to those reported bétween ar@ girth and eibow

flexion strnngth'(Ca;péntor,'1938; Clarke, 1954; Rasch § Morehouse, 1957) .-
A<corroll;;;;\between limb girth and voluntary strongth would‘be\expected

1f it were assumed that_limb girth reflected, in ﬁart. musclo_mass (varia-

tion in limb girthlalso'roflocts variation in bone size and amount of fat).

concentric st;ongth measured at different ve;ﬁeities. Tﬁps. it is possible
to’roughly.pridiét high velocity Strength performance from measurements of

strength &t low velocity. Tne ¢TTOr in prediction may, however, be large

’

(see discussion of leg strength in athletes below), There is also evidance

T e i - —— -
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that as the difference botween the velocities ag which strength is
monsurod increases, the correlation between low and high velocity
strcngth becomes lower (Bergmaier and Neukomm, 1973, Henry, 1960;
Henry and Whitley, 1960; MacIntosh, 1968; Rasch, 1954; Smith; 1969;
Whitley and Smith, 1963},

The strength-velocity relation for peak torque in knee extension
and oibﬁw oxtension found in the present investigation (i.;. greater
peak torque at 30 dog/s than at 180 deg/s) is similar to that found
by Fahe; § Qrown (1973) for knee extension and elbow extension gnd by
Thorstonsson et al (1976a, 1977) for knee oxtension.' QOther invostigatofs
have observed a smaller peak ferce produced by high, in comp;rison to
low, velocity concentric contractions (Asmussen et al, 1965; Hill,

1922; Kaneko, 1970; Xomi, 1973; Lambert, 1965; Moffroid § Whipplo.
1970 Rodgers & Berger, 1974; Wilkie, 1950).

There’ is an apparent difference between the force-volo;ity
relationship obtained in isolated muscle (e.g. Close, 1972; Hill,

1970, p. 32) and that obtained during volyhtary concentric cqntrnctibns
in man.” It has been demonstrated and pointed but by Per:ini G'Edgerton
(1978), and also indicated by the data of Komi (1973} ;nd Rodgers §
Berger (1974) that the discrepancy occurs at thullow end of the valocify
range; namely the peak force (in-vivo) at the lowéét velocities
(1nc1uding‘1sdmntric) of contr;cgion was much less than would be
oxpected 1f the in-vivo force-velocity relationship was the same as

that for isolnted animal muscle. Perrine 4§ Edgerton (1978) have
-hypotholi:ed‘that some neural regulatory mechanism may prﬁvent the
attainment of the potentially high Ievels‘of force at low velocities

‘of contraction.

\ S




Average torquﬁ, work and impulse wore also less. when m£n5ured
at- the higher velocity. Impulse was nffoctcd.to_the greatest oxtont ;
bocause it is equal to the product o} average torque and duration
of contraction, both of which were roduced at the highur’volocity.

fn contrast, peak and average power werc'greatqg_nt the higher
velocity (30 deg/s vs 180 deg/s for knee oxfonsign & elbow extension‘.'
- and 6 dog/s vs 36 deg/s for ankle plantar flexion). Similarly, '
Perrine & Edgorton (1978) found that in knee extensipn{ power increased
with increasing velocity wp to a joint angular velocity of approximately
240 deg/s. Power éecrensed sl;ghtly at 288 deg/s. According to the
data ‘of Thorstensson et al (1976a), knee joint angular velocities
of 30 deg/s and 180 deg/s would correspond to 4% nnd_26§ resﬁectively
of the maximal knee extansion VGiocity ~ In knee extension, penk
power occurs at 240 deg/s (Perrino § Edgerton, 1978), or at approximately
35% of maximal knee extension velocity. The velocity at which the
greatest power is produced has been reported to be between 25-44% of
maximal contraction v;lociiy (Astrgnd & Rodahi, 1977, p. 104; DeVries,
1974, p. 422; Knneko, 1970). Thus, ths most likely exﬁlnnitfoﬁ for
the results of the present invnstigation is that all volocitios
selected for testing were 05 the ascending portion of the power-
‘ velocity curve. |

The strength-velocity xvlation ratios for average tomque |
(power) and impulse (work) were signific:ntly greater in elbow ex-
tension than in knee extonsion' The greater'ratios for elbow exten-
sion may be related to the hi gher percantage of fast twitch (FT)

fibres in thé\albow extensor muscles (e.g. Iong head of triceps,

708 FT, MncDougnll et al, 1977) than in the knee e(tensor

‘




muscles (e.g., vastus lateralis, 43-53% FT, Edstrom and Ekblom,
1972; Edstrom and Nystrom, 1969; Gollnick ot ai,1974¢c; Hulten et al, 1975;
Jansson and Kaijser, 1977; XKomi et _al, 1977}, In the present investigation,
six of the subjects who participated in the training and immobilization
experiment; and three‘weight~1ifters submitted to biopsies of the long head
of triceps. The menn’percentnge of FT fibres was 71% (Elder, G., MacDougall,
J. D. and Sale, D. G., unpublished results) and the strength-velocity relation
ratios were 0.89, 0.74 and 0.14 for peak torque, average torque and impulse,
respectively. Four of the cross country skiers investigated submitted to
biopsies of vastus lateralis. The mean percentage of FT fibres was 29%
{(Elder, G. and MecDougeIl, J.D., unpublished results) and the strength-velocity
relation ratios were 0.74, 0.69 and 0.12_;$r peak tornue,'nverage torque and
impulse, respectively. 'Hhen the data for both muscles were comUined there
was a positive correlation between a higK'percentege of FT fibres and the
strength-velocity relation ratio for impulse (r = 0.55, p'<0 05, n = 13),
Thoreteneson et al (1976a) have also shown a positive correlation between a
high percentege of FT fibres in vastus lateralis and a strength- -velocity |
relation ratio (peek torque at 180 deg/s divided by peak torque at 0 deg/s)
for knee extension, Further. a positive correlntion has been demonstratfd
between a high percentnge of FT fibres in vastus lateralis and high
values of peak torque, work .and average power of knee extension at 1850 deg/s
(Nilsson, et al,1977). In the present investigation, positive-correla-
tions were found between the strength- -velocity relation ratios and
high values for the mechanical properties measured at high velocity,

while negative correlations were found between the strength -velocity

relation ratios and high values for the mechanical properties measured at

low veloeity, These results would be predicted on the'besis'of the findings




discussed above.

2. Motor Unit Counts, The mean values for motor unit counts in

extensor digitorum brevis, median innervated thenar mc5c1es, hypothonnr musclesn

and soleus are in genoral agreement with those reported by other investigators
using the same method (McComas, 1977; McComas et al, 1971; Sica et et al, 1974),
One significant difference (p<0.005) was the greator value (2 2 5D) for the
hypothenar musclee (504 2 128) in comparison to the value reported by McComas
(1977, 390 2 94). The large difference may be explained partly by the small
sample (N=14) in the present investigation, for Sica et ot al (1974) reported a
value of npproximately 425 T s in a small group of subjects of the same age
as those subjects in the present investigation This value was not signifi-
cantly different from the value found.in the present investigation.

| Since the electrophysiological method for.counting motor units was
first reported (McComas et al, 1971), it has been subjected to some criticisms,
Many of the criticisms were nnticipnted in the inifial paper (McComas et et al,
.1971) and were discussed egain when the technique was applied to additional
muscles (Sica ot al, 1974), Recently, a complete review of the criticisms
(with rebuttnls) has Been published (McComas, 1977, pp. 307-311),

. An attempt was made to apply the motor unit counting technique to
brachioradieiis,-becausebthie muscle would have been suitable for training
and immoeilizetion experiments. A previous attempt at applying the technique
to brachioradialis had not proven successful (McComas ot al. 1971). Cne difi
fiCuIty clted was the presence in brnchioradialis of more than one end plate
zone (McComas, 1977, p. 51).‘ ;n ldﬁitional difficqlty encountered | 8. sent
investigation was {n obtaining a maximum muscle reeeonse (M wave). On many
occasions, it was necessary to go to the limits of stimulus strength (400

volts) and duration- (500 microseconds) in order to be certain that 2 maximum

M wave had been evoked, and in some cases, the_limite were reached without being

ox
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c;rtnin. Related to this di‘i‘culty was the larger method orror in the measure-

.ment of M wavo amplitude in brachioradialis (n comparison to other muscles.
Despito thqse difficulties, it was possible to make motor unit

counts in many subjects with a reproducibility comparable to that for

the other muscles; however, the validity of the reaults is questionable.

Oné way to nssess the ﬁnlidity of the electrophysiological estimates

“is to comhsro them with anatomical determinations (McComas, 1977, p. 52).

Thus, Feinstein ot al (1955) determined motor unit cou&ts for brachioradialis

in a male aged ;0 years. Values for the loft and right sides were 350 nh;

315 motor units rospectively. These values are near the lower limit of

the range of values found 16 the present investigation and wére approxi-

mately 1.0 SD below the mean value. In EDB (McComas ot al, 1971) and

in thenar and hypothenar muscles (Sica et al, 1574) thero is good - -

agreement betwoen electrophysiological and anatomical doteryinntions.

"(See also McComas, 1977, p. 52.)

-
]

In view of the difficulties with brachioradialis, it was decided

. to use the thenar muscles for the combined training and immobilization -

experiments; however, brachioradialis was used in a few training exporiments.
The standard deviations of the mean values for motor units within

the various muscles were relatively large (approximate average coefficient

of vnrihtion, 46%). The approximate average coefficients of variat{on

for the other measurements were for M wave amplitude,. 30%; reflex

potentintion, 56%; 1soﬁetric twipch tensiom, 25%; voluntary streng:h.

23%; motor nerve conduction velocity, 7% and for anthropometry, 5%.

Thﬁ relatively large variability for the motor wunit counts and reflex

potentiation reflects both the relatively large method errors for

these measurements and actual biological variation.
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The mean values for maximum M wave amplitude were aimilar
to those reported by other {nvestigators using the same mothod;
for extensor digitorum brevis (Campball ot al, 1973; |
McComns Ef_ﬂl 1974: Sica and McComas, 1978) , thenar muscles (McComas,
dhpubliwhod resulta; McComas 33_51 1974), hypothenar muscles (McComas
et al, 19742 and soleus (Sica and McComas, 1978),

Other fnc:.tors being equal, one would expoct n correlation
hotween the sfze of the muscle and the amplitude of the maximum
M wave. In fact, the M wave amplitude of brachioradialis and solous,
rolative to the other muscles (extansor diéitorum brevis, thenar and
hypothenar} was not as great as expectod. There arc three factors
which could accoutt for this finding. First, the thickness of the
skin oyerlying soleus and brachioradialis .is greater in comparison to the
other muscles (McComas, A.J., personal comunicntion‘), nnd a thicker skin would
reduce the amplituda of the recorded Mwave. Sacond, the size of the mcorded M
wave is related to tho closoneu of the rocording electrode to the end plnte
zone of the muscle (McComu M, 1971; Sica et al, 1974) In
soleus and brnchioradinlis. in compariuon to the other muscles, it
wa; not possible to place the recording electrode as close to the
end plaete zone. A third fac;or, which affected sol;us o'nlys was the
use of a larger recording electrode; the larger the elactmde, the smal ler
the recorded M wave.

Similarly, one would expect '# correlation between mean motor
unit potential ﬁplitude. and the actual size (number of fibres per
unit and diameter of muscle fibres) of the motorunits Foinstein ot al (1955)

o
reported mean muscle fibres areas of 25.6, 34,0 and 54, 1 microns in the first

dorsal interosseus, I;rachioradin’lis and_modinl gastrocnemius, rasp;ectively.

d
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The mean number of muscle fibres per motor unit were approximately 340, 410

and 1800, respectively, If Lt is assumed that solcus is similar to gastro-
cnomius and that the thenar and hypothenar muscles and extensor digitorum
brevis aro similar to the first dorsal interossous, then it would be predicted,
on the basis of the anatomical evidenco, that the moan motor unit potential
amplitude would bo groater in soleus and brachloradialls than in oxtensor
digitorum brevis and the small muscles of the hand, -[n fact, tho moan

motor unit potential amplitude in brachioradialis was considorably 5Enller,

and in solous slightly smaller than in these lattor muscles. The factors
rosponsible for the discrepancy between the eloctrophysiological and anntomical
findings aro tho same as those described above for M wnve_ahplieude.

3. Motor Nerve Conduction Velocity. The values for nerve conducti

velocity were similar to thoso reported in the literature (Lawrence and
Locke, 1961; Low et al, 1962; - McComas st _al, 1974; Melvin
ot al, 1966; Norris et al, 1953; Thomas and Lambort, 1960; Thomas et al,
1959; Trejeborg. 1964; see also LeQuesne, 1971 and Sunderland, 1968).

) - A positive correlation was ﬁounq between medi an end ulner nerve
conduction velocity aed betweon median and deep peroneal nerve conduction
velocity, These findings, which to the author's knewledge have not been -
reported previously, suggest a degree of zenerelity in motor nerve conduction
velocity, that is, those who heve fast conduction in one nerve are likely to
have fast cenduction in other nerves. As might be expected. an even higher
positive correlation was found between values in the same nerve on the loft and
right sides. A eimif;r;high c&rgelptien between‘left end fight ulnar nerve
conduction velocity was found by Leﬁratte and Smith-(1964j. Lower but signifi-

cant correlations between left and right ulnar and median nerve conduction

‘e “

velocity were found by Cress ot ot al (1963) These authors alse found in

contrast to the findings of the present 1nvestigation that the mean values for

[3
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the right si{do exceedod slightly (by 3-4%) those for the loft stda.

4. Reflex Potentiation. The Vl potentiation ratios for

extensor digitorum br&vis and thé’hypothcnnr muscles are similar
to those reportod by Upton and hndford (1975)., The v, potentiation
ratio fpr the thenar muscles (27.6 M 13.4) is significantly greater
(p <0.001) than the value (15.4  10.0) reported by Upton and Radford
(1975) but is not significantly greater than the value (20.5 % 18,
approximate value calculated from data presented in ﬁiguro 2). reported
by Upton ot al, (1971). - . The larger mean value in the subjects
of the presont investigation in the thenar muscles and to a lesser
extont in oxtonsor'digitorum‘brevis and the hypothenar muscles may
be rolated to the large number of physical education students who
wore pnft of the control group. Tho greater activity level in those
subjects and/or a more favourable ondowment for motor control may
have been responsible for thetir groator potentiation ratios,

The demonstration of the Vl_wave in brachioradialis {s a
new findiné of the present lnvﬁstigntlon. The demonstration of.a
V{ wave in soleus, using a method similar to that of the present
1nvesfigl;15n (1.e., supramaximal nerve stimulation and voluntary
contraction), has been reported (Gottlieb and Agarwal, 1976), Normal
values for the Vl_potqntiqtion‘rhtio in this muscle have not been
reported in the literature.

' V2 potentiation ratios in‘extensor digitorum brevis, thennf
and hypothenar muscles have been reported for the first time in tho 
present investigation; however, Ubton et al t1971) had
previously shown that v, waves_could be evoked in these musclesA
during voluntary contraction, "In brachioradialis, the V2 wave had

not been previously demonstrated.
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wore somewhat lowor than those reported by Sica et al

"In the present investigation, there was no significant dif-
ference betwoen values, for the right and loft sides, nor was
co¥relation with "handedness'. -These findings are in ug}com

those of Upton ot al (1971),

(1971).. For example, these authors obtained a symmetry ratio of
0.87 2 0.10 for extensor digitorum brevis in six subjects, The
corresponding value in the present investigation was 0,65 2 0.21.
The reason for the diffaropcc'in the results of the two investigations
is not ﬂnown. . -

| Generally, there was little correlation among muscles in
reflox potentiation, although in each muscle there was a positive
correlation between values fbr the left and right sides. These
relationships,.which have not been previously reportod, suggost a
specificity in reflex pdtentiation. A similar specificity was
found in voluntary strength and muscle twitch properties,

It has been Eostulnted that the Vl response consists almost
ontirely of an H reflex pofontintpd'by voluntary contraction and
evidence in support of this hypothesis has been presented (Upton
et al (1951). An F wave (Magladery and McDougall , 1950) may
be a small part of the Vl response. There is evidence that the F
wave is caused by a recurrent dischnrge in a few motoneurons resulting .
from antidromic impulsos initiated by nerve stimulation (Dawson and -
Merton.-1956; Gassel and Wiasendnngor, 1965; Mayer and Feldman, 1967;
Mcleod and Hrnf, 1966; Thorne, 1965).‘ As postulated (Sica

ot al . 1971} Upton et al, 1971), voluntary contraction
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potentiates the H reflex bf two mechanisms: (1) volition imposes a
background fucilitntioé—on the motoneurons, which allows the excitatory
input from Ia fibros (ovoked by norve stimulation) to raisc the
motoneurons to threshold, thus initiating the reflex response;
(2) "volitional" impulses propagating in motor flbres will collido
with antidromic impulses initiated by norve stimulation, clenring the
_wny for {fpulses caused by reflex excitation. Were these collisions °
 not to occur, the antidromic impulse might collide with the roflex
impulses, preventing the reflex response. Another effoct of the
antidromic impulse would be, by invading the soma, to render the
motoneuron refractory to reflex excitation by the Ia afferents (Gottlieb.
and Agarwal, 1976). | | o >

It has beer postulated thnf the V2 response consists of a
potentiated trnnscorticql reflex (Lee and Tatton, 1975; ﬂ}lner-
Brown et al, 1975), The proposed pdthway for the reflex
(latency, 47-65 ms, Mlilnor-Brown 2&__'_3_1_ (1975) {s from |
mechanoreceptors to cuneate nucleus (via a fast conducting pathway
such as the dorsal column and medial lemniscus) to ventrobasal
thalamus to post-central cortex (areas 1, 2 and 3) to precentral
.cdrtex (area 4) to motoneurons (Lee and Tatton, 1975), and these
authors prns;nt their own evidence and review the evidence of others
in support of their hypothesis. More recent evidence for this hypb; ‘
-thesis has been presented by Adam‘gz_gl_(1976) and Marsden
et al (1976). The mechanism by which the V, response is potentiated
during voluntary contraction is to provide background facilitation

of motoneurons, upon which tﬂe reflex input may be superimposed.

Milner-Brown et al (1975) also described a V3 wave
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(latency, 74-90 ms)}. This response was not coﬁmonly cbserved in
control subjects, in comparison to tho Vl'and V2 wavos, The V3
rosponse was occasionally observed in the present investigation
(e.g. Figure 10C), but was not systematically investigated. It has
been postulated that the V3 rosponse, like the V2 rcsponsb, consists
of a potentiated transcortical reflex (Lee and Tatton, 1975; Milner-
Brown et al, 1975), o

The reflex potontiation ratios in the thenar muscles wore
groater than in the hypotheénar muscles nnd‘EDB. A similar finding was
madoe by Upton et al (i971), who suggested that the greater

potentiation in the thenar muscles may be related to the large cortical

area devoted to the control of thumb. In the presont investigation,

the mean V1 ratio for soleus was similar to that for the hypothenar

muscles, while the potentiation ratios for brachioradialls were

similar to those for the thenar muscles. In the case of brachioradialis,

it is doubtful that the reason for the relatively large potentiation

ratios is the-same as‘ih the case of the thenar muscles, ‘thher;

brachioradialis may be relatively more "trained" because of.its

use as an elbow flexor in the lifting associated with no;mal_nctivities.
In each muscle (with the exception of soieub; soe below)

the V1 and V2 ratios were similar, ﬁnd there was a poslti#e correlation

between the maﬁnitudo of the V1 and V2 ratios. These results suggest

that the Vl and V2 responses are potonttnted‘by the same neural

me chanisms (discussed ibove). -

A notable finding was the rare occurrenbe-only of a V2

wave in soleus, It occurrgd-in a few subjects who produced particularly .

large Vl'rqtios.in this muscle, suggesting that the same mechanism

o
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responsible for a large V1 ratio was also responsible for tho upponrnﬁco
of the V2 response. The question arises as to'why tho V2 wiave occurred
only rarely in soleus when the V1 potentiation ratio {n this muscle

was comparable to that for EDB and the hypothenar muacles, One possiblo
oxplanation for the rare occurrence of the V2 wave in soleus is lesser
ability to provide bnckground.fncilitntion 6% the motonourons; this
possibility is supported by the observation that it {3 difficult

to obtain a full interference pattern in this muscle during maximal
voluntary contraction (McComas, A. J., personal communication)., If

this explanation is Eorrect, it romains to explain the comparatively
large V1 patentintion ratio in solous, for bnckground'fncilitntion
of motoneurons would also be important in the potentiation of the Vi
ane.'"It will be.rocnllod that voluntary contraction potentiates the
V1 response by providing background facilitation of motoneurons and
by "running interference" for the reflex response. The first of those
mechanisms is not as important in soleus as in the other musclos, for
the H reflex can be elicited at rest in response to stimulation
sﬁbmnximnl for motorlfibres (Upton et al, 1971) and
persists even during flaccid paralysis (Weaver et _al, '

1963)}. In contrist. there is strong central depression of ihe small
hand muscles (Oku, 1973), and the H reflex is elicitod at rest only
when the central depression is not fully developed, as in infants
(Thomas and Lambert, 1966) or has been removed (e.g. certain upper
motoneuron lesions, Teasdall EE_EL' 1952). The appearance of the

H reflex at rest in soleus indicates that Ia afferent input to the

motoneurons is powarful-enﬁugh by itself to cause a reflex response.

- It is known that the density of Ta synaptic terminals on slow twitch



mOtoT units is greater than on fast twitch motor -units in the cat
(Burko, 1968a, b) and the soleus in man contains a high pegcentage of
slow twitch motor units (Edgerton et et al, 1975b; Edstrom and Nystrom, 1969;
Johnson ot al, 1973; Gollnick et al »1374¢).. Tt has also been shown that
it 1s the slowest motor units within solous that contribute to the H
reflex (Buchtal and Schmalbruch, 1970, 1976; Mcllwain and Hayes, 1977;
| "Messina and Cotruto, 1876). Further, the small motoneurons of soleus
‘ have a large Ia receptiveness and their EPSP's are larger (Eccles et al,
) 1957). Therefore, the primery role of volnntary contraction in the
potentiationof the H rofiex (i.e. V1 wave) after supra maximal stinulation
| of the nerve is to run interference for the reflex responee,vhereas the
; ' . potentiation of the V2 response requires!n sufficient background fagifita-
'//i o tion upon which input from the long loop reflex can be superimoosed. Thus,'<§

N . . .
a level of voluntary effort which runs adequate interference for

¥

poteritiation of the Vl wave may not facilitate adequately those mo to-

neurons participating in the V2 Tresponse.
~

.. . " 5. Muscle Twitch Properties. - The results of the measurement
- '\\\f isometric twitch pProperties in extensor hallucis brevis were similar

to those reported previously using the same method (Campbell ot al, (

1973 McComes ot ai 1973; Sica and McComas. 1971)

.

;gﬂ : Musc}e twitch propertiee of the median innervated thenar mus-
cles have not been reported previously. however several studies have been
made of the ulnar innervated adductor pollicis (Desmedt ot et al, 1968;

Marsden and Meadows, 1970; Slomic et et al, 1968; Takamori et al,‘ié?l)“

e

-theee'investigations, the values obtained for contraction and half relaxa-

4

“tion time were similarto those obtained in the present investigation for the median

o
.
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innervated thenar muscles,

The values obtained for contraction tdpn and half peldxntion
of the hypothenar muscles were in general ngreemeﬁE with those obtained
by Burke et al (1974a) o " for abductor digiti minimi.

The results for triceps surae were similar to these previousiy
reported for conerection time (Buller_gg_gl, 1959; Lambert_g}_gil
1951; Marsden and Meadows, 1970; McComas and Thomas, 1968) dgh half
relnthiod time (Marsden and Meadows, 1970; McComas and Thomas,
1968) using different techniques.

In the present investigation,'severni ef the triceps surae
twitch recordings showed a “noteh" on the rising phase (see Figure 13).
This feature was also observed by Burke et al (1974b)
and Marsden and.Meadows (1970)}. It has been-suggested that fhe
initial rapid rise in tension is caused by contraction of gnstrocnemius
and is succeeded at the '"notch' by the slow rise in tension caused
by contraction of soleus (Burke EELiiiw 1974b). In
different subjects;~the prominence of the "notch' varied and was
absent in some cases. This variation may be related to the variation |
in fibre type distribution that is known to occur in these two muscles
(Costill et ot al, 1976; Edgerton et al, 1975b; Gollnick et et al, 1974c)
There was little or ne correlation found between twitch B
. tension and contraction time.’ Oply in tricePs surae was there a
positive..signifigant but low correldtion: On the basis of the findings
in the weight lifters (stronger and {lower t}iceps surae twitches
relative to controls), a higher correlation between twitch tension and

contraction time might have been'expected; hewever, another factor

.o \ . :
which would contribute to variation in contraction time is fibre type

yq i e s
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distribution which, within a given musclé, shows interindividual
variation (for ;inmple, see'Collnick et al, 1974¢),

In the hypothenar muscles and triceps surae, there was a
higher postive correlatiqn between twitch tension'and rate of tension.
'development than between twitch tension and contraction time. ‘The
correlation between peak tension and rate of tension development has

also been observed in volunta'ry isometric contractions (Stothart,
: f >

1973; Willems, "19%3).

There is a positive correlation bétween muscle.mass OT Cross

sectional area of.muscle and ﬁusclc str;ngth {Ikai and Fukunagn,
' 1968). Two estimates of mdscle mass are limb girth and ‘maximum M
wavelamplitude. The latter has been used to reflect the muscle 2
atrophy that occurs with aging {(Campbel] ‘et all 1973)

and in neyromuscular disease (for example, see Sica and McComas,

1978) The author had the opportunity to investigate a young man

who had contracted poliomyelitis as a child. . The disease had affected
one lag‘only. The twitch tension of triceps surae’ on the affected

and normal sides was 2.7 and 100.0 N respectively. Iheycorresponding
‘values were for calf girth, 20.3 and 33.0 cm;.soleus M wave amplitude, |
4.§ and 12.5 mV; soleus.motor units, 200 and 1001 and for reflex .
potentiation, 17 and 24%. These data also illustrate how limb girth
and M wave amplitude can reflect variation in muscle mass ‘and demon-
strdte the cor:elation between muscle size and strength, In the group
of cohtrol subjects investigated,-however, there was no correlation
between M wav§ amplitudé and twitch tension in any of the muscles
| investigatéd, In triceps surae, there was odly'alow correlation

between calf girth and twitch tension, and no correlation between calf
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~girth and soleus M wave amplitude. %hus, it‘ig c;ident that whilc-the
int&rrelatipnships among muscle mass, M wave amplitude and muscle
strength are revealed ;hen extremes are compared, the correlations are
not readily apparent in a relatively homogenous control group. - Also
relevant in this regard was the 1ow correlation between églf girth
and voluntary strength of ankle plantar flexion in a similar control #roup.

In subjects in whom the twitch properties of more than one
muscle were measured, there were rio correlations‘amonﬁ‘the nuscles in any
of the twitch broperties. In t;;ceps'surne,'twitch‘properties were
measured on both right and left s1des in some subJects there was a
positiva correlation Ih all twitch properties between values for tha
left and right sides. These findings were similar to those found for
voluntary strangth and indicate a specificity in muscle strength,

The results of the triceps surae twitch measurements in male
and female control subjects are of interest, for they show that while (;,
the females possessed a slightly weaker twitch tension and a sﬁalIer
calf girth than the males, the contraction time was significantly longer’
in the females. It is tempting to speculate that the slower twitches in
the females is related to a h%gher percentage of slow twitch fibres in
the calf muscles. There are no data available on fibre type distribution
of soleus in females; however, no difference has been found between males
‘and females in fibre type distribution of lateral head of gastrocnemius
(Costill et et al, 1976) and vastus lateralis (Lavoie st al, 1977)
Therefore, the current data on le;p;E;pe distribution in the muscles
of males and females does not support the speculation that the females

in the present investigation possessed a relatively high percentage of

slow twitch fibres in their calf muscles. However, sex-related differences



in fibre composition of sLolotal muscle . have bcen‘found in nﬁimalﬁ.
¢ In the rectus femoris of the rat, the ratio of fast twitch glycolytic
#’\\\‘E\fust twitch oxidative fibres is about 1:1 in the female and 2:1.

in the male. The percentage of slow twitch okidntivc fibres in'thc mnlc‘)
and female is 1% anrd.4% rospectively, Thc dlffcrcncc in fibre composition
is associated with a longcr isometric contraction time in the female |

‘rat (Exner et al, 1973b), Skcletal musclcs have been shown to be
sengitivc to male sox hormone in the rat (Bass ot _al, 1969) anq gqinca
p;é (Bass et al, 1971). For example, an increase in tho contraction

time of the extensor digitorum longus of tho rat has beén cbserved |
following castration (Gutmann, 1970). 1hprofofp. the possibility

remains that the longer contraction time in Ehc human females of the
prcsonf investigation may reflect a real sex-related difference in the
calf muscles, It has alfcudy becn pointed out that the available data

on human gastrocnemius indicatc no differonce botween males and fcmules

in the percentage of slow twitch oxidative fibres (Costil] et et al,

1976). To the author's knowledge, there are no published data on the
ratio of fast twitch glycolytic*to fast twitch oxidative fibres in the
gastrocnemius of human males and females. Such data might serve to

exploin the sex-related difference in ¢ .trnction time found in the

prosent invéstigution.

C. Training and Immobilization Experim;hks

1. Voluntary Strength

+

"(a) Effoct of training, The subjects who trained elbow

extension on.the Cybex and with weights increased their peak torque

by an nverago ‘of 73% after an average of 19 wecks of training, It




is difficult to'rcinte this finding to those of other isokinetic
strength training studies because of variation in muscle groups
trained, and vnrintion.in volume, frequency and duration of training,
In particular, the duration of training in the prcscnt»investigation.
was considerably longer than the longest training periods in comparable
studies (8 weeks, Pipes & Wilmore, 1975; Thistle et al, 1967),
Taking these factors into consideration the percentage increase in
peak torque found in the present investigation was at the upper
limit of the range of strength increases with isokinetic training
(Komi ' § Buskirk, 1972; Mannheimer, 1969; Moffroid § Whipple, 1970;
Pipes & Wilmore, 197s£ Thistle et al, 1967),

In--this same group of subjects, average -torque and impulgc
- increased by 29% and 25% respectiQely. There have been no previous
reports of changes in average torque (average power) and impulse
(work) with isokinetic training.

The group which trained with weights only did not increase
strength significantly, as measured on tﬁe Cybex. The same results
were obtained by Fahey § Brown (1973) and Pipes § Wilmore (1975).
Thistle et al (1967) did obtain a significant increase in strength
(29%) measured bn the Cybex after weight training, but a group
which trained on the Cybex mn@e a much larger increase (47%). All
of these studies indicate a specificity of training; that is; the
" closer the method of measurement is to the actual training, the
greater the measured improvement. 'The subjects 'in the present
investigation also had their upper arm girth measured before and after :
training (HacDougall 3£_££J;1977b]. The group which trained both on

the Cybex and with weights increased upper arm girth by 7% (p«0,005),
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while the group which trained only with the weights increased upper
am girth by 10% (p¢0.005). Tho difference between the groups in
the increase in arm girth was not significant. Similarly, observation
of the subjects® training log books indicated that both grouﬁs
made similar increases in welght 1ifting str;ngth. These findings ..
suggest that the specificity of training in the presént study
(greater Cybex-measured strength in the Cybex-trained group) was a
spécific adaptation of the nervous system to performing maximal,

isokinetic, concentric contractions on the Cybex as a regular part

of training.
The correlations among the mechanical propcrties in the
increases with training (r = 0.59-0. 83) are of intcrest for they
indicnte & considerable indepondence of adaptation in the mechanical
pProperties. Thus, with a knowledge of the effect of training on
one mechanical prnpefty, the effect on other mechenical proporties
can only be roughly predicted These findings nggest,thnt it is
important to measure all three mechanical properties (peak torﬁhé,‘
average torque, impulie) when evaluating the effects of érniping on °

muscle strength.

When trnining progress was monitored freqﬁently, considerable

day to day vnrintion in strength was found, although the overall

result was a progrossive increase in strength _ A-similar pattorn
was found by Hettinger and Muller (1953) in ‘the course of isometric
strength training, The fgctors responsible for the day tq day
variation in strength were probably thé same factors responsible for
day to day variation in strength in untrained individuals (see

discussion of reproducibility of measurements, p 265)

‘
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Muller (1962, 1970), Bo;gcr (1960) and Gray (1966) observed .
that the most common training response was a decrecase in the rate
bﬁ‘progress in the course of trnining: however, ih some experiments,
the rate of progress remninéd constant throughout, and in othors,
the rate of progfess inéronsed in the course of training., In the
present investigation, the training ;osponsc for peak torque was one
Af gradually decreasing rate of progress, while the responses
for average toréuo and‘impulso were variable in rate of progress.

o There was a large vafiation in the individual response
to elbow extension training; for example, a menn increase in penk
toquo of 50% nftor training in a group of six subjects was not
stntisticnlly significnnt because the standard error of the mean
incrense was so large. Two factors contributed to the large variation.
One factor was m;thodolgéical' the results of subjects who trained
with weights alone were combined with the results of subjects who
trained both on the Cybex and with weights (sée above). The second
factor was biological variation in the training rosponse. When the
same trnining progrnmme is administered to a group of subjects, the
individual variation in response has been ohserved to be large
(Berger, 1960; Brown § Wilmore, 1?74; Craikes, 1957; Gray, 1966;
Mathews § Kruse, 1957; Jones, 1966; Rose et al, 1957}, For example,
Jones (1966) found a range in the training increase frdi.-ai to 129%
in a group of subjects after isometric training. hésa ot et al, (1957)°

reported a range. in the increase with 1sometr1c training from

-

80-400%. - o _
’ Peak torque of isometric thumb dﬂdﬁcti}jn increased by an

average of 40% after an average of 20 weeks of\training. This xtsﬁonse
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to isometric training is within the range of response that has been

reported in the literature (Darcus § Salter, 1955; Grimby et al,

.-1973a, b; Hettinger § Muller, 1953; Muller, 1962, 1970; for a review,

sce Clarke, 1973), _ - .

' The increase in ?lbow extension.strongth aftor trnining
can bo accounted fox'qn part by adaptive chnnges within the trained
muscles, Tﬁﬁ;}ubjocts who trained elbow extension submittod to ncedlo
biopsies of the long head of the tricnps muscle before and after

training. The rnported chnnges after training included an increase

in muscle fibre area (MacDougall et et al, 1977a) and an increase in

the size_and.numbor of myofibrils (MacDougnll et al, 1976), A

significant ihcroase in limb gimth was also observed (Macbougall

et al, 1977b), The ;ncronsed size and number of myofibrils (mnd thus -

'an.incroage in the number of myofilaments) would contribute to the

iﬂcreaséd force of muscle contractiqp ﬁfter training, Adaptivg changes
maf also have occurred within the nervous system @Eter e}ﬁow‘extension
trainingt as suggebte& by the comparison of training results in suﬁjects‘
who trninad dr did not traih-on-the Cybex (see above}. . The role
of the nervous system i;-tho ndaptntion to strength training is .
discussed fUlly in the INTRODUCTION and' is also discussad below
in relation té tho effects of trnining on reflex potentiation

It is difficult to account for tha incranse in voluntary

strength of thumb abduction on the basis of the results of the measure-

ments of changes in the muscle or nervous system. A substantial

‘muscle fibre hypertrophy of the thenar muscles would have been reflected

" by an increase in the amplitude of the maximim M wave;'thére'was no

increase in the. amplitude of the maximum M wave. A significant
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increase in reflex potentiation of the thenar muscles would have indicated
adaptive changes within the nervous system; there was no significunt
increase in the roflex potentiation of the thenar muscles. An increase .
in voluntary strength in man after training without a significant

increase in gross muscle size (Liberson § Asa, 1959; ﬁenmnn, 1950} Roso
et al, 1957; Tanner, .1952; Thorsteﬁsson ot al, IQjQEl/br muscle fibre size
(Penman, '1970: Thorstonsspn et al, 1976b)'hgs been previously réportcd. The |,
findings of Liberson § Asa,(lQSé) are particularly relevant because their
. study also involQad-trniniﬁ} of the small muscles of the hand (ubductors
of the fifth finger), 6;spitc a larﬁe and significnnﬁ increase in
vbluntnr} strength, these authors found no incroasp in gross muscle size
as measured by thgpe methods (circumference, muscle.thickness and soft-
tissue (X-ray). Thus, the findings of Liberson § Asa (1959) in réspect
to voluntary strongth end gross muscle size were in agreement with those
of the present 1nvestigntion.

-

It cannot be assumed, however, that lack of increase in gross
mUscl: size after strength training always indica;es that no adaptivq
changes ralaé?d to increased strength have occurred within the muscle,

In t;ninihg experiments using animals, Goldqpink (1964) and Gordon ot al
‘(1967bJ have demonstrated muscle fibre hypertrophy despite no increase

| 1n‘gross'muscle size; Goldspink (i964) posﬁhlated that the failure to gain
total muscle mnss'wns due to loss of extra ca}lulnr'tissue._ The findings
of Libersoﬁ’nnd Asa (1959) are of interest“In this regard, for these
authors found a significant increase in the isometric twitch tension of the
trained mustles, although there was-no increase in gr;ss muscle size,

The increase in isometric twitch tension suggosfs that muscle fibre

hypertfophy may'hnve occurred. In the present investigation, the
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isometric twitch tension of the thenar muscles decreased pftcr training,
in association with an increase in voluntary strength and no change
in reflex potentiation and maximum M wave amplitude; however, the
decrease in isometric twitch tension may have been relatcdqto the

method of measurement (see below). Therefore, the increase in

' voluntnry strength of thumb abduction cannot be accounted for by thc

measurements made on the thenar muscles, It is possible that adaptive
changes occurred in other muscles which perform abduction of the
thumb (abductor pollicis longus, extensor pollicis brevis) or that )
adaptive changes occurred within the musﬁle fibres of the thenar

muscles that the measures (maximum M wave amplitude and isometric

twitch tension) failed to reflect.

(b) Effect of immobilization. In subjects who immobilized

prior to training, an average of approximntély five weeks of immobili-
zhtion resulted in a decrease in elbow extension strength of 26%li;

peak torque, 26% in average torque and 36% in impulse The corres-

ponding decrease in thumb abduction strength was 57% These results
are comparable to those of other investigators who have observed

the effect of immobilization (in casts) on voluntary sfrength in

man (Dietrick et al, 1948; Hills & Byrd, 1973; Muller, 1970; Stillwell

ot al, 1967), Nhen.training preceded immobilization, the decrease

in voluntary strength (in relation to the control values) was smaller

. after immobilization. Thus, elbow extension strength decreased by

8% in peak torque, 13% in average torque and 22% in imbulse; The

corresponding decrease in thumb abduction strength was 22%, This

finding is of interest, for it could find application in preparation
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for joint surgegyy and subsequent immobilization. For example, in

cases whoré—:;ec extension and flexion strongth training could be
performed before knee joint surgery, the duration of thé.post-opéfative
recovery period would be reduced. Also related to this application
were the results in three subjocts who trained prior to immobilization
and in whom voluntary strength was also measured after seven days of
recovery from immobilization. After training, elbow extension and
thumb abduction streﬁgth had increased to 188% and 150% respectively
. of the .control values. After immobilization, elbow extension and

thumb nbd&htion strength had decreased to 109% and 79% respectively

Qf Ehe control valuesf After seven days of recovery from immobiliza-
tion, elbow extension and thumb abduction strength had incrased to

116% and 100% respectively of the control values. There is evidence
that the time required to recovér normel (control) strength is greater
when immobilizatibﬁ is not preceded by training. Hills § Bird (1973)
observed the recovery of hand grig strength in one subject after thirty
days of immobilization. Strength decreased by'44% ;fter immobilization
.and approximately six weeks were required to recover normal strength.
Dietrick et al (1948) observed the'recovery of plantar flexion
strength in four subjects after 6-3 weeks of immobilization. Strength
decreased by 21% after immobilization and four weeks were required

to recover normal strength. - .

The results of the investigation of subject CC are of
interest, for they show the effect of injury (fractured humerus)
superimpo;ed upon immobilization. The duration of immobilizqtion in
this subject (6 weeks) was 1.3 SD (28%) greater than the mean duration

of immobilization for the other subjects; however, this subject's
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post immobilization olbow extension strength was approximately 2.8
SD (82%) below the mean value of those subjects who immobilized
orior to training. The effect of injury may have been to reduce
(by inhibition associated with discomfort) the amowunt of contractile
activity in the muscles of the immobilized limb that ig normally
evoked by activity of the unrestricted contralateral limb (soe bolow),
The decrease in olbow extension strength after immobilization
can be accounted for in part by adaptive changos within the muscles.
The subjects underwent néedle biopsios of the long head of triceps
after immobili:z zation; a decronso in muscle fibre area was found
(MacDougall et al, 1977a). A decrease in limb girth was also observed
(MacDougall et et al, 1977b). Other investigations in man have domon-
strated a decrease in 1imb girth (Dietrick et £t _al, 1948; Ingemann-
Hansen § Halkjaer-Kristenson, 1977; Patel et al, 1969), limb volume
(lngomann-Hnnsen § Halkjaor-Kristensen, 1977; Sargeant § Davies,

1977) and muscle fibre size (Edstrom, 1970; Patel et al, 1969;

'Snrgeant et al, 1977) after immobilization, Further, the "sparing

effect” of prior tralning on the decrease in voluntary strength

after immobilization could be accounted for in part by a similar

effoct upon the decrease in muscle fibre area after immobilization

1

(MacDougall et_ai, 19773] |
j\ Subject CC had been immobilized because of a fractured ‘
humeru;\ ‘The very low level of voluntary strength following immobili-
zation (noted above) was associated with a greater degroe of muscle

fibre atrophy in comparison to that of the other subjects who im-

mobilized (MncDougall J. D., unpublished results),




From the data obtained in tho present invostigniion, it cannot
be dctorminedkhothcr adaptive changes within the nervous system con-
tributed to the decrezse in voluntary strength of elbow extension.

The docro#sc in thumg.abduction strength after immobilization could
be accounted for in part by ndaptivo changes within the nervous system;
the decrease in Jvoluntary strength was associated with a significant
decrease in roflex potontiation of the thenar muscles (discussed more
fully below). There was no change in the size of the thennr musclcs, as
measured by maximum M wave amplitude Furthermore, there was no signifi-
cant .change in isometric twitch tension of the thenar muscles after
immobilizntion' however, this result mey have been relntod to the method
of measurement (see below). Therafore, the data obtained in the present
invostigntion did not reflect any changes which A;y have occurred in the

thenar muscles after immobili.ation, in contrast the marked decrease ‘in

reflex potentiation Suggests that neural adaptation contributed substantially

to the observed decrease in voluntary strength,

3
. 2. Motor Unit Counts

(a) Effect of tfain{nk3 The decision to observe the effoct of

training upon the number of motor units within muscles was prompted

by the finding of low valués in some athlotes (McComas A J., ﬁnpublished
observations; see also the motoxr unit counts of gymnasts in RESULTS),

The question arose as to whether the reduced motor unit counts were an
effect of training 2!3;33 or the result of repeated trauma associated with
part cipation in the sport. The results of the present investigation
indicate that short-term (10-20 weeks) strength traing does not change

th&snumber of motor units within muscles. The possibility that long-term

-
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strength- training or repeated trauma may account for the reduced

motor unit counts in some athletes will be discuseed further below in -

relation to the dbaervations made on weight trainers and gymnasts.

r

(b) Effect of immobilization. Immobilization had no effect N

upon motor unit counts or M wave amplitude. Therefore, the loss of
voluntary strength could not be accounted for by.a_decrease ?n_tﬁj
’;;;Eak.bf functioning motor units or a decrease in motor unit siz
within the median innervated thenar muscles.

-

/"3, Motor Nerve Conduction Velocity

. - (a) Effect of training. Overall, there was no effect

of strength training upon motor nerve conduction velocigy This
result is. in agreement with findings of a similar investigation

~(Burke, 1971). However, strength training has been associated with a

decrease in monosynaptic reflex time (Francis § Tipton, 19694 Reid, 1967;

Tipten &'Karpovich, 1966), and it has been poetulated that the
decrease in refleX\time is caused by wa“ in nerve conduction
velocity associated with herve fibre hYpertrephy (Reid, 1967). If
crf-this postulntion is accepted, it can be concluded thq; the effect
of stf%ngth training upon motor nerve conduction velocity is not
uniformly consistenth:Variation in intensity and duration of train-
'tng'nnd variation in muscle groups trained are thctors which could
account for the inconsistent resu%te.. It is interesting to note
that when small muscles such as the thenar and hypothenar muscles
-

. - -
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and extensor digito;um brevis_ha#e been trained (present investi-
. gation; Burke, 1971), training has had no effect upod'nerve conduction
velocity. In contrast, when larger muscle gred?s (quadriceps
femoris, triceps surae) a;e trained (Feancis & Tipton, 1969; Reid,
1967; Tipton & Karpovich, 1566), training has apparedtly caused an'.
increase in motor nerve conduction velocity. Tﬁe effect-of strength
trdining upon nerve conduction velocity,i; disbussed further in the

INTRODUCTION and below in relation to the results of metor nerve N

conduction velocity measurements in weight trainers and gymnasts,

L)) _Effect of imebilization. In relation to the control

. values, immobilization of.the thenar muscles had no effect'upon
median motor nerve conduction ve&ocity. In the group which‘ '
trained prior to immobilizafion, however, nerve conduction velocity
after trainingﬁras slightly (3%) though significantly (p<o. 05)
greatir than after immobili&ation. To the author s knowledge,
no similar studies ig nni have been reported, ‘and the results of
. animal expexie‘m.ents have lat Lbeen u.nifom (sele.. INTRODUCTION)‘

. T

Therefore. further studies on th:. effect of immobilization upon nerve
s

conduction velocity are required before conclusions can be drawr}._

rﬁ "'!-.‘—- » ' ) “‘ : ‘.ﬁ
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4. Reflex Potentiation
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after training. One previous investigation by Milner-Brown et al
(1975) had failed to show significant changes in reflex potentia-
tion after six weeks of stréngth trgining in four subjects. Thus
the present investigation, involving more subjects and longer
periods of training, has demonstrated for the first time a sig-
nificant increase in reflex potentiation aftﬁg strength training.

The neural pathways and mechanisms underlying the V, and N

1
V2 waves have been discussed above in relation to the results
of the control experiments. Milner-Brown et al (1975) have postu-
lated that these Pathways are strengthened as a result of training
and account for #he greater reflex potentiation and motor unit
synchronizat;on observed in weight lifters., There was a positive.
correlation (r = 0.54) between the increase in V1 and Vé potentiaf.
' tion with training, which suggests a common underlying adaptive
mechanism, |

The question arises as to how the enhanced neural pathways
could increase the fb;ce of maximal voluntary contractions. The find-
ings of Ikai and Steinhau;\(1961) are relevant to this question, for
_they suggest that under normal conditions many (butnot all, Mert;)n, 1954)
ﬁntraiged fhdividuals are unable to recruit‘all available motor units and

to fire all motbr;units at thé maximum possible firing rates, and that

with traiﬁiqg, increased motor unit recruitment and firing rates of motor
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units are posgible. Thus, it is suggested tha; the adaptive change
withimythe nervous system, reflected by reflex potentiation, that
increases voluntary itren is increased recruitment and f1r1ng
rates of motor units brought about by strengthened descending neural
pathways to motoneurons.

' The results of the present inveﬁtigation have demonstrated
that the measurement of reflex potentiation provides a quant1tat1»e
method for assessing neural adaptation to strength training. This
method, and that of Milner-Brown et al (1975) for quantitating motor
unit synchroni;ation, make measurable what in the past‘(see INTRODUCfION)
has largely been only speculated upon; namely, adaptive .thanges
within the nervous system after strength training in man.

A further discussion of the affects of strength tralnlng

upon the nervous system is contajned-in the INTRODUCTION

b) Effect of immobilization. The overall effect (in 7

rélation to control values) of approximately five weeks of immobiliza-
tion was a sigmficant decrease in reflex potentiation of the median
innervatgd thenar muscles (Vl, 39%; VZ’ 31%).- No comparable studies
of the effects of immobilization on the human nervous system have
been reported, The decrease in reflex potentiation suggests that the
decrease in voluntary strength aftep immobilization may be accounted
for in part by adaptive changes within tha nervous system. Extending
the diﬂnussion above in relation to training, the decrease iﬂ reflex
potgntiation may reflect a weakening of descending neural pathways
| excitatory to motoneurons, resulting in an inability to recruit

all available motor units.

If discomfort were associated with voluntary contraction
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after immobilization, inhibition might be responsible for the observed
decrease in reflex potentiation, However, none of the subjects
reported discomfort under these conditions; rather, the reported
pcrcéption was an inability to contract the thenar muscles strongly,
The pattern of recovery of reflex potentiation following

release from immobilization was observed in a few subjects only.

After ope week of recovery, reflex potentiation had increased to
approxl@tely 80% of the control—m\lu.e and after three h;ceks of

recovery to 85% of the control value. The pattern of recovery was

similar to that reported for voluntary strength (Dietrick gt al,

1948; Hills § Byrd, 1973).

5. Muscle Twitch Progertés

(a) Effect of Immobilization

P

: ‘{1) Tension. Approximately fivei&dbks of immobilization
resulted in‘a nonsignificant increase (6%) in twitch tension of the
mediin EnnerVated thenar muscles. No other studies of the effect
of 1mmobilization upon the twitch properties of human muscle have been
reported however, in a study. designed to simulate the _type of
immobilization encountered in meny clinical situations, Edgerton
et al (1975a) observed the effects of six months of immobilization of

e hind 1imb of the Lesser Bushbaby. The findings included a non- -
significant increase (18%) in the twitch tension of the plantaris
muscle and a 10% decrcase (NS) in tetanic tension. ‘Thus the findings
of the present investigation are similar to those reported by Edgerton

et _al (1975a) with respect to twitch tonsmn Other investigations
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have demonstrated a significant decrease in twitch‘fensioﬁ after
immobilizat;on in guinea pig gastrocnemius (Maier et al, 1976),

cat soleus, gastrocnemiq; and flexor digitorum longus {Cooper, 1972)
and in the soleus and tibialis anterior of the kitten (Mann § Salafsky,
1970)"but no significant change in guinea pig soleus (Maier et al,
1976).

The findings of Edgerton et al (19?5&) are of particular
interest because the nonsignificant changes in absolute twitch and
tetanic tension of the plaﬂtqris muscle after immobilization were
associated with significant decreases in muscle fibre diameter and
muscle weight, The question arises as to How.a muscle which loses
weight and undergoes fibre atrophy is able to maintain its absolute
twitch and tetanic tension further, when expressed per gram of muscle
(specific tension), twitch and t;:anic tension actually increased
significantly., Maier ot al (1976) have discussed possible mechanisms
which would serve to answer the above question. The mechanism most
related to the present investigation was the effect of an immobiliza-
tion-induced decrease in compliance (extensibillty) of the muscle on
the recorded tension. Fof a fixed length, a less'compliant musele
would 60 expected to transfer actively developed tension more effectively
from sarcomeres to connective tissue (Maier et al, 1976). A loss of
muscle extensibility following immobilization has been reported
* (Alder et et al, 1959; Goldspink et ah, 1974 Tabary et al, 1972;

Woo et al, 1975),

In the present invéstigation, the nbnsignificant increase

in\Ey}FEy tension of the thenar muscles'affdr immobilization was

associated with a significant decrease‘in.voluntary strength and reflex
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potentiation and no change in maximum M wave amplitude. One inter-
pretation of these combined results is.that no atrophy (implied by-
no change in M-wave.amplitqde) or loss of contractile strcﬁgth
occurred within the muscles and that ;he decrease in-voluntary Strcngth
was accounted for entirely by adhp;ive chang;s in the nervous system
(as reflected by the decfeage;in reflex potentiation). An alternate
tmterpretntion is that muscle fibre atrophy did occur but was not
reflected by the measurement of maximum M wave amplitude or, as in
the investigation by Edgerton et al (1975a) cited above, by isometric
twitch tension, If this latter interpretation is correct, then it .
is possible that the decrease in muscle extensibility after immobili-
zation may have "masked" the effect of muscle fibre atrophy upon
contractile strength of the thenar muscles.

The measurement of twitch tensidn of the thenar muscles
involved p;acing an initial tension of_l.O kg (= 9.8N) upon the
muscles.. Sica and McComas (1971).have shown that the proportion of
the maximum possible twi;ch tension that is evoked with an injitial
" tension of 1.0 kglis greater in oider‘than in young subjécts, and
these authors suggestad that this age-relatgd effect was caused by
reduced elasticity in the muscles of older subjects, There is evidence
that elasticit; and extensibility of human mﬁsclé.decraése with age
(Bick, 1961; Chapman, 1971; LaBella § Paul, 1965; W;igh;'& Johns,
1960a: b). It is possible that immobilization-induced loss of
.extensibility would have a similar effbct upon the relationship
between initial tension and the proportion of maximum possible tension-
evoked. Thus, after immobilization, an initial tension_of 1.0 kg

would evoke & highe; proportion of the maximum bbssible tension and
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mask the effect of immobilization upon contractile strength.
With the present data, it is not possible to determine

which of the two interpretations discussed above is correct,

£2) Contraction time. There was a nonsignificant increase

(4%) in contraction time after immobilization, Following immobili:za-
tion, nonsignificant increases in contrdction time have also been found

in the plantaris muscle of the Lesser Bushbaby (Edgerton et al,

1975a) and in guinea pig gastrocnemius (Maier et al, 1976). A
. » - '

significant increase in contraction time has been observed in the
gastrocnemius and flexor digitorum longus of the.cat (Cooper, 1972),

In‘the investigation of Edgerton et al (1975a), the non- .
significant_change in contraction time of the predominantly fast
twitch plantaris mﬁscle was associated with nonsignificant changes
in fibre type distribution. This finding suggests tﬁat no changevin
fibre type distribution may have occurred in the immobilized thenar
muscles which, according to the data of Johnson et al (1973), would
contain ﬁpproximately 60% type I (slow twitch oxidative) fibres,

In contrast, the predominantly slow twifch soleus of the

v

to

immobilization with a significant decrease in contraction time. In

guinea pig (Maier et al, 1976), cat (Mann § Salafsky, 1970) d
. . -~
rat (Booth § Kelso, 1973a; Fischback & Robbins, 1969) respbﬁ'&
the guinea pig soleus, the decrease in contraction time was associated
with a conversion of'sohe slow twitch (low ATPase-activity) fipres

to fast twitch (high ATﬁggg-activity)'fibres, and in the soleus

muscle of the Lesser Bus aby, immobilization results in a decrease in
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the percentage of slow twitch oxidative fibres and an increase in

the perceﬁxage of fast twitch axidative glycolytic fibres {Edgerton

et al, 1975a),

g};i)ﬂalf relaxation time. Immobilization resulted in a

significgg; 18% increase in half relaxation time. Nonsignificant
increases_in half gplaxation time of the plantaris muscle of the R
».‘x,Lessgr Bushbaby (7%, Edgerton et al, 1975a) and guinea pig gastroc-
nemius (12%, Maier et al, 1976) have bepn reported‘following im-
mobilization, while Cooper (1972)'observed a significant increase

in half relaxation time of cat gastrocnemius and flexor digitorum

longus muscles.

(4) Rate of tension development. There was 7o change

(2% decreases, NS) in rate of twitch tension development. Non-
significant decreases in rate of tetanic tension de%elopmgnt following
immobilization have been reported for the plantaris of the Lesser

Bushbaby (Edgerton et al, 1975a) and guinea pig gastrocnemius

(Maier et al, 1976). °

(b) Effects of training

©o (1) Tension. Training of the triceps surae requited in

& nonsignificant decrease (2%) in twitch tension. LEdgerton (1976)
observed [ nonsignificnnt decrease (15%) in the twitch tension of

the. gastrocnemius of the Lesser Bushbaby after weight Iifting training;
8 significnnt 22\ increase in tetanic tension was obtained. Changes

within the muscle included a 20% increase in muscle qxqﬁhf.and an

h ]
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incréase in the concentration of total and myofibrillar protein.
Apparently, the measurement of tetanic tension is a better indiéator
than twitch tension of the changes in contractile strength in muscle
following strength training. The measurement of tetanic tension was
not performed in the prestnt investigation because of the extreme
discomfort it would have caused to the subjects.

However, Liberson § Asa (1959) reported ﬁ significant

‘increase in twitch tension of the abductordigiti minimi muscle 1n

-

man after isometric strength trnining, and Gonyea § Bonde- Peterseh
(1978) found 51gnificant increnses in both twitch and tetanic'tension
of the palmaris longus and flexor carpi radialis muscles of the cat
gfter weight lifting training. The changes in cdntractilé properties
in the latter investigation were dssociated with an increase in gross
muscle size and muscle fibre hypertrophy (Gonyea & Ericson, 1976)

~and an incyease in muscle fibre number (Gonyea et al 1977) The
different regults obtained in the various investigations may be related
to variation the intensity and duration.of training, as shggested
by Gonyea § Boﬁde-Petersen (1978).

The results for the thenar and hypothenar muscie; and
extensor digitorum brevis were combined because of a comﬁon procedure
in the measurement of twitch properties; namely, subjecting the muscle
to an initial tenqup of 1,0 kg (9.8N). The effect of strength train-
ing in these muscles was a significant 21% decrease in twitch tension.
It has alrendy been pointed out above that twitch tension may not be
a sensitive monitor of training-induced- adaptation within the muscle

however, the finding of a significant decrease in twitch tension after

training requires comment.



EREE Rt S

309

In the. discussion of the effects of immobilization upon twitch
tension, it was hypothesized that an immobilization-induced loss of muscle
oxtensibility would affect the measurement of twitch tension; that is,
an initial tension of 1.0 kg would'evoke a higher proportion {in relation
to the control value) of the maximum possible twitch tension and mask the
effect of immobilization upon contractile strength. In contrast, there is
ev;&ence that muscle training (including isometric training) causes an
increase in muscle extensibility (Bboth & Gould, 1975- Chapman, 1971;

Less et al, 1977), Therefore, it is possible that a training ~induced
increase in muscle extensibility had an effect opposite o that of immobili-
zation on the measurement of twitch tension; namely, an initial tension of
1.0 kg would evoke a smal ler Qrelative to control) proportion of the max1mum
possible twitch tension. If the effect were large enough, it would not

only mask any effect of tr ining upon contractile strenéth but could
conceivably account for the -significant decrease in twitch\tension obtained

after training, ‘ \

\

| 3
i \

£2) Contraction tinme. In the combined results for thenar and .

hypothenar muscles and EHB and for triceps surae, there was no significant '
change in contraction time after training. However, h one group\of subjects,
there was a significant oecrease in contraction time of the thenar\muscles after
training. Weight Jlifting training had no effect upon the contraction time

of gestrocnemius of the Lesser Bushbaby (Edgerton, 1976) . Isometric‘training
had no effect upon the contraction time of soleus and rectus femoris oﬁ the

male rat (Exner et al, 1973b) However, a significant increase in contraction
time has been observed in the palmaris longus and flexor carpi radialis of

the cat {Gonyea § Bonde-Petersen, 1978) and the soleus of the female rat-

4

(Exner et al, 1973&) while a significant decrease in contraction time after

)
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training has been observed in the rectus femoris of the femalc rnt {Exner
et al, 1973a). In the investigation by Con)ca & Bondc-Petcrscn (1978), it
was shown that the increase in contraction time could not be accounted for
by‘n change in fibre type distribution within the muscles, despite an

increase in muscle fibre number,
»

{3) Half relaxation time. Training resulted in a significant

increase (7%) in half relaxution time of the triceps surae muscle; this
result was associated with a nonsignificant 4% incrensc in contract1on time,
To the author's knowledgo, this is the first report of slowing of human
muscle by strength training. A significant increase in half relaxation time
and contraction time has been observed in the weight trained muscles of cats
(Gonyea § Petersen, 1978) while Edgerton (1976) observed a nonsignificant'
increase (11%) in the half relaxation time in the gastrocnemius of the
Lesser Bushbaby. Gonyea § Bond-Petersen (1978) have shown that the increase
in half relaxation time was ﬁot related to a change in fibre type distribution.
In the combined results for the thenar and hypothenar muscles
and extensor digitorum brevis, training had no éffect'upon half relaxation

time.

(4) Rate of tension deve lopment. Truinihg resulted in a sig-

nificant 18% decrease in the rate of twitch tension development when the
results for the thenar and hypothenar muscles and extensor digitorum
brevis were combined. In triceps surae, the corresponding signiricant
decrease was 9%, Gonyea and Bonde-Petersen (1978) found a significnnt
decrcase in the rate of tetanic tension development in the weight trnined
muscles of cats while Edgerton (1976) reported no 51gnificant qhange

in the rate of tetanic tens1on development in the weight trained gastroc-

nemius of the Lcssor Bushbaby,

A
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‘In the thenar and hypothenar muscles and extensor digitorum

brevis, the decrease in rate of tension development was associated

‘with a significant decrease in twitch tension, no significant change

in contraction time and no change in muscle si;e, as mentured by
maximum M wave amplitude. In contrast, the decrease in rate of tension
devqlopment in the investigation of Gonyea & Bonde-Petersen (1978)

was associated with significant increases in twitch tension and .
contraction time and in muscle size. Therefore, the decrease in

rate of tension development in the two studies may be related to

i

6. Response of the Immobilized Thenar )
Muscles to Activity of Other Muscle Groups

It was observed that voluntary contraction of the finger
flexors and elbow flexors of the non-immobilized 1imb evoked motor
unit activity in the immobilized thenar muscles; furthermore, there
was a positive correlation bttween this effect ahd the force and duration
of contraction of the contralateral muscles. A similar phenomenon
has been demonstrated in "resting" non‘inmobilized muscles of a limb .
during voluntary contractions of the contralateral limb (Gregg et et _al,
1957 Sills § Olson, 1958; Stish, 1958). Even greater motor unit
activity in the immobilized thenar muscles occurred when the fingers
of the immobilized limb performed a 1ight task (tying shoe laces).

These results suggest that some motor unit activity occurred in the

... immobilized muscles as the subjects conducted normal dally activities.

Immobilization in the Lesser Bushbaby (Edgerton et al, 1975a) and in

the rato(Fischbath & Robbins, 1969) was associated with markedly

»

g
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reduced but not abolished motor unit activity in the immobili:gg

muscles, - Therefore, immobilization causes a severe reduction in
) :

muscle activity in comparison to the normal condition; however,

it ‘cannot bo assumed that the immobilized muscles were completely

inactive ("disused"),

D. AnthrogometzzE Voluntn§¥ Strength and Electrophysiological
Measurements in We ght Trainers.

l. Anthropometric Measurements. The values for the weight

trainers, expressed as a proportion of the values for control subjpcts
(weight trainers/controls) were for height, 0.98; body mass, 1.21;
calf girth, 1.05; thigh girth, 1.12; and amm girth, 1.27. Rasch

(1975, p. 61) reported anthropometric data obtained on 33 "Mr.

America' winners from 1940-1974. Their values, expressed as a pro-

portion of the control values of the present investigation, were for
height, 1.00; body mass, 1.28; calf girth, 1.16; thigh girth, 1.,18;

and am girth, 1.54, The values for both groups of weight trainers

follow a similar pattern, indicating that the weight trainers of

the present investigation are representative of the total.population

" of weight trainers..

) T 7
Similarly, the control subjects dre representative of the
population of males of the defined age group. This can be shown
by expressing the values for the weight trainers of theApresent.

investigation as a proportion of the values of a group of control

'subjects of similar age investigated by Wilmore (1974); they were

for height, 0.98; body mass, 1.19: calf girth, 1.07; thigh girth,

1.13; and arm girth, 1.35. These values are almost identical 'to those
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given above in relation to the control group ef the present investigation.
The values are greater in the 'Mr. America" winners than _
in the weight trainers of the present investigati - This would be . ;%blﬂJ
exp?cted for two reasons First, the champion body bullders would - /
by/%zrtue of being champions, possess the greatest muscle mass and
limb glrths of all weight trainers. Second, some of the weight L{;lf**-
trainers 1n the present investigation were competitive weight lifters
rather than body bu11der§h/dﬁ; these 1nd1vxduals train. spec1f1ca11y
for strength rather than 1ncreaseJ muscle size. There is a recogni:ed
difference between strength training and body building (Homola,
1968, p. 17; Kirkley‘]lgﬁa, p. 11; Lamb, 1978, _p. 151; MacQueen,
1954, Rasch 1975, p. 2; Richford, 1966 p. 16).
The weight trainers were similar to the controls in height

but possessed ® Significantly greater body mass. The greater body

h‘mass would be accounted for by the greater muscle mass, as indiceted"

L
by the girth measurements,

The weight t?ainers.exceeded the controls to a greater

- extent in amm girth than in thigh girth and especially in calf

There are two_ possible explanations for these results First,
it may be more difficult to ipcrease the size of the thigh and in

parti lar the calf muscles by weight’ training than the amm muscles,‘

ight training autherities-have made this observstion (Fallon
ders, '1960, p. 91; Franz, 1969, P. 16; Kirkley, 1963 p. 36;
0'Shea, 1976, p. 58; Rader, 1956, P 26' Rasch, 1975, p.. 44 :Richford,

1968, p. 21; Steiner, 1974, p. 67). Further. there is experimental

evidence that the legs are more difficult to develop than the arms

... (Delorme et a1, 1952; Fehey & Brown, 1973; Pipes § Wilmore, 1975; -~
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Stromme et al, 1974; Tanner, 1932; Ward, 1963; Wifnore, 1974).
r -

N
Second, because the thighs and in/ﬁarticular the calves are so
- .
difficult to develop, weight trainers become discouraged and stop
'trg’ini‘rfg them as~intensely as the amm muscles., This view has been

asserted by, some, weight training authorities_(Fallon § Saunders, '

1960, p. 91; Richford,. 1968 pP. 11). In addition there is more
N \g
incenti $ develop lirge arm muscles than large calf mwscles {0'Shea,

11976, pe 37). L \,' .

. .
v It is interesting to note shat when the. values for the

. . ® .
"Mp~America" wirhers are compared to. thosg of the weight' trainers |

% : ot .
in the pPresent investigation,. the former exceed the; atter to a

grea’t r extent in calf and arm girth than Ain thigh girth. In competitive . J

body building, large calf and '}im muscles as welj as' thigh mu_scle\s'
\&s)‘v

are required for syiccess. On the other hand eti‘tive weight

-

N .
lifting (some of the weight trainers in the present 1nvest1gat10n -
-

. were compgtitive weight lifters), stre th of the thigh muscles is

éost i.:&mrtant for success, thtle specific trai idg- of the calf . -

especially power 1liftdrs who compete in the bench press, train the
elbow extensors the slbow flgxors argp) neglected in trammg.

—-J

Tornvall (1963) has shown that whlle competitive welght lifters

‘exceed controls by appmximataly 75% in isometric elbow extensmn

f:\er by only 25% in elbow flexzoq -

.c\k

strength, the former exceed

N

s:trength. | /,J

2. Voluntary Strength. The strength of the weight t:r?aiﬁers1

.

Py . . . »
4 - i . .
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exceeded that of the controls to the greatest extent in elbow extension,
to a lesser extent in knee extension’ and to the least extent in ankle
plantar flexion. This same pattem was observed.by Tormvall (1963),
‘who measured isometric strength in 1S weight lifters. The 1nterpreta-
tion of these findings is the same-as the one Presented above 1t\\){_
Telation to the girth measurements. 1t is worth noting, that the
pattern of the relationship between the values” of the welght trainers °
and controls (i.e. weight tralners/controls) was-the same for limb
glrth and volumtary strength' namely, elbow extension-arm girth i
. greater than knee extensron th1gh glrth greater than ankle plantar T
flexlon-calf girth. . ' - ) g

Nhen the results of ‘the weight trainers %nd control subject
~ were combined, there was no correlation between voluntary strength
and helght however, there was a low positive correlation between
body mass and strength. 'I‘hls latter correlatlon was not as great
when computed from the control values alone. Addlng the data from * _
the welght trainers increased the ‘range of values for the two var1ab1es’\\"H\
and this served to strengthen the correlat1on Other factors being )
. équai, the greater body mass is assoclated with greater muscle ‘mass 3

SN .

which in turn is associated with greater strength

The difference in streﬁgth between weight trainers and
controls was reduced when strength was expressed per kg body mass
rather than absolutely, Thls reduction in difference is the result
»of the-greater body mass of the weight tramers relanve to controls
| The correlation between limb girth and strength wassgreater
when the results of the weight tralners and controls were combined

- than when the correlation was computed from the control data alone
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The reason for tﬁe greater correlation'in the former case has been
discussed aboee in relation to the correlation between strength and
body mass.

The correlation befweeq am girth and elbow extension strength
was greater than between thigh girth and knee extension strength or
betweee calf girth and ankle plantar flexion strength. This finding
is probably related to the fact that training of-Ehe arms is more
often associated with increased mustle size than is the tase when the .
legs are trained (see above). ‘Further, leg strength map be 1ncreased
" by training without any increase in muscle size as measured by limb
girth (Penman; 1970; Ta%m-,—-lgsz; Thorstensson et al, 1976b; Ward,
1963; Wilmore, 1974) and muscle fibre size (Penman, 1970; Thorstensson
et al, 1976h).

When the ‘results for the weight trainers were combined
‘with fhose of the control subjects tﬂa\correlatiohs petween low and
h%gh velocity strength, among the meéhanical properties and among'thee
three movements were'greyter than when the correlations were puted
:from the control data aloge. The reason for t‘his finding has been
dzscussed above in re on Jo the strength- bod& mass relat1onsh1p
and strength-llmb girth relationsh1p

Generally, there was no difference between the weight
trainers and control subJects in the strength-veloc1ty'T!Iatlon
‘Thorstensson et al (1976a) demonstraped a positive co;relation between
a strength-veloc1ty relation ratio in knee extension and a high per-
centage of fast twitch fibres in vastus lateralis. -Therefore, the
lack- of dlfference between the weight trainers and control subjects
in the J/;ength -velocity relation for knee extension suggests that these _.
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tWo groups possessed a similar fibre type composition in the knee
extensor muscles. This suggestion is supported by the findings of

Edstrom & Ekblom (1972f Gollnick et et al (1972) and Prince et al

(1976) which indicated that welght lifters possess a fibre type
composrtlon (percentage of slow twltch fibres in vastus lateralis)
similar to that of control subjects, It is possible that the simi-
larity between the two groups in the strength-velocity relation for
ankle plantar flexion‘and elbow extension is also associated with a
similarity in the fibre type composition of the involved muscles,

In law velocity strength, the symmetry ratios in the welght
trainers were consistently greater than in the controls, however,
the difference was not significant, The trend toward greater symmetry
. in the weight trainers is not surprising when it is considered that
the weight lifting exercises employed by these individuals are
bilateral and that successful executlon of the exercises requires

a high degree of simllar1ty in strength between' the two limbs,

. 3. Motor unit counts. Jhere was no difference between

the weight trainers and the control subjetts in thenar and soleus
motbr unit counts. These results are in agreement with those of the
"training experiments, which revealed no change in motor unit counts
rfter short'term tréining ~The combined results suggest that strength
training pPer se does not cayse a reduction in the number of motor
units within muscles. agi\\ ‘ ‘

It should be pointed t, however, that whi'le the thenar
muscles are suitable for electro hysioldglcal measurements they are
gprobably not trained intensely by weight lifters in comparison to

other muscles. It is tempting to refer to the lack of significant
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differences between the weighf trainers and controls i

potentiation and in isometric twitch tension of the thenir muscles
as evidence in support of this assertion. However, in the training

experiments, the thenar muscles failed to respond (in terms oﬁ\?eflex
' : *

potentiation) to intense, specific training over a period of approximately

20 weeks, and the twitch tension decreased significaq;ly. Thus,‘while'
it is reasonable to assert tha; the thenar muscles were not intensely
~

trained by the weight trainers, the negative results in regard to
thenar reflex potentiation and twitch tension cannot be used without
reservation in support of this assertion. The weight trainers possessed.
a greater median motor nerve conduction velocity than the controls.
Th1$ finding supports the contention that the thenar muscles were
trained to some degree. Further, the fact that thenar tW1tch tension
was 13% (NS) greater in the weight trainers than in the céntrols
while the twitch ten51on was s1gnif1cant1y less (20%) after short
temm training, suggests that strength may have increased in the thenar
muscles to the point where it overcame to some extent the effect
of increased muscle extensibillty upon the measurement of twitch
tension (see @iécussiop of effbcp of training ﬁpon twitch tension),

In contrast, there is stroﬁg evidence that the triceps surae
(of which soleus is a portion) was fairly intehsely trained in the
weight fraiﬁers, although not ﬁs ihtensely as the knee extensofs and
elbow extensois (see above).‘ Voluntary st;ength of plantar flex;on
isometrlc twitch tension of triceps ggfae and reflex potentiation of
‘soleus were all greater in the welght lifters than the controls.
Therefbre, the motor-unlts results in soleus do constitute evidence
that strength training per_se does not cause a reduction in the number df

motor units within muscles.



319

/

!
4. M wave amplitude. There was no difference between
T

the weight trainers and controls in thenar and soleus maximum M wave

- amplitude. These results are in agreement with the results of the

control and training experiments, which indicated that there was
little correlation between maximum M wave amplitude and limb girth

Or twitch tension except when extreme values were compared.
]

5. Motor nerve conduction velocity. Median motor nerve

conduction velocity was 8% greater in the welght trainers t in
the controls.: Deep peroneal, but not median nor uinar, motor nerve
conduction velocity was significantly greater in the gymnasts than

in the controls. Kato (1960) and Lastovka (1969) found no difference

. between athletes and controls in ulnar motor nerve conduction velocity;

however, Lastovka (1969) did find a significant difference between
J

athletes and controls in posterior tibial motor nerve conduction

velocity. Upton ﬁnd Radford (1975) found no differgpce between

elite sprinters and controls in median ulnar or peroneal motor nerve
conduction velocity. Thus, these studies comparing éthletes with
controls,_and the training studies discussed above have not produce&
uniformly consistent results. In the case of the studzes on athletes,

variation in calibre of athletes, type of athletes and extent of’

training could account in part for the variation in results.

6. Reflex potentiation Reflex potent1at10n in the soleus

was greater in the weight trainers than in the controls Slmxlarly, o>

the gymnasts were superior to controls in reflex potentiation of

brachioradialis and exﬁensor digitorum brevis; however, the differ-

*

ences were not statistically significant. Upton § Radford (1973) A

\
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7 found that elite sprinters were supeTior to controls in reflex potenti-

ation of the thenar and hypothenar muscles and extensor digitorum
brevis. Milner-Brown et al (1975) observed high values of reflex v
potentiation in the thenar'muscles of weight lifters, -

The question arises as to the relative contributions that

" genetic endowment and training make to the superior reflex potentia-

4

- tion observed in athletes. The consistently high values in the elite

S
sprinters in three muscles not specifically related to sprinting

suggest that genetic endowment has a decisive role. On the other hand,

the results of the training experiments indicate that training may
play an important role.\\EEe results in tﬁe we}ght trainers also
support the role of training. 1In soieus, a muscle fairly intensely
trained by the weight trainefs. reflex potentiation was superior,
while dn the thenar muscles, which are not‘intensely trained, reflex
potentitajon was not superior in the weight trainers. The results of

Milner-Brown et al (1975) also indicate-the importance of training,

~ for these authors observed that the superior reflex potentiation in

weight lifters decreased during lapses  in training. Thus, the avail-
able data suggest that both endowment and training account fer the
high values of reflex potentiation observed in athletes. The relative
contributions of these two factors probably vary depending upon the

sport and its related training,

7.. Muscle twitch prepertiee. Twit ch tension and contraction

time of triceps surae in the weight traiﬁers were significantly
greater than in the controls; half relaxation time was also greater in
the weight trainers, but the difference was not statistically. 51gnificant

In the thenar muscles, a similar trend was observed, but the d1fferences
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wore not 51én1t1cant Rclntcd.to these findings are thc data of
Upton & Radford (1975) which showed that the twitch contraction time
and half rclatatlon time in extensor halluc;s brevxs were significantly
longer in elite sprintors than controls. Strength trn1n1ng resulted
in a "slowing" of the triceps surae tw1tch (see above); thus, the
similar results in the athletes may be related to the activity or -
training involved in the sports,

A functional advantage of a longer twitch contraction‘and half
relaxation time is that a greater impulse (twitch tension x time)

;ould be delivered per action potential.

In the weighé trainers, the results of the\measurement of rate
of tWltch teésion development are of interest, for while the contractizn
time was 20% greater in the weight trniners than controls, the rate -
of twitch tension development was only 2% (NS) less; the greater (156%)
twitch tension in the waight trainers apparently compensnted for the
longer cantraction time. It should also be noted that the strength-
velocity relation ratios of the weight trainers were similar to fhose
" of the controls (see above), |

The "slow" twitch contraction of the sprinters (Upton §
Radford, 1875) seems inappropriate in view of the nature of.sprinting;
More’ appropriate to the nature of sprinting is the reported high
percentage of fa;t twitch fibres in the vastus lateralis (Gollnick
et al, 1972; Komi et’ et al, 1976; Thorstensson et et al, 1977) and gnstroc-
nemius (Costill et al, 1976) of sprinters. Sprinters have also been
shown to possess superior strength volocity relation ratios in knee

extension (present investigntion) and superior high velocﬂ;y knee

| extension strength, expressed per kg body mass (Thorstensson et al,

-
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1977). Komi et al (1977) reported superior "power'" (power.test of
Margeria et al, 1966) in sprinters.
The underlying hechanism of the increased contraction time
is unknown. Gony;a § ﬁoﬂde-Peterseh (1978).observed tﬁat the weighs?
ol

trained muscles of the-cat became larger, stronger and slower but

there was no change in the percentage of slow twitch fibres. These
findings suggest that an.increased contraction time is, for some reason,
a concomi;an; of enlarged, stronger-muscles. However, in the prasent
investigation, strength training of triceps surae resulted in a slower
twitch despite no change in twltch tension (the tetanic ten51on

might have increased, had it been measured, see Edgerton 1976)

In addition, the control exper:ments revealed llttle correlation

between tw1tch tension and contractlon timp.

E. Electrophysiological.Mea‘Lrements in Gymnasts

1. Motor unit counts. The motor unit counts were 51gnificant1y

‘reduced in the thenar and hypothenar mUScles and in extegsor dig1torum
brevis (EDB)} of the gymnasts. In soleus and brachzoradialis, the
motor unit counts were normal.. Mean motor unit potential amplitude

”Ik significantly greater in the hypothenar muscles while in the
thenar muscles, the greater value in the gymnasts was not sigﬁifieant.
In the soleus, brachioradialis and EDB, the difference between gymnasts

and controls in this asure was small and non-signxficant, Maximum

' M wave amplifude in EDB was significantl?;:educed in the gymnasts;

in the remazning muscles, there was no significant dlfferﬁgﬁ ~

1
[

'@ . The reduced motor unit counts in distal rather than more -
< B
: v . ’i‘"’. .

L3
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proximal muscles may be the result of more intense use of the former
in gymnastics, This interpretation is wnlikely because gymnasts |
use the proximal muscles investigated as much if not mere than the
distal muscles, Further the results of the training experiments

and the 1nvest1gatlon of weight trainers indicated that 1ntense

‘training of proximal or distal muscles does not cause a reductlon in

the number of motor wnits. A more likely interpretation for the
results is that the reduction in motor units in the distal muscles
is the result of repeated trauma to the associated nerve flbres as

they pass through the ankle and wrist. Tumbling and vaulting

‘frequently result in soreness and sprains of the ankles and wrists, and

it is not wuncommon for gymnasts to have their ankles and wrists
taped for support (personal observations; the author is a former
gymnastic coach and competitor). One female gymnast, who was twelve

N ,
years old and who possessed a motor wit count in EDB of 130 at the

' time.of'investigation, was forced to retire three years later because

- of chronic ankle sprains. Mechanzcal stress has also heen implicated’

in the ulnar neuropathy abserved in cycllsts (Eckman 4t €t_al, 1975)
and’ in the finding of denervation in EDB in otherwxse healthy subjects
(Jennekens et al, 1972), .

In the hypothenar muscles, the p&ttern of reduced hotot

units and increased mean motor unit potent1a1 amplitude observed

in the gymnasts was similar to that observed in elderly subJects

(Sica et et al, 1974). These latter findlngs were 1nterpreted as indi-
cating that surviving motoneurons can reifinervate denervated muscle

fibres. Similar findings in EDB have been interpreted in the same

~ way (Campbell ot et al, 1973), Wh1lo in the elderly the denervatlon of

L - )
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muscle fibres is caused by death of motoneurons, in the gymnasts
the denervation may be caused by nerve fibre injury. It is of interest
that “an apparently similar orocess of aoaptation oocurs in ;esponse
to both conditions (aging and nerve injury). An important but as
yet unanswered question is to what extent the motoneurons will recover
when the gymnas ‘ tire from active participation. |

In EDB the reduction in motor units in the gymnasts was
associated with a reductlon in mean motor unlt potential ampl}tude
The reason for the dlfference in response between EDB and theghypo-:
thenar muscles is unknown. Sica et_al (1974) observed a difference

between the thenar and hypothenar muscles in the response to.aging;

namely, the thenar motoneurons were unable to enlarge their muscle

fibre population to the same extent as the hypothenar motoneurons
The findings in the EDB of the gymnasts suggest that the motoneurons-"

had a lesser capacity (relafive to hypo;henar motoneurons) for rein-

nervating denervated muscle fibres.

2. Nerve conductif ve ocity. The deep percneal

. Ay
motor nerve conduction velocity was greater in the gymnasts than -

controls;. There was no difference between the groups in median or
ulnar nerve conduction'velocity. These findlngs hove been discussed
in relation to the findings in the weight trainers (see above).

| In three gymnasts, median and ulnar sensory conduction

velocity were measured along with the response amplitudes. The values

obtained were comparod with control values reported by McComas et al .

€1974). Both median and ulnar conduction velocity were greater than
in the controls, but only in the median nerve was the difference

significant (10%, P 0.0l). In both fhe‘median and ulnar nerves,

[



Lo b e o e 2

——
1l

amtany b ie L JEFELY

T et = e i —ea T

'relaxation time and twitch tension were also less in the gymnasts,

the response amplitudes were significantly reduced in the gymnasts,
by 17% (p< 0.01) and 42% (p<0.001) respectively. These latter

Tesults agree wlth the observed motor unit counts in suggestlng trauma

to the nerves.
1

. , 3. Reflex potentiation. The gymasts were superior to
controls in reflex potentiation of EDB and brachioradialis; however,
the differences were not significant. These findings have been

- - 13 . » » ‘
discussed in relation to the findings in weight trainers (see above),

—

4. Muscle twitch properties. -Generally, there was no

difference between the gymnasts and controls in the twitch properties

. of triceps surae; however, the contraction time of the female gymmasts

was significantly shorter than that of the controls. The half -

but the d1fforences were not significant. The reason for the difference

between groups in contraction time is unknown. The fimale gymnasts
were 12-13‘}ears of age while the female controdls were (X : 5D)

23 1 7 yearo of age. The calf girth of the gymnasts was 31.2 I3
cm wh:.le the comsponding valus in the’ contnols was 34, 61,7 cm;

the differonca between groups was not significant, If the differencs

" between groups is age related, it is of interest that the opposite

relationship (i.e. "speoding" of the twitch between childhood and

early adulthood) has been observed in males (McComas ot et al, 1973).

i

F. ‘Knee Extension Stroqgth in Athlotes *

1. Low volocity‘strongth. The weight lifters possessed '

jgroatef strength than the controls. This anticipated result has
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also been found by Edstrom § Ekblom (1972} and Tornvall (1963).

-

In contrast, the cross country skiers, who were endurance athletes,
possesséd less stfength than controls. The same result was found -
by Komi 33_51_(1577). The sprintérs were equal to (in impulse)

or inferior té (in peak and average torque) the controls. In other
investigations sprinters have been found to be stronger than control
subjects (Ikai, 1964; Komi et al, 1577; Thorstensson gz_éiJ 1977).

The high level Af strengfhﬂ(impulse) in the cyclists suggests that
these athletes require both strength and endurance for success ful
Qerformance. The cyclists of the present investigation possessed

. a mean. maximal oxygen uptake of 67.8 ml/kg/min (MacDougall, J. D.,
unpublished results). Burke_et al (1977) found a maximal oxygen
uptake of 67.1 ml/kg/min in competitive cyclists. These values are
con51derab1y greater than those .reported for controL.subJ:cts (Astrand
§ Rodahl 1977 p 408) and weight lifters (Edstrom § Ekblom 1972

" Gollnick et et al, 1972) but less than that reported for cross country

skiers (Astrand & Rodshl, 1977, p. 408). “In the present investigﬁtion,

the maximal oxygen uptake of the cross country skiers was 66.4
ml/kg/min,

In the medial gastrocnemius of the ca£, the fast-twitch
glycolytic and fast twitch oxidative glycolytic fibres have a gfeater‘

estimated specific tension {tension per unit cross sectional area of

muscle) than the slow twitch oxidative fibres (Burke & Edgerton,
1975). If the same situation exis:s in man, then individua;s with - I
larger fast twitch fibres in a given muscle,’ a higher percentage of

fast twitch fibres and a larger fast twitch/slow twitch fibre

area ratio would tend to have stronger muscles. Weight lifters and

- * 7 s it e e T




controls have been shown to have a similar type distribution -
'in vastus lateralis (Edstrom § Ekblom, 1972; Gallnick et al, 1972;

Prince et al, 1976); however, weight lifters possess larger fast

twitch fibres and a greater fast ‘twitch (FI‘)/slow twitch (ST)" f1bre

s

area ratio (Edetrom & Ekblom, 1972; Prince et et al, 1976) Powero 2\ :
athletes (spnnters jumpers) possess a. hlgher percentage of FT
fibres (Gollnick et a1 1872; Komi et et al, 1977; Thorstensson g_t_a_l_
1977) and a greater F'I‘/ST fibre area ratao (Thorstensson et _al,
197b7) than controls. Cyclists possess a flbre type dlStI‘lbUthl’l
and a FT/ST fibre area ratio similar to that of controls but possess
larger FT and ST fibres in vastus lateralis (Burke et et _al, 1977)
Cross country skiers have a relatively low percentage of FT fibres |
m»vastus lateralis (Konu et al, 1977 Macl)ougall J.D. § Elder, +» unpublished
results)r 'I‘hus the observed variations m strength in the different

groups of athletes can be accounted for m. part by -variation in

muscle composition. Other factors affecting strength perfoma.nce

are gross muscle size and neural control (see dzscussmn of the results

in w;eid\t ‘trainers and contrqls). | - . !

All groups of athletes perfoiined_ best in relation to

controls in impulse and worst in peak torque. This finding may be®

= related.t’o the fact that impulse is a measure of the total effect

-
of the‘mmcle contraction {ile. the integrntlon of the torque-time

. recording) while peak torque is only the highest point on the torque-
. ) ‘ r

time recording (see Figure 2 in ME'IHOILB). Whatever the .reason for

the finding, it demonstrates the ‘value of measuring impulse and _average

yzque in addition 'to the commonly measured peak torque. For reasons
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at are not apparent, the pattern was most marked in the cyclists A
>

With the ‘exception e welight lifters, the body mass

of the controls and the reﬁaining'athletic groups was similar; there-
fore, the strengt'h performance in these latter érnups in relation to
controls was the game whether strength was expressed absolutely or
per kg body mass. 1In contrast, the ﬁeiglht lif‘ters' poslse’ssed a sig:-
nificantly greater body mass than controls; consequently, when
‘s’t\reng'th was expressed per kg body mass rather than absolutely, the
difference between the weight lifters and controls was reduced

This flnding has been discussed ‘above in relanon.to the mvesugatlon
. of the welght trainers.

| A companson of strength m the weight 11fte/_\d cyclists

is of interest. 'In peak torque and average torque expressed absolutely,

grs were supenor to the

clists, while in impulse
the cychs S were supenor to’ the wexght lifters. The cyclists - -, )
exceeded ‘the' welght l1fters in both average torq ‘a.nd ippulse
when values were expressed per kg body mass. These findings are : s
difficult to mterpnet; however, they . further demonstrate the \(alue
of measuring all three properties when evaluatmg the strength
erformance of athletes, In addition, they reveal the impressive
strength performance of the cychsts, who compare fa)Jurab.ly with

the welght lifters, ' : -

2. Hi

velocity strength, The performance of the weight
liftgrs, cyd{ists and cross country skiers in relatlon to controls

was similar for both low and high velocny strength. . However, the '\’D

- . r,-/? N

b
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spririters performed better at the ﬁigh velocity than at the low velocity.
This characteristic of the sprinters was also revealed in the strength-
velocity relation ratios; the sprinters possessed higher values than

the other groups. Sprinters possess a high percentage of ‘ </
fast twitch fibres .in vastus, lateralis (Gollnick et _al, 1872; Komi

'\\\hl 1977; Thprstensson et al, 1977) and this may account in part

for the observed strength performance. A positive correlat1on between

a high percentage of FT flbres in vastus lateralis and high values of

a strength-velocity relation ratio in knee extension has been repbrted

by Thorstensson EE_El (1976a).

The correlations between low and high velocity strength

were pos:.tnre and 51gn1f1cant (range: r = 0.66 - r = 0.84). The

magnitude of the correlatibn coefficients pemits only a rough pre-
diction ‘of high velocity strength from low velocity strength, as the

results in the sprinters demonstrate. In this regard {t is iﬁteresting

to compare the sprinters with the Cross country skiers (endur;nce

athletes) in low and high velocity strength. In low velocity.

strength, the cross country skiers were superior to the sprinters in | )
peak torque and average torque buf were inferior in impulse, whereas
-in high velocity strength the sprinters were sup rior to the cross

country skiers in peak torque, average torque ;zg impulse. These

results serve to emphasize the importance of measunng strength at
d1fferent velocities when evaluating the strength performance of athletes.

At both lou and high veloc1t1es the correlations between

strength and body mass, among the mechanical properties and between left
and right s1de;¢4-4e s1m11ar to those observed in the control exper:ments "

(see above).

. - ]
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The purpose of the present investigation was to observe the
effects of strength training and immobilization upon neuromuscular
functjon in man. The measures of neuromuscular function selected

for the investigation were voluntary strength and a number of electro-

physiological'measurements, inclﬁding motor unit counts, nerve conduction

velocity, reflex potentiation, and the contractile properties of iso-

ine ic’ twitth contractions.

To fulfill the purpose of the investigation, three kinds of
experiﬁents were conducted. First, healthy, untrained-subjects parti-
ciﬁated in training and immobilization experiments. Second, measurements
were made in selected groups of athletes; Weight lifters and gymnasts
received special attention because these athletes reguirq a high level
of voluntary stfength for successful performance. The otﬂer groups
of athlete$ included cyclists, cross country skiers and sprinters;

The expeéiments on athle;es provided' cases of long temm training.

Third, measurements were made on healthy control subjects. The results

of these measurements provided a basis for comparison with the athletes;
control experiments were algo conducted to establish fhe reproducipilipy
of the measﬁ:ements.

The results of the investigation are sumngrized below, ’

Voluntary Strength

1. Training resulted in an incresse in voluntary strength.

330
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This was shown in the short term (10-20 weeks)‘training experiments. Y
Training of elbow extension resulted in an ihcrease in the peak torque

(power), average torque (power) and impulse (work) of maxrmal concentric

muscle contractions.. Tralnrng of thumb abduction increased the peak

torque of maximdl isometric contractions. In the ﬁeight lifters who [ ::::
provided cases of long term training, voluntary strength of plantar flexion,

knee extensfgg and elbow extension was greater than in‘tontrols. In

cyclists, who must possess both strength and endurance, kneejextensioﬁ.

slrength was enhanced, while in the tross country skiers, who require

primarily endurance, knee exteﬁsion strquth was ﬁot enhanced. The

sprinters axceeded tﬁe controls only in high velocity'impulse of knee

extension. -
. A . .
~2. In elbow extension, there was a positive correlation between

the'increase in peak torque and average torque, between the increase
in Peak torque and impulse and between the increase in average torque
and impulse. However, the correlations ‘were only moderately hrgh,
suggesting that there could be considerable 1ndependence in the 1ncr3§ses
ofgthe three mechanzcal properties, The results in the athletes provided
an example of this independence. Thus, all groups of athletes performed
better in relation to .controls in impulse than in Peak or average torque;’
this pattern was most marked in cycllsts and sprinters. These findings
served to indicute ‘the’ importance of measurlng all three mechanlcal
'Properties when assessing -the effects ¢f training programmes or evaluatrng
‘ J.

3. The results.in control subjects and athletes showed a positive

the strength of athletes. -

.correlation betreen ralatively low and relqtijeii.high velocity strength o
. N
——— ST I T | S '..--~.--ﬂ:»-’-"—-:._:_:-':"'“"" L ﬁ‘ﬂ
s grmaran -—-—-n-f-l-_' B ‘..._.. e r”.“'-' '_ ." 'l:- -‘l ‘_:. - o — '. & h e ' -
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performance; however, the correlation coefficients were only moderately
high, allowing room for many "exceptions to the rule'". The sprinters
were an exception in the present study. These athletes performed much

better at high velocity than would be predicted from their low velocity

performance.

-

. 4. When measured at high velocity, peak torqug, average torque,
— . '
impulse and work were less,.and peak and average power were greater
than when measured at low velocity.

_ , e
5. In average'tprque (power) and impulse (work), the strength-

velocity relation ratiq (value at high velocity/value at low velocity) was

greater for elbow extension than knee extension.

f

6=_ The weight lifters were 51m11ar in height to the control subjects,
but pos§essad greater body mass and gf:ater calf, thigh and arm girth.

These findings suggest.that the greater strength‘of the weight lifters

A

was due in part to their greater muscle mass. hFurther support for

Y

this suggestion came from the observation‘that,when strength was expressed

A .
per Eg body mass rather than’ absolutely, the difference between the

weight lifters and the controls was reduéed. Another indication of

-

limb girth. The weight lifters exceeded the controls to the greatest

-

“the importance of muscle mass was the corrqlatio;t-betweon strength and (]

extent in elbow extension strength and arm girth and to the least

extent in ankle plantar flexion strength and calf girth.

7. Ina grohp of subjects that trained elbow extension
both with Weight 1lifting and with concentric contractions on an 1sok1net1c

dynamometer, the increase in strength, as measured on the isokinetic

I g i e et T
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. ‘\\_,/”‘41( In elbow extension, there was a positive correlation between
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dynamometer, was greater than in a group of subjects that trained by
weight lifting only. Both groups- made similar increases in weight
lifting strength and atm girth. These results suggest a specificity
of training; that is, a test of voluntary strength that is d1551milar
to the method of training w111 underostimate the adaptation that has
cccurred. These results also suggest that the nervous system as well

as the muscle is involved in the adaptation to strength training.

8. Voluntary strength of -elbow extension (peak tord/f average

torque, impulse) and thumb abduction (peak torque) decrea!'d following

immobilization: o .

the decrease in peak torque and average torque, between peak torque _

and inpulgg and between average torque and iﬁpu}se.

. 10. Training prior to immobilization had a "sparing" effect;
that is, strength decreased less irn relation to controilvaluos after

immobilization than when trainin$~d¢4\?ot precede immobilization.

Motor Uit Counts "

/ — -

1. In relation to the control condition, ‘short temm strength

training had no qffect.qn/ﬁotor unit counts or M wave amplitudefin the )
muscles investigated (medianfiﬁEErvated-thenar hypothenar, extensor

digitorum‘brevis, bg;chioradialis soleus): _ & -

)

2. As cases of long term strongtn-training, {%; weight liftars

exhibited motor unit counts (thenar, soleus) similar\to those of control

subjects. These findings, together with the ré%ults °f_th° short

A
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term training experiments, suggest that training per se does not affect g\\
T )
motor unit counts: - , ( %

.

3. In the £Tnasts, motor unit .counts were nomal in proximal
muscles (bracnioradialis,'soleus) hnt were reduced in distal muscles
(thenar, hypothenar, extensor digitorum brevis). On the basis of these

ngs, it was-hypothesized that irauma—inducéd injury to nerves at

rist and ankle was rusponsible for the reduced motor unit counts.
.

Tyauma to the wrists and ankles is eommon in gymastics A o e _
: ! ‘"

4

-

4. In relation to the control condition, immobiligftion had
no effect upon thenar mOtoT unit counts; however, in one group of subjects
]
that immobilized prior to training, the post training vafue was greater

than the post immobilization value. ¢

5. Immobilization had no effe upon M wave amplitude,

" Ne;;:\ééhduction Velocity

{ 1. \I¥ iation to the control condition, shﬁ}t tearm streng;h

training had ho effect upon motor nerve conduct:.on velocity in the

'nerves investiga ed (median, ulnar. deep peroneal).

of controls - ]/4 .
. l !
3.. As cases of Iong term strength training. the gymnasts - ‘

. ‘possessed greater than normal conductzon velocity in deep peroneal

r

mOtor and median sensory anyes but normal values for median and ulnar

~ - - . \&
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) \
motor and. ulnar sensory nerve conduction velocity. =
o :

«'1. In relation to the control condition, immobilization had
no effect upon median motor nerve conduction velocity; Jhowever, in a
group of subjects thet mmobilized prior to training, the post traini)ng
value was greater than the post immobilization valus, "

~

v
5. While the results of the experiments were not uniformly

consistent, there was some support for the suggestion that nerve conduction

velocity may change in response to trai.ning and-immbilization. “
st Do , . '
6y In the gymnasts, the me,dﬁh and ulnar. senso? nerve&response \
—\
amplitudes were reduced in relation to control values. These Tesults
were inte!'preted,q(as werejthe uced thenar and hypothenar motor unit
counts) as indicating trauma-induged injury to the neives at the wrist.
7! : - - : \
12 Reflex Potentiation - % o ‘ .

L3 = S _
1. Short tem stre-;Rh trﬁni@ increase in reflex
.\\pftentiation J (V
4 /

n 2. As cases of long term strength tra.inmg, weight. lifters

-»

T

. } exhibited & greater than normal 1eve1 of reflex potentiation in soleus .

but a normal level in the t.henar nuscles.

3. On the basis of the short term training Tesults and. the - ‘ o
results in weight lifters, it was concluded that adnptation “9""

St within the nervous systen in response to strength training, as reflected ~

by an im:rease in reflex potentiatien.,, It was hypothesized that the‘

e

increase in reflex potentiation was associated with an increa.g,ed ability oo '

-

.

. |
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to recruit motor units and to discharge them at high rates. These

changes would increasenvol'untary strength,

4. Immobilization caused a decrease in reflex potentiation,

This finding was interpreted as indicating that adaptation occurs within

the nervous system in response to imobilization It was hypothesized
that the decrease in reflex potentiation was associated Hlth decreased
ability to recruit motor units and to discharge them at high _rate.s..',
These —changes would contribute to.the decrease in voluntary strength

caused by immobilization. ) '

4

-

Muscle Twitch Properties

1. .In the combined results “for thenar and hypothenar muscies
and extensor digitorum brevis, short term stmngth training caused a
decreast in twitch tefision; however, it was hypothesized that- this

Tesult was the effect upon the technique of measurement of an indrease

- +

in muscle tensibility caysed by strength training,

2. In triceps surae',-'short term strength trainir;! had no <

effect upon twitch tension. : » . +
g, .

4
3. As cases of -long term training, weight lifters eshibited
greater than normal twitch tension in triceps surae but not in the
thefar %sclos. - / ' *

‘ 4. mn the combined results for thenar and hypothenar nhscles
and extensor digitorum brevis, short term strength training had no

effect upon contraction time and halfVrelaxation time; hb7wever in the

thenar muscles alone, training resulted in a decrease in contraction .

-

l'\

o

|

|
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time. It was hypothesized that this finding was ‘also the effec: of a

¥ ,
training-induced change in muscle extensibility.

5. In trlcaps surae, short term strength training had no effect

upon contractlon time but caused an increase in half relaxation time.

6. As cases of long term training, weight lifters exhibited

greater than nommal contraction time of triceps surae.

7. In the combined results for thenar and hypothenar muscles
and extensor dlgltorum brega; and in tr1ceps surae, short term strength

training resulted in a decrease in rate of thtCh tension development.

8. Immobilization of the thenar muscles had no effect upﬁn
twitch tension, rate of tension development or contraction time but >
caused an injf;;;e in half relaxation time. However, it was hypothe31zed
that these re;uits may have been affected by an 1mmob1lizat10n-1nduced

decrease in muscle extensiblllty.-

o
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DEFINITION OF TERMS

average power The Work done by a maximal concentric contraction divided

by the .duration of the corftraction. Units are Watts (W; 1
W=1J/s). See also p. 58.

. average torque The :meulse developed by a maximal concentric contractlon
dlnded by the duration of the contraction. Units are newton-
metres (N.m). See also p. 58. '

compensatory hypertrophy (CH) An experimental technique whereby a

_lgscle is functionally overloaded by functional removal of
~its synergists. See also p. 13.

concentric ¢ontraction The muscle shortens while producing _force;
that is, the muscle force exceeds the resisting force. '

contraction The muscle attempts to shorten while producing force;
' whether the muscle shortens, lengthens or remains the same
length depdds upon the magnitude of the resisting force.

contraction time The time between the beginning of a twitch contraction
and the point when the twitch tension is maximal (i.e. time
to peak tension). See also p. 73.

eccentric coni:raétion The muscle lengthens while producing force;

that is, the Yesisting force exceeds the muscle force.
C ~

endurance training Congists of sustained or .repeated muscle contractions
at a low percentage of maximal contraction force; referred to
as-low r@mce, high repeunon training.

half relaxation timg The penod of time during the relaxa .ion phase
of a muscle twitch contyaction in which the tens:.on decreases

to one half of the maximal tension attained during the contraction.

See also p. 73 : L 4
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ipmobilization A method of inducing relative hypoactivity of a muscle

-

group; consists of restricting joint movement by means of a
cast. See 2lso p. 78. ‘

impulse The average torque developed during a concentric)contraction
multiplied by the duration of the contraction. Units are newton-
metre-seconds (N.m.s)

isokinetic contraction A muscle contraction performed at constant

velocity of shortening (concentric) or lengthening (eccentric).
An isometric contraction is a special case of isokinetic con-

traction, in which the velocity is zem. See alsé p. S.
!

isometric contraction The muscle remains the same “length \L'hile producing
force; that is, the muscle force is equal to the i'esmtmg

force. See also p. 4. -
}

isotonic contraction A concentric contracuon of constant: force mgh-
out its duration. See also p. 4

- !
method error A method for indicating the reproducibility of measure-
ments. See aléo p. 90. N

i
1 ' !

mMOtOT unit count An estimate of" the nunber of motor umts;thhm a
mscle. See alsd p. 61. |

.M wa\re " The electromyographically recorded response of a mﬁ:scle evoked
by supra paximal nerve st:uuulanon. —

+
)

peak power The peak torque developed during a mmml condfentnc gon-
Q traction multiplied by the velocity (joint a.ngulni velocity)

™ of contraction. uutslue watts (W).

\ ' I
peak torque The maximum torque dew‘eloped during a maxinal' }concentric

contraction. Units are .newton-metres (N.m).

Tate of tension development The peak tension Jattained by ajmuscle ¢
“twitch contraction divided by the cfntraction timei of the -
twitch. Units are-newtons/second (N/s). See alsolp. 73.

" reflex po tentiation .The potentiation, by voluntary miscle \f:‘ontraction,.
of the electromyographically recorded reflex respoias'es evoked
by supra maximal nerve stimulation. See-also p. 65.

J

v 'I“';'

bl T i o minhd o~




sprint training Running or swimming training at maximal or near maximal

velocity. See also p. 25.

strength training Training which consists of maximal or near maximal
A Y

~ muscle contractions; also called high resistance, low repeti-

tion exercise. See also p. 4.

strength-velocity relation ratio High velocity strength (peak torque,
average torque, impulse, work, peak power, average ’power)

performance divided by low velocity strength perfomance.
See also p. 61,

sym;xetry ratio For any measure mode on both left and right sides, the

lesser value divided by the greater value.

V (coefficient of variation) The method error, or standard deviation,
[

expressed as a percentage of the mean. -

‘voluntary strength The mechanical effects of a maximal voluntary muscle
contraction. See also p. 1.

Vl ratio The anpl:.tude of the ¥1 wave divided by the amphtude of the
maximum M wave. See also p. 65.

V2 ratio The amplitude of the V, wave divided by the amplltude of the
maximum M wave. See also p. 65.

work The average torque developed during a maximal concentric contraction
multiphed by the displacement through which the torque acted.
" Units are joules (J).
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