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ABSTRACT

Shortwava diathsrmy was us=d tn alavata the
intramuscular temperatur2 of human <=lbow flzxor muscles
befcrz measurements of strength, isomstric sndurancs, and
the fatiqu= induced by dynamic exercise. Tha2 ta2st of
strangth involved thre=2 maximal voluntary contractions
(MvC's) facilitated by visual feadback of forc2 and verbal
encouragement. Isometric endurance was examined during three
contractions of 2/3 MVC sustainzd until sxhaustion. Dynamic
exarcise invcolved a standardiz=d submaximal dynamic task of
five and a half minutes duration. The effects of this
exarciss were assessad by means of thr2e2 isomatric
contractions of 2/3 HMVC sustainzd until exhaustion. Results
indicated that increasing intramuscular temperatur= abova 40
d=grzes C temporarily depressed all three m=asures of

physiological work.

An integrated elsctromyogram (IEMG) was recorded during

each sustained contraction and converted +o0 an =quivalent

force (FIEMG) by means of data obtained in a calibration
experimesnt. This convarsion was used to correct for
variability of imp=dence and electrode placement both

between experimental s2ssions and subjects. FIEMG was found

to increase linszarly with +time during the progress of an’
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isom=tric contracrtion. The terminal FIEMG values Wers

consistentl]ly lower than predictsd maxi

oo

al values, indicating

=]

both a metabolic and reurological compon=nt of fatigu=.
Howaver a considerably greater terminal FIEMG obtained in

amediately following dynamic

PJ.

tha iscmetric contractions
exercisz suggssted a higher mstabolic/neurological ratio of

fatigoe in dynamic =xercissa.

Higher intramuscular temparatures ware found to
decrease the FIRMG for a given muscular force, and this
variation limited the interpreta*icn of the data obtained
during iscometric work. However, after corractions were made
for the depressing =ffect of temperaturs on FIEMG, a higher
FIEMG was found at the begirnning of isometric contractions
follnowing diathermy. Evidently greater motor unit activity
was nscessary to produce the required force (2/3 MVC) at

higher intramuscular temperatures.

A higher rate of oxygen uptake was obs=2rved during
dynamic exercise a3t higher intramuscular +t=aperatures,

ke A direct

[

particularly at the beginning of the =xercise ta
correlation wis found between incr=as=2d oxygen uptak=s and
decreased 1iscometric =ndurance following dynamic exercise,
This suggests that the increased oxygen consumption w#was a

m2ans of compensating partially for aa inefficiency of an’



snerygy transducing proc=ss within the heated wmuscle. tThis

raflacts aither incr=aased utilization of ad=nogine

triphosphate (ATP) at th2 myofibrillar lzvel, to perform the

same axercise task, or some uncoupling of ATP production

t

S+

rem =lactron cxXxygen transport in the mitochondria,

¥
m

oW

var,
decreases in both strength and isometric 2nduranice suggsst
the myofibrils as the most 1likely site of inefficiency.
Thes= results confirm an important role for the =affacts of

temperature in th2 wmechanisms Wwh2repy muscular =ffort

results in fatique,
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MEMO:

If you believe all events in nature have reason, and
there is re=ason to believe they do, then the purpose of
science is firstly to hypothesize the reasons, and
secondly to test th2 hypothesas.

- Author
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CHAPTER I S

INTRODUCTION

The influence of temperature on muscular function is a
subject of ccntroversy. Whereas increased intramuscular
temperatures have beer cited as being beneficial for
subsequent exercise (Astrand and Rodahl, 1970y, other
investigators have viewed 1t as a component of fatigue

(Pavison =t al., 1974).

Intramuscular temperature can be elevated by prior
activity cor passive heating. Studies which have used
preliminary exercise to warm the active muscles are
difficult to interpret due tc a large number of other
physiclogical resronses associated with exercise. 1In order
to distirnquish effects of temperature from cther
physioclogical effects of activity a number of investigators
have attempted to determine the effects of passive heating
on the <contractile strength and endurance of different

muscles and muscle groups.,

Temperatures have been increased in irtact human muscle
by the use of infrared lamps (Saunders, 1963), hot showers

(Robbins, 1942), water baths (Clarke et al., 1958; FEdwards



2t al, 1972) and shortwave diathermy (Asmussen and Boije,
1945; Muido, 1946; Nukada, 1955; Sedgwick and Whaler,
1964 Michielli, 1965) . Needless to say, these
techniques produce very different physiclogical
respenses dependent upoen the attitude of the subject
(Smith and Boxymowski, 1965), the body area to which
the heat is applied and the intensity of the heat
application (Wright, 1959). The results of these

studies are also affected by variation in the application

proccedures and subsequent exercise tasks. Hot showers
are inappropriate for comparison since their
generalised warming effect produces different
physiological responses than doces lccalised theating.
Infrared radiatior and wvater bath techniques have
made a valuable centributicn to the understanding cf
mnuscular function but have one major limitation,

Studies which have recorded intramuscular temperatures
demonstrate that the heating is primarily of the
superficial skin layer rather than the muscle itself.
Edwards et al., (1972) repecrt that the temperature of the
muscle at a d=pth of 3-6 cms. was only 38.€ degrees C,
after immersion in a water bath at 44 degrees C for
45 mirutes. This was only 1.4 degrees C higher than the
normal resting temperature, despite the fact that it is the

lengest immersion time reported in the 1literature.



Diathermy has been reported to elicit the highest
artificially induced intramuscular temperatures (Lehmann et
al., 1969; Lehmann et al., 1974) and has been reported to
have a more specific heating effect (Lehmann et al., 1969)
and vasodilatory r'e SpCnSe {Downey et al.,, 1970) than
other methods of heating., The intramuscular temperatures
reported by Lehmann et al. (1969), Guy et al. (1973) ard
Lehmann =t al., (1974) of U40-~-42 degrees C simulate
closely the maximal intramuscular temperatures which can be
estimated folleowing prolenged endurance exercise,
Robinsen (1942) and Costill (1972) both report bedy core
temperatures abcecve 81 degrees C following a marathon
race. Altheugh intramuscular temperatures were not
reccrded, it would seem reasonable tc predict that they
must be slightly higher thar the bcdy core temperature,
Although the effects of increased body temperature on
fatigue have been well documented (reviewed by Hardy et
al., 1971), the localised effects of intramuscular
temperatures similar to those elicited under conditions
of prolonged high intensity exercise have nct been well
studied. Only five studies have investigated the effect
of diathermy on subsequent exercise. These studies 4id not
standardize applicaticns on different experimental
occasions and did not use procedures designed tc elicit the

highest tclerable intramuscular temperatures,



This study has used standardized procedures designed to
elicit temperatures simulating those produced by prolonged
high intensity exercise. In an attempt to 1isolate the
muscular systems affected by temperature the studf examined
the influence o¢f 3ircreased intramuscular temperature on

strength, isometric endurance and dynamic exercise.

The strength experiments used visual feedback of force
during maximal voluntary contraction (MVC), in an attempt to
reduce the 1inflvence o¢f psychological inhibition and

therefere provide greater precision than previocus studies.

Isometric contractions were sustaired at a contractile
force (two thirds of MVC) where intramuscular pressure is
high (Sylvest and Hvid, 1959) and muscular blood flow is
essentially arrested (Royce, 1960; Lind et al., 1964).
Consequently this eliminates the effects «cf oxidative
metabolism during the <contraction. An electromyogram
recorded during the sustained contractions was a further

attempt to delineate the criteria affecting performance.

The development of fatique during dynamic exercise was
assessed by a sustained isometric contraction (two thirds cof

MVC) following a standardized dynamic exercise task. A



similar technique has previously been used tc assess the
efficiency of different pedalling frequencies c¢n a bicycle
ergometer (Petrofsky =2t al.,, 1974). The present technique
was chosen first because a submaximal dyramic exercise task
could be performed which nevertheless allcwed a readily
defirable point of axhausticn. Secondly, ths mycelectrical
activity recorded during =a sustained contraction is more
readily analyzed than in dynamic conditions. Cxygen uptake
was measured during the dynamic exercise load to assess the
contribution of oxidative metabclism to increased energy

utilization.

Studies of human performance have shown that it is
profitable to use the integrated electromyogram (IEMG) as a
measure of neuromuscular activity. Although excepticns have
been reported (Lippcld et al., 1960; Chapmar and Troup,
1970), most muscles exhibit increased IEMG activity if a
submaximal isometric contraction is sustained. at a specified
force over a periocd of time ({Scherrer and Bourguignon, 1959;
Fason, 1960; deVries, 1968a; Kuroda et al,, 1970). Most
investigators agree that the primary facter leading to a
rise in electrical activity with respect to time as the
muscle fatigues is a combiration of recruitment and
increased frequency of neurcmuscular stimulation needed to

compensate for the decreased tension genarated by each



fibre. Other investigatoers have sugg=sted that
synckrenization of motor wunrit potentials (Buchthal anrnd
Madser, 1950; Lloyd, 1971) ard recruitment of higher
threshold moter units (Kugelberg and Skoglund, 1946; Lloyd,
1971) could also contribute to the rise in mydelectrical
activity as a functior cf time., A frequency analysis of the
e¢lectromycgram during a sustained isometric contraction
suggests that there 1is alsc a loss of low threshold moter
units durirng a sustained contraction (Lloyd, 1971). It is
of considerable interest that, with the exception of this
last hypothesis similar factors have also been suggested to
contribute to the increased IEMG with respect tc increasing
muscular tension (Lippold, 1952; Lenman, 1959; KXudora et

al., 1970; <Coggshall and Bekey, 1970). It is consequently
surprising that no previously reported studies bave
investigated the relationship between IEMG during fatigue
and its equivalent force in an unfatigued condition, for a
study of this design would test the hypothesis that loss cf
motor unit activity occurs with fatigue during sustained
contractions, Although this was not the purpose of the
present study, this procedure was used toc correct for
variations in impedance and electrode placemznt on different
experimental occasions. The force equivalent of the IEMG
(FIEMG) could ther be used to assess the electrical activity

required to sustain the required force. Both the initial



degree of electrical activity (Edwards and Lippcld, 1956)
and the rate of 1increasing electrical activity (deVries,
1968a) have been previously used to assess fatigue. The
test-retest cerrelation coefficient of the linear slope
determined by deVries (1968a) was 0.934 when 15 minutes rest
intervened between the +twe contractions, and 0.827 on

different experimental sessions.

The hypotheses which can be formulated regarding the
physiological effects of increased temperature on muscular
function are numerable and complex., Increased temperature
could potentially improve certain forms of muscular

performance (especially dyramic exercise) by:

1) Vasodilatory effect and improved tlocd flow to the
muscle (Barcroft and Edholm, 1946; Downey et al., 1970;

Greenburqg, 1972).

2) Irncreased permeability of membranes {Lehmann et
al., 1950; Hoare, 1972) could allow an increased diffusion
rate c¢f substrates tc, and metabolic waste fprcducts from
the muscle. It should perhaps also be noted that increased
permeability could cause a lcoss of potassium icns (Brown and
von Fuler, 1938) and a detrimental effect on exercise

performance.



3) An increased rate of coxidative metabolism and
therefore a potentially more rapid adaptation to the cxygen

requirements of the task.

4y A decreased viscosity resulting in a decreased
internal resistance (Buchtal et al., 1944) cculd increase
the efficiency of dyramic exercise althcugh it might
also decrease the efficiency of an isometric contraction,

as explained later.

5) The increased activity of enzymes associated with
increased temperature might lead to an increased myosin

ATPase activity anrd a more rapid cross-bridge turnover.

Whereas this last mechanism could potentially imrprove
the velocity and strength of muscular contraction, the first
four mecharisms would specifically favour dynamic exercise.
However, there are also a number c¢f  other reascns why
increased temperature could be detrimental to all forms of

muscular work., These could include:

1) The possibility of protein denaturaticn,
Unpublished calculatiocons to estimate the temperature at the
mitochondria during muscular work suggest that it cculd be

very high (Calvert, 1976). An additional thesrmal 1load arnd



the decreased diffusion of heat due to increased temperature
of the surrounding tissuses, could potentially induce
denaturation of cxidative enzymes. Another possible site of
denaturation is the myofibrillar proteins. There 1is gocd
sevidence to suggest that a temporary deformation, or
denaturation, of the actinr myosin complex occurs at
temperatures abecve 40 degrees C (Hartshorne et al., 1971;
Medvedeva and Ruage, 1975; Medvedeva et al., 1975) . While
Hartshorne et al., (1971) suggest that the ccnformation of
myosin at higher temperatures no longer "recognizes"
troponin, Medvedeva et al. (1975) have reported that

myosin binds phesphogens 1less effectively at higher

temperatures.

2) Increased intramuscular temperature leads to an
increased distance between the actin and myosin filaments
(Medvedeva and Ruuge, 1975) which <could 1lead ¢to an
inefficiency of crossbridge function. = Differential
efficiencies «c¢f crossbridge functicn have been implied from
studies comparirng fast- and slow-twitch puscle. The
increased fluctuation of sarcomere 1length in fast-twitch
muscle (Goldspink et al., 1970) presumably contributes to an
increased rate of ATP utilization per unit of fecrce during

sustaired contracticns (Davies et al., 1970).
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3) The increased rate of rise and fall, and decreased
duraticen of tensicen in an isometric twitch at  thigher
intramuscular temperatures {MacLagan and Zaimis, 1957; Close
and Hch, 1968) probably reflects the ircreas=2d rate of
release (Kaufman and Fleckenstein, 1965) and removal (Inesi
and Watanabe, 1967) of calcium from the mycfibrillar spaces
or a faster metaboclism of reactions limiting the rate of
crossbridge turncver., The increased rate in the developmernt
of tension should increase the velocity of contraction fer
the whcle muscle. Although no studies have been reported on
skeletal muscle, Yeatman et al. (1969) report a greater
velocity of contraction in heated cat papillary muscle. The
effect of the 1increased rate of tension development on
strength is noct clear. While Maclagan and Zaimis (1957)
found increased twitch tension at higher intramuscular
temperatures, Close and Hoh (1968) report a reduction in
twitch tension in fast twitch  muscles. However the
reduction in twitch duration at higher temperatures would
necessitate a greater frequency of motor unit activation so
that the duration of activatior necessary tc¢ sustain or
produce a required force is comparable in both the heated
and non-heated situation. Douboumopoulos and Chatfield
(1959) and Trucng et al. (1964) have shown that if the
frequency of stimulation of isolated muscle is limited to 60

c/sec a significant reducticn of isometric tetanic tension



1"

is asscciated with 1increased temperature, The CNS and
synaptic 1limitations to irncreased firing frequency may
result in an earlier pecint of exhaustion in heated muscle.
The decreased twitch duration could also be detrimental to
endurance type activities where ATP is limiting, since the
more frequent release and uptake of calcium, which is
presumably responsible for this effect, would also involve

increas=d enerqy expenditure.

4) Edwards and Hill, (1975) have reported energy
conservaticn ir the latter stages of a sustained 1isometric
contractior and have suggested that the decreased rate of
relaxation accompanying fatigue may act as an enerqy
conserving mechanism. The results reported by Edwards et al.
{(1975) suggest that the decrease in relaxaticn time, which
accompanies fatigue, is not related to the ©pH effect on
calcium sequestration (Iresi and Watanabe, 1967). They
hypcthesized that the rate limiting step fcr . myosin ATPase
may determine the rate of tension decay following
contraction, It 1is possible that the increased BJTPase
activity at higher temperatures may counteract the effects

of tte enerqgy conserving mechanism.

5) Ircreased muscular temperature decreases the

viscesity and increases the compliance of a muscle (Buchtal
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et al, 1944 and Buchtal and Kaiser, 1944). While this
effect could rednce the internal resistance and consequently
improve the efficiency of muscular movement, it effectively
adds a compliance to the muscle and cculd increase the
distaﬁce of cressbridge movement necessary to generate the
same tension, thereby increasing the enerqy cost of a
sustained isometric contraction, Combired with a reduction
of the time <course of the active state, the increased
elasticity conld alsc result ir a decrease in the rate of
development of tersion during a maxiral voluntary
contraction., A report by Hajdu (1951) indicates that when
when frog sartorius muscle was increased from 15-35 degrees
C tke decrease in contractile strergth at higher
temperatures was more rapid for contractions which allowed
greater muscle movement. This effect «could be partly
accounted for by the increased elastic properties of the

muscle,

6) The possibility that increased temperature leads to
inefficiency c¢f energy transducing processes has been
suggested previously (Brockes et al.,, 1971; Saar and Cassuto,
1976) . Brookes et al. (1971) found that the respiration of
isolated rat skeletal muscle mitochondria was increased by
over 200% when the temperature was increas=d from 25 to 45

degrees C, However, the P:0 ratio decreased 18% tetween 40
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and 45 degrees C, irdicatirg a decrease in phosphorylative
efficiency over this temperature range. Saar and Cassuto
(19786) recorded oxygen deficit, oxygen debt and
intramuscular temperatures during comparable wcrklcads of
cencentric and eccentric work. The higher oxygen debt and
intramuscular temperature elicited from ecca2ntric exercise
vwere suggested to reflect unccupling of mitochcendrial energy
deperdent reactions. However, it 1s also possible that
inefficiency of energy transduction may be associated with
splitting of ATP at the mycsin heads. If this occurs it
could be associated with any of the five hypothesized
detrimental effects of inrcreased temperature already

discussed.

7) 1Increased intramuscular temperature might be
expected to decrease the resting partial pressure of oxygen
due to an increased rate of metabclism without a
compensatory increased oxygen uptake. Stainsby and Otis
{1964) have demonstrated that a decrease in the partial
pressure of oxygen within the muscle was nct compensated by
oxygen uptake until a critically low oxyger partial pressure
was reached, and that this value was lower in resting than

in contracting muscle.
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The present study was designed tc determine the extent
to which the above physiological mechanisms affect nmuscular
functicn by investigating the capabilities and physiolegical
responses of ruscle to three different forms of
physiological wecrk and the recovery of muscle from

temperatures simulating the highest physiological range.



CHAPTER II
REVIEW OF RELATED LITERATURE

For purposes of clarity the literature directly
pertairing tc the effect cf increased intramuscular
temperatur2 on exercise performance will be discussed under
headings o¢f strength, isometric endurance and dynamic

exercise,
Isometric Strength

Although the effects of ircreased intramuscular
temperature on strength are «clearly significant in their
relevarce to human performance, very few studies on this
topic have been published. Those which have been done have
yielded controversial results, A review of related
literature indicates that results are specific to the
temperature change, the conditions under which the muscle is

activated and thes type cof muscle under study.

The possibility that there is an optimal temperature
for strength performance is reflected in a study by Wright
(1959) who raised the whole body temperature of 3 subjects

1.12 degrees C, ard then a further 0.56 degrzes C to 38.34
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degrees C by immersing each subject in hot water for the
time required to elicit the specific temperature change.
Whereas a rectal temperature of 37.78 degrees C was
associated with ar improved grip strength, the grip strength
was decreased at rectal temperatures of 38.34 ’degrees c
compared to qrip strength recorded at resting body
temperature. Although it is difficult to draw conclusions
regarding increased intramuscular temperature when the whole
body temperature has changed, the study demonstrates the

importance of temperature on muscular functior.

Although studies investigating the effects cf
intramuscular temperature on contractile tensicn of isolated
muscle have used temperatures corresponding +to the lower
physiclogical range of mammals, they have nct investigated
temperatures over 40 degrees C, corresponding the to highest
physiclogical temperature range, all reported
investigations using isolated mammalian skeletal muscle have
demcnstrated an increased iscmetric tetanic tension with an
increase of temperature up to 40 degre=s c, if a
sufficiently high frequency of stimulation is provided.
Cullingham et al. (1960) and Truong et al. {1964) found
that +the increase in tension with increased temperature
was more rapid for indirect stimulation compared to

direct stimulation of the muscle up to temperatures of
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39 -~ 40 degrees C, A partial neuromuscular bleck was

hypethesized at lcwer temperatures.

Close (1965) and Close et al., (1968) have shown an
increase in tetanic tension with a temperature increase up
to 3% degreess C, Becwever the increase is much more
pronounced for muscle containing a higher propcertion of
fast-twitch white fibres (extenscr digitorum 1lcngus) than
for slcw-twitch red muscle (soleus). In both muscles the
isometric twitch contraction time was decreased at thigher
temperatures, while the peak twitch tension was reduced in
extensor digitorum longus. It was hypothesized that the
increased intrinsic speed of shortening and more rapid
remcval of activating substance in fast-twitch muscle was
responsible for the decreased twitch tension. It was
further suggested that the repetitive stimulaticn of
extensor digitorum longus produced a post-tetanic
potertiation which allowed an increased tetanic tension
despite the decrease in twitch tensicn. However no
explaration was offered +tc¢ account for the increase in
tersion during tetanic corntractions. Maclagan and Zaimis
(1957) found a similar increase in isometric tetanic tension
and a decrease in twitch duration with increased temperature
over the range 30 - 36 degrees C, Over this temperature

range they also found an increased peak twitch tension at
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higher temperatures whichk cculd account for the increase in

isometric tetanic tension.

The studies cof temperature on strength ir vive are more
controversial. Apart frem the study of Wright {1959)
already mentiored, only Hall e+ al. (1947) and Sedgwick arnd
Whalen (1964) have found a sigrificant reduction in strength
at higher intramuscular temperatures. Hall et al. (1947)
applied hot packs to the elbow flexors of human subjects
which resulted in a skin temperature of 41-43 degrees C and
a decrease in strength of 10%. Sedgwick and Whalen (1964)
applied shortwave diathermy to the elbow flexors, fcllowed
by a maximal voluntary contraction thirty seconds after
heating. The intramuscular temperatures recorded for two
subjects were both above 40 degrees C, No other studies
have recorded such high temperatures bLefcre a test of
strength., Michielli (1965) who applied a mild dose of
shortwave diathermy to elevate intramuscular temperatures to
39.3 degrees C ~cbserved a slight decrease 1in strength

although their results were not statistically significant.

Clarke ot al. {1958) and Saunders {(1963) Lkcth repert ro
sigrificant effect of increased intramuscular temperature on
strength, Clarke et al. (1958) tested forearm grip strength

after the ferearm was immersed in a water bath of 42 degrees
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C, while Saunders (1963) used an infra-red lamp to ircrease
the temperature cf the elbow flexors before flexicn strength

was measur=d by a cable tensiometer.

These studies are challenged by the results of Asmussen
et al, (1974) who found an 8% increass of isometric strength
of human biceps brachii, triceps surae and quadriceps
femoris when the temperature of the muscle was increased
from 30 degrees C to 40 degrees C,. They attributed their
findings to an 1increased rate of cross-bridge activity at
higher temperatures. This hypothesis was given suppert by
their observation that the speed of tension develcopment over

the same temperature rarge increased by 35%.

It is apparent that while the literature is
controversial, only one study by Sedgwick and Whalen (1964)
has examined strength at temperatures corresponding to those
produced as a by-product of prolonged high intensity
subtmaximal exercise, ©No explaration was offersd for the
impaired strength at higter temperatures, and the

reversibility of the impairment was not tested,
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Iscmetric Endurance

Most studies reporting the effects of increased
intramuscular temperature orn the ability to sustain
iscmetric contracticns havé been performed on human
subjects, Although cne study reports nc significant effect
(Mickielli, 1965), other investigations have found that
increasing intramuscular temperature above resting levels

was detrimental to isometric endurance.

Despite the scarcity of experiments relating to
increased intramuscular temperature in isolated preparations
one cof the first experiments on intramuscular temperature
and endurance were performed on isolated muscle. Hall et al.
(1944) found a meore rapid decline in tensicn produced by a
muscle during repetitive stimulation when the intramuscular
temperature was elevated by 3.3 degrees C. The taseline

values for intramuscular temperature were not. repcrted.

Nukada (1955) used both shortwave diathermy and het
waterbath techrigues to elevate intramuscular temperatures
befecre a sustained 1isometric endurance task. Although
interpretation o¢f the results is limited by data from only
one subject, there was found to be a decreasz in endurance

after heating regardless c¢f the technique used. He
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attributed the decrease in endurance time to a shift of
bloocd flow from the muscles to the skin, The experiment was
extended to test the recovery of endurance 5, 10 and 20
minutes after application of diathermy. Endurance was Tnot
affected by diathermy when any of the above recoveiy periods

were irntroduced,

Clarke, Hellon and Lind (1958) found that the durationr
of centractions sustained to fatigue with a force of ore
third of maximal voluntary contraction (MVC) was longest at
an intramuscular temperature of 27 degrees C. A follow-up
study by Lind (1959) <consisted of a series cf sustained
centractions at one third MVC at set intervals following
immersicn of the forearm in water at 18 degrees C. in one
experimental session and at 34 degrees C. in ancther
session, When the interval between the contracticns was
kept constant at a givern value, the duraticns cf these final
contractions were always longer after immersion at the lower
temperature. They concluded that metabolites not associated
with muscle cortraction accurulated mere rapidly at higher

temperatures,

Edwards et al. (1972) ccnfirmed by a muscular bkiopsy
technique that the resting levels of glycelytic

intermediates were higher at 38.6 degrees C. than at 31.6
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degre=s C. However, taking into accourt these ipitial
values they determined that the rate of glycclysis was
greater in the heated muscle from the fact that the 1levels
of accumnlated metabolic by-products in the heated and
non-heated muscle were similar at exhaustion despite the
decreased -endurance of +he heated muscle. They suggested
that the decreased endurance time was due to an inefficiency
of ATP utilization by the myofibrils. The cbservation that
at exhaustion ATP and Phosphocreatine levels were
respectively 100% and 23% of those recorded befcre tke
corntraction eliminated the possibility that energy supplies
were limiting., However the study exhibited cne chbvious
lipitation in that the assumption was made that the
intramuscular partial pressures of oxygen were unaltered by
the increased resting metabolism. The possibility of this
mechanism as a major cause for decreased endurance seems
less 1likely hcwever, in view of the fact that enrdurance was
also decreased on successive contractions .at 20 second

intervals.

Dynamic Fxercise

Most of the effects of increased temperature which-

could be beneficial to muscular performance are likely to be

more effective under conditicrs of dyrnamic asrcbic exercise.
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While the results of studies using active warm-up are
controversial (Rcnner, 1972) the most freguently cited
experiments using passive heating (Asmussen and Boje, 1945;
Muido, 1946) have reported it to be beneficial to subsequent
dyramic exercise., Despite the questicnable reliability of
the perfermance criteria used in these studies the dynamic
phase of a "warm-up" before competitive athletic events has
beer largely based on these experimental results (Karpovich,

1968; Astrand and Rodahl, 1970).

Asmussen and Boje (1945) observed that passive heating
by either shortwave diathermy or by hot showers had a
beneficial effect on physical performance propcrtional to
the recorded intramuscular temperature. Wecrking with four
traired athletes they fourd a decrease in the time required
to complete a standardized exercise task con a bicycle
ergometer by 3.9% to 7.6% fcllowing diatherey and 5.0% to
7.2% following het showers., The intramuscular temperatures
ranged from 38 - 39.4 degrees C after diathermy and 37.4 to

37.9 degrees C following hot showers.

Muido (1946) and Carlisle (1956) both repcrted improved
swimming times fcllowing differert forms of passive warm-up.
Muidc (1946) used hot baths, shortwave diatherry and turkish

baths, and Carlisle (1956) used hot showers., However,
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whereas Muido (1946) attributed the improved performance to
an increased blocd temperature, Carlisle (1956) reported
that the improved performance in his experiments were not
closely related to rectal temperature. He suggested that
this finding supported the observation of Assmussen and
Bode (1945) that the increased performance was related to

increased muscular temperature.

Ctallerging the results of these studies are two
investigations which measured the rate of cnset of fatigue
by the criterion of tensicn exerted during intermittant hand
grip contractions. While Grose (1958) found a more rapid
onset of fatigue in heated nwmuscle, Sedgwick and Whalen
(1964) found nc significant effect of heating. Grose (1958)
heated the muscles of the forearm by eight minutes immersicn
in water of 48 degrees C. Although Grese (1958) did not
record intramuscular temperatures Sedgwick and Whalen (1964)
reported maximum readings of 39,0 degrees C, 38.2 degrees C
and 38,0 degrees C followirng five minutes of shortwave

diathermy applied to the whole length of the fcrearnm.

Kaijser (1970) investigated the effect of cocling cn
the dynamic fcrearm exercise on a hand ergometer. The
intramuscular temperature was not record2d but the deep

forarm vein temperature was lowered from 34,71 degrees C to
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32.7 degrees € befcre anr exhaustive exercise task, The
decreased temperature caused a 33% reduction in the
endurance time to exhausticnh. It was also found that at
lovwer temperatures the oxygen saturation in the deep venous
blood at exhaustion was less whereas thé lactate
concentration d4id not differ ccnsistently. This suggested
that a decreased aercbic metabolic rate was the most likely

explanation of the decreased endurance tinme.

Brooks et al.{1971) demonstrated an increased oxidative
metabolism at higher intramuscular temperatures, while
Horstman et al. (1976) reported an increased capacity feor
oxidative metabolism with improved oxygen supply to the
muscle, These findings suggest that the anasrcbic ccmpcnent
cf dynamic exercise could potentially be reduced. It is
therefcre surprising that no studies have been repcrted on
the effects of passive heating ern the ratioc of
anaercbic/aerchic enerqgy expenditure. How=aver, Watt and
Hodgson (1975) found an increased oxygen consumpticn during
a one minute run to exhausticn after ar active warm-up
conrsisting of walking 5.6 kph at 10% grade for 10 minutes.
A rest periocd of 4 to 5 minutes between the warm-up ard the
run allowed scme recovery of the accumulated fatigque effects
from the warm-up. Intramuscular temperatures fcllcwing the

varm-up were nct recorded but according to the results of
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Saltin and Hermarnsen (1966), they can bhe estimated to be
within the range of 37.5 - 39.0 degrees C. There wculd,
howevaer, have been considerable variation between subjects
because the warm up was not graded relative tc the subject's
maximal cxygen uptake (Saltin and Hermansen, 1§66). The
higher oxygen consumption following warm-up was suggested to
reflect a reductior 1in the anaerobic component cf the
exercise task, with a <ccnsequent improvement in work

capacity.
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CHAPTFR III

MATERIALS, METHODS, AND PROCEDUEES

MATERIAL

Subjects

Ten healthy male uriversity students, ranging in age
from 20 to 31 years volunteered as subjects, 311 ten
subjects completed the strength experiments, nine completed
the 1isometric experiments and eight ccmrpleted the
experiments on dynamic €xercise. A1l subjects were
right-handed and, although some exercised r=2gularly, none

were ergaged in progressive resistance exercises.

Experimental Muscle Group

The elbow flexors were selected as the experimental
muscle group for the following reasons: a) They are
frequertly used and are consequently relatively well
traired. b) They are capable of dynamic exercise tasks.
c) The monode diathermy applicator, preferred lecause cof its
capabilities ir selectively increasing intramuscular
temperature higher than the temperature of the superficial

tissues (Lehman =2t al., 1969), cannot distribute heat over a
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larage muscle group. d) Subtcutaneous layers of fat, which
insulate and produce larger temperature gradients within a
muscle (Lehmann et al., 1969), are relatively thin over this
muscle group. The mid-bicep skinfold fcr the subijects of
this experiment ranged from 2.7mm. to 4.4mm., with a mean of

3.3mm.

METHODS

Application of Shortwave Diathermy

A 27.12 MBz. shortwave diathermy apparatus
(marufactured by Siemens Ltd.) with a maximum cutput of 400
watts was used to increase the intramuscular temperature. A
moncde applicater {manufactured by Siemans Ltd.),
contairing a compact inducticr coil was selected because cf
its capacity to produce the most intense field distribution
of any induction <coil applicator (Lehmann et al., 1968;
Guy et al., 1974). This 3is especially so when it is
positicned so that the side of the applicator with four

elements is placed directly over the muscle such that the

nuscle length forms a cord of the circumference of the
applicater (Lehman et al., 1968). This positiorn was
standardized for each subdject by using a pcsitionirng

guide fecr the arm (Figure 1), and standardizing the distance
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FIGURE 1

The photograrh shows the positioning of the arm for
diatherny. The position was standardized on differert
experimental occasions by maintaining the lowef arm in
contact with the positioning apparatus with the hand in ttre
prore position., The elbow was maintained at right angles by
positioning the pesterior aspect of the wupper arm along
arother positioning board obscured by the arm in the
photograph. An electric fan shown on the left was placed so
that the air flow was channelled towards the area cf

application.
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from the positicning guide to the centre cof the applicatcer
and the alignmant of the applicator relative to the
arm onr each experimental session {(Figure 2). The distance
between the face cof the applicator and the skin surface
vas 1.8 cm. and was standardized cn each
experimental session by temporarily insserting a wocder
spacer. An electric fan was directed to the surface of
the application area in order to reduce the
temperature of the superficial tissues and to prevent the
accumulation of sweat droplets which «could induce a burn

injury.

Pcsitioning cf Subject for Performance of Strength,

Iscmetric and Dynamic Work Tasks

All performarces of strength, sustained ccntractions
and dyramic exercise were performed with the subject seated
cn a chair adjusted in height so that the thigh was parallel
to the floor, The torso was stabilized by a support
adjusted horizontally cnte the anterior part of the
subject's chest. The right humerus was wmaintained
horizontal in the saggital plane. The suppcrt under the
upper arm was adjusted so that the axis cf rctaticn cf the

elbcw joint was common with that of the beam which extended,
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FIGURE 2

The photographs show how the position of the arpplicator

was standardized cr each experimental session ty:

1) Measuring the distance from the positioning board

for the lower arm (top photograph).

2) Aligning the back of the applicator at right angles
to the positioning board for the 1lovwer arm {(bottom

photograph).
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parallel to +the lower arm. A hardle which extended
horizontally from the tcp of the beam was adjusted sc that
the hand could comfortably grasp it. Figure 3 shows the
right arm in the experimental position. All adijustments

were reccrded for e=achk subject ard used tc standardize his

position on each experimental session.

The beam was capable c¢f rotating through 30 tc 110
degrees (lower values representing extensicn c¢f the elbow)
from a horizontal position ir the saggital plane., The bean
and a lever were both attached to a commorn axle (Fiqure 4).
When the dynamic lever was locked in the hecrizcntal pecsition
(Figure 5) the beam was vertical for strength and sustained
isometric contractions. Dynamic exercise tasks were
assigred by adjusting a weight on the dynamic lever. A
bicycle pump buffered the fall of the lever as the arm was
exterded and both stops of the lever were padded with foam

rubter.

Detection and Transductior of Torgue

The torque on the beam was detected by fcur strain
gauges (type ¥A-06-250BA-120, manufactured by Micro
Measurements, Mich.) c¢cn the beam. The use of four gauges
minimized the effect of ambient temperature (all four would

be affected equally thereby increasing ths stability) arnd
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FIGURE 3

The photograph shows the experimental arm adjusted to
the apparatus for measuring strength and iscmetric
endurance., The hardle and support for the uppér arm were
adjusted for inrdividual differences between sultjects, so
that the elbow Joint and the beam to which the handle is

attached feormed a common axis of rotation.
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FIGURE 4

The photograph shows the beam being held c¢n the left
and the dynamic lever on the right connected bty a common
axle. This 1is the positior of the apparatus‘during the
dynamic exercise task when the elbow was flexed 110 degrees

from a maximally extended position.
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FIGURFE 5

The photograph shows the dyramic lever maintained in
the horizcntal position so that the beam (not shcwn) con
which work was performed, was in a vertical position.
puring dynamic exercise the stop maintainirg the 1lever was
removed which allcwed movement up to the stop on the wall at

the +top of +the photograph and down tc ancther stcp {(not

shown) on the flccr.

|
3
>
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allocwed for greater resclutior of the applied torque as two
of the gauges were subject to strain while the cther two

wvere subiject tc compression.

The pcwer supply tc each transducer ard amplification
of its output voltage was cortrolled by serarate strain
gauge amplifiers (type AD6) mounted in a single integrated
urnit (type TE4, manufactured by TECA Corp., White Plains,

N.Y.).

A series cof known torques, exceeding the range expected
in tte experiments, were applied to the beam Lty hanging a
number of different weights from the handle, with the beanm
fixed in a hcrizontal position, There was no detectable
deviation from linearity between the applied tcrques and the

output voeoltage.

Detection and Transduction of Myoelectric Signals

i) Electrodes

A bipolar electrode system was used throughcut all
isometric and dynamic experiments. The active electrodes

were silver/ silver chloride surface electrodes

{manufactured by IMI., Newport Beach, Cal., U.S.A.) five
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millimeters (5 nm.) in diameter, while an ECG plate
electrcde was used as the ground electrcde c¢n the volar
aspect of the wrist. Low chloride gel (IMI Low Chloride
Gel, marufactured by IMI., Newport Beach, Cal., U.S.A.) was

used as electrode jelly between the skin and the electrodes.

Ir crder to reduce impedanrce the electrcde sites were
shaved free of surface hair and loose skin, ard cleaned with
alcckol befcre the pesitior for diathermy was assumed. The
active electrodes were placed so that they formed a line
parallel with the muscle fibkres over the belly c¢f biceps

bracthii.

The integrated unit (type TE4) which contained the
strain gauge amplifiers, also incorporat=d a modular
electromyographic system which was wused tc amplify the
myoelectric signals. There were two amplifying mcdules.
The ryoelectrical activity was first amplified by a
preamplifier placed close encugh to the subj=ct's right arm
to reduce bad capacitance effects, and seccndly, by the main
amplifying unit (type AA6, manufactured by TECA Corp., White
Plairs, N.Y.). The main amplifier had its filter control
set for a bandwidth from 32 - 1600 Hz. and its gain setting
variasd between subjects from 500 mV/cm. to 1 V/cm. division

on the display scope of the TE4 system.
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An electronic integrator (type I-6, manufactured by
TFCA Corp., White Plains, ¥.Y.) was incorporated as a module
of the TE4 system, and used tc rectify and integrate the
myoelectric waveform. The time corstarnt used fecr

integration was 1.0 seccrnd.

The amplitude of a sire wave input (300 Hz) g=nerated
from a functicn generator (type 3310A, manufactured by
Hewlett-Packard) wvwas 1linearly related to cutput vecltage
from the integration, when amplified within the range of the

display scope cn the TE4 systenm.

Permanent Recording of Tcrque, Electromycgram (EMG)

and Integrated Flectromyogram (IEMG)

Two methods were employed to make permanent recordings

of tcrque and electromyographic activity:

i) The output voltage for torque, EMG and IEMG fron
three respective channels of the TE4 system, separately
powered three differert galvanometers (type 7-326,
manufactured by Bell-Howell, Basingstoke, U.K.,) within an
ultra-viclet recording oscillograph (type 5-127,
manufactured by Bell-BHowell, Basingstoke, U.K.). Each

galvanometer deflected ar ultra-viclet b=am of 1light a



4y

distance properticrnal to the irput voltage.

ii)y The output voltage from each channel of the TEU4
system was separately recorded through thiee separate
channels o¢f ar F.M,., tape r=zccrder (type 3096A, manufactured
by Hewlett-Packard, Colorado, U.S5.4.) ontc low noise
magretic instrumentaticn tape (manufactured by Phillips,
Vancecuver, Can,) run at a speed of 38.1 cm/sec, The input
and cutput voltages were adjusted within the linear response
range of the amplifiers (full scale 0 - 2.,5v) by using the

input and cutput gain controls.

Aralysis of the relationship between IEMG and

force.

The force of each cf the eight levels held for the
determination of the force/IEMG relaticnship was calculated
from the U/V trace, using the <calibration data, and
expressed as a percentage c¢f each subject's MVC. The
ultra-violet beam of light was directed ontc U/V sensitive
paper (type 2022, Lincgraph Direct Print Paper, manufactured
by Eastman Kodak Corp., Rochester) run at a speed cf 3.8

cm/secC.,
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Analysis of TEMG recorded during sustained iscmetric

ccntractions

The analogue signal of IEMG on magretic tape was
transfcrmed to digital data at a sampling rate cf 25 samples
per second by an analecgus +o digital <cenverter (type ADC,
manufactured by Digital Equipment Corp., Mass., U.S.A.).
The digitized data was stored on magnetic tape (type
DECTAPE, manufactured by Digital Eguipment C(orp., Mass.,
J.5.2.). The mean digital value of IEMG was calculated for
one second every three seconds on a ainicecmputer (type
PDP-8e, manufactured by Digital Equipment Ccrp., Mass.,

0.5.2.).

Recordings of Oxygen Uptake

Oxygen uptake during dynamic exercise was calculated
from measurements of the expired air volume per minute of
exercise, 1its temperature ard gaseous composition. The
subject inspired room air through a mouth piece attached to
a valve which directed the expired air along a ccnnecting
tube tc a mixing chamber (volume 5 litres). The gas leaving
the mixing chamber was directed along another «ccnrecting
tube to a vclume meter and thermometer, where expired gas

volurme and temperature were recorded,
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The composition of the expired gas was measured by a
mass spectrometer (type Medspect 1, manufactured by
Scientific Research Instrument Corp., Maryland, U.S.A.)
whick sampled mixed expired gas thrcugh a catheter as it

left the mixing chanmber.

Recordings of expired gas volume, temperature and
compesition were taken at the beginning and end of every
completed minute of the 5.5 minute dynamic exercise task and
at the beginning and end of the last mirute of a five minute

rest pericd before dyramic exercise.

Visual Feedback of Force and Electromyographic

Activity

An oscillcsccpe, placed in front of the subject, was
used +to provide Lim with informaticn regarding the
generation of force by his elbow flexors. The beam of the
unused input chanrel was used to indicate to each subject
the magnitude of his maximal voluntary contraction (MVC) in
the strength experiments and two thirds of MVC during the
sustained contractions of the iscmetric and dynanmic

experiments,
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The oscilloscepe was alsc used to provide visual
feedback of myoelectrical activity of biceps brachii durirg
the dynamic exercise task, so that the subject cculd more

effectively relax between contractions.

Calibraticen

i) Torque

Calibration of torgque in each experiment was ccnducted
by recording the difference in output voltage before and
after a known weight was hung from the handle of the bean.
The beap was fixed in a hcrizontal positior to the floor and
the handle was adjusted tc the appropriate pcsition

determined for each subject.

ii) Mass Spectrometer

Calibraticn cf the mass spectrometer was conducted
befere each of the experimental sessions of dynamic
exercise, The total of the partial pressure readings
of ritrogen, oxyger and carbon dioxide were adjusted to
total +the barcmetric pressure. The ratio «c¢f the three
readings were ther adjusted using a known gas mixture of
nitrogen, oxygen and carbon dioxide. The settings were

checked using a similar gas mixture of differernt ratios.
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PROCEDURES

There were 10 experimental sessions each separated by a
period of at least 7 days. The order and nature of each
experimental session is outlined in Table 1.v As far as
possible the time of day for each experimental session

remained unaltered for any one subject.

The purpcse cof the first session was to locate
accurately the subject relative to the arpparatus, to
determine his initial valus cf MVC, tc calculate his dynamic
workload and to familiarize the subject with the
experimental rrocedures of the study. Fcllowing the
adjustment of the apparatus to the measurements of the
subject he was instructed to maintain a fixed ©pesition of
the wrist and to "pull as forcefully as pcssible on the
handle without Jerking." The verbal stimulus from +the
investigater during the «conrtraction was the ccmmand, "ore
and pull."” The beam of the wunused channel on the
oscilloscope (marker beam) was adjusted to mark the greatest

output voltage, representing the subject's greatest MVC,

The subject was then prepared for reccrding EMG and the
dyramic workload was adjusted so that when the beam was

vertical ir a staticrnary positicn (the position of greatest
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TABLE I

An outline of the procedures for each of the ten
experimental sessions. The three sessions on strergth
{sessions 2-4), isometric endurance (sessicns 5-7), and
dyramic exercise (sessicns 8-10) were each randomized as

described in the text.
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Session

Nature of experiment

2-4

a
b
c

c)

a)

3 determinations of MVC

Dynamic work load

First sustained isometric contraction
at 2/3 MVC

Two minutes recovery

Second sustained isometric contraction
at 2/3 MVC

3 determinations of MVC

Either: Application of diathermy to
pain producing level followed by
further application at one dosage
level below this level

OR: Positioning of the arm for
application without application of
diathermy :

3 determinations of MVC

Either: 20 minutes of diathermy
application at one dosage level below
the pain producing level

OR: 20 minutes of positioning for
diathermy without application

Placement of electrodes over belly of
biceps brachii

First sustained isometric contraction
at 2/3 MVC

Two minutes recovery

Second sustained isometric contraction
at 2/3 MVC

Twenty minutes recovery

Third sustained isometric contraction
at 2/3 MVC

Twelve minutes recovery

Determination of Force/IEMG relationship

and b) as for sessions 5-7
Dynamic work load
e) to i) as for sessions 5-7
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torque) , the torque reccrded represented 15 - 20% of that
generated during a MVC. A metronome was set at 80 beats/sec
so that the subject could perform 40 dynamic concentric
contractions every minute., Visual feedback of EMG activity
was provided through the oscillosccpe and thé subject
was ercouraged tc relax and eliminate EMG activity as the

elbow was extended by the external load.

The dynamic exercise task was continued fcr 5.5
minutes, Ten seccnds fellowing the completion of dynamic
exercise the subject sustained an iscmetric contraction at
2/3 MVC until exhaustion. The marker beam on the
oscilloscope had previously been lowered to rerresent 2/3 of
the cutput vcltage generated from the torque of his MVC
(determined previously). The force of the sustained
contraction was maintained by attempting tc hcld the cther
beam on the oscilloscope, indicating torque, coincident with
the marker beam. RAfter a recovery period - of 2 @minutes a

secord isometric contraction was sustained.

The next nine experimental sessions will, for the sake
of convenience, be considered as three grcups c¢f three
relating respectively to the study of strength, isometric

endurance and dynamic exercise.
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Strength (Sessions 2 - 4)

Or these experimental sessions the subject was placed
ir the experimental position feor work and the marker team on
the oscilloscope was adjusted to represernt the MVC reccrded
in the first experimental session., This value was retained
even when the subject exceeded it. The subject performed 3
MVC's accompanied by verbal stimuli from the irvestigator.

A tvo minute rest periocd followed each contracticn.

Following the contractions the experimental position
for diathermy was assumed. In one session (control) the
subject sat for 20 minutes without diathermy anrd in the
cther twc sessions (experimental) diathermy was applied.
The order of the control session was randomized sc that it
was sessior 2 for three subjects, session 3 for four

subjects, and session 4 for the other 3 subjects.

In the first session of application a middle rarnge
dosage level (dosage grade 3 on the diathermy apparatus) was
initially selected. 1If no surface discomfort cr deep pain
developed withir the first ten minutes cf application the
dcsage was increased stepwise for ten minutes at each level,
This procedure eventually developed deep pain in seven of

the ten subjects. As scorn as discomfcrt or pain developed
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the dosage was lowered cne level and continusd for a further

five minutes,

In the second session the initial dosage was first set
at the pain or discemfert preducing level. Despiﬁe the fact
that all subjects were unaware of the desage level six of
the ten subjects experienced the same pain or discomfort
reported in the first session, The dosage level was
increased cne level fcr the other two subjects and both
experienced deep pain at this level, One cf these two
subjects had not experienced pair in the first session which
means that eight of the ter subjects experienced this
sensation, Diathermy applicaticn was continued, at a dosage
immediately below the pain producing level, tc ccmplete 20
minutes of applicatior. This dosage levél was selected fer
all subsequent applicaticns of diathermy in sessiorns

relating to the study of isometric and dynamic exercise.

Immediately following the application, or following 20
mirutes in the application position without diathermy, the
subject resumed the experimental position for work and three
further MVC's were performed, each separated in time by a 2
minute rest period. The time between the end of diathermy

and the first contraction was approximately 10 seconds.
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Isometric Endurance (Sessions 5 - 7)

Three contractions of 2/3 MVC were sustained following
bethk 20 minutes of positicning for diathermy without
applicatiorn (ccrtrel) and 20 minutes of épplication
(experimental) ., Five subjects repeated the session without
diathermy applicatior and +the other four repeated the
session with diathermy. The three sessions were performed

in random order.

At the begirning of each session the skirn cver the
right biceps brachii was prepared for electrcde placement
and the ground electrode was attached to the wrist. The
active electrcdes were attached in pesition immediately
following diathermy and the subject assumed the experimentel
position for work. There was approximately 30 seccnds of
elapsed time between the end of diathermy application arnd
the beginning of the first sustained cortraction. The
second sustained contracticern began after 2 minutes of
recovery and the third sustained contracticn began after a

further 20 minutes of recovery.

The subject rested for 12 minutes followirg the third
contraction and then procedures began for determining the

force/ 1EMG relationship. The marker beam on the
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oscilloscope was used to assign eight different forces
within the range of the subject's MVC., The forces were
assigned in randcmized order every twoc minutes and were
sustaired for a period of time sufficient to allow the mean
voltage of the IEMG tc reach a steady 165&1. The
investigator was careful to ensure that the force was
generated smoothly to the assigned 1level, Preliminary
experiments had shown that the level of IEMG reccrded from
this muscle was lower wher force was rapidly generated.
This effect was possibly due to a reducticn in the &raximal
stimulatior frequency with more rapid contractions {(Milner

et al., 1973).
Dyramic Exercise (S=ssicns 8 - 10)

Five minutes and thirty seconds of dynamic exercise
were completed following both 20 minutes cof pcsiticning for
diathermy without applicatien (control) and 20 minutes of
application (experimental). Four subjects repeated the
sessior without diathermy application and the other four
repeated the session with diathermy. The order cof
perfermance for each experimental session was randomized.
The procedures for applicatior of diathermy and placement cof
electrodes are identical to those «c¢f +the iscmetric

experiments. The first sustained isometric contraction
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follcwed the dynamic exercise task by precissly 10 seconds.
The timing of +the second ard third contracticn and timirng
and prccedures for the determination of the force/IEMG
relationship were identical to that descrikted fcr the the

iscmetric experiments,
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CHAPTER IV
RESULTS
Strength

Initially each value of force applied at the handle was
expressed as a percentage of the average force of all
contractions performed before positicning for diathermy on
all three experimental sessions. The mean of the percentage
values of the first contractiors on the two =sessicns with
diathermy yielded the single percentage value feor the first
contraction with diathermy. The percentage values cf the
second and third contractions before, and the +three
contractiors after diathermy were obtained in a similar
manner, The mean values anrd standard deviations of the
three contractions before and after both positicning with
diathermy and positioning without diathermy are shown in
Table Ta. A paired correlative 2-tailed t~test determined
the significance of differences between these twelve values,

seen in Table Ib.

It is apparent that the maximal force produced in the
first arnd second ccntractions after diathermy was
sigrificantly less (p<0.01 and p<0.05 respectively) than all

six contractions before diathermy and befcre positicning
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TABLE Ia

Rffects of diathermy and positioning withcut diathermy
or strengthk., Values are expressed as a percentage of the
average force vrecorded before diathermy anrnd pcsitioning
withcut diathermy. Means and stanrdard deviaticns tefore ard
after diathermy were calculated from the averaged values of
twe experimental sessions whereas the means and standard
deviations before and after positioning witkcut diathermy

were calculated from cone experimental session (n=10).
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No Diathermy

Diathermy
L. Contraction (34 -37°C)
Conditions Numb
umber Estimated
Mean S.D. Mean S.D. Temp. OC
2
ME 1 100.43 | 2.35 99.52 | 2.56 34=37
o~ O
O H 2 99.57 | 1.65 J100.17 [ 1.71 34=37
]
s 3 100.33 | 2.04 | 99.98 | 1.8% | 34-37
ol
h
&
%E 1 97.49 1 3%.08 95.61 | 3.3%1 41
E;E,_‘: 2 99.84 {1.76 96.64 | 3.65 |38.5-39.5
<
& 3 98.33 | 2.27 | 98.44 | 1.85 | 38-39
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TABLE Ib

Di fferences between the means of strength values before
and after diathermy ard before and after positioning without

diathermy. Positive values indicate that the mean strength

e

n the column conditiorn dis greater than that in the row

cendition, Significant differences are marked (%).
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without diathernmy. Although the significarce cf the
difference was greater for the first centracticn there was
no significant difference between the first twc ccntractions
after diathermy. The first contraction after positioning
without diathermy was significantly (p<0.05) lower than thke

irst and third contractions before positioning without
diathermy. The temporary nature of this small impairment to
strength after positioning without diathermy is reflected by
a sigrificant increase of strength between the first and
second contractions after positioning without diathermy.
This relationship is seen in Figure 1a whichk ccmpares the
percertage force for the three contractions after diathermy
with the three contractions after positicning without

diathermy.

Although the third contraction after diathermy is
significantly lower (p<0.05) than the third contraction
before pcsitioning withcut diathermy, it is still
sigrnificantly greater than the first «ccntraction following
diathermy. The third cortraction after positioning without
diathermy was significantly lower (p<0.05) than the second

centraction before diatherrmy.
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FIGUERFE 1a

The effects of diathermy on strength as a functicn of
the time fcllowing diathermy (shown by circles) and
pesiticning without diathermy (shown by squares) (n=10),
This time is referred to as recovery time tc depict recovery
from increased temperature and, in the case c¢f the second
two contractions, recovery from the combined effects cof heat
and the previous maximal contraction(s). Strength 1is
expressed as a percentage of the mean of all contractions so
that 100% represents the mean strength in an unfatigued

condition.
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Isometric Erndurance

The erndurance times were standardized by expressing
each as a percentage cf the greatest endurance time fer that
subject, irrespective of the conditions under which the
greatest endurarnce ime was cbtained. As each subject had
two trials wunder either the experimental or contrel
conditions the value of endurance time for that subject was
obtained as the mean of the repeated trials. Six sets of
data were obtaired from the endurarce times of three
sustained contractions which followed either diathermy or
positioning without diathermy at intervals of 0.5, 2.5 and
20.5 nminutes, The mear endurance times, expressed as a
percentage of the greatest endurance time, and pcoled over
subjects are tabtulated in Table IIa and plotted against time
after cessationr cof positioning feor diathermy {recovery time)

in Figqure 2b.

A paired correlative 2-tailed t-test was used tc
determine the significance of the difference Letween values
of percentage endurance time (Table IIb). The percentage
endurance time of the first sustained contracticn
immediately fcllowing diathermy was lower ({6.41%; p<0.01)
thar the first sustaired contraction without diathermy. No
other significant differences were found tetween

experimental and correspording control endurance times,
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TABLE Ila

Effects of diathermy and positioning without diathermy
on endurance for the first, second and third sustained
iscmetric contractions., Values shown are mears and stardard
deviations expressed as a percentage of the greatest
erdurance time fcr each subject (n=9). Estimated values of
intramuscular temperature were extrapclated frcm the data of
Lehmanrr et al. (1974) . The intramuscular temperature for the
third contraction was estimated to be at the upgper range of
resting muscle temperature since blood flow woculd still be

elevated (Downey et al., 1970).
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No Diathermy .
(%4 - 379C) Diathermy
Contraction
Numbe Raw Values Raw Values Estimated
Temp. °C
Mean S.D. Mean S.D.

1 96.82 %.00 90. 41 %.57 41

2 T1.47 0.47 68.88 5.89 33.5-39.5

3 87.3%0 5.%2 86.%% 6.3%7 24-37




L adat

68

FIGURF 2a

The effects cf diathermy (shown by circles) and
positioning withcut diathermy (shown by squares) on
isometric endurance as a function of the time following
application (n = 9), This time is referred to as recovery
time to depict recovery from increased temperature and, in
the case of the secord two contractions, its ccmbined effect

with previous iscmetric wcrk.
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The endurance time of the second sustained contraction
was lower than the first and third contractions in both
experimental and control conditicns. However, the endurance
time of the first sustained contracticn was significantly
greater than that <c¢f£ the +third contracticn vcnly when

pesiticring without diathermy preceded the certractions,

Tte relationship between force and IFMG was found to be
non-linear (Figure 2b), and was fitted by a rclyncmial of
the feorm Force = Constant + A(IEMG) + B(IEMGf + C(IEMG)%
Tkis equation was used to calculate the force equivalenrt cf
the TEMG (FIEMG) recorded for one second every three seconds
during each of the sustaiped isometric contractions.
Althcugh IEMG with respect to time often demcnstrated scme
deviation frcr linearity, its expression as FIEMG showed an
approximately 1linear relationship with r=spect to time
(Figure 2c). The rate c¢f 1increase was found +to bhe
inversely proporticral to the endurance time of the
contractior (Figure 2d)., However, the FIEMG cf one subiect
showed an iritial increase and then a decrease during ail
three contractions. The date of this subject was excluded
from pocled data aralysis as it deviated considerably from
that of all other subjects., However, consideraticn cf the
data of this abberent subject 1is discussed in detail ir

Chapter V.
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TABLE IIb

Differences betweer means of percentage endurance times
of the first, second and third iscometric ccntractions.
Positive values indicate that the mean endurance time in the
column condition was greater than that in the rcw ccndition.

Sigrificant values are marked (%).

i
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No Diathermy Diathermy
Conditions and
Contraction No.
1 2 % 1 2
* K%

? 3 10, 49%%% | -14.86%%*% 1 0,97 4.08% -17.45
g
g 2 27 . 94%** 2.59 18.42%%% 121 ,55%*%%
P
° 1 6.41%% | =18,94%%% -3 1
o

&

8 3 9_52*** _15.83**
4—1(6 Z 43.337\"777(

-

o

*X¥%  p == .005

** p = .01

¥ p = .05
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FIGURE 2b

An example cof the relationship betweer TEMG recorded
from biceps trachii and force cf muscle contraction. The
IEMG is expressed in arbitrary wunits ard fplctted with

respect to the percentage cf the subject'!s maximal voluntary

contractiorn.
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FIGURE 2c

An example of the effect of expressing IEMG as its
force equivalent (FIEMG) on the nature of the increasing
myoelectrical activity with <respect to time.v The IEMG
values (shewr by sguares) were recorded frem biceps trachii,
The FIEMG values ({shown by circles) were calculated from the
recorded IEMG values and the IEMG/force relationship shown
in Figure 2b., The IEMG is expressed in arbitrary units and
the FIEMG as a percentage of its maximal value. Both values

are plotted with respect tn the subject's endurance tinme.
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FIGURE 24

The relationship betweer the rate at which FIEMG
increased and endurarce time of individual subjects fer the
first, second and third iscmetric ceontractions after
positicrning vithout diatkermy. These ccntractiors
demenstrate that a mecre rapid increase in FIEMG generally

leads to a reduced contraction time. The correlation

coefficent of the relationship was -0.71 (n=24),.
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Linear regressions of FIEMG with respsct to both
absclute time and percentage of contracticn time were
calculated for each of the three contractions after both
diathermy and positiorning without diathermy. W%here subjects
repeated trials, the FIEMG data from both trials were used
to <calculate the single 1lirear ragressicn fcr each
corndition, The mean ccrrelation coefficients of the linear
regressions for the first, second and third ccrtractions was
respectively 0,906, 0.921 apd 0,918 after positioning
without diathermy, and 0,884, 0.909 and 0.871 after
diathermy. The mean correlation coefficients Ltetween FIEMG
values obtained from repeated trials urder the same
experimental conditions were respectively 0.845, 0,794 ard

0.810 for the first, second and third contractions.

Five categories of FIEMG data were analysed from the
lirear regression treatmert. The pooled meanr values and
stardard deviations of the slcpe of FIEMG's with respect to
both time (category 1) and percentage endurance time
{category 2) are seen in Table IIc. The pooled mean values
and starndard deviaticns of average FIEMG (category 3) and
intercepts of FIEMG's on the axes representing zerc time
{category 4) and time of exhaustion (category 5) are seen in

Table TI4d.
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TABLE IlcC

Effects of diathermy and positioning withcut diathermy
onrn the slcpe of FIEMG with respect to both time and
percentage of ccntractior time for the first, seccrnd and
third sustained iscmetric contractiorns, Values are
expressed as the mean and standard deviaticn cf all means
(n=9) calculated for each subject. The mean correlatiocn
coefficients o¢of the linear regressions are shcwn for each
contraction. Estimated values of intramuscular temperature

were extrapclated from the data of lLehmann et al. (1974).
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TABLE IId

Effects of diathermy and positioning withcut diathermy
or the wmean FIEFMG ard the raw and corrected values
{diathermy only) of the intercept of the FIEMG cn the axis
representing zerc time for +he first, second and third
isometric contractions. Values are expressed as the mean
and standard deviation of means (n=9) calculated for each
subject, Estimated values cof intramuscular temperature for
the first and second contracticon after diathermy were
extrapolated from the data of Lehmann et al., (1974). The
third contraction after diathermy was estimated to be at the
higher range of resting values, since blocd flcw would still

bte elevated at this time (Dcwney et al., 1970).
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The intercept of FIEMG on the axis correstonding to
zerc time of +he first contraction after diathermy was
corrected for the depressive effect of temperature on the
recorded mycelectrical activity. This was achieved by
normalizing the mean FIEMG of the first contracticn after
diathermy tc the mean FIEMG cf the first corntraction after
positioning without diathermy for each subject, and then
reassessing the intercept. The result of this aralysis
demonstrated that the ccrrected intercept cf FIEMG c¢n the
axis correspcnding to zero time was gr=ater following
diathermy (3.19%; p<.005). A paired correlative t-test was
used to determine the significance of the differences
between means of the first, second and third contractions
follewing both diathermy and positioning withcut diathermy
withinr each of these five categories of data. These
differences ard their statistical significance are seen in
Tables ITIe, IIf, IIg, 1Tk and IIi respectively for mean
FIEMG, intercept of FIEMG's at =zero time, 1intercept cof
FIFMG's at the time of exhaustion, slope of FIEMG's with
respect to time and with Trespect to percentage of
contraction time, Figure 2e shows FIEMNG values with
respect to percentage of endurance time recorded during the
first contractior following diathermy and the first
contraction after pesitioring without diathermy. The
plotted linear reqgressions demonstrate the reduced slcpe of

the FIEMG with respect to percentage of endurance time
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TABLE IIe

Differences hetweer mean FIEMG for the first, second
ard third sustained isometric cortractions (n=8). Positive
values indicate that the mean FIEMG in the column condition
was greater than that inr the row condition. Significant

values are marked (¥),
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No Diathermy Diathermy
Conditions and
Contraction No.
1 2 3 1 2
B
H .
3 2 -2.56 0.01 -2.11 —4 . 64%%
®
a 1 2.07 | 4.65%x 2.50%
B
e 3 -0.45 2.12
o
2 -2.58
"
.
-
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TABLE IIf

Differences between mean intercepts of FIFMG on the
axis representing zerc time for the first, secend and third
sustaired 1iscmetric contractions (n=8). Pcsitive values
indicate that the mearn intercept in the celumn corndition was
greater than that in the row conditicn, The difference
between irntercepts following nrnormalization of FIEMG is
indicated for the first «corntraction after diathermy, and
after positioning withount diathermy. This procedure did not
affect the significance Letween experimental and control

values for the <cther two contractions. Significant values

are marked (*).
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No Diathermy Diathermy
Conditions and
Contraction No.
1 2 3 1 2
2 3 -2.18 0.86 -0.75 -0.27 3.32
£
% 2 ~5.49%* ~2.46 -4.07% | -3.59%
©
S 1 -1.90+ 1.13 -0.48
s
£
=
ks 2 -3.04
A
+ = -3,98%*%% yhen the average FIEMG of the first contraction

after diathermy is normalized to the average FIEMG of the
first contraction after positioning without diathermy.

*¥*¥x p < .005
**  p < 01
* p <.05
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TABLE 1Ig

Differences Lketweer the mean intercept of FIEMG'S on
the axis representing the time of exhausticn fcr the first,
seccrd and third isometric contractions (n=8). Positive
values indicate that the mean intercept 3ir the column
conditien was greater than that in the rcw ccnditiorn.

Significant values are marked (%*).
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No Diathermy Diathermy
Conditions and
Contraction No.
1 2 3 1 2
B 3 ~0.17 1.95 -0.69 ~6.22%% | -0.573
<
% 2 0.37 2.48 -0.15 -5.68
g 1 .6.05*** 8. 17%%% 5, 53%%%
>
=]
i 3 0.52 2.64%
o o
= 2 -2.11
s
A
*AK p<005
**  p ==__,01
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TABLE IIh

Differences betweer mearn slopes of FIEMG calculated as
a function of the time for +the first, seccerd and third
isometric contractiors (n=8). Positive values indicate that
the mean slope irn the columr conditicn was greater than that

in the row condition. Significant values are marked (*).
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:
%
L
k
4
g No Diathermy Diathermy
E Conditions and
1 Contraction No.
‘ 1 2 3 1 2
%’ 3 -0.0216 {0.0694 [-0.0327 [|-0.1092% | 0.0409
(O]
ﬁ 2 ~0.0625 0.0285 -0.073%6 -0.1501%
® o
= 1 0.0876% [0.1786% | 0.0765
.
5
) 3 0.0111 0.1021*
o .
=
o 2 |-0.1200%
aQ
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TABLE IIi

Differences hetween mear slcpes of FIEMG calculated as
a function of the percentage of endurance time for the
first, second and third isometric contractiéns {(n=8).
Positive values irdicate that the mean slcpe in the cclumn
cendition was greater than that in +the row condition.

Significant values are marked (*).
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No Diathermy Diathermy
Conditions and
Contraction No.
1 2 3 1 2
* KX
Z 3 0.0142% 0.01 0.0079 |-0.0372 ]0.0162
“
% > 0.0562%% | 0.026% |0.0241 |-0.0209
o
pa 1 0.0772%*%| 0.0472*% | 0.0451%
>
3
o 3 0.0%21 0.0022
o
g =
o 2 0.0299%
[
R /
*xx  p-~<__.005
x%  p=__.01
* p-=__.05
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FIGURE Z2e

The effects cf irncreased intramuscular temperature on
mycelectrical activity recorded from biceps brachii during
the first sustained isometric contraction. The values shown
are force equivalents of IFMG (FIEMG) ©plctted against
percentage c¢f endurance time after diathermy ({shcwn by

circles) ard after no diathermy (shown by crosses), (n=8).
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following diathermy. Fcr the purposes of display (and net
analysis) the mean FIEMG values obtaired bcth with and
without diathermy were normalized for each subject so that
the intercept of FIEMG on the axis represantirng zero time

corresponded with the mean pocled value fcr the grourg.
Dynamic Exercise

The endurance times were standardized by expressing
ecach as a percentage of the greatest endurance time recorded
in the isometric experiments for each subject. As each
subject had twe trials under either the experimental or
control conditiors, the value of the endurance time fecr that
subject was cbtained as the mean of the repeated trials.
Six sets of data were obtainred from the endurance times cof
three sustained ceontractions which followed 2ither diathermy
and the dyramic work task, at intervals c¢f 10 seccnds, 2
minutes 10 secends anrd 20 minutes 10 secords. The mean

values for percentage endurance time are seen in Table IIIa.

A paired correlative 2-tailed t-test was used to
determine the significance of the difference tetween these
enpdurance values, The percentage endurance time of the
first sustained <contractior immediately fcllowing the

dynamic wocrk task atter diathermy was lower (5.63%, p<0.05)
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TABLE IIIa

Effects of diathermy and positioring withcut diathermy
focllowed by 5.5 minutes of dynamic work on values of
endurance time for the first, second arnd third sustained
isometric contractiors, Values shown are meanrs and standard
deviations expressed as a percentage o¢f the greatest
endurance time reccrded in the iscometric experiments for

each subiject (n=8)., Sigrnificant values are marked (¥*).
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No Diathermy

Diathermy

Cogi;igiion Raw Values Raw Values
Mean S.D. Mean S.D.
1 41.91 15.38 %6.28 21.11
2 59.62 Te23 59.42 9.29
3 8%.29 65.3%4 81.78 3.08
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thar that of the first sustained contracticn following
dynamic work withcuot diatkermy. The percantage endurance
times of the first, second and third contractions were
significartly different frecm each other in toth the
experimental and contrcl situation. All differences of
percentage endurance +time alorng with their statistical
significance are seen ir Table I1Ib. Figure 3a shcws the
mean oxperimental and ccntrol percentage endurance times
plotted against time after the dynamic work task (recovery

time).

Thke percentage endurance values cof the first sustained
contraction were analysed further for individual subjects.
The impairmenrt following diathermy was measured indirectly
by determining the difference between the first sustained
contractions in +the experimental and contrcl situation for
each subject follewing dynamic work. The dynaric work locad
was assessed by the percentage of endurance time sustained
during the first isometric contraction followirg positioning
without diathermy and *the dyramic work task. It was assumed
that a shorter iscmetric endurance time indicated that the
preceding dynamic wocrkload was more demanding. It can be
seen that the greater impairment from the applicaticn of
diathermy was directly related to the fatigue induced by the

dyramic wcrklcad (Figure 3b).
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TABLE IIIb

Differences betweer means of percentage values of
andurance time feor the first, second and +third sustained
contractions followirg dynamic work after diathermy and
positicrning withcut diathermy. Positive values indicate
that the mean endurance time in the cclumn ccnditicn was
greater thar that in the row condition. Significant

differences are marked (*).



Mw‘vw

f 102
i
|
£
E No Diathermy Diathermy
; Conditions and
Contraction No.
1 2 3 1
* KX * K%

oy 3 -39.87*¥* | -22.16 | 1.50 —45.5%%% |22, 37
3 E * KK
e 2 ~17.51% 0.20 |23.87%%* | -24.08
: +
E 5 1 5.6%% 23, 34% [47.01%%%
[

E’ X KK
£ 3 -41.38%%* | -23,67
o
= 2 ~17.71%
-
A

*K X

p << .005
* p < .05
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FIGURE 3a

The effect of diathermy cn dynamic work. The values
showr are the percentage endurance times fcr three iscmetric
ccentractions after a standardized dynamic work task. The
recovery time agairst which the values are plctted indicates
the time after either diathermy (shown by «circles) or
poesitioning without diathermy (shown by squares) and the

dyramic work task (n=8).
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FIGURE 3b

The relationrship between the impairmert of work
following diatherry and the extent to which +the dynanmic
woerklcad induced fatique for individual subjects, The
difference between percentage endurarce of the heated ard
non-h2ated muscle for individual subjects is plctted against
the erdurance time of +the first sustained contraction
follcwing dynamic work in the non-heated conditicn. The

correlatior coefficent of the relationship is -0.59 (p<0.1)
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The non-linear relationship between force ard IFMG was
similar to that found from the iscometric experiments. This
data was treated and used to calculate the FIEMG which was
found to approximate a linear increase with respect te time
for all subjects. 1linear regressions of FIEMG with respect
tce both time and percentage of <contraction time were
calculated for each of the three sustained ccntracticns in
both the experimental and cortrol situation., Where subijects
repeated trials, the FIENG data from both trials was used to
calculate the single 1linear regression of FIEMG for each

condition.

Five categories of FIEMG data were analysed frcm the
linear regression treatment. The pocled mean values and
standard deviations of the slcpe of FIEMG's with respect to
both time (categqory 1) ard percentage endurance time
(cat=2qgory 2) are seen in Table IIIc. The poocled mean values
and stardard deviations of average FIEMG (category 3) and
intercepts cf FIEMG's on the axes representing zerc tinme
(categery 4) and time of exhaustion (categcry 5) are seen ir

Table TIId.

A paired correlative t-test was used to determine the
significance of the differences between means cf the +three

contractions fellowing the experimental and ccntrol
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TABLE IIIc

Effect cof diathermy arnd dynamic work on mearns and
standard deviatiors (S.D.) for the slope of FIEMG as a
function c¢f time and as a functiorn of peréentage of
contraction time o¢f the first, second and third sustained
contractions after dynamic work (n=7 for the first

contraction; n=8 for the seccnd ard third contracticns).
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No Diathermy Diathermy
Contraction Slope FIEMG Slope FIEMG |Slope FIEMG| Slope FIEMG
No. (time) (% Contr.Time (time) (% Contr.Time)
Mean S.D. | Mean S.D. Mean }|S.D. [Mean S.D.
1 1.349 10.92110.148910.0%95 11.210]1.358]0.1450]0.052%
2 0.618710.31110.141110.0476 {0.681 10.206 {0.1596{0.0589
3 0.4677]10.10510.165710.0427 {0.556 [0.084 10.181910.0418
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TABLE IIId

Effect of diathermy and dynamic work ¢on means and
stardard deviations (S.D.) of average FIEMG ard intercept of
FIEMG on the axes representing zerc time arnd +*time cf
exhaustion for the first, second and third sustained
ccntractions after dynamic work (n=7 for the first

contraction; n=8 for the second and third contracticns).



111

L8"¢C | ¢l 28 [ VLY [¢6°¢9 JLe e [20°¢L {282 |6L L8 |08°¢ |22°G9 |86°2 |06 ¢ ¢

G6°V | 6V°88 | G6 Y |¢G 2L |86°¢C | LG 08 | Sl Y |62°L8 {88V |8L°¢L |¥8°¢ |¢8 08 c

90°V | c6°68 |8Y°¢ |2V GL ¢l 2 | L9928 |66 Y [6L L6 | LoV Ly VYL {28 ¢ |26°L8 L

‘q°s Ues] { ‘d*s Uesl | *d's uesy | *q°s ueap | *d°s Ues| { *a°s ueay

(wTisneyxs) | (dWI3 0J48%) P (uoTisreyxs) | (dWTY 0IL37) ST Toqumy
DT DN TA DWHE TH DHETA =

1dsoasqut 1dooaaaur sgeasay 1dooaaquT adsoaaquy S5eIaNY UoT3IBIIUOD

LwxayleIq LuxayreIq ON

G R B R R S BB 1 R




Selage - 2RSSRy

112

situvation withinp eack cf these tive categnries of data.
Although the slcpe agairst time was gr=ater (0.214, p<,.05)
for the seccnd contraction after diathermy and dynamic work
compared +tc¢ the third contraction after positioning without
diattermy ard dynamic work, there were nc significant
differences between ccntractions for the slope with respect
to percentage endurance time, The differences and
statistical significance between contractions for slope with
respect to time and slope with respect to percentage
endurance time are seen respectively ir Tables 1IIIe arnd

ITIf.

The aralysis of the differences between contractions
for average FIEMG, and intercept of FIEMG on the axes
representing zerc time and time of exhausticn reflect a
similar pattern for both categeries of data. Whereas no
significant differences exist between cecrresrending
cerntraction numbers after the experimental ard contrcl
situation, all three measures are significantly bhLigher for
the first anrd seccnd contractions after both diathermy ard
dynamic work and positioning without diathermy and dynamic
work. Figure 3c demcrstrates this effect using FIEMG data
from +the first and third cortractions fcllowing positionirg
without diathermy and dyramic work. The differences arnd

statistical significance between contracticrs fer average



113

e R T T

TABLE IXle

Differences betweer mear slopes of FIEMG calculated as
a function of the time fecr the first, second and third
contractions following the dyramic work task after‘diathermy
and pecsiticnirg without diathermy. Peositive values indicate
that the mean FIEMG in the column conditicr was greater than

that in the row condition. Significant values are marked

(*) e




114
No Diathermy Diathermy
Conditions and
Contraction No.
1 2 3 1 2
= 3 0.817 0.063 | -0.088 0.678 | 0.125
(O]
ﬁ 2 0.699 -0.063 -0.214% 0.560
o
A 1 0.139 -0.576 | -0.761
&
&
Srg % 0.900 0.151
8 2 0.715
A




TABLE I1T1If

Differences between mean slopes of FIFMG calculated as
a function of the percentage of endurance +time fer the
first, second ard third cortractions followirg the dynamic
werk task after diathermy and positioning without diathernmy.
Positive values indicate that the mean FIEMG irn the column
conditicn was greater than that in the row conditicn. fThere

were ne significant differences.
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No Diathermy Diathermy
Conditions and
Contraction No.
1 2 % 1 2
? % -0.8169 |-0.0408 -0.0162 -0.02771{-0.0227%
o
& 2 -0.0166 }-0.0185 0.0061 0.0204
)
g 1 0.00%8 {-0.0012 | 0.0189
2
g % -0.0151 | -0.0246
o g
= " NOANEA
@ z U UUDU
o
A
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FIGURE 3c

The effect of dynamic werk of the elbew flexors cn the
mycelectrical activity recorded from biceps ‘trachii durirg
the first isometric contraction following dynaric werk after
positicrirng withcut diathermy. FIEMG values shown are
plottad against the percentage of endurance time for
sustained 1iscmetric contractions immediately followirg
(shown Lty «crosses) and 22 minutes after (shown by circles)

dyramic work.
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FIFMG and intercept of FIEMG on axes representing zero time
and time of exhausticn are shown respectively in Tables

IXTg, IITh and IITi.

The oxygen uptake at rest arnd at the end of the first,
secord, third, fourth ard fifth minutes of the dyramic work
task were calculated and expressed as a multiple of the
resting value (Table I1Ij). These values were cbserved to
increase with respect tc time of the dynamic work task. The
relationship was close to linear between values recorded at
the end of the first and fifth wminutes follcwing the
cemmencemnent cf the dynanmic work task. A linear
regression was calculated with respect to time both

fcllowing diathermy and following the control situation for

each subject. Where snbjects repeated trials the
oxygen uptake data froem both trials was used for the
calculation of the linear regressicn. The mean

cerrelation coefficient of the straight 1line for both
experimental and contrcl values was 0.916. The oxygen uptake
values for all subtjects in betkh the experimental and
contrcl situaticn arnd the calculated linear regressions
are plotted against time in Figure 3d4. The correlation
coefficient c¢f the linear regression, and the means and
standard deviaticns of the average oxygen uptake, slope of

oxygen uptake with respect to time, and intercerpt of the
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FIGURE 3d

The effect of diathermy on coxygen uptake recorded
during the dynamic work. Values shown are a multiple cf the
oxygen ccnsumpticr recorded at rest. These values are
plotted against the time of dyramic work fcllowirg both
diathermy ({shewn by <circles) and positioning without
diathermy {(shown by squares). The average linear regression
lines are shown to demcnstrate the higher oxygen uptake
values at the beginning of dynamic work following diathermy

{(n = 8).
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TABLE IIIg

Differences between means of average FIEMG for the
first, second and third contractions following the dynamic
work task after diathermy and positioning withcut diathermy.
Positive values 1indicate that the mean FIEMG in the colusmn
condition was greater than that in the <row condition.

Significant values are marked (*).
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No Diathermy Diathermy
Conditions and
Contraction No.
1 2 3 1 2
&
s 2 1.08 0.32 ~7.01%%%x | 1,83
2
@
5 1 -0.75 ~1.28 -8, 75***
&
éj 3 8. 00% %X 7. 33N *%%
o <
ZP s N £z
4] [ Ve )
-
A

R R RE I B

*¥¥  p-=I_.005
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TABLE IIIh

Differences between the means of the intercept of FIEMG
on the axis representing zero time for the first, second
and third contractions following the dyramic werk after
diatbermy and pesiticning without diathermy. Pesitive
values 1indicate that the mean intercept in the cclumn
conditicn was greater than that in the row condition.

Significarnt values are marked (*).
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No Diathermy Diathermy
Conditions and
Contraction No.
1 2 % 1 2
E; 3 10.54%%%1 9 gh*¥x¥ 1.29 11.39%%% |8, 60*%*¥%
)
2 g 2 1094 1-25 —7031*** 2-89
s +
g 9 1 -0.95 -1.22 -9.69%xx*
' A
&
3 3 9 . 25*%* 8 . 56***
o .d
Z'g 2 0.69
o
A

*%% P <.005
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TABLE IIIi

Differences betweer the means of the intercept of FIENG
on the axis representing the time of exhaustion for the
first, second and third contracticns focllowirg the dynamic
work task after diathermy and positiornirng without diattermy.
Positive values indicate that the mean intercert in the
column condticn was greater than that in ths row conditiorn.

Significant values are marked (*).
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No Diathermy Diathermy
Conditions and
Contraction No.
1 2 P 1 2

e % 9.07%* 5.77% -0.33 .80 ¥ | 6.3777
& *‘
e 2 2.70 -0.60 -6.70 .43
P .
3 1 1.27 . |--2.03 -8.13 "
s}

e

¥ 3 9.40 "% | 6.10%%"
o &
= 2 3.30

-

o]

KK =7 .005

¥% p '-r<‘.01

* p T .05
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TABLE IIIj

Fffect of diathermy on the means and standard
deviations (S.D.) of oxygen uptake, during dyramic exercise,

expressed as a multiple of the resting value (n=8).
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No Diathermy Diathermy
Minute of
Exercise
Mean S.D. Mean S.D.
1 1.%376 0.184 1.496 0.147
2 1.677 0.265 1.803 0.198
3 2.008 0.%1% 2.038 0.247
4 2.217 0.401 2.201 0.272
5 2.%541 0.308 2.288 0.270
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relationship betweer the 1lirear regrassion of oXygen
uptake and time of the first recording (1 minute) durirg
the dynamic work task were <calculated (Takle TIITk). A
paired correlative t-test skowed a sigrificantly bhigher
intercept following diathermy whereas the slcpe with
respect tc time was sigrificantly greater for the

control values of oxygen uptake ( p<0.02; p<0.05 ).

The intercept values of oxygen uptake were
analysed further for irdividual subjects. The =effect of
diatkermy on oxygen uptake was assessed from the difference
in the intercept of the linear regressior calculated
from oxygen uptake values recorded in the experimental and
centrol sessions during dynamic work. The fatigue induced
by the dynamic verk task was assessed by the rpercentage of
endurarce time sustained during the first iscemetric
contractiorn following positioning without diathermy
and the dynawmic wecrk task, It was assumed. that a shorter
isometric endurance time indicated a more fatiguing dynamic
work lcad. It can be seen that the higher oxygen
consumption after diathermy was related +to mcre fatiguing
dynamic work 1leocads (Figure 3e). Furthermore, there was a
direct relationship between the higher oxygen ccnsumption
and the component o¢f fatigue induced by diathermy (Figure

I1If).



131

TABLE I11k

Means ard standard deviations for:

1) average cxygen uptake

2) value of the irtercept (at one mirute) of the

relationship between oxyger uptake and time (intercept),

{(see Figure 3d.)

3) slcpe of oxyger uptake with respect teo time of

dynamic work [slore(t) )

4) correlation ccefficient of the reqressicn of cxygen

uptake against time (Corr. Cceff.)

Significant differences between correspornding values
recerded after diathermy and those reccrded after

positioning without diathermy are indicated (%*).
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No Diathermy Diathermy Significance
of difference
Factor
between

Mean S.D. Mean S.D. means
Average vO» 1.885 0.243 1.985 0.207 *
Intercept 1.397 0.144 1.568 0.111 xx
Slope (t) 0.2437 1 0.0674 | 0.2085 | 0.0722
Corr. Coeff. 0.908 0.053% 1 0.924 0.04472

¥ p=<_ .05 (1 tailed)

*% p << .02
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FIGURE 3e

The relationship betweer the effect of diathermy on the
initial oxygen uptake values and fatigque induced by the
dyramic work lcad. The difference between the intercepts of
oxygen uptake values after 1 min. of exercise reccrded in
the heated and non-heated condition for individual subjects
were plctted against the endurance time <c¢f the first
sustained isometric contraction following dynamic work in
the non-~heated condition. The correlaticn coefficient cof the

inverse relaticnship is 0.81 (p<0.05).
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FIGURF 3f

The relationship between the effect of diathermy on the
iritial oxygen uptake values {(determined from the difference
in the intercept of oxygen uptake values after 1 min. of
axercise) and the component of fatigue induced by diathermy
{determined by the difference between the first sustained
contractions, after diathermy ard dynamic work, and after
positioning without diathermy and dynamic work). The
correlation coefficient cf the relatiorship is 0.71

(p<0.05) .
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CHAPTER V

DISCUSSION

Iscmetric Strength

Figure la shows that diathermy decreased strength for
the first two contractions following its application
althcugh the first contraction after peositioning without
diathermy also shows some evidence of a suppressive effect.
Similar strength values for the third contraction after
either conditions indicate that the suppressive effects of

diathermy last only 2 - 4 minutes.

3 significant decrease ir contractile strength agrees
with the finrdings of Sedgwick and Whalen (1964) who induced
similar intramuscular temperatures to those estimated in
this study. The greater level of significance fcund in this
study may have been due to the visual feedback of force
and/cr the more standardized ccnditions for aprlication of
diathermy. However the second and third «contractions are
within the estimated temperature range where previous
investigators (Cullingham et al., 1960, and Truong et al.,
1964) have found increased contractile strength of isclated

muscle, and yet the second contraction was significantly
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lower and the +third contraction nc different frem the
respectively timed centractions after positicning without
diathermy. Two hypotheses car be considered to account for

these apparent contradictions:

1) The deletericus effect of diatherry cr muscular
strength combined with the potential enhancement of fatigue
induced in the first contraction after diathermy may lead to
a slower recovery rate than wculd be obtain=d if the muscle
temperature alone was initially elevated tc 38 - 39 degrees
c. Medvedeva et al., (1975) have demonstrated a change in
the confiquration of myosin at temperatures above 40 degrees
C. It is interesting to speculate that the reccvery to
ncrmal configuration may be slcwer than the rate of decrease

in irtramuscular temperature in this study.

2) The facters influencing muscular strergth in vivo
are different from those operative in isplated muscle.
Close and Heh (1968) have shown that whereas temperature
incresases the twitch tensicen, the isometric twitch
contraction time 1is decreased. On this tasis one would
expect an increased frequency of motor unit activation to be
necessary for development of maximal tension at higker
temperatures. In isolated preparations the synchronizatiocn

with a standardized electrical impulse is potentially much
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greater than that which cccurs during a maximal voluntary
contractiorn in vivo. This hypothesis is even more
attractive when it 1is extrapolated to account for the
areater speed of tension development at higher temperatures
in vivo {(Asmussen and Bonde-Petersen, 1974) when 1increased
velocity does not depend upor synchronization ¢f moter unit
activation. Yeatman et al. {1969) have shewn an
increased velocity of shortering at zero load and decreased
maximum tension with increased temperature c¢f isclated
ventricular ©papillary muscles of the cat. Differences in
the activation system of cardiac muscle compared to
skeletel muscle may account for the decreased maximunm
tensior, despite the fact that the muscle was
artificially stimulated, Another factor for
censideration in isolated muscle preparations ({ccmpared to
physiclogical stimulatior) 1is the superiocr ability to
maintain or adjust to an increased rate of stimulation
necessary to ccmpensate for a reduced twitch time at higher

intramuscular temperatures {Truong et al., 1964).

It is quite apparent that strength is alsc suppressed
merely as a ccnsequence of positioning without diathermy.
It is possible that this effect may have been caused by
relative circulatory stasis. 1In support of this hypothesis,

other studies have shown a 1linear relaticnship between
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force and muscle blcod flow in isolated muscle of cnce the
flow is reduced beyord a critical 1level (Hirvoren and
Scnrenschein, 1962; Jobsis and Duffield, 1967) In view of
the increased blecod flow at higher intramuscular
temperatures {Downey et. 2al., 1970) this effect .would not
be expected to affect strength following diathermy. The
insignificant difference between the first and secornd
contractions following diathermy (Table 1Ib) further

supperts this hypothesis.
Isometric Endurance

The decreased isometric endurance time of the first

contraction following diathermy agrees with repcrts from

Nukada (1955), Clarke e+, al, (1958 ), Saunders {1963)
and Edwards et al., (1972) . However there was no
sigrificant decrease c¢f endurance time for the seccnd
contraction at an estimated intramuscular temperature (38.5
- 39.5 degrees C.) corresponding to +the range reported
by <Clarke et al. {1958) and Edwards et al. (1972) . A
further disagreement between the results of this study
and these of Clarke et al. (1958) and FEdwards et al.,,
(1972) is the recovery of muscular functicn after
heating. Both previous research groups fcund decreased

isometric endurance two minutes following the first
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cerntractioen, Althcugh the endurance time of the second

contraction after diathermy in this experiment was 1less

than the second cortraction after positicring without
diathermy the difference was not significant. These
apparent contradicticns could result from the different

method of heating employed ir this study. Michielli
{1965), who found no significant effect c¢f a mild
application cf diathermy on isometric endurance,
suggested that diathermy was more specific ir heating the
muscle tkhan waterbath techniques, and that ir his
experiments the detrimental =effects of temrerature were
compensated for, during the contraction, ty a more rapid

removal of waste products. Due to the large intramuscular

temperature gradient produced by watertath heating
techriques {Edwards 2t al., 1972), the hyperenic
response associated with higher intramuscular

temperatures (Barcroft ard Edhoclm, 1946) would largely be
directed towards the superficial vasculature (Rowell et al.,
1971) . Although the magnitude of the force sustaired in
this study occluded blood flow and therefcre prevented
recovery during the <contraction, it 1is feasible that an
increased recovery rate from the first contraction after
diathermy may have compensated for the detrimental effects

of increased temperature during the second contractiorn.
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In view of the slow rate of recovery 20 minutes after a
sustained isometric cortracticn (Funderburk, 1974), and the
fact that the metabolic by-products from the contraction
have largely diffused from the muscle at this time (Karlssen
2t al., 1975), it is most wunlikely that the inéignificant
diffzrence in erdurance time betweer the third sustained
contraction in the heated and non-heated conditicn could
reflect a differential recovery rate. Consequently this
suggests that no detectable long term damage results fron
the intramuscular temperatures elicited by shortwave

diatkermy in this experiment.

It is apparent from the relatively small standard
deviations of all FIEMG values (fer any particular
contractior number and experimental cordition) that the
expression of IEMG values as FIEMG is arn effective method cf
correcting for the effects of different electrcde placemernt
and variable impedernce both between . subjects and
experimental sessions. Correlation coefficients cf 0,845
0.794 and 0.810 respectively for FIEMG values of the first,
second and third contractions on two different experimental
sessions under the same conditions 1is comparable to the
correlaticn of IEMG on different experimental occasiorns
reported by devVries (1968a). JTf the EMG was perfect vwe

would expect to see the intercept of FIEMG at zero time to
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ke equal to 66,67¥. The fact that the intercept of FIENG
was consistently lower than this value <could reflect the
extent of fatique at the time the force/I1ENMG
relationship was determined., 1In the unfatigued state, when
the intercept was obtained, 1less EMG activity would be
required +to sustain 66.67% of MVC, However when this level
is referred to the «curve obtained after all the
contractions the small accumulated sffect cf fatigue would
naturally yield a level of force below 66.67% (Edwards and

Lippeld, 1956).

The nen-linear relationship between IFMG and force
found in this study (Fiqure 2a) supports the findings of
Nightingale (1960), Zuniga and Simons ({1969), £Kurcda et
al. (1970), Gettlieb ard 2Agarwal (1971) ard Troup and
Chapman (1972). In contrast, Lippold (1952), Edwards and
Lippold (1956), Lenman (1959), Eason (1960), Liberson et

al., (1962) and deVries (1968b) have found a 1linear

relationship between the measured electrical activity
and muscle tension. It 1is perhaps relevant that
Lippold {1952) provided external indirect stimulation

to the muscle and Edwards and Lippold (1956) only reported
the relationsip with tensions up to 44% MVC. With
fev exceptions a straight 1line could well represent

the relaticnship between force and IEFMG at 1lower
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percentages of MVC in the present study. Kuroda et al.
(1970), who obtaired similar results, suggests that
as the frequency cf stimulation c¢f each moteor unit
increases, the force exerted increases rproporticnately

to the frequency within a certain submaximal fcrée level,
but beyond +this pecint the force generated Fer giver
increase in freguency becomes propertiocnately less, This
hypothesis is supported by studies which have determined
the relationship between stimulation frequency and tension

development in isolated muscle (Merton, 1954).,

The progressive increase of myoelectrical activity
during sustained contractions in this study suppcrts the
findings of previous studies (Scherrer and BRourgquignon,
1959; Eason, 1960; deVries, 1968a; Kurcda et al., 1970).
Most previous studies report a non-linear increase in IEMG
during a sustained isometric contracticn (Edwards and
Lippeld, 1956; Eason, 1960; Kuroda =2t al., 1970).
Kurcda et al. (1970) fcund a "linear-plus-exporential®
relationship of IFMG with respect tc time during
sustained contractions of 57% and 28% MVC. A greater
exponential component at 28% MVC may have reflected a larger
reserve of high thresheold motor units available for
recruitment, The 1linear relationship bLetween FIEMG and

contraction time determined 1in this study was partly
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possible Dbecause of the higher force sustaired but also
because of the expression of TIEMG in "force
equivalents," Figure 2b demonstrates how a ncn-linear
increase in IEMG during a sustained contraction approximates

lirearity when expressed as FIENG.

Of particular interest is the abberent sukject where
the FIEMG initially increased and then decreased with
respect to time., This result is comparable with those of
Chapman ard Trcup (1970) who fcund a decrease in IEMG from
the lumbar musculature during a sustained contraction of 30%
MVC. Lippold et al., (1960) also recorded a decrease in
electrical output from the extenscr digitorum in isometric
extenscr activity of the forefinger. Whereas Chapman and
Trecup (1970) suggestad the decrease in IEMG to ke due to
selective recruitment of deeper fibres, Liprold et al.
{1960) found that the extensor activity was being
transferred to extensor indicis. The decline of IEMG
activity recorded towards the end of the contraction in this
study may have relected a peculiar pattern of
recruitment for the subject concerned whereby flexcr IEMG
activity is transferred either from the superficial to
deeper fibres of biceps brachii or from the biceps to

brachioradialis.
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The original reason for recordirg IEMG was to provide
an objective criterion of moter unit activity within the
muscle, It has heen proposed that whereas the intercept of
FIEMG on the axis representing zero time indicates the
combined effect o¢f initial firing frequerncy and number cf
cperational motor units, the slope of FIEMG with respect to
time largely reflects the rate cof recruitment (Kuroda et
al., 1970). This hypothesis is supported by tke findings of
this study and those of Easco (1960) that the rate of
increase in FIEMG is inversely proportional to the
contraction time (Figure 2c). This relationshipr is also
demonstrated by the significantly greater mean slope for the
more rapidly terminated second contraction ccmpared to the
first and third contractions after positicning without
diathermy {(Tables IIc and IIh). However, in the latter
stages of all contractionrs there appears tc be some other
factor(s) operating, for despite the <consistercy of final
FIEMG values they do not approach maximal values possible in
a non-fatigued contraction. This effect is prcbably even
greater than +the results 1indicate, since the decreased
conduction velocity associated with muscular fatigue could
potentially increase the recorded myoelectrical activity
(Lindstrom et al., 1970; Mortimer et al., 1970). The
possibility of syraptic irhibition or some CNS centrel

preventing fatiqued moter units from firing are probably
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the only factors which «could acccunt for such a large
deficit in the terminal FIEMG at exhausticn. Studies
where maximal voluntary contractions have teen sustained
have cbserved that IEMG decreases during the ccntraction in
close proximity to the decrease in force (Kogi and
Hakamada, 1962; Stephens ard Tayler, 1970), suggesting
pregressive synpaptic impairment, A number of studies
suggest that the neuro-muscular block is at least in part
attributable to the effects of ischemia {Paul, 1961;
Lundboerg, 1970; Dahlback et al., 1870). Dahlkack et
al. (1970) report that ischenmia increased the time
interval between action potentials from twc muscle fibres
belcenging to the same motor unit and on this evidence
suggested that the block OCCurs due to emptying of
acetylcheline stores. The hyperpolarizing effect of
decreased pH may also be a factor resgponsible fer
impaired synaptic transmissicn (Guyton, 1974). Cn the
other hand, Missiuro et al., ({1962) suggest a CNS
cemporent of fatigue, and others attribute a lcss cf motor
activation to increased pressure on the wmotor neurorn (Reid,

19283 Lloyd, 1971).

The maximum FIEMG resached was greater (2.64%; p < 0.05)
in the second than the third contraction followirng

pesitioning without diathermy (Table II) indicating either a
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decreased neural fatigue in the second contracticn cr loss
of motivaticn in the third contraction. Whereas the
decreased endurance time may reduce the neural component of
fatigue in the second contraction, the time involved waiting
for the +third contraction may have 1led tc | loss of
metivaticn, Consequently either ¢f thesz explanations seen
tenable, However the lower maximum FIEMG reached fcer the
first sustained corntraction following diathermy cannot be
explained on this basis. Although the endurarce time was
greater for the first ccocntraction without diathermy compared
te the first contraction after diathermy (Figqure 2c¢), the
slope with respect to time was greater without diathermy.
An explanation of this finding is not tenable cn the basis
that the rate cf increase in FIEMG reflects the rate of
mcoctor recruitment. In addition the mean FIEMG cf the first
contraction follcwing diathermy was 1lower than all other
contractions ({Tatle 1IIf). It 1is unlikely that increased
temperature could enhance the orset of neural fatigue, since
it is more 1likely to facilitate motor reuron arnd
neurc-ruscular transmission (Paintal, 1965; Pcole, 1972).
Therefore the results suggest that for the first contraction
after diathermy the increased temperature decreased the
externally measured electrical activity (expressed as FIENG)
for a given degree of muscle activation., This hypcthesis is

compatible with +the results of Frauendorf et al. (1974)



who found a decrease of TIEMG by approximately 8% in
a ncn-fatigued contraction after heating, These findings
are further elaborated in the results of Edelwejn (1964) ,
who fcurnd that the duration ¢f single polyphasic potentials
was reduced in heated isolated rabbit muscle. This effect
Wwas suggestead te be caused by an ircreased rate
of depolarizatior at higher temperatures, However the
results of Clarke et al. (1958) who reported a more rapid
increase of IEMG with increased intramuscular temperature,
contradicts the results of this experiment. This may have
been due to the fact that in their -experiments, the
TEMG was nct corrected for variable impedence and electrode
placement on different experimental occasions. A further
difference for consideration was the method of heating
and the lower ©percentage MVC sustained (33% MVC)., The
leovwer intramuscular temperatures elicited frcm water bath
heating arnd the poeossibility of blood flow ard
subsequent cooling during a contraction of 33% MVC (Lird
et al,, 1974) may have contributed +to the increased

slecpe of TIEMG reported by Clarke ot al. (1958).

Whereas the slope of FIEMG per unit time has been
propesed to represent the combined effects c¢f recruitment
and 1increased firing frequercy of motor units (devVries,

1968a), the initial FIEMG, reflected by its intercept on the
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axis representing zero time, supposedly represents the
initial metabolic state (Edwards and Lippocld, 1956) and/cr
the efficiency of the myofibrils (deVries, 1968b). OCOn the
basis of this hypothesis, the decreased endurance time cf
the second sustained contracticn after positioning without
diatharmy results from the need for more rapid recruitment.
However the decreased endurance time that results from the
effect of heating suggests the presence of scme limiting
facter at the beginning of the contractiorn tecause, after
allowances were made for the effect of heating on the
myoelectrical activity, the initial PIEMG values of the
first contraction were higher after diathermy (Table IIf).
This conclusicn, supported by the decreased strength values
following diathermy, strengthens the suggestion made by
Edwards et al. (1972) that ircreased temperature affects the

efficiency of mycfibrillar function.

Dynramic Exercise

The endurance times of the first sustained contraction
indicate that higher intramuscular temperatures during the
preceeding dyramic work task induced lower efficiency cof
isometric muscle function (Figure 3a). The detrimental
effect 1is associated with dynamic workloads which are more
fatiguing (Figure 3b) and accompanied by higher values of

oxygen consumption (Figure 3f).
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It may be argued that the reduction in erdurance of the
first sustained contraction fcllowing diathermy and dynamic
work may reflect the effect of diathermy on the sustained
ceontraction itself and rot the dynamic work task. However

this explanation is unacceptable for the follcwing reasons:

1) The results from the isometric endurance section of
this study suggest that the effects of diathermy have
dissipated within two and a half minutes following its

application.

2) The slope of FIEMG with respect to time fcr the
first sustained ccntraction was not significartly different
in experimental and control situvations, indicating ro
difference in the rate limiting factors between these two

contractions.

However if the metabolic state of the muscle was more
impaired follcowing diathermy and dynamic work compared to
the <ccrresponding time in the control situaticn one would
expect a higher PFIENMG at the beginning c¢f the first
sustained contractior (Fdwards and Lippold, 1956; deVries,
19681b). Although the intercept was higher (Tables IIId and
IITh) the significance of the difference may have been
obscured by the more obvious effect of dynamic wcrk con the

FIEMG. This effect will be discussed in detail later.
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Grose (1958) has reported the only previcus study which
measured the effects of increased intramuscular temperature
cn muscle fatigue during dynamic work, and in agreement with
the rTesults of this study there was a reducticn in the
amourt cf work accomplished. The magnitude of the decreased
work ocutput was 5.8% which correspends clcsely tc the 6.59%
decrease 1inp iscmetric erdurance following diathermy and
dyramic work in these experiments. On the other hand
Asmussen and Boje (1945) who report an improved performance
time for a specific dynamic worklcad at higher intramuscular
temperatures, did not assess fatigue. Whereas the
experimental wmuscle group was heavily loaded ir the present
experiments and theose conducted by» Grese  (1958), the
criterion of performance in the experiments by Asmussen and
Boje (1945) was velocity of <contraction. Yeatman et al.,
(1969), werking with isolated venticular papillary muscles
of cat, found an increased maximum velocity of shortening at
zero lcad and decreased maximum tensicn with increased
temperature, Although it 1is not possible to compare
directly cardiac and skeletal rpuscle it 1is reascnable to
hypothesize that a similar effect may vresult when the
temperature of skeletal muscle is 1increased, Shculd this
hypothesis be <correct the reduction in efficiency during
dynamic werk can be related tc that part c¢f the series

elastic component residing 3in the contractile machanism



(Assmussen et al., 1976) . AD inefficiency of somne
physiolcgical prccess involved in dyramic werk is suggested
from tke finding that the greatest impairment due tc heating
was found when the dyramic workload was most demanding (Fig-
ure 3b). This relationship is impressive when cne considers
that an increased <c¢xyger uptake shcould tenefit those
subjects with a larger anaerobic component tc¢ the dynamic
work task, or in other words the subkjects which have
demonstrated the greatest impairment fron higher
intramuscular temperatures. One imitation in the
interrretation of the above results is that the sensitivity
of the muscle to fatique is increased as the extent of
fatique 1increases, This is reflected by a more rapid

recovery following conditions where the muscle 1is more

extensively fatiqued (Pastcr, 1959; Clarke, 1971;
Funderburk, 1974) . Consequently some reservaticn is
necessary when comparing the relationship of fatigue

induced by increased temperature to intensity of the dynamic

work task.

The increased oxygen consumption at higher
irtramuscular tempsratures may reflect either an 1increased
rate of metabolism, an increased blood flcw or both.
Kaijser (1970) concluded that oxygen consumption was limited

by the rate of metabolism whereas the results of Horstman et
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al. (1976) 1indicate that consumption is limited by the rate
of supply. The questiorn 1is raised as tc whether the
observed increase ir oxygen uptake may not reflect a higher
oxygen uptake in resting muscle immediately rpricr tc the
dyrarmic work task. Evidence for this pcssibiliﬁy has been
reported by Stainsby arnd Otis (1964) whc fcund +that oxygern
uptake in resting isolated muscle was not altered by changes
in blcod flow or blood coxyger tensicn, except when these
values were reduced below critical values. 1In view cf these
findings it is pcssible that the greater oxygen consumption
at higher temperatures may have been a compensatcry increase
in coxygern consumption due tco the increased anaerobic
component developed from an increased metabclic rate at
rest, Howevar, the fact that +the greatest increase in
oxygen uptake due to heating cccurred with thcse <subjects
wvhere +orklcads were mest demanding to the physiolegical
systems involved in muscular work (Figure 3e), is indirect
evidence against the ©pessibility that the higher oxygen
consumption may reflect processes unrelated tc the work
task, Therefere, it appears most likely that the higher
oxygen consumption at the ©beginning of thke work task
indicates either a lower amount of ATP generated per unit of
oxygen consumed (P:0 ratio) due to an inefficiency c¢f an
enerqy transducing ©preccess 1in the mitochondria, or an

increased requirement for ATP for a giver wcrk task,
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reflecting diminished efficiency of the mycfibrils.
Vhatever the mechanism responsible for lost efficiency, this
study «clearly indicates that oxygen uptake during a
standardized work task does not always inversely relate to
the anaerobic compconernt of the work task as suggested by

vatt and Hodgkin (1974).

The possibility of an uncoupling of the respiratcry
chain has previously beer suggested by Brocokes et al.
{1971} ana Saar and Cassuto (1976). However results of
experiments in this study on strength and iscmetric
endurance suggest that the site of inefficiency of
energy transducirg processes is more 1likely tc be the
myofibrils, and is 1limiting from the treginning of a
sustaired contraction, The possibility that the ma jor
cause of inefficiency is a temperature effect on the
energy conserving process of the 1increased relaxation
time accompanying the onset ¢f fatigue (Edwards and Hill,
1975; Edwards et al., 1975) is 1incompatible with
these resunlts, for ir this case inefficiency wculd be

most apparent towards the end of a contraction,

One of the hypotheses on which these experiments were
designed was that the already high temperatures of active

mitochondria might be further elevated by additive
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temperature effects from diathermy, and the reduction -in
heat dissipation withk thigker surrcunding intramuscular
temperatures., However the higher oxygern wuptake values at
the beginning and througtout dynamic wcrk following
diatktermy 1is indirect evidence to suggest that the
activities of mitochondrial oxidative systems were rnot
decreased although if +the ~coupling mechanisms became
disengaged, the combination of increased oxyger uptake with
decreased endurance would be explained, Denaturation of
some oxidative enzymes is known to occur at temgeratures
approximating 44 - 45 degrees C. On the basis of this
evidence the increased oxygen uptake cbserved in this study
would appear contradictory unless certain factors have been
overlooked 1in predictions of mitochondrial temperature
during physical work (Calvert, 1976). Atha and Ackers
(1974) have reported a temperature dependent endcotherric
reaction in haemoglobin which acts as a "heat sink". The
present results cpen the possibility that .certain unknown
mitochondrial reaction(s) may also be temperature dependent

and endothermic,

Considering the relative high intensity and duration cof
the dynamic work load it 1is surprising that the oxygen
uptake values contirued to increase throughout the dynamic

work task without any indications of a steady state beirng
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reached. This effect may have 1indicated an unnoticed
gradual recruitment of cother muscles not directly irvolved
in the work task as the subject became fatigued. However it
is unlikely that thkis possible artifact could have
contributed tc differences in cxygen consumpticn tetween the
e2xperimental and control dynamic work tasks since the
greatest difference 1in values is at the beginning of work
when the contribution from this possible artifact would be

pinimal,

The influence c¢f dynamic work on increasing FIEMG
(Figure 3c) closer tc maximal values 1is a factor which
weculd be of ceonsiderable dimportance in quantifying IEMG
measurements involving dynamic work. This phenomencn cannot
be explained onr the basis of changed electrical skin
resistance with increased blood flow (Fraunderf et al.,
1974), and therfcre it seems more plausible that the dynamic
work task elicited some metabolic change within the muscle
necessitating greater electrical activaticn durinrg
subsegquent isometric contractions. The depletion of
glycogen is much greater following prclonged heavy
submeximal dyramic work (Ccstill et al,, 1973) than that
after sustained isometric contractions to fatigue (Gollnick
2t al., 1974a). The higher FIEMG after dynawmic wcrk could

reflect greater glycogen depletion, so that a greater motor
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recruitment is necessary to supply ATP for contraction
hefore electrical impairment occurs due tc lactic acid
accumulation (Guyton, 1974y, acetylcholine depletiorn
{Dahlback et al., 1970), cr increased pressure cn the motcr
reuren (Reid, 1928; Llcyd, 1972). #Whatever the méchanism cf
electrical impairment associated with sustained iscmetric
contractions, it dces not appear to occur (at least not to
the same extent) during dynamic work. Whereas submaximal
dynamic work selectively depletes glyccgen frcm slcw-twitch
fibres (G¢cllnick et al., 1974b), sustained iscmetric
centractions, above 20% MVC, selectively deopletes glycogen
from fast-twitch fibres (Gollnick et al., 1974a). The fact
that glycogen depletion 1is not noticeable in slow-twitch
fibres may suggest a selective impairment of these fibres,
rather than preferential recruitment of fast-twitch fibres,
suggested by the authors of these studies. The hypothesis
that impaired activation of slow-twitch fibres 1is
respcensible fcr the 1lower terminal FIEMG values during
isometric contractions, not preceded by dyramic work,
supports the findings of Lloyd (1971), who suggested a 'drop
cut' of high frequency motor units was resgporsible for
changes in the waveform of the electromycgram during

sustained isometric contractiorns.
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CHAPTEFR VI

SUMMARY AND CONCLUSIONS

This study investigated ctaracteristics of muscular
fatique resulting from elevation cf intramuscular
temperature. Evaluations were rade at estimated
temperatures above 40 degrees €, and at lower estimated
temperatures during recovery. Some of the findings of the
study have implications not specifically <ccncerned with

temperature effects, These are;

1) The FIFMG increased linearily during sustained
isometric contractions of two thirds MVC, However the FIEHNG
at the point of exhaustion was only 81.92 -84,56 percent of
the maximal FIEMG rtecorded 1in a brief unfatigued maximal
contraction, Whereas the increase of FIEMG during sustained
contractions probably reflects motor recruitment, the
depressed values at exhaustion suggest syraptic and/or

central nervous fatigque,

2) Dynamic werk increased the average FIEMG recorded
during subsequent sustained isometric <cortractions. Both

the 1initial and firal values of FIEMG were greater during
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sustained iscmetric ccontracticens following immediately, and

two minutes after a sutmaximal dynamic werk task.

3) The rate at which the FIEMG increased was inversely

related tc the endurance time of a sustained contraction.

The findings of the study specifically relating to the
effect of increased intramuscular temperature «c¢n fatigue

are;

1) Increased intramuscular temperature, estimated above
40 degrees C, decreased strength, and accelerated onset of
fatigue during iscmetric and dynamic contracticns. There was
a rTtapid recovery of muscle function, assessed by these
performance criteria, once intramuscular temperatures had

fallen belcw an estimated 39 degrees C.

2) At elevated temperatures the FIEMG increased less
rapidly. Should the FIEMG reflect motor recruitment there
should have been a more rapid increase at higher
temperatures ccerresponding te the decreased erndurance time.
It was suggested that this apparent contradiction resulted
from an increased rate of depolarizaticn alceng individual
muscle fibres which minimized the effects of <changing

recruitment.
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3) When ccecrrections were made for the depressed FIEMG
values at higher temperatures there was fcund tc be a higher
initial FIEMG at the beginring of sustained iscmetric
contractions c¢f heated muscle, This finding, and the
decrease in strenrgth, suggests that the tensicn precduced by

the puscle is less for a given level of motor recruitment.

4) The more fatiguing the dynamic work task the greater
the impairment resulting frem increased intramuscular

temperatures.

5) The rate cf oxygen uptake was greater at the
beginnring of a dynamic work task at higher temperatures.,
This effect was greatest vwhen the 1isometric endurance

fellowing the dyramic werk task was most impaired.

It is apparent from the findings of this study that
elevation of intramuscular temperature .to  an extreme
physiological range facilitates at least one physiological
response which 1is detrimental to strength, sustained
isometric contractions and dynamic work., The hypotheses
presented in the introduction to this study suggest that
physiological wmechanisms relating tc muscle contraction
could either be berneficial or detrimental depending cn the

criteria cf performance measured and the extent of the
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temperature increase. 1t is plausible that several
mechanisms may be operative resulting in either a ccmbined
or countér-balancing effect, However, certain conclusions
car be made regarding the relative irfluence of these
mechanisme., The potentially beneficial =sffects of increased
temperature wculd facilitate dynamic work and pessibly
strength. As both of these factors ware tempcrily impaired
at high +temperatures we <can conclude that at these
temperatures the detrimental aspects overruled any
potentially beneficial effects. The possibility that
impairment results freom systemic effects of heating on the
work task is unlikely in view of the positive relaticnship
betweer the increased oxygen wuptake and demand of the
assigned work task on the physiclogical systems invclved.
Furthermore, the hypothesis that denaturation of enzyme
proteins may limit the rate of metabolism, and hence work
rate, is not apparent in these experiments since impaired
strength could not be attributed to this possibility. The
irnteqrity of the enzymes invclved in oxidative metabeolism at
higher temperatures is further .supported by an increased
oxygen consumption under these conditions, althcugh a
decreased phosthorylative efficiency is feasible. It does
appear that the impairment involves an inefficient
transducticn of <chemical to mechanical energy, but the

follewing findirgs suggest that this involves impaired
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function of the myofibrils:

1) A reducticn in contractile strength.

2) A higher estimated force equivalenrt of IEMG at the
beginning of sustained contracticns of heated muscle before

glyceclytic energy systems are likely to become involved.

Unfortunately it is nct possible from the results of
this study to distinguish the exact nrnature cf this
transduction inefficiency. Possible mechanisms could
involve a change in the conformation of the <contractile
proteins, a decreased twitch +time, or an increased
crossbridge turnover necessary to produce a given force.
Further research shculd be designed to differentiate these
effects. The rapid recovery of muscle functicn, cbserved in
this study, even when temperatures are still above normal
resting muscle temperature, suggests either the
insensitivity cf the physiological <characteristics studied
to a reduced impairment, or a rapid reversal and a specific
temperature threshold fcr the detrimental effect(s). Taken
together the results of these studies confirr an impcrtant
role for the effects of increased temperature whereby

muscular effort results ir fatigue,
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