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SUMMARY

The jaw-closing muscles generally are more resistant to fatigue than the
limb muscles. The specific process of fatigue referred to here is localized
fatigue proximal to the neuromuscular junction. In view of this resistance
to fatigue and the notion that muscle fatigue leads to the muscle pain
experienced in craniomandibular disorders, it was considered that this

process required further investigation.

The jaw-closing muscle system presents difficulties for fatigue studies
because of the complex inter-relationship of the muscles. It is not possible
to isolate the force output of the individual muscles and it is not practical

to gain access to the nerve supply of these muscles.

The first experiment was carried out to investigate the endurance and
susceptibility to fatigue of the masseter and anterior temporalis muscles of
a selected group of bruxists. The state of fatigue was assessed by
measuring the percentage change in EMG signal amplitude during a
sustained isometric contraction and a large variability was found in this
parameter. It was found that bruxists have greater endurance and a larger
maximum bite force than the age-matched controls. The differences

between the bruxists and the controls were not statistically significant.

'It was found that the bite force transducer introduced problems into this
first experiment, particularly inducing contra-lateral pain. The thickness
of the transducer (7 mm) was thought to be a pfoblem and therefore a
commercial system of measuring bite force (T-Scan system) using

piezoelectric foil (thickness 80 p) was investigated. It was found that this
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system was so inaccurate that it was discarded as a means of monitoring

sustained biting force.

Subjective perception of fatigue was then studied in a group of normal
healthy volunteers. Subjective perception was assessed by the use of visual
analogue scales and compared to objective measures of fatigue. Median
frequencies of the EMG power spectra and percentage change in amplitude
were recorded. It was found that these objective measures were closely
correlated to the subjective perception of fatigue. Spectral changes were

more closely correlated to subjective perception than amplitude changes.

Finally, relaxation rate, one of the muscle processes affected by localized
fatigue, was investigated in the masseter muscles of a group of patients
with a myogenous craniomandibular disorder, a group of age-matched
controls and an additional separate healthy group. This was measured at
10-second intervals during a sustained contraction, and again during a 3-
minute recovery period; the median frequency of the power spectra was
measured at the beginning and the end of the sustained contractions. It
was found that the patients, compared with the other two groups, became
less fatigued during the sustained contractions but recovered less quickly

on completion.
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GENERAL INTRODUCTION

The relevance of the process of fatigue in the jaw-closing muscles lies in
the fact that it is considered to be of significance in the aetiology of the
craniomandibular disorders i.e. temporomandibular joint pain dysfunction
(myofascial pain dysfunction), facial pain of muscle origin and certain
types of headache (Ramfjord, 1961; Laskin, 1969; Miles, 1978; Laskin &
Block, 1986; Hansson, 1988).

It has been shown that the jaw-closing muscles are more resistant to
fatigue than limb muscles (van Steenberghe, de Vries & Hollander, 1978;
Clark & Carter, 1985) and yet the craniomandibular disorders are common
problems in clinical practice. It is clear that a greater understanding of the
mechanisms of this process is required to help in understanding the
aetiology of these various disorders. The jaw-closing muscles present
special difficulties for the investigation of fatigue because it is not possible
to measure their individual force output. There are four muscles (the
superior head of the lateral pterygoid muscle has been shown by Gibbs et
al [1984] to be active on jaw-closing) on each side of the mandible which

moves in a complex fashion.

Muscle fatigue is a process which takes place over a period of time rather
than being an instantaneous event (Basmajian & De Luca, 1985).
Localized muscle fatigue is characterized by changes in physiological
'processes occurring in a mﬁsc]e or group of synergist muscles performing
the contraction. It is seen as either a reduction in peak force output or as a
necessity to increase applied effort in order to sustain a constant sub-
maximal force. The processes occurring are either a transmission block at

the neuromuscular junction, in which case the EMG level and force output
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both decrease, or failures distal to the neuromuscular junction, in which
case only the force output will be reduced. There is also a decrease of the
conduction velocity of the action potential along the muscle fibres

(Lindstrom, Kadefors & Petersen, 1977).

It has been shown in many muscles that as fatigue progresses the
rectified-integrated EMG signal increases in amplitude in order to
maintain a given force level in a sustained isometric contraction (Edwards
& Lippold, 1956). This increase is partly due to recruitment of additional
motor units. However, some workers have found this increase to occur to a
lesser extent in the masseter muscle, even though this muscle was
apparently in a state of fatigue (Clark & Carter, 1985). The reasons for

this require further investigation.

The shift of the frequency spectrum of the surface-derived EMG signal to
lower frequencies as fatigue progresses has been shown to be a reliable
and sensitive indicator of fatigue in limb muscles (Lindstrom et al, 1970;
Mills, 1982). There are still varying opinions on why the shift occurs, but it
is widely agreed that the shift does occur (Mills & Edwards, 1984). Power
spectrum analysis has been applied to the masseter muscle, and would
| appear to be a useful technique in the investigation of fatigue (Palla &
Ash, 1981; Naeije & Zorn, 1981; Lindstrom & Hellsing, 1983). This is
particularly so in view of the small increase in rectified-integrated EMG to

maintain a constant bite force, as mentioned earlier.

The rate of relaxation from an isometric contraction has long been known
to decrease as fatigue occurs (Jones, 1981). This slowing of relaxation is
one of the characteristic changes which may be seen, although the reasons

for this slowing are still not completely understood.
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A further complicating factor of particular relevance to the jaw-closing
muscles is the contribution of rotation of synergist muscle activity to
fatigue resistance (Hellsing & Lindstrom, 1983). This becomes of
particular importance in the interpretation of the results of studies of

fatigue and bite force (collective jaw-closing muscle force).

The positioning of any bite force transducer within the dental arch is also
worthy of consideration. As the jaw-closing muscles on the left and right
sides are not totally independent in their action, the effects of any
asymmetry of fox_‘ce application require investigation. There is also
undoubtedly some effect on force limitation from the periodontal
mechanoreceptors (Hannam & Matthews, 1969; Bessette, Mohl & Bishop,
1974; Kloprogge, 1975; Cash & Linden, 1982), and this also requires

consideration.



27

CHAPTER 1.

REVIEW OF LITERATURE

1.1 SKELETAL MUSCLE FATIGUE
1.1.1 Definitions

The concept of muscle fatigue invokes a certain degree of confusion, as
different descriptions exist and the term may hold different connotations
in different branches of science (Edwards, 1984). It was pointed out by
Basmajian & De Luca (1985) that fatigue is a time-dependent process and
so does not occur at a particular point in time or during a specific time
interval. This implies that changes are taking place within the muscle

before an observable reduction in force output occurs.

Fatigue has been defined as “the inability of a skeletal muscle to produce,
on either natural or artificial stimulation, a pre-existing level of tension
subsequent to dynamic or static contractile activity of the muscle”
(Christensen, 1981). Fatigue has also been defined as “a failure to
maintain the required or expected force” (Edwards, 1981). However, this
latter definition does not acknowledge the fact that fatigue changes have
already taken place before this failure occurs. A more comprehensive
Ideﬁnition is “any reduction'in the force-generating capacity of the entire
neuromuscular system, regardless of the force expected” (Bigland-Ritchie &
Woods, 1984). Vollestad et al (1988) make a distinction between fatigue
and exhaustion, defining exhaustion as “an inability to sustain

contractions [ exercise at the target force/intensity”.
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1.1.2 Central and Peripheral Fatigue

The term localized muscular fatigue was explained by Chaffin (1973) and
defined as “an inability to maintain a desired force output, augmented
muscular tremor and localized pain”. This term differentiates between
fatigue which occurs peripherally (in the muscle tissue or neuromuscular
Jjunction) from that which may occur centrally (in the brain and spinal
cord). Localized muscle fatigue is characterized by changes in physiological
processes occurring in a muscle or group of synergist muscles performing
the contraction. It is seen as either a reduction in peak force output or as a
necessity to increase applied effort in order to sustain a constant sub-
maximal force. The sites at which fatigue may occur are the central
nervous system (CNS), the motor end-plate, the cell membrane, the
transverse tubular system and in the energy supply to the muscle. The
energy source for brief contractions is muscle adenosine triphosphate
(ATP) and creatine phosphate (CrP), while for longer contractions (more
than five seconds) local glycogen stores are utilized with a resulting intra-

muscular accumulation of lactic acid (Edwards, 1984).

Current evidence suggests that in prolonged intermittent submaximal
contractions muscle activation by the CNS is fully maintained, i.e. central
fatigue does not occur, and that force‘output is not limited by failure of
neuromuscular transmission (Bigland-Ritchie et al, 1978; Bigland-Ritchie,
Furbush & Woods, 1986a; Bigland-Ritchie, Furbush & Woods, 1986b). The
'presence of central fatigue‘ can be tested by comparing the force of a
maximal voluntary contraction with that obtained by supramaximal
tetanic stimulation of the motor nerve. This can be painful, however, and
muscle tendon damage can result. In order to avoid these problems the

technique of twitch interpolation (Denny-Brown, 1928; Merton, 1954) is
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commonly used (Belanger & McComas, 1981; Bigland-Ritchie et al, 1978,
1986a, 1986b). This technique involves the application of single maximal
stimuli to the appropriate motor nerve (transcutaneously) during a
voluntary sub-maximal contraction. A detectable twitch response may be
seen from any motor units which have not been recruited or from any units
which are discharging at less than the tetanic frequencies for maximum
force output. There is an approximately linear negative relationship
between the strength of the‘voluntary contraction and the size of the
superimposed twitch response (Figure 1). Thus, if the volunteer has
claimed to perform a maximum voluntary contraction and a superimposed
twitch cari be seen, then either it was not a true maximum effort or central

fatigue has occurred.

Force

4 t 4
Stimulus Stimulus Stimulus Time

Figure 1. Diagramatic representation of the twitch interpolation
technique.
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Vollestad et al (1988) added evidence to the conclusion that fatigue occurs
due to impairment of the excitation/ contraction process and not to
impairment of central motor drive. They also found that the subject,s‘
inability to continue contractions (which they define as exhaustion) was
strongly related to creatine phosphate and glycogen depletion but
unrelated to muscle lactate levels. These conclusions were reached after a
study involving various types of exercise and repeated muscle biopsies of
the quadriceps muscle in human subjects. Mills & Edwards (1984) also
pointed out that fatigue was unrelated to lactacidosis in patients suffering
from myophosphorylase deficiency (McArdle's disease), as these patients
do not prbduce lactic acid and yet suffer excessive fatigue. These patients
were all confirmed as being myophosphorylase deficient after

histochemical examination of muscle biopsies.

1.1.3 The Gamma Loop System

A comprehensive discussion of this system was provided. by Hagbarth et al
(1986). This is a functionally and anatomically distinct system consisting
of intrafusal fibres connected to muscle spindle organs. This system allows
the CNS to achieve varying degrees of tension and movement sensitivity.
The sensitivity of the spindle organs to the muscle's tension and length
states can be varied by the contraction of the intrafusal fibres which are
under the control of the CNS by the gamma efferent fibres. Chaffin (1973)
’proposed a theory to explaiﬁ the neuromuscular changes associated with
fatigue, saying that muscle spindles are stretched as the fatigued muscle
stretches in an attempt to produce ‘the required force. This increased
stretch results in increased stimulation of the spindles, increased

facilitatory feedback to the CNS, and increased extra-fusal motor-unit



Lyons MF, 1992, Chapter 1. 31

recruitment at the period of every 100 msec. This periodic recruitment
produces both low frequency shift in the power spectrum and increased
tremor. Chaffin further claimed that the increased facilitation also

accounts for the tendency to perceive light forces as being heavier.

An alternative explanation, and one which is more generally accepted, is
that this sensation of a load becoming heavier is due to the increased
efferent barrage of voluntarily generated signals which are required in

order to maintain a contraction with progressively fatiguing muscles

(McCloskey, 1985).

1.1.4 High and Low Frequency Fatigue

Peripheral fatigue may be usefully divided into high frequency and low
frequency' categories, i.e. stimulation frequencies around 80 Hz lead to
high frequency fatigue and around 20 Hz to low frequency fatigue
(Edwards et al, 1977). Thus low frequency fatigue is a sélective loss of force
at low stimulation frequencies, and is thought to be a result of impaired
excitation-contraction coupling. It is generally long lasting, and is also
more pronounced following eccentric contractions i.e. those made when the
muscle is stretched during a contra_ction (Newham et al, 1983). The
activities of everyday life are mostly the result of submaximal contractions
induced by low frequency stimulation i.e. 10 to 30Hz (Grimby & Hannerz,
1977). |

High frequency fatigue is the selective loss of force at high stimulation
frequencies, and is considered to be due to impaired transmission at the

neuromuscular junction (Stephens & Taylor, 1972) and/or impaired
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propagation of muscle action potential (Jones, Bigland-Ritchie & Edwards,
1979; Bigland-Ritchie, Jones & Woods, 1979). High frequency fatigue can
occur as a result of cooling of muscle and of experimentally produced
ischaemic fatigue (Edwards, 1984). The effect of high frequency fatigue is
that it reduces the maximum force output of the muscle, whether by

voluntary effort or by electrical stimulation.

One of the practical problems that occur in the investigation of fatigue is
knowing whether or not the subject is really exerting a maximal voluntary
contraction. One answer to this problem in the jaw-closing muscles is to
make sure that there is a good level of reproducibility between the
contractions, which would not occur if they were sub-maximal (van
Steenberghe, de Vries & Hollander, 1978). The other approach is to apply

the technique of twitch interpolation, which has already been discussed.

1.2 RELAXATION RATE

A slowing of relaxation is one of three predq'minant changes seen in
localised muscle fatigue, the other two being the response to high frequency
stimulation (high frequency fatigue), and changes in twitch amplitude and
shape (Jones, 1981). The rate of relaxation from an isometric contraction
has long been known to decrease with fatigue. The half-time of the latter
part of the time course of relaxatmn, the exponential phase, may increase by
a factor of two or three. In addition, there is no recovery of the relaxation
rate under anaerobic conditions (Edwards et al, 1972). The reasons for these

phenomena are still not completely understood.
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There are two main possibilities explaining the time course of relaxation

(Cady et al, 1989):

® The reduced rate of re-accumulation of calcium by the sarcoplasmic

reticulum.

® The reduced rate of dissociation of cross-bridges after the activating

calcium has been removed (Edwards, Hill & Jones, 1975).

The dissociation of myosin cross-bridges is required for relaxation from an
isometric contraction, and this dissociation requires the binding of ATP to
the myosin molecule. It has been shown that the slower the relaxation, the
slower the ATP turnover (Edwards, Hill & Jones, 1975). However,
Edwards et al (1975) point out that it seems unlikely that a reduced
amount of ATP as a substrate for actomyosin ATPase is the cause of slower
relaxation, but rather that it has caused a change in regulatory subunits.
Alternatively, this reduced concentration of ATP may possibly result in a
reduced rate of calcium pumping by the sarcoplasmic reticulum (Dawson,

Gadian & Wilkie, 1980; Jones, 1981).

There has been recent evidence to support the contention that slowing of
relaxation is associated with reduced calcium uptake by the sarcoplasmic
reticulum (Gollnick et al, 1991). Experiments were conducted on the
'quadriceps femoris muscle, ‘and repeated muscle biopsies were taken. It
was found that the half-time of relaxation was elongated on exhaustion,
with full recovery after 30 minutes. At exhaustion the calcium uptake by
the sarcoplasmic reticulum was reduced to 568% of the pre-exercise value.

Gollnick et al (1991) suggest that some change to the sarcoplasmic
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reticulum occurs on exercise which depresses the Cat-activated ATPase

and reduces Ca* uptake.

The concept of a reduced turnover of cross-bridges is supported by studies
involving muscle heat production, where heat production falls as
relaxation slows. It has been calculated that the reduced heat production
might correspond to an approximately three-fold reduction in ATP
turnover. These calculations are based on the heat produced from the
splitting of phosphoryl creatine and from glycolysis (Edwards & Hill, 1975;
Edwards, Hill & Jones, 1975b). With a reduction in relaxation rate there is
a reduction in ATP and creatine phosphate, and in addition there is an
accumulation of lactic acid and H*. It has been shown in patients with
myophosphorylase deficiency (MPD) that there is a slowing of relaxation
with fatigue, even though these patients do not produce lactic acid, and so

accumulation of lactic acid is unlikely to be a cause.

The classic reaction CrP + ADP — ATP + Cr is now considered to be
important as a mechanism for eliminating ADP rather than producing
ATP. ADP has a powerful negative effect on muscle force production, and

muscles are rarely deficient in ATP.

A recent study investigated the relationship between slowing of relaxation
and changes in intracellular pH and phosphorus metabolites in normal
'subjects and in those with MPD (Cady et al, 1989). Their experiments were
performed on the first dorsal interosseous muscle under ischaemic
conditions, and metabolite levels were measured using nuclear magnetic
resonance spectroscopy. It was concluded that there are two processes
involved, one due to H* accumulation (i.e. pH-dependent) and the other

due to some other cause (i.e. pH-independent). The H* accumulation may
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inhibit Cat uptake by the sarcoplasmic reticulum. The pH-independent
cause might be accumulation of ADP, modification of Cat pumping, or

modification of the activity of actomyosin cross-bridges (Cady et al,1989).

1.3 HISTORY OF ELECTROMYOGRAPHY

An account of the history of electromyography was presented by Basmajian
& De Luca (1985), where they state that the relationship between muscle
contraction and electricity was first observed by Galvani in 1791. They
continued by pointing out that the first detection of signals elicited
voluntarily from muscle was reported in 1849 by Du Bois-Reymond.
Methods of measuring electrical signals from human muscles were greatly
simplified by the introduction of the metal surface electrode in 1907 by
Piper. A significant advance for clinical electromyography was made by the
introduction of the needle electrode in 1929 by Adrian & Bronk. The
development of silver/silver chloride and fine-wire electrodes in the late

1950's resulted in an increase in the use of EMG for kineésiological studies.

The first use of EMG in dental research may be attributed to the
orthodontist Moyers (1949). One of the first to use EMG for the
investigation of patients with craniomandibular disorders was Jarabak in
1956. Ramfjord (1961a,b), Moller (1966), and . Ahlgren (1966) were
promlnent in the use of EMG for dental research. Yemm (1969a,b,c; 1971)
was one of the first to mvest1gate the effects of emotional stress on
masseter muscle function, and later established a technique for recording
single motor unit potentials from the first dorsal interosseous muscle
(Milner-Brown, Stein & Yemm, 1973a). This group (Milner-Brown, Stein &
Yemm) studied contractile properties (1973a), recruitment (1973b), and
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changes in firing rate (1973c) of single motor units from the first dorsal
interosseous muscle, and Yemm also investigated the orderly recruitment

of motor units of the masseter and temporal muscles (Yemm, 1977).

1.4 ELECTROMYOGRAPHY AND FATIGUE
1.4.1 EMG to Force Relationship

It has been shown for many muscles that as fatigue occurs in a sustained
sub-maximal isometric contraction, the rectified-integrated EMG signal
increases in amplitude in order to maintain the same force output
(Edwards & Lippold, 1956; Kadefors et al, 1968; Vredenbregt & Rau, 1973;
Stulen & De Luca, 1978). This increase in amplitude is more pronounced
near the end of a sustained contraction, and is a result of either
recruitment (Edwards & Lippold, 1956),‘ rate modulation (Lippold,
Redfearn & Vuco, 1960) or synchronization (Milner-Brown, Stein & Lee,
1975).

The relationship between the amplitude of the EMG signal to the force
output of the muscle in a non-fatigued state has been described by some to
be linear (Stephens & Taylor, 1972; Milner-Brown & Stein, 1975), while
others have described it as non-linear (Komi & Buskirk, 1970;
Vrendenbregt & Rau, 1973). Haraldson et al (1985) found the relationship
'to be linear for the anteriof temporalis muscle but not for the masseter
muscle. As the EMG amf)litude to muscle force relationship in a non-
fatigued state has been considered by some to be linear, the EMG
amplitude has been used as a direct measure of force. However the

amplitude observed at a given force increases as fatigue occurs, and as it is
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difficult to know when one is observing a fatigue effect or simply an
increase in force output it can be seen that problems exist with this

approach.

Lawrence & De Luca (1983) found that the relationship varied between
different muscles, although it generally tended to be close to linear and
was independent of the state of training of the muscle and its force
output. They suggested that some of the factors which may be

responsible for these differences between muscles are:
® Motor unit recruitment and firing rate properties.

® The distribution and quantity of slow-twitch and fast-twitch fibres

within the muscle.
® Cross-talk from adjacent muscles.
® Agonist-antagonist muscle interaction.

Increasing force output by means of an increase in firing rate (rate
modulation) provides a linear relationship to the EMG amplitude, whereas
recruitment does not (De Luca & Van Dyke, 1975). The balance of these
two mechanisms depends on the muscle concerned. It is also thought that
at low force levels (30-50% MVC) recruitment is dominant in small
Imuscles (e.g. first dorsal iﬁterosseous muscle), and that rate modulation
becomes more important with increasing force (Freund, 1983). However, as
force increases it becomes more difficult to assess the relative roles of these
two mechanisms, particularly because action potentials of different motor

units begin to overlap as force increases (Weytjens & van Steenberghe,
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1984). Weytjens & van Steenberghe (1984) also confirmed that recruitment
is the dominant factor up to about 30% MVC in the masseter muscle, with

rate modulation becoming important at higher force levels.

Lawrence & De Luca (1983) state that the amplitude of the action
potential of a single fibre is proportional to its diameter. As fast twitch
fibres are generally larger than slow twitch fibres, they will have higher
amplitude action potentials and a higher amplitude root-mean-square
(RMS) EMG signal. However, the amplitude contribution depends on the
distance between the motor unit and the recording electrode and so fibre
distribution becomes relevant. One must also take into consideration the
"size principle" which says that larger motor units are preferentially

recruited at higher force levels (Henneman & Olson, 1965).

The agonist-antagonist relationship in isometric contractions is of
particular' importance where joints must be stabilized (Lawrence & De
Luca, 1983). It is possible that this relationship has some relevance to the
temporomandibular joints, and may contribute to the pain often described

in the lateral pterygoid muscle.

1.4.2 Rate of Change of Force

An additional factor which complicates the use of the EMG/force
relatlonshlp when the force is changing is the rate of change. A delay
between peak EMG and peak force of the order of 70 msec has been
shown in the temporalis muscle (Hannam, Inkster & Scott, 1975), but it
has been shown that this is not a simple lag and is related to rate of

change (Kawazoe et al, 1981; Devlin & Wastell, 1985). These studies have
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shown that the relationship is not a simple linear relationship, and that

peak EMG tends to occur when the rate of change of force is greatest.

1.4.3 Changes to the Power Spectrum

It is clear that as fatigue occurs there is a shift of the surface-derived
EMG power spectrum towards lower frequencies i.e. an increase in the
power of lower frequencies and a decrease in higher frequencies
(Kadefors, Kaiser & Petersen, 1968; Kwatney, Thomas & Kwatney, 1970;
Lindstrom, Kadefors & Petersen, 1977; Bigland-Ritchie, Donovan &
Roussos, 1981; Palla & Ash, 1981; Lindstrom & Hellsing, 1983; Naeije &
Zorn, 1981). This shift is most noticeable near the beginning of a

sustained contraction.

Frequency decrease and amplitude increase have a common origin, as the
local accumulation of metabolites results in a decrease in conduction
velocity and hence a longer time duration of the motor unit waveforms

(Basmajian & de Luca, 1985).

The use of the increase in amplitude as a measure of fatigue does not have
the sensitivity of measuring the frequency shift, even though the amplitude
increase is'a measure of the frequency éhift. The reason for this is that there
is a decrease in firing rates in a constant-force contraction during fatigue
'(Bigland-Ritchie et al, 1982) and this will decrease the amplitude of the
signal, thus offsetting the increase induced by the frequency shift. The low
frequency part of the spectrum .increases and the high frequency
component decreases with the resultant power increase reflecting this

change with reduced sensitivity.
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The explanations that have been offered to account for the amplitude
increase and the frequency decrease occurring during a sustained isometric

contraction are:

® Recruitment (Edwards & Lippold, 1956; Vredenbregt & Rau, 1973).
This is unlikely as an increase in the power of lower frequencies has been

observed at force levels where recruitment does not occur.

® Synchronization (Chaffin, 1973; Palla & Ash, 1981; Bigland-Ritchie,
Donovan & Roussos, 1981; Naeije & Zorn, 1982; Weytjens & van
Steenberghe, 1984b). One of the problems with this idea is that
synchronization increases as the duration of the contraction increases,
whereas the frequency shift is greatest during the early part of a

contraction.

® Conduction velocity decrease (Mills & Edwards, 1983; Lindstrom &
Hellsing, 1983; Lindstrom, Kadefors & Petersen, 1977).

The two explanations most widely accépted are conduction (propagation)
velocity decrease and synchronization. These éxplanations have been
assessed by the use of mathematical models, and the two corresponding
models are those of Lindstrom, Magnusson & Petersen (1970) and Lago &
Jones (1977). Lindstrom et al (1977) Believe that slowing of conduction
velocity is the only explanation required, and other mechanisms such as

synchronization are unnecessary in order to explain the phenomenon.

The conduction velocity of muscle fibres is related to fibre diameter and
also to intramuscular pH. The intra-muscular. pH depends upon the

formation of lactic acid, pyruvic acid, and also on the rate of removal of
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hydrogen ions. Conduction velocity is directly related to membrane
excitability, and it has been shown that membrane excitability decreases
as the intracellular pH decreases (Orchardson, 1978). However, Mills &
Edwards (1985) showed that hydrogen ion accumulation is not
responsible for the power spectral shift seen in MPD subjects because
acidosis does not occur (see Section 1.1.2). They postulated that
accumulation of extracellular potassium ions may explain the spectral
shift seen in fatigue of both normal muscle and the muscle of MPD

patients.

It is clear that there is an increase in the power of the low frequency
content of the power spectrum during a sustained isometric contraction,

but the reasons for this increase are still the subject of discussion.

1.4.4 The EMG Fatigue Index

A method of expressing fatigue in quantitative terms was described by
Lindstrom, Kadefors & Petersen (1977), Whgreby linear regression
analysis is applied to the logarithmic form of the mean frequency of
successive power spectra, to give a probability of fatigue. The fatigue
index is the regression coefficient. The value of this index is zero for
muscles unaffected by fatigue, and rises towards unity as fatigue occurs.

A high value indicates progressive fatigue, not merely a state of fatigue.
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1.4.5 Spectral Parameters

A single parameter is usually used to identify changes in the power
density spectrum. The most useful of these are the median frequency (that
at which the spectrum is divided into two regions of equal power) and the
mean frequency (average frequency), both giving unbiased estimates of the
spectrum (Stulen & de Luca, 1981). The mode frequency (peak frequency)
has also been used to describe a spectrum, but provides a very poor
estimate because the peak value is not always sharply defined. The
median frequency has been shown to be a-theoretically more reliable

estimator than other convenient parameters, as it is less susceptible to

noise (Stulen & De Luca, 1981).

The mean frequency has been used by Lindstrom, Kadefors & Petersen
(1977), Naeije & Zorn (1981), Barker, Wastell & Duxbury (1989). The
median fréquency has been used by Palla & Ash (1981), Stulen & De Luca
(1982) and others.

The time taken for these parameters to return to normal after a sustained
contraction has been reported to be four to five minutes (Mills, 1982).

1.5. ELECTRODES IN ELECTROMYOGRAPHY

1.5.1 Electrode Configuration

Electrodes are used to detect the current generated by muscle activity, i.e.

ionic movement within the muscle. Electrodes may be used singly with a

remotely placed reference electrode (monopolar configuration), or in pairs
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(bipolar configuration). The bipolar configuration has the advantage of
recording less interference than monopolar, and may be used in
conjunction with a differential amplifier. The higher the common mode
rejection ratio of the amplifier, the better it will cancel out the effects of

external interferences such as mains supply.

1.5.2 Subdermal Electrodes

Electrodes may be either surface (disc or subdermal hook) or in-dwelling
(needle or fine wire). The subdermal hook electrode was first described by
Ahlgren in 1967. It consists of 0.18 mm platinum wire bent over 5 mm
from the end and bevelled. The performance of these was compared with
the performance of surface disc electrodes by Ahlgren, Lewis & Yemm
(1980). In a carefully planned experiment they placed the electrodes in an
opposing diagonal arrangement, with a needle electrode in the middle, and
found that averaged signals from the hook and the disc electrodes
corresponded closely in both amplitude and duration. Both types of
electrodes were able to sample units with small surface potentials equally
effectively. They did not compare frequency response between the two
| types, however. They suggested that which of the two to use should really

be a matter of convenience as neither had superiority in performance.

1.5.3 Disc Electrodes

The most widely used surface disc electrodes are of silver-silver chloride
construction in order to provide a reversible chloride exchange interface

with the metal of the electrode. This is to eliminate the AC component of
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the polarization potential, the DC component being dealt with by the use

of differential amplifiers.
1.5.4 Motion Artifacts

A problem exists with the production of motion artifacts as a result of
movement of the electrode wires which connect to the pre-amplifier. These
artifacts can be substantial énd therefore the wires should be kept as short
as possible and the subject should keep still. An attempt to overcome this
problem has been made (Fujisawa et al, 1990) with the use of built-in
buffer amplifiers. The buffer amplifier has zero gain and acts by lowering
the line impedance between the electrode and the amplifier and hence
lowering the capacitance between the wire and earth. The description of
the electronics was clear, but the method of testing the performance of
these electrodes was not well presented and appeared to be inadequate.
They simply compared the frequency response of these electrodes to that of
a similar, but un-buffered, surface electrode pair as described by Yamaga,
Yamada & Ishioka in 1982. An obvious concern is that the skin impedance
of these self-adhesive electrode pairs could be unacceptabl