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Abstract 

The purpose of this investigation was to examine the effects of selective and 

non-selective B-blockade on muscle excitability and fatiguability during exercise. 

Ten healthy males (x age= 21.9 ± 7.1 yrs) participated in all phases of the study. 

ThH first stage was designed to determine equipotent doses of the selective 

(mt~toprolol) and non-selective (propranolol) B-blocking agents within each subject. 

Symptom limited, maximal graded exercise tests were performed on an electrically 

brc;tked cycle ergometer during a control condition and after the administration of 

100 mg of metoprolol. Following this, exercise tests were performed to establish 

a dose of propranolol equipotent to that of 1 00 mg of metoprolol within each 

subject. In 8 of the subjects, 80 mg of propranolol produced a heart rate 

att,3nuation equal to that of 100 mg of metoprolol. In contrast, 1 subject required 

60 mg of propranolol while another required 1 00 mg of propranolol to match the 

eff3cts of the metoprolol treatment. Significant reductions in the submaximal and 

maximal oxygen uptakes were observed during the metoprolol (9% ! ± 7%; 10% 

! == 4%, respectively) and the propranolol (9% ! ± 7%; 19% ! ± 4%, respectively) 

treatments. Similarly, the time to exhaustion was reduced significantly by 13% (± 

8%) and 19% (± 8%) following the administration of metoprolol and propranolol, 
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respectively. The reductions in the maximal oxygen uptake and the time to 

exhaustion elicited by the B-blocking agents were significantly greater following the 

non -selective versus the selective drug treatments. 

It was hypothesized that part of the impairment in exercise performance with 

B-blockade could be the result of an inhibition in the activity of the adrenergically 

cor,trolled Na+-K+ ATPase with a subsequent failure in muscle excitability during 

exercise. Thus, in the second stage of this investigation, a double blind design 

wa::; utilized to investigate the effects of metoprolol and propranolol on muscle 

excitability and fatiguability. Subjects performed a 4 minute fatigue protocol 

consisting of intermittent, isometric voluntary contractions of the knee extensor 

muscles in one leg. The protocols were performed on three separate occasions 

following the administration of either placebo, 100 mg of metoprolol or an 

equipotent dose of propranolol. Surface electrodes were used to record the 

voluntary EMG activity and M-waves from the vastus medialis in the active and 

inactive legs throughout each of the drug trials. During the control trial, significant 

de~~lines in the evoked twitch torque (77% ~ ± 15%) and the voluntary torque (55% 

~ :t 11 %) were observed but these recovered completely within 15 minutes 

following the exercise. In contrast, both the voluntary EMG activity and the M­

waves recorded from the active and inactive legs were maintained throughout 

fatigue and recovery in the control state. Neither the evoked contractile properties 
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nor the voluntary muscle strength of the knee extensors were affected by the 

administration of metoprolol or propranolol. The fatiguability of the quadriceps was 

also unaffected by the B-blocking agents. Similarly, the B-blockade treatments did . 
no1 alter the EMG activity or the M-waves measured from either of the legs at rest 

and over the course of fatigue and recovery. The results of this investigation 

suugest that although B-blocking agents do impair dynamic exercise performance, 

there is no effect of these agents on peripheral skeletal muscle function during 

single limb exercise. These observations have been explained in relation to the 

po:>sible central and hemodynamic effects of B-blockade. 
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I am pleased to dedicate this thesis to my mother and father, who have always 

provided me with every opportunity possible so that I could pursue my dreams. 
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Foreword 

Since the development of B-adrenoceptor antagonists in the 1960s, B­

blockade therapy has become one of the most popular forms of management in 

conditions such as angina pectoris (Anderson et al., 1979; Pearson et al., 1979), 

hypertension (Frisk-Holmberg et al., ~ 977; Kaiser et al., 1985a), and hypertrophic 

cardia myopathy (Anderson et al., 1979; Sklar et al., 1982). More recently, with the 

increased use of exercise rehabilitation as part of the treatment regime for patients 

with coronary artery disease, a greater concern about the effects of B-blocking 

agents on exercise capacity has developed. A number of previous studies have 

shown that B-blockade leads to a reduction in submaximal (Tesch and Kaiser, 

1983; Wilcox et al., 1984; Kaiser et al., 1985b) and maximal (Tesch and Kaiser, 

1983; Kaiser, 1984; Kaiser et al., 1985b) exercise performance in both healthy 

individuals and patients. However, the reasons for the decreased exercise 

capacity during B-blockade are not clear. This thesis describes research that was 

designed to examine one of the possible mechanisms by which B-blockade might 

contribute to increased skeletal muscle fatigue during exercise. 



Chapter 1 


Introduction 


1.1 Definition of Skeletal Muscle Fatigue: Skeletal muscle fatigue has been 

defined as .,an inability to generate the required or expected force., (Edwards, 

1981 ). This definition is simplistic, however, since it eliminates the possibility that 

the development of muscle fatigue is a process which is initiated at the onset of 

physcal activity. Bigland-Ritchie and Woods (1984) have suggested, therefore, 

that it is more appropriate to characterize fatigue as 11 any reduction in the force 

generating capacity of the total neuromuscular system regardless of the force 

required in any given situation... Nevertheless, the classical definition given by 

Edwards (1981) is employed most often because it provides a clear and 

mea~>urable definition of neuromuscular fatigue. 

The development of voluntary muscle activity depends on a chain of events 

within the neuromuscular apparatus (see Figure 1) and consequently, any 

impairment in one or more of the sites along this chain could contribute to muscle 

fatigue. There are several mechanisms that may act at each of the sites illustrated 

in Finure 1 to produce fatigue and these have been addressed in detail elsewhere 

(Edwards, 1983; Green, 1987). For the purpose of brevity, only those factors that 
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Figure 1: Chain of events for muscle contraction. Adapted from 
Edwards, 1983. 
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could lead to fatigue by impairing the excitation of skeletal muscje will be reviewed 

here. 

1.2 .Central Sites of Fatigue: 

1.2.1 r:xcitatorv Drive to the Motor Cortex: For several years the question of 

whethe!r the central nervous system is capable of maximally activating skeletal 

muscle during prolonged voluntary efforts has been a matter of debate. It was the 

belief of many early scientists that skeletal muscle possesses a large functional 

reserve~, rendering it capable of generating tensions so great as to be potentially 

damag,ng to connective structures (Hansen and Unhard, 1923). Consequently, 
,. 

it was suggested that even under rested conditions muscle activation is incomplete 

despite maximal voluntary efforts. 

The concept of central muscle fatigue was first described by Mosso in 1892, 

who suggested that muscle endurance could be enhanced in an individual solely 

by incre~asing their state of mental energy (cf Asmussen, 1979). Techniques have 

been d13veloped since to assess the level of central motor drive attained during 

prolonged periods of voluntary muscle activity. One method of measuring central 

drive has been to compare the force developed during a maximal voluntary 
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contraction (MVC) to that elicited by supramaximal tetanip stimulation of the 

muscle (Merton, 1954; Bigland-Ritchie et al., 1978, 1986a, 1986c; Grimby et al., 

198·1a). Alternatively, a less invasive assessment of central drive to the motor 

cort«:!X has been made by interpol~ting a supramaximal stimulus over the course 

of a sustained MVC (Merton, 1954; Belanger and McComas, 1981; Merton et al., 

198"1). 

The employment of the above described methods has offered convincing 

evid,3nce that excitatory drive to the motor cortex can be maintained in highly 

motivated subjects throughout the development of muscle fatigue. For example, 

Merton (1954, 1981) showed that the force decay from the adductor pollicis during 

a maximal voluntary effort sustained for 3 minutes could not be eliminated by the 

interpolation of either a single supramaximal twitch or brief train of 50 Hz tetanic 

stimulation. Similarly, others have observed that the interpolation of a stimulus 

during fatiguing contractions of the quadriceps and adductor pollicis muscles does 

not augment force production (Bigland-Ritchie et al., 1983a, 1986c). In these 

studies, parallel force declines were found during both voluntary and evoked 

contractions of the muscles. Based on these results, it was speculated that the 

development of fatigue was a consequence of some mechanism peripheral to the 

excitatory drive to the motor cortex. 
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Some researchers have suggested that the contributi9n of an incomplete 

central motor drive to the development of fatigue is highly dependent on individual 

subjed motivation an~ training statu.s (Grimby et al., 1981 a; Bigland-Ritchie, 1984). 

In one study Bigland-Ritchie and associates (1978) observed that a declining 

centr.al drive to the muscle could account for up to 30% of the torque decay 

obse1ved in 6 of the 9 subjects tested during maximal voluntary knee extension 

exercise. It was also found, however, that when the subjects generated "super 

effort::>" in response to verbal encouragement and visual feedback this central 

fatigue could be eliminated for a very short time. Thus, in the absence of 

extraneous encouragement, an impaired drive to the motor cortex might contribute 

significantly to the development of muscle fatigue in some individuals. 

1.2.2 Motorneuron Excitability: During fatigue, the electromyographical (EMG) 

activity measured from skeletal muscle has been shown to decrease concomitantly 

with declines in force generating capacity (Stephens and Taylor, 1972; Bigland­

Ritchi~~ et al., 1979, 1983b; Garland et al., 1988). For example, it has been 

demonstrated that during a sustained MVC of the adductor pollicis for 60 seconds 

a 60 t:> 70% reduction in voluntary force is accompanied by a similar decline in 

EMG activity (Bigland-Ritchie et al., 1979). Although a reduction in EMG activity 

http:centr.al
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over ~~he course of fatigue would occur with a declining drive froJll the motor cortex, 

it may also be reflective of an excitatory failure in the motorneuron pathways. 

It is well documented that voluntary muscle fatigue is accompanied by 

signi1icant reductions in motorneuron firing rates (Marsden et al., 1971; Grimby et 

al., 1981 b; Bigland-Ritchie et al., 1982a, 19e3a; 1986; Kranz et al., 1985) and 

theSE! reductions probably account, at least in part, for the declines in EMG activity 

with fatigue. Utilizing an ulnar nerve block, Marsden and colleagues (1971) 

demonstrated that the firing rates of an aberrant motor unit innervated by the 

median nerve declined from 1 00 Hz to 20 Hz within 30 seconds of a maximal effort 

of th3 adductor pollicis. Likewise, during a few seconds of a maximal sustained 

effort of the extensor hallucis brevis motor unit discharge rates have been shown 

to dedine from 60Hz to 25Hz in untrained subjects (Grimby et al., 1981 b). It has 

been suggested recently that these declines are a result of a reflex-inhibition of the 

motorneuron pool with a subsequent reduction in motorneuron excitability 0fVoods 

et at, 1987; Garland et al., 1988). 

There has been speculation,that a reduction in the excitability and firing 

rate~; of motorneurons during voluntary contractions may be a direct cause for the 

deve!lopment of muscle fatigue (Grim by et al., 1981 b). However, an even greater 

impc;1irment in muscle function would be expected if motorneuron firing rates were 
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maintained throughout fatigue. This has been demonstrated .. by Jones and co­

workHs (1979) who obseNed a greater decline in evoked torque output of the 

adductor pollicis during 80 Hz tetanic stimulation in comparison to when the 

stimu:ation frequency was gradually reduced over the course of the contraction. 

It wa~; explained that during fatigue, maximal muscle activation can be attained 

with I ::>wer than normal motorneuron firing rates due to an overall slowing of the 

contractile apparatus and subsequent decline in the fusion frequency of the muscle 

(Bigland-Ritchie et al., 1979). Therefore, reductions in motorneuron excitability and 

discharge rates likely seNe to optimize, rather than impair, muscle activatioll, 

throughout fatigue. 

1.3 Peripheral Sites of Fatigue: 

1.3.1 The Compound Muscle Action Potential (M-Wave): The compound 

muscle action potential (M-wave) is the algebraic sum of all of the impulses evoked 

in a population of muscle fibres. Consequently, the M-wave offers useful 

information regarding state of activity of the neuromuscular apparatus during 

fatigue. For example, the peak-to-peak amplitude of the M-wave is representative 

of muscle membrane excitability since it is dependent on the resting membrane 
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potential (Em) of single muscle fibres and on the size of the aqtion potentials from 

the individual fibres. The M-wave amplitude also is affected by the number of 

activ13 muscle fibres and therefore, it is illustrative of the integrity of neuromuscular 

transmission as well. 

Knowledge regarding the duration and the area of the M-wave can help to 

discmn whether alterations in the M-wave amplitude during fatigue are a result of 

changes in neuromuscular transmission or muscle membrane excitability. The 

duration of the M-wave is influenced by the synaptic delay across the 

neuromuscular junction, the synchronization of the muscle fibre action potentials 

and the conductance of the inward sodium (Na+) and the outward potassium (K+) 

channels within the muscle fibre membranes. It has been postulated that a loss 

of M-wave amplitude and area accompanied by a prolongation of the waveform is 

indicative of neuromuscular transmission failure with a subsequent dispersion in 

motor unit firing (Big land-Ritchie et al., 1979). Alternatively, if the amplitude of the 

M-wave is maintained despite incr~ases in the duration and area, a slowing of 

conduction velocity along the muscle fibre membrane could explain a reduction in 

muscle membrane excitability (Bigland-Ritchie et al., 1979). 
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1.3.:2 Neuromuscular Transmission: The M-wave has be.en used extensively 

to a~;sess the integrity of neuromuscular transmission during evoked and voluntary 

muscle fatigue. Declines in the amplitude and the area of the M-wave during 

muscle stimulation protocols indicate that the development of fatigue with evoked 

contractions is due partly to propagation failure between the nerve endings and the 

mu~;cle fibres (Bigland-Ritchie et al., 1979, Pagala et al., 1984; Duchateau and 

Hainaut, 1985). It has been suggested that this failure might occur due to a 

reduced excitability in the nerve terminal branches or muscle fibre endplates, or 

because of impaired transmission across tt"te neuromuscular junction (Bigland­

Ritchie et al., 1979). 

In contrast to the scenario during evoked contractions, there is very little 

evidence to suggest that neuromuscular transmission failure contributes to 

voluntary muscle fatigue. For example, in Merton's classic 1954 study it was 

demonstrated that during a 3 minute MVC of the adductor pollicis, the M-wave 

amplitude was maintained despite a significant reduction in the force generating 

capacity of the muscle. Merton (1954) interpreted these results as being indicative 

of intact impulse propagation across the neuromuscular junction over the course 

of fatigue. More recently, Bigland-Ritchie and colleagues (1982b) utilized both the 

amplitude and the area of theM-wave to study the effectiveness of neuromuscular 

,. 



11 

transmission during voluntary fatigue of the first dorsal interosseous and the 

adductor pollicis muscles. It was found that the M-wave properties were 

unaffected by a 60 second MVC manoeuvre despite a 30 to 50% loss in muscle 

force. These results not only confirm earlier observations made by these 

resean~hers in the adductor pollicis muscle (Bigland-Ritchie et al., 1979), but they 

also VE~rify that neuromuscular propagation remains viable throughout voluntary 

muscle fatigue. 

Declines in the size of the M-wave during sustained contractions of the first 

dorsal interosseous (Stephens and Taylor, 1972) and the adductor pollicis 

(Bellemare and Garziniti, 1988) muscles have been reported. Accordingly, these 

investi~Jators suggest that muscle fatigue during voluntary contractions is caused 

by neuromuscular transmission failure. The results of the study conducted by 

Stephens and Taylor (1972) have been criticized, however, since only a portion of 

the M-wave was observed over the course of the fatigue trials (Bigland-Ritchie et 

al., 191'9; 1982b). Similarly, Bellemare and Garzaniti (1988) examined only the 

area or the initial, positive deflection of the evoked waveform. It is unlikely, 

therefo1·e, that the M-wave recordings made in these studies were reflective of 

impulse~ transmission across the neuromuscular junction. 
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1.3.3 JVIuscle Membrane Excitability: The excitability of muscl~ fibre membranes 

largely depends on the maintenance of Na+ and K+ gradients between the intra­

and extracellular compartments. Any perturbation in these ionic concentrations 

would be expected to affect muscle excitability by altering the Em of the single 

musck~ fibres. This relationship is described by the Goldman-Hodgkin-Katz 

equation (Hodgkin and Katz, 1949): 

Em= R·T loge pK [K+]9 + pNa [Na+]9 

F pK [K+]i + pNa [Na+]i 

where R is the universal gas constant, T is the absolute temperature, F is the 

Faraday constant, pK and pNa are the membrane permeabilities to K+ and Na+, 

respectively, and [ ]9 and [ ]i represent the extra- and intracellular ionic 

concentrations, respectively. Thus, it has been calculated that if the extracellular 

K+ concentration is increased to 8 meq/1, Em would be depolarized by 

approximately 18 mV causing as many as 50% of the inward, voltage-dependent 

Na+ channels to be inactivated (Hodgkin and Huxley, 1952). Naturally, such an 

incree.se in the extracellular K+ concentration would significantly affect the 

ampli1ude of the single fibre and compound muscle action potentials as well. This 

has baen demonstrated in an in vitro,preparation of non-fatigued skeletal muscle, 

http:incree.se
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where an increase in the K+ concentration of the bathing medi~m from 5 mM to 10 

mM 1:;aused a 70% reduction in the muscle action potential (Jones, 1981 ). 

Within an individual muscle fibre, the production of a single action potential 

occurs due to the movement of Na+ into the cell and a concomitant release of K+ 

into the extracellular space; it has been estimated that in the frog sartorius 

muscle, the extracellular concentration of Na+ is reduced by 0.5 mM while that of 

K+ is, increased by 0.2 mM for every action potential fired (Adrian and Peachy, 

1974). Consequently, during prolonged muscle activity when several thousand 

action potentials are generated, there is a significant release of K+ from the cell 

(Fenn and Cobb, 1936; Hirche et al., 1980; Juel et al., 1990; Medbo and Sejersted, 

1990). It has been demonstrated that venous K+ concentrations may rise up to 8.3 

meq/1 during 1 minute of exhaustive exercise (Medbo and Sejersted, 1990). 

Mon:wver, muscle fibres probably are exposed to K+ concentrations in the 

interstitial spaces that greatly exceed those predicted by measurements of plasma 

K+ (Vyskocil et al., 1983, Hnik et al., 1986). In fact, one study employing ion 

sensitive electrodes to measure interstitial K+ detected concentrations as high as 

15 rnM in the human forearm during maximal exercise (Hnik et al., 1986). During 

exercise, therefore, the rise in extracellular K+ can place a significant physiological 

stress on the excitability of skeletal muscle. 
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To counteract the increased extracellular K+ concentrati9ns brought on by 

musclo activity, healthy muscle fibres are equipped with a membrane bound Na+­

K+ ATPase which attempts to restore K+ homeostasis across the cell membrane. 

The Na+-K+ pump is stimulated by increasing concentrations of intracellular Na+ 

and extracellular K+. In addition, the activity of the Na+-K+ pump is under 

adrenorgic control and is mediated specifically by the B2-adrenoceptors (Lockwood 

and Lum, 1974; Rogus et al., 1977; Clausen and Flatman, 1980). Therefore, 

during exercise, an increase in catecholamine release from the adrenal medulla 

stimulates Na+-K+ pump activity and thereby enhances K+ re-uptake into the 

muscle. 

In addition to restoring ionic gradients across the muscle membrane, the 

Na+-K+ pump contributes to Em because it transports more Na+ than K+ during each 

cycle. The electrogenic contribution of the Na+-K+ pump to Em depends on both 

the coupling ratio (Na+ in : K+ out) and the activity of the pump. Although the 

amount of Na+ and K+ carried with each cycle of the pump may vary under 

diffemnt conditions, a coupling ratio of 3 Na+:2 K+ is generally accepted (see 

Thomas, 1972). Thus, at rest, the Na+-K+ pump has been shown to add 

approximately 10 mV to Em (Hicks and McComas, 1989). In comparison, this 

electrogenic contribution may increase up to 30 mV during exercise when the 
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activity of the pump is heightened (Hicks and McComas, 1989):. It is through this 

electrogenic contribution that the Na+-K+ pump helps to maintain muscle membrane 

excitability despite large increases in extracellular K+ concentrations. 

Many fatigue studies have utilized the M-wave to confirm that muscle 

memb1·ane excitability is maintained during voluntary muscle activity. As indicated 

in Section 1.3.2, most studies have found that the M-wave is unaffected by fatigue, 

suggesting that muscle excitability is preserved. In fact, it has been demonstrated 

that the M-wave amplitudes and areas may actually potentiate during fatiguing 

intermittent MVCs of the thenar and extensor digitorum brevis muscles (Hicks et 

al., 1989). In a series of experiments using rat soleus muscle, it was clearly 

shown that this M-wave potentiation in response to muscular activity is due to a 

stimulation of the Na+-K+ pump, causing a temporary hyperpolarization of the single 

muscl43 fibre membranes (Hicks, 1988; Hicks and McComas, 1989). Thus, it may 

be pm;sible to use the M-wave as a non-invasive index of Na+-K+ pump activity 

during fatigue of human skeletal muscle. 
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1.4 B-Biockade and Muscle Fatigue: 

1.4. ·1 Background: Muscular fatigue is a common complaint of individuals 

rece~iving B-blockade therapy (Epstein et al., 1965; Pearson et al., 1979; Lundborg 

et al., 1981}. In addition, a reduction in submaximal (Twentyman et al., 1981; 

Lau:stiola et al., 1983; Wilmore et al., 1985; Lund-Johansen, 1987} and maximal 

(Kaiser et al., 1983; Anderson et al., 1985; Gordon et al., 1985; Kullmer and 

Kinderman, 1985} aerobic exercise capacity following B-blockade has been well 

doc:.~mented. Nevertheless, the mechanisms contributing to the increased 

perception of muscle fatigue and the attenuated exercise performance elicited by 

B-blocking agents have not been identified clearly. 

It has been hypothesized that the hemodynamic effects of B-blocking agents 

might lead to a decline in exercise performance by attenuating exercise-induced 

increases in cardiac output (Ekblom et al., 1972; Gibson, 1974; Reybrouk et al., 

1977} and skeleta~ muscle blood flow (Trap-Jensen et al., 1976; McSorely and 

Warren, 1978). Other researchers also have postulated that alterations in lipid 

(Ga.lbo et al., 1976; Frisk-Holmberg and Ostman, 1977; Anderson et al., 1979) and 

carbohydrate (Mcleod et al., 1984; Chasiotis et al., 1983} metabolism with B­

bloekade might be responsible for a reduced exercise performance. However, as 
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reviewed by Fellenius (1983) and VanBaak (1988), the evidef1ce regarding these 

mechanisms is quite equivocal. Recently, more attention has been focused on the 

effects of B-blocking agents on K+ homeostasis during exercise. 

1.4.2 B-Biockade and K+ Homeostasis: As indicated in Section 1.3.3, the Na+­

K+ pump is under adrenergic control, mediated by the B2-adrenoceptors. 

Consequently, during in vitro animal muscle preparations, the activity of the pump 

can be inhibited by B-blockade (Clausen and Flatman, 1980). It has also been 

sugg,ested that Na+-K+ pump activity is inhibited in human skeletal muscle following 

the oral administration of clinical doses of B-blocking agents; this suggestion is 

base a on the consistent reports of significantly greater rises in plasma K+ 

conc~entrations during exercise under the influence of B-blockade (Carlsson et al., 

1978; Laustiola et al., 1983; MacDonald et al., 1984; Gordon et al., 1985; Kullmer 

and l<inderman, 1985; Williams et al., 1985; Cleroux et al., 1989). For example, •., 

MacDonald and colleagues (1984) report that during submaximal treadmill 

exereise, plasma K+ concentrations were significantly greater following treatment 

with B-blockade. Thus, peak serum K+ concentrations were 4.8 mmol/1 during the 

place~bo trial in comparison to 5.5 mmol/1 after acute administration of either 

metoprolol or propranolol (MacDonald et al., 1984, see their Figure 1). Carlsson 
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and a:>sociates (1978) also have observed significantly larger iqcreases in plasma ,. 

K+ concentrations during cycling exercise following a propranolol (5.1 mmol/1) and 

metoprolol (4.9 mmol/1) treatment in comparison to those seen during a placebo 

trial (4.6 mmol/1). Moreover, there is evidence to suggest that upon cessation of 

exerciBe, the recovery of plasma ~ concentrations to resting levels is delayed 

significantly by 6-blockade (Carlsson et al., 1978; Lundborg et al., 1981; Laustiola 
• 

et al., 1983; MacDona! d et al., 1984). 

Since the Na+-K+ pump is controlled by the 62-adrenoceptors, one might 

expect that the activity of the pump would be inhibited more by 61,2-antagonism 

(non-sHiective 6-blockade) versus selective 61-antagonism (selective 6-blockade). 

Accordingly, most studies have demonstrated that, in comparison to selective 6­

blockade, non-selective 6-blocking agents cause a significantly greater elevation 

in plasma K+ concentrations during exercise (Lundborg et al., 1981; Gordon et al., 

1985; Cleroux et al., 1989). 

His likely that an accumulation of extracellular ~ along with a reduction in 

the activity of electrogenic Na+-K+ pump during 6-blockade treatment would lead 

to impaired muscle excitability and increased fatiguability during exercise (see 

Section 1.3.3). A reduced force generating capacity of the muscle in the presence 

of 6-blockade might also be expected due to a depolarization of the muscle 
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membrane and subsequent decline in the size of the action p_otential; it has been 

suggested that calcium release from the sarcoplasmic reticulum and the number 

of cross-bridge interactions are proportional to the single muscle fibre action 

potEmtial amplitudes (Ashley and Ridgeway, 1970). However, whether B-blocking 

agents alter the excitability of skeletal muscle during exercise is not clear. 

1.4.3 B-Biockade and Muscle Excitability: To date, there is a paucity of 

information regarding the effect of B-blockade on muscle excitability and 

fati~Juability during exercise. In 1984, Tesch and Kaiser found that the voluntary 

EMG signals measured from the knee extensor muscles during continuous, 

submaximal exercise were not affected by the administration of the non-selective 

B-blocker, propranolol. In a more recent investigation, Kowalchuk and co-workers 

(19HO) also reported no change in the EMG signals measured from 6 different leg 

mu~;cles during submaximal cycling bouts following oral propranolol treatments. 

The results of these studies might suggest that muscle excitability is maintained 

during B-blockade administration. However, voluntary EMG signals probably do 

not provide an adequate assessment of muscle membrane excitability since they 

are affected by a number of factors outside of the muscle including the central 

motor drive, and the discharge rate and synchronization of motor neuron firing 
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patterns. Therefore, these investigations provide no conclusive ..evidence regarding 

the specific effects of B-blockade on muscle excitability. 

In comparison to voluntary EMG signals, the evoked M-wave provides a 

more accurate index of muscle membrane excitability. In a previous investigation, 

Cooper and associates (1988) utilized the M-wave to examine whether B-blockade 

alterE!d the excitability of the adductor pollicis muscle during intermittent, evoked 

contractions at various frequencies of stimulation ranging from 1 to 100 Hz. It was 

founa that the drug treatment had no effect on either the amplitude of the M-wave 

or th3 force generating capacity of the adductor pollicis over the course of 

stimulation. These results led to the conclusion that B-blockade does not affect 

peripheral muscle function during evoked contractions of the adductor pollicis. 

However, it could be argued that the adrenergic effects of B-blockade on K+ 

homeostasis were not recognized fully in this investigation since muscle stimulation 

was E!mployed to elicit fatigue. Fqr example, if the catecholamine response to 

voluntary and evoked contractions differs, then the contribution of adrenergic 

stimulation to Na+-K+ pump activity might not be similar during the two forms of 

muscle contractions. 
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1.5 Summary and Statement of Purpose: 

There are a number of possible mechanisms that might contribute to 

skeh~tal muscle fatigue by impairing muscle activation. For example, an elevation 

in the extracellular K+ concentrations during exercise could attenuate the force 

genmating capacity of muscle by depolarizing muscle fibre membranes and 

reducing the number of excitable muscles fibres. Fortunately, healthy muscle is 

equipped with an electrogenic Na+-K+ ATPase which not only helps to restore the 

intra· and extracellular ionic gradients, but also contributes to the Em of skeletal 

musGie. The activity of the Na+-K+ pump is therefore important for the 

maintenance of muscle excitability during exercise. 

Since the Na+-K+ pump is under adrenergic control via the B2-adrenoceptors, 

it mi~Jht be expected that the activity of the pump would be inhibited by B-blockade. 

Some researchers have suggested that this pump inhibition with a subsequent loss 

in muscle excitability may be a potential mechanism for the well-known attenuation 

of exercise capacity in patients receiving B-blockade therapy. 

The research described in this thesis was conducted to examine the effects 

of B ..blockade on muscle excitability and fatiguability during exercise. It was 

hypothesized that the administration of B-blocking agonist would expedite the 
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develcpment of muscle fatigue by contributing to a failure in flJUScle excitability. 

Furthermore, because the Na+-K+ pump is controlled primarily by the B2­

adrenoceptors, it was expected that muscle function would be impaired to a 

greater extent following non-selective versus selective B-blockade. 



Chapter 2 


Methods 


2.1 Subjects: Ten healthy males of similar fitness levels participated in all 

aspects of this project. Prior to acceptance into the study, all potential candidates 

were screened for any type of respiratory disorder with the use of a pre-screening 

questionnaire (see Appendix 1) and lung spirometry measures (Hand Held 

Pulmometer, Kinetix Co.). An affirmative response on the questionnaire and/or a 

ratio of the forced expiratory volume in one second to the forced vital capacity 

(FEV1:FVC) of less than 0.75 justified exclusion of the subject from any further 

participation in the study (Astrand, 1986). Subjects were also excluded if their 

maximum oxygen consumption (V02max) was greater than 60 ml/kg/min. 

The physical characteristics of the 1 0 subjects taking part in the study are 

summarized in Table 1. 

2.2 ~]eneral Description of the Experimental Design: This research was 

conducted in two phases. The initial study phase was performed to establish 

equipot~mt doses of the non-selective 81•2-antagonist, propranolol, and the selective 

B1 -anta~ronist, metoprolol, within each subject. In the second phase, the effects 
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Table 1: 

Summary of individual subject 'characteristics and group means (X) 
± standard deviation (SO). 
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Initials Age Wt FEV1:FVC V02max 
(yrs) (kg) (ml/kg/min) 

TA 
JB 
TC 
SF 
MN 
MP 
AP 
SP 
RW 
DW 

22 

21 

23 

20 

21 

22 

21 

24 

22 

23 


88 

84 

~9 
81 

76 

66 

70 

82 

82 

70 


0.78 
0.77 
0.75 
0.75 
0.79 
0.79 
0.77 
0.78 
0.75 
0.77 

42.6 
51.0 
51.6 
53.3 
51.3 
49.1 
54.3 
53.8 
50.8 
43.4 

X 21.9 76.8 0.77 50.1 

±SD 1.1 7.2 0.01 3.9 
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of the selective and non-selective B-blockade on muscle excitability and 

fatiguability were examined. 

2.3 Drug Administration: All of the subjects received a 100 mg dose of 

metoprolol, an equipotent dose of propranolol, or a placebo twice daily. In all 

cases, the agents were administered orally to the subjects for a three day period 

prior to the scheduled testing day. A final dose of the agent was taken on the 

morning of the test day, one hour prior to performing the experimental task. 

Subjt~cts were instructed to take the drugs at approximately the same time each 

day (morning and evening) and to abstain from eating or drinking from the midnight 

prior to the test day. Each of the drug trials were separated by at least 7 days to 

allow for complete drug washout. 

In the first study phase, both the investigators and subjects had knowledge 

of tho drug intervention. In contrast, phase 2 of this research was a double blind 

desi~rn and included the use of a placebo trial. 

2.4 Study Phase 1: Establishment of Drug Doses: This stage of the 

investigation was designed to establish the doses of propranolol required within 

each subject to produce effects equipotent to those elicited by 100 mg of 

metoprolol during exercise. 
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2.4.1 Apparatus: Symptom limited, maximal graded exercise tests were 

performed on an electrically braked cycle ergometer. Prior to their first test, each 

subject adjusted the seat of the cycle to a comfortable height and this position was 

kept constant for all subsequent tests. Throughout each exercise test, the subjects 

wem required to breathe through a rubber mouthpiece connected to a plexiglass 

valve system; a nose clip was used to prevent air escape through the nasal 

pas::;age. The valve system was open to room air for inspiration while enabling 

expired air to be delivered to an open circuit, gas collection system. This system 

was equipped with 0 2 (Beckman Oxygen Analyzer, OM-11) and C02 (Hewlett­

Packard Capnometer, 78356A) gas analyzers which allowed for the proportions of 

0 2 and C02 in the expired air to be measured. These values were read by 

custom-made software (Vacumetrics Inc.) in an IBM computer which computed the 

oxy~~en uptakes of the subject over the course of the exercise test. 

Throughout each exercise test, the heart rates of each subject were 

recorded (Respironics Inc., Exersentry Ill) with disposable silver/silver chloride 

monitoring electrodes (3M-No.2248). The recording electrodes were secured on 

the right and left surfaces of the chest approximately 3 em below the nipples. A 

ground electrode was placed between the recording electrodes, over the distal end 

of the sternum. Prior to the placement of the electrodes, the chest was shaved 

and the skin was abraded and wiped clean with rubbing alcohol. 
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2.4.2 Experimental Protocol: Each subject performed a symptom limited, 

maximal graded exercise test on an electrically braked cycle ergometer under 3 

different conditions: 

1) in a control state (no drug); 

2) while taking 100 mg of metoprolol, twice daily; 

3) while taking 80 mg of propranolol, twice daily. 

Durinu each exercise test, the workload was manually incremented at 2 minute 

intervals and the subject was instructed to maintain a pedalling rate of 60 rpm until 

exhaustion. The subject was also directed to remain seated throughout the entire 

exercise test. The test was terminated when the subject was unable to sustain a 

pedalling rate of 50 rpm. 

To determine whether the doses of metoprolol and propranolol were 

equipotent in each subject, the degree of heart rate attenuation brought on by 

each agent was compared at an absolute submaximal workload corresponding to 

70% of the V02max of the subject in the control state. The doses were considered 
,. 

to be equipotent if the submaximal heart rates at the 70% workload (HR70%) 

diffewd by less than ±5 beats per minute (bpm) during the two drug trials. Failing 

this, tl1e propranolol dose was adjusted by 20 mg, twice daily, (raised or lowered, 

depending on the effect required) and the subject performed an additional exercise 

test while taking this dose. In each subject, the dose of propranolol was titrated 
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in thi::> manner until the HR70% was within ± 5 bpm of that measured during their 

metoprolol trial. 

2.5 Study Phase 2: The Effect of B-blockade on Muscle Excitability and 

Fatiguability: The protocol in this investigation was developed to examine the 

effects of selective and non-selective B-blockade on muscle excitability and 

fatiguability during exercise. In all of the experiments, exercise was performed by 

the right knee extensors except in two subjects who had sustained a previous 
,. 

injury to their right leg; in these subjects, the left knee extensors were exercised. 

2.5.1 Stimulating and Recording Apparatus: The subjects sat with their knee 

flexed at a 90° angle and their back against an upright support. The position of 

the support was constant for each subject between the testing periods. The lower 

leg was secured in a custom-made metal brace with three Velcro straps fastened 

over the proximal, middle and distal aspects of the lower limb. Two Velcro straps 

were positioned over the proximal and middle portions of the thigh to secure the 

uppe·r leg throughout the test (see Figure 2a). 

The stimulating electrodes consisted of a rubber cathode and anode. As 

shown in Figure 2b, the cathode was placed in the inguinal crease, over the 

femoral nerve, while the anode was placed on the anterior aspect of the leg over 
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the middle portion of the thigh. Voluntary EMG activity and M-wave characteristics 

(see Figure 3) were recorded with a monopolar arrangement using two disposable ,. .. 
silver/silver chloride monitoring electrodes (3M-No.2248). The stigmatic electrode 

was placed over the belly of the vastus medialis and the reference electrode was 

secu1·ed approximately 2 em distal to this, just medial to the patella. A silver strip 

(6 mrn x 50 mm) ground electrode was placed on the postero-lateral aspect of the 

thigh, between the anode and the stigmatic electrode. Before placing the 

stimulating and recording electrodes, the leg was shaved and the skin was cleaned 

with an abrasive and alcohol. Following each test, the electrode locations were 

markod with indelible ink in order to keep their placement consistent on 

subselquent testing days. In a previous study, a coefficient of variation of 10% was 

calculated for M-wave amplitudes measured from the tibialis anterior between 

testinq days (Cupido et al., 1991). 

A high-voltage stimulator (Devices Stimulator 3072, Medical Systems Corp.) 

was used to deliver single 500 J.tS rectangular pulses to the femoral nerve. The 

timing of the stimulation and the data acquisition was performed by custom 

designed software (Stoelting Laboratory Controller). The EMG signals from the 

recording electrodes were fed into amplifiers with bandwidths of 20 Hz to 1.5 kHz. 

The EMG and the evoked and voluntary torques were sampled at a frequency of 

2.5 kHz and were streamed continuously to disc by means of a Dataq waveform 



Figure 2A: 


Leg apparatus for muscle fatigue studies. 

,. 

Figure 28: 

Stimulating and recording electrode placements. 

G = ground electrode 
R = reference electrode 
S = stigmatic electrode 
+=anode 
-=cathode 
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Figure 3: 

A sample trace of an M-wave recorded from the vastus 
medialis in one subject prior to fatigue. 

,. 



31 


T 
M-Wave 

Amplitude 

1
M-Wave 

Dural ion 

9 ms 

[ 2.8mV 



32 

scrolling board (WFS-200 PC; Dataq Instruments Inc.) in an IBM computer. The 

signals were also displayed in real time on a VGA computer monitor (CTX, Model 

2431 P). 

Custom designed CODAS analysis software was used to analyze all of the 

mechanical and electrical recordings. The mechanical properties that were 

measured included the evoked twitch torque (Pt) and the maximal voluntary torque. 

The EMG recordings included the M-wave amplitude, area and duration, and the 

integrated area of the voluntary EMG. A power spectral analysis of the voluntary 

EMG was also c~lculated using a fast Fourier transformation (custom designed 

software, J. Dowling). This procedure allowed for the median power frequency 

(frequency at which 50% of the power is below and 50% of the power is above), 

the low band area within a 20 to 40Hz bandwidth, and the high band area within 

a 80 to 1 00 Hz bandwidth to be analyzed. 

Throughout each of the exercise tests, M-wave characteristics were 

recorded also from the vastus medialis in the non-exercised leg. The stimulating 

and n3cording electrode placements were similar to that described above however, 

the non-exercised leg was left unsecured to prevent the subject from contracting 

the knee extensors for stability during the fatigue protocol. 
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2.5.2 Fatigue Protocol: On each test day, the stimulation intensity was adjusted 

to 10% greater than that needed to elicit a maximal twitch. Following this, baseline 

measures of the M-wave, twitch and maximal voluntary contraction MVC were 

recorded. 

The fatigue protocol consisted of intermittent, isometric MVCs of the knee 

extensors for 5 s every 7 s over a 4 minute period. During the MVCs, the 

interpolated twitch technique (Belanger & McComas, 1981) was used as an 

indie ation of the degree of muscle activation achieved by the subjects. A 

theoretical motor unit activation was calculated as follows: 

% MUA = Pt - ITT 

Pt 

The ·timing of the voluntary contractions was regulated by a computer controlled 

light. During each rest period between the contractions, M-waves and twitches 

were evoked simultaneously in the exercising and non-exercising leg. Following 

the fatigue protocol, recovery measures of theM-wave and twitch were recorded 

from both legs over a 15 minute period. The fatigue and recovery protocols are 

illustrated in Figure 4. 

2.6 Statistical Analyses: A two factor (drug x time) repeated measures 

analy:sis of variance was used to test for significant effects of B-blockade and 
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fatigue! on the dependent variables. Baseline differences between the exercised 

and non-exercised legs were tested using a between (leg)-within (drug) analysis 

of variance design. A Tukey A post-hoc analysis was employed to examine 

significant differences between means. Effects were considered significant at a 

level of p<0.05. 

Unless otherwise indicated, throughout the text values are stated as means 

± the standard deviation. 



Figure 4: 


Schematic diagram of the fatigue and recovery protocol. 
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Chapter 3 


Results 


3.1 Study Phase 1: Determination of Equipotent Drug Doses: 

Symptom limited, maximal graded exercise tests were performed to 

determine a dose of propranolol equipotent to that of 1 00 mg of metoprolol within 

each subject. Drug doses were considered to be equipotent if they produced 

similar heart rate attenuations (i.e. within ±5 bpm) at a workload corresponding to 

70% of the control V02max. 

3.1.1 Effect of B-blockade on Heart Rate Response: In 8 of the subjects, doses 

of 100 mg of metoprolol and 80 mg of propranolol were found to have equipotent 

effects. In contrast, these drug doses elicited different effects on the submaximal 

heart rates in 2 of the subjects, which required that the propranolol be titrated in,. 

thes~~ individuals. Thus, the heart rate attenuations brought on by 1 00 mg of 

metoprolol were matched by propranolol doses of 1 00 mg and 60 mg in subjects 

JB and MN, respectively. 

The effects of equipotent doses of metoprolol and propranolol on 

subrnaximal and maximal heart rates within each subject are summarized in Table 

36 
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2. Following the administration of either metoprolol or propranolol, both the 

submaximal and maximal heart rates were significantly lower than in the control 

state~. At submaximal exercise, the mean heart rates were attenuated by 31% (± 

5%) after the metoprolol trial and by 32% (± 4%) after the propranolol treatment. 

The degree of this heart rate attenuation was similar between the drug trials. In 

contrast, the heart rate reduction at exhaustion was significantly greater during the 

propranolol (34% ± 3%) versus the metoprolol trial (30% ± 4%). 

3.1.:2 Effect of B-blockade on Oxygen Uptake and Time to Exhaustion: Mean 

data for the oxygen uptakes in the control state and under the influence of 

metoprolol and propranolol are summarized in Table 3. Both the submaximal and 

the maximal oxygen uptakes were reduced by the B-blockade treatments, as 

illustrated in Figure 5. At submaximal exercise, the oxygen uptakes were reduced 

significantly by 9% (± 7%) during both the metoprolol and the propranolol trials. 

At maximal exercise, however, there was a significantly greater reduction in 

oxygen uptake following propranolol (19% ± 4%) versus metoprolol {1 0% ± 4%) 

administration. The time to exhaustion also was reduced significantly by the 

B-b lockade treatments. As summarized in Table 3, the mean performance times 

were reduced by 13% (± 8%) and 19% (± 8%) during the metoprolol and 



Table 2: 

Individual subject data and group means (± standard 
deviation) for submaximal and maximal heart rates during 
dynamic exercise in the control state or following treatment 
with either metoprolol or propranolol. 

* indicates mean is significantly different (p<0.01) from 
control. 

**indicates mean is significantly different (p<0.01) from control 
and metoprolol trials. 
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Subject Trial HR 700,4, %L HR max %L 
bpm bpm 

TA Control 176 184 
100 mg Metoprolol 128 27 140 24 
80 mg Propranolol 124 30 124 32 

JB Control 166 180 
100 mg Metoprolol 108 38 112 34 
100mg Propranolol 110 34 112 34 

TC Control 156 178 
100 mg Metoprolol 110 29 118 34 
80 mg Propranolol 112 28 118 34 

SF Control 182 202 
100 mg Metoprolol 122 33 132 35 
80mg Propranolol 122 33 122 40 

MN Control 158 186 
100 mg Metoprolol 112 29 132 29 
60mg Propranolol 110 30 126 34 

MP Control 190 198 
100mg Metoprolol 126 34 138 30 
80mg Propranolol 122 36 126 36 

AP Control 180 198 
100 mg Metoprolol 130 28 146 26 
80 mg Propranolol 130 28 136 31 

SP Control 168 186 
100 mg Metoprolol 120 29 130 30 
80 mg Propranolol 115 32 122 34 

RW Control 164 176 
100 mg Metoprolol 98 40 116 34 
8C mg Propranolol 102 38 114 35 

DW Control 162 182 
100 mg Metoprolol 120 26 140 23 
80 mg Propranolol 120 26 132 27 

X :t :SD Control 170:t11 187:t 9 
Metoprolol 117:t10* 31:t5 130:t1f 30:t4 
Propranolol 117:t a· 32:t4 123:t.,... 34:t3 



Table 3: 

Group means (± standard deviation) for submaximal and 
maximal oxygen uptakes and time to exhaustion (PT) during 
dynamic exercise in the control state and following treatment 
with either metoprolol or propranolol. 
(n = 10) 

* indicates mean is significantly different (p<0.01) from 
control. 

**indicates mean is significantly different (p<0.01) from control 
and metoprolol trials. 
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vo270% V02max PT 
Treatment ml/kg/min ml/kg/min min 

Control 40.6 ± 3.8 , 50.1 ± 4.1 16.5 ± 3.2 

Metoprolol 37.8 ± 4.2 * 45. 1 ± 3.3 * 14.3 ± 1.9 * 

Propranolol 36.6 ± 2.6 * 40.4 ± 3.4 ** 13.2 ± 1.9 ** 



Figure 5A: 

The effect of metoprolol and propranolol on submaximal 
oxygen uptake at an absolute workload corresponding to 70% 
of the control V02max. Values are group means± standard 
error (n=10). 

* indicates mean is significantly different (p<0.01) from 
control. 

,. 

Figure 5B: 

The effect of metoprolol and propranolol on maximal oxygen 
uptake. Values are group means± standard error (n=10). 

* indicates mean is significantly different (p<0.01) from 
control. 

**indicates mean is significantly different (p<0.01) from control 
and metoprolol trials. 
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propranolol trials, respectively. The reductions in the performance times were 

signifk:antly greater following the non-selective versus selective B-blockade. 

3.2 Study Phase 2: The Effect of Selective and Non-selective B-blockade on 

Muscle Excitability and Fatiguability During Exercise: Subjects performed a 4 

minutH fatigue protocol consisting of intermittent voluntary contractions of the 

quadriceps muscles in one leg. This protocol was conducted under the influence 

of either placebo, metoprolol, or propranolol, in order to observe the effects of 

selective and non-selective B-blockade on muscle excitability and fatiguability. 

Contractile properties of the quadriceps and electrical characteristics of both the 

active and inactive vastus medialis were analyzed during each fatigue protocol. 

3.3 Effect of B-blockade on the Evoked Twitch Torgue and the Voluntary Torgue: 

3.3.1 Baseline: The torques that were generated by the evoked twitches and 

the voluntary contractions prior to the onset of the fatigue protocols were not 

affected by the administration of either metoprolol or propranolol. Similarly, B­

blockade did not impair muscle activation during the voluntary contractions, as 

evidenced by the interpolated twitch torques. Table 4 summarizes the mean twitch 

torquHs and voluntary torques that were measured at baseline, prior to fatigue. 



' 


Table 4: 

Baseline values of evoked twitch torque (Pt), voluntary torque 
(MVC), interpolated twitch torque (ITT), and theoretical motor 
unit activation. Values are means ± standard deviation 
(n=1 0). 
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Pt MVC ITT MUA 
Trial (Nm) (Nm) (Nm) (%) 

Control 43.1 ± 12.5 239.9 ± 51.0 5.8 ± 5.0 87 
,. 

Metoprolol 43.6 ± 12.9 232.0 ± 43.0 6.3 ± 6.1 85 

Propranolol 42.9 ± 11.5 227.0 ± 48.2 7.0 ± 7.0 84 
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3.3.:2 Fatigue and Recovery: During the initial stages of each fatigue protocol, 

the evoked twitch demonstrated a significant potentiation. For example, at the 

onsot of the placebo trial, there was an enlargement of the twitch torque to 44% 

(± 23%) above the baseline value; this was similar to the twitch potentiation that 

was observed during the metoprolol and the propranolol conditions. 

As seen in Figure 6A, immediately after the initial twitch potentiation, there 

was a significant decline in the evoked torques which continued throughout the 

remainder of the fatigue protocols. During the placebo trial, 4 minutes of voluntary 

contractions resulted in a 77% (± 15%) reduction in the evoked twitch torque. This 

was similar to the 82% (± 17%) reduction and the 71% (± 19%) reduction observed 

during the metoprolol and the propranolol treatments, respectively. 

Figure 68 shows the voluntary torques over the course of the fatigue trials. 

There were significant declines in the mean voluntary torques during the control 

(55% ± 11%), the metoprolol (61% ± 8%) and the propranolol (56%± 17%) 

conditions; there was no significant difference in torque reduction between the 

trials. 

Following the fatigue protocols, the recovery of the evoked twitch torque 

was monitored over a 15 minute period. Voluntary torque was then re-assessed 

at tile end of this recovery period. Twitch torque began to recover immediately 

after the fatigue protocol and within 4 minutes after exercise it had returned to the 



Figure 6A: 

The effect of placebo, metoprolol, and propranolol on evoked 
twitch torques during the 4 minutes of intermittent voluntary 
contractions. Values are group means ± standard error 
(n=1 0). 

Figure 68: 

The effect of placebo, metoprolol, and propranolol on the 
voluntary torques generated over the 4 minutes of intermittent 
voluntary contractions. Values are group means ±standard 
error (n=10). 
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pre-fatigue value (see Figure 7A). The voluntary torque also demonstrated 

complete recovery after the 15 minute recovery period, as illustrated in Figure 78. 

To establish whether the declines in the voluntary torques over the course 

of the fatigue protocols were due to failure of neuromuscular activation, a 

supramaximal stimulus was superimposed over each of the voluntary contractions. 

When expressed as a per cent of the corresponding voluntary contraction, the 

interpolated twitch was not affecte~ by either the development of fatigue or the 

drug interventions. However, in some of the subjects, the absolute torques 

gene!rated by the interpolations became considerably larger toward the end of the 

fatigue protocols. In fact, in two subjects (SF and SP), the interpolated twitch 

torques actually exceeded the evoked torques generated by the preceding resting 

twitches, thereby precluding the calculation of the theoretical motor unit activation 

(as described by Belanger and McComas, 1981). The interpretation of these data 

is addressed further in the Discussion (see Section 4.6.1). 

3.4 Effect of B-blockade on M-Wave Characteristics: To investigate the 

effeGts of B-blockade on muscle excitability, M-wave characteristics were recorded 

from the vastus medialis of the exercised and non-exercised leg at rest and during 

each of the fatigue protocols. 



Figure 7A: 

The effect of placebo, metoprolol and propranolol on the 
recovery of the evoked twitch torques over 15 minutes 
following the fatigue protocols. Values are group means ± 

standard error (n=1 0). 

,. 

Figure 78: 

The effect of placebo, metoprolol and propranolol on the 
recovery of the voluntary torques 15 minutes following the 
fatigue protocols. Values are group means ± standard error 
(n=1 0). 
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3.4.1 Baseline: There was no effect of the metoprolol or the propranolol 

treatments on the amplitude, area or duration of the M-waves prior to fatigue; 

Similarly, these M-wave properties were not different between ttie exercised and 

non-e~xercised legs. The group means for the M-wave properties are summarized 

in Table 5. 

3.4.2 Fatigue and Recovery: Figure 8 illustrates the effects of the voluntary 

contractions and the B-blockade treatments on the amplitude and the area of the 

M-waves measured from the exercised legs. There were no significant changes 

in either the M-wave amplitude or area over the course of the fatigue protocols. 

Furthermore, although there was considerable variation between the trials, theM­

wavel amplitudes and areas were not affected significantly by the drug treatments. 

The M-wave duration also was unaffected by the drug interventions and remained 

constant throughout each fatigue protocol. 

M-wave properties were monitored throughout the recovery period 

imm•3diately following the exercise. The recovery patterns of the M-wave 

amplitude and area are shown in Figure 9. It can be seen that neither the 

amplitude nor the area differed significantly from baseline throughout the recovery 

period. The duration of the M-wave also did not change significantly over 



Table 5: 

Summary of the M-wave characteristics recorded from the 

exercised leg (EL) and the non-exercised leg (NL) at baseline, 

prior to fatigue. Values are group means ± standard 

deviation. 

M-wave amplitude and duration (n=1 0), M-wave area (n=9). 
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Amplitude Area Duration 
Trial (mV) (mVs) (ms) 

Control 
EL 
NL 

Metoprolol 
EL 
NL 

Propranolol 
EL 
NL 

16.5 ± 5.3 
13.2 ± 3.6 

16.8 ± 1.8 
13.0 ± 5.1 

16.4 ± 5.9 
13.3 ± 3.7 

,. 
0.119 ± 0.045 
0.1 04 ± 0.032 

0.133 ± 0.019 
0.101 ± 0.041 

0.126 ± 0.019 
0.106 ± 0.035 

29.0 ± 5.9 
31.1 ± 5.6 

32.0 ± 6.8 
33.1 ± 5.4 

31.8 ± 2.4 
32.6 ± 8.2 



Figure 8A: 

The effect of placebo, metoprolol, and propranolol on the M­
wave amplitudes measured from the exercised leg during 4 
minutes of intermittent voluntary contractions. Values are 
group means± standard error (n=10). 

,. 

Figure 88: 

The effect of placebo, metoprolol, and propranolol on the M­
wave areas measured from the exercised leg during 4 
minutes of intermittent voluntary contractions. Values are 
group means ± standard error (n=9). 



49 

20.0 

19.0 
> 
E 

18.0 
Q) 

"0 
::J 17.0 
4-J 

-
Ea. 

16.0 
<( 

15.0 
> 
Q) 

cu 
14.0~ 

I 
~ 

OJ ~---r----~---.----,---~r---~~~ 

0 35 70 105 140 175 210 240 

Time (s) 

0.16 

0.15 
Cl) -
;. 0.14 
E 

- 0.13 ­
cu 
Q) 
L. 0.12<( 

CD 0.11> cu 
~ 0.10 ,. 
~ 

OJ ~ 
0 35 70 105 140 175 210 240 

Time (s) • 
T 

• 

placebo 
metoprolol 
propranolol 

I 



Figure 9A: 

The effect of placebo, metoprolol, and propranolol on the 
recovery of the M-wave amplitude measured from the 
exercised leg over 15 minutes following the fatigue protocols. 
Values are group means ± standard error (n=1 0). 

Figure 98: 

The effect of placebo, metoprolol, and propranolol on the 
recovery of the M-wave area measured from the exercised leg 
over 15 minutes following the fatigue protocols. Values are 
group means ±standard error (n=9). 
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recove1ry, although there was a tendency for the M-wave to become prolonged 

immediately following exercise. 

The M-wave properties recorded from the exercised· leg were not 

signific;antly different than those measured from the non-exercised leg during the 

fatiguo protocol or the recovery period. 
' 

3.5 Effect of B-blockade on Voluntary EMG: The amplitude and the frequency 

characteristics of the voluntary EMG activity were examined to investigate whether 

muscle activation and excitability during fatigue were affected by either the 

selective or the non-selective B-blockade. Voluntary EMG was measured from 

both the exercised and the non-exercised legs, however, since the non-exercised 

leg was resting throughout the fatigue protocols, very little EMG activity was 

produced. Consequently, EMG analysis was conducted only on the signal 

recorded from the exercised leg. 

3.5.1 Baseline: The integrated EMG amplitudes during the pre-fatigue MVC 

were 0.731 mVs (± 0.249 mVs), 0.555 mVs (± 0.205 mVs), and 0.677 mV·s (± 

0.19:3 mVs) during the placebo, the propranolol, and the metoprolol trials, 

resp,3ctively. There were no significant differences between the drug treatments. 
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3.5.2 Fatigue and Recovery: There was no effect of the fatigue protocols on 

the EMG amplitude, as illustrated in Figure 10. Similarly, it can be seen that after 

the 1f) minute recovery period, the amplitude was not significantly different from 

baseline. 

In contrast to the EMG amplitude, the frequency characteristics of the 

voluntary EMG showed significant changes over the course of fatigue. For 

example, at the end of the fatigue protocols, the median power frequencies were 

reduced significantly by 30% (± 11 %), 28% (± 1 0%), and 28% (± 17%) during the 

control, the metoprolol and the propranolol trials, respectively. However, in each 

drug ·trial, there was a complete recovery of the median power frequency within 15 

minutes following exercise, as illustrated in Figure 11. 

The power of the EMG signals within low frequency (20 to 40 Hz) and high 

frequency (80 to 100 Hz) bandwidths also were significantly affected by fatigue. 

Figure 12 shows the low band and high band areas at baseline and following 

fatigue and recovery. At the end of the fatigue protocols, the power within the low 

frequency bandwidth was increased significantly from 16% (± 6%) to 23% (± 7%) 

of the total power within the EMG spectrum. There was also a corresponding 

reduGtion in the high band area from 13% (± 4%) to 10% (± 3%) of the total power. 

How1~ver, as can be seen in Figure 12, both the low and the high band areas 

returned to baseline following 15 mihutes of recovery after exercise. 
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There was no significant effect of either B-blocking agent on the changes 

which occurred in the median power frequency and the bandwidth frequencies 

during fatigue and recovery. 

Individual subject data for the oxygen uptakes, the evoked and voluntary 

torques, and the M-wave characteristics are summarized in Appendices 2, 3 and 

4, re:;,pectively. 



Figure 10: 

The effect of placebo, metoprolol, and propranolol on the 
EMG amplitude measured from the exercised leg during 4 
minutes of intermittent voluntary contractions and following the 
15 minute recovery period. Values are means ± standard 
error (n=9). 
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Figure 11: 

Effect of placebo, metoprolol, and propranolol on the median power 
frequency at baseline, following the 4 minute fatigue protocol, and 
after a 15 minutes recovery period (n=9) . Values are means ± 

standard error. 

** indicates a significant difference (p<0.01) between measurement 
times. 
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Figure 12A: 

Effect of placebo, metoprolol, and propranolol on proportion of EMG 
power spectrum between frequencies of 20 and 40 Hz at baseline, 
following the 4 minute fatigue protocol, and after a 15 minute 
recovery period (n=9). Values are means ± standard error. 

.. indicates a significant difference (p<0.01) between measurement 
times. 

Figure 128: 

Effect of placebo, metoprolol, and propranolol on proportion of EMG 
power spectrum between frequencies of 80 and 1 00 Hz at baseline, 
following the 4 minute fatigue protocol, and after a 15 minute 
recovery period (n=9). Values are means ±standard error. 

** indicates a significant difference (p<0.01) between measurement 
times. 
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Chapter 4 

Discussion 

The research described in this thesis was designed to investigate the effects 

of selective and non-selective B-blockade on muscle excitability and fatiguability 

during exercise. It was hypothesized that B-blockade would inhibit the activity of 

the membrane-bound Na+-K+ ATPase and thereby influence muscle excitability. 

Furthermore, since control of the electrogenic Na+-K+ pump is mediated specifically 

by the B2-adrenergic receptors, it was expected that the effects of B-blockade 

would be more pronounced following treatment with non-selective versus selective 

B-blocking agents. The results of this investigation suggest that peripheral muscle 

function is not affected by either selective or non-selective B-blockade during single 

limb t3xercise. Thus, the putative contribution of B-blockade to muscle fatigue may 

be related more to the central and/or hemodynamic effects of these agents. 

4.1 The Determination of Equipotent Doses of Metoprolol and Propranolol within 

each Subject: Prior to investigating the effects of B-blockade on muscle 
,. 

function, it was important to ensure that each subject would be receiving 

equipotent doses of the selective and the non-selective B-blocking agents. 

57 
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Therefore, in the initial stage of this research, dynamic exercise tests were 

performed to establish a dose of propranolol that would produce effects equipotent 

to th•:>se of 1 00 mg of metoprolol within each subject. 

In previous studies it has been assumed that doses of 100 mg of metoprolol 

and 80 mg of propranolol, each given twice daily, elicit similar effects within 

individuals (Grimby and Smith, 1978; McSorely and Warren, 1978; Anderson et al., 

197fl; Pearson. et al., 1979). However, since these agents differ slightly in their 

degrees of lipid solubility, they may be absorbed and distributed differently within 

the body, depending on the individual. For example, in this investigation, doses 

of 1 00 mg of metoprolol and 80 mg of propranolol did not produce equal heart rate 

attenuations in 2 of the 1 0 subjects studied. Thus, in one subject, a higher dose 

of propranolol was required, while in the other, a lower dose was needed to match 

the offects of 1 00 mg of metoprolol. These results obviously question the validity 

of assuming that pre-determined drug doses are equipotent within individuals. This 

assumption may therefore lead to a significant source of error in those studies 

designed to investigate the effects of B-blockade on various physiological 

responses to exercise. 

4.2 	 The Effects of B-blockade on Heart Rate Attenuation during Dynamic 

Exercise heart rates were reduced significantly by both of the B­
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blockade treatments, indicating that the drug doses utilized in this study were 

effective in inhibiting the sympathetic drive to the myocardium. The heart rate 

attenuations brought on at submaximal and maximal exercise by the metoprolol ,. 
and pmpranolol administrations are similar to those reported elsewhere in the 

literature (see Table 6). 

There was no difference between the effects of metoprolol and propranolol 

on the1 heart rates at submaximal exercise. In contrast, the maximal heart rate 

was rt3duced by a greater amount during the propranolol versus the metoprolol 

trial. The different effects of the drug doses on the heart rate response at 

exhaustion most likely were caused by a more complete inhibition of both the B1­

and the B2-adrenoceptors within the myocardium by the non-selective agent. 

4.3 The Effect of B-blockade on Oxygen Uptake and Endurance Time during 

Dynamic Exercise: 

4.3.1 Comparison to Other Published Values: The effects of B-blockade on 

oxygEm uptake have been studied previously, however, the results of these 

investigations are equivocal. While it has been suggested that both submaximal 

(fwentyman et al., 1981; Tesch and Kaiser, 1983) and maximal (Anderson et al., 



Table 6: 

Published data describing the effects of metoprolol and 
propranolol on exercise heart rate, oxygen uptake, and 
endurance time. 

erg. = ergometry 
HR = heart rate 
M = metoprolol 
P = propranolol 
ET = endurance time 
Ref = reference 
vo2 = oxygen uptake 

References: 

1 McSorely and Warren (1979) 
2 Anderson et al. {1979) 
3 Pearson et al. {1979) 
4 Franz et al. (1980) 
5 Lundborg et al. ( 1981) 
6 Kaiser et al. (1983) 
7 Tesch and Kaiser (1983) 
8 Anderson et al. (1985) 
9 Jilka et al. (1989) 



60 

. 
Ref Exercise Intensity Drug HR V02 ET 

(%l) (%l) (%l) 

1 cycle erg. 
•

40% V02max P-80mg 
M-100mg 

30% 
26% 

2 cycle erg. max P-80mg 32% 21% 

3 cycle erg. HR150 P-80mg 
M-100mg 

23% 
23% 

max P-80mg 
M-100mg 

18% 
11% 

4 cycle erg. HR130 
max 

M-100mg 25% 
28% 

5 cycle erg. 
•

50% V02max P-80mg 
M-100mg 

22% 
21% 

42% 
23% 

6 cycle erg. max P-80mg 
M-100mg 

9% 
5% 

17% 
8% 

7 cycle erg. submax 
max 

P-80mg 28% 
26% 

6% 
14% 

8 cycle erg. max P-80mg 27% 12% 14% 

9 treadmill max P-80mg 27% 13% 10% 
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197H; Hughson'et at., 1984; Kaiser, 1984) oxygen uptakes are reduced by B­

bloc1<ade, others report no effect of these agents during submaximal exercise 

(Reybrook et al., 1977; Hartling et al., 1980; Mcleod et al., 1985) or at exhaustion 

(Conway et al., 1971; Sklar et al., 1982; Gordon et al., 1985). There are a number 

of possible reasons for the disagreement, including inconsistencies in drug doses 

and methods of drug administration, as well as differences in the exercise modes 

and exercJise intensities utilized in the various studies. In contrast, the effect of B-

blockers on exercise capacity is quite clear, with most investigations demonstrating 

a siqnificant impairment in exercise performance following the administration of 

these drugs (Pearson et al., 1979; Lundborg et al., 1981 ; Kaiser et al., 1983; 

Anderson et al., 1985). 

In the present study, submaximal and maximal oxygen uptakes were 

reduced by 9% (± 7%) and 10% (± 4%) during the metoprolol trial and by 9% (± 

4%) and 19% (± 4%) during the propranolol trial, respectively. The time to 

exhaustiof was also depressed during lh9 metoprolol and the propranolol 

conditions by 13% (± 8%) and 19% (± 8%), respectively. As seen in Table 6, the 

results presented here compare well with those of other studies which also found 

a docrease in oxygen uptake and exercise performance with B-blockade. 
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4.3.:~ Comparison between Selective and Non-selective B-blockade: At 

subrnaximal exercise, oxygen uptake was reduced similarly by selective and non­

seleGtive B-blockade. In contrast, both the maximal oxygen uptake and the time 

to exhaustion were impaired to a greater extent by the non-selective B-blocking 

agent. These results support those reported earlier by Anderson and colleagues 

(198!5) who found a significantly greater reduction in maximal oxygen uptake 

following treatment with a non-selective agent (propranolol) in spite of a similar 

attenuation at submaximal intensities under either selective (atenolol) or non­

selective B-blockade. Other investigators also have found greater reductions in 

maximal oxygen uptake with the administration of non-selective versus selective 

B-bloeking agents (Kaiser et al., 1983; Jilka et al., 1988). 

4.3.3 Mechanisms for Reduced Exercise Performance with B-blockade: There 

may be a number of possible mechanisms for the reduced exercise performance 

in the presence of B-blockade. For example, an attenuation of the heart rate 

response to exercise following B-blockade has been shown to reduce both cardiac 

output (Epstein et al., 1965; Astrom, 1968; Furberg and Schmalensee, 1968; 

Ekblorn et al., 1972; Gibson, 1974; Reybrouk et al., 1977) and skeletal muscle 

blood flow to active tissue (Trap-Jensen et al., 1976; McSorely and Warren, 1978). 

Any modification in central or peripheral hemodynamics during exercise might 
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contribute to increased muscle fatigue by impairing oxygen delivery to the working 

musclos and thereby causing the muscle to rely more on anaerobic metabolism 

for enorgy supply (fwentyman et al., 1981; Kaiser et al., 1985a)'. Furthermore, 

' 
with impaired skeletal muscle perfusion an accumulation of metabolic by-products 

such as H+, La-, P1, and K+ would also contribute to the development of muscle 

fatigue. 

The impairments in hemodynamic responses to exercise have been shown 

to be more pronounced following non-selective versus selective B-antagonism 

(McSorely and Warren, 1978; Frisk-Holmberg et al., 1985; Lund-Johansen, 1987). 

In the current investigation, administration of propranolol resulted in a significantly 

greater attenuation in the maximal heart rate in comparison to that elicited by the 

metoprolol treatment. Thus, it is likely that propranolol had a greater effect than 

metoprolol on the central hemodynamic responses at exhaustion, which led to a 

more pronounced impairment in the peripheral blood flow to the active muscle 

tissue. It is possible that these effects were responsible for the larger attenuation 

of exercise performance during non-selective B-blockade. 

Alternatively, it has been suggested that a reduced exercise capacity with 

B-blockade might be due to alterations in muscle metabolism in response to 

adrenergic inhibition (Anderson et al., 1979; Fellenius, 1983; Kaiser et al., 1985). 

For example, there are reports that during submaximal and maximal exercise fat 
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metabolism is impaired (Galbo et al., 1976; Frisk-Holmberg et al., 1981; Lundborg 

et al., 1981 ; Laustiola et al., 1983; Cleroux et al., 1989) while carbohydrate 

utili:z:ation is unaffected (Galbo et al., 1976; Chasiotis et al., 1983; Cleroux et al., 

1989), or even augmented (Lundborg et al., 1981; Mcleod et al., 1984), by B­

bloGkade. Thus, B-blockade possibly results in a reduction in the utilization of non­

estmified fatty acid with a subsequent increase in carbohydrate metabolism. This 

pro posed 'shift' in muscle metabolism would cause a more rapid exhaustion of the 

mu:;cle energy supply with a corresponding decline in work performance. 

Furthermore, this effect would be more pronounced by non-selective B-blockade 

since the stimulation of lipolysis is mediated specifically by the B2-adrenoceptors. 

Again, this could explain the greater impairment in exercise performance following 

the non-selective B-blockade treatment. However, because a decreased exercise 

capacity in the presence of B-blockade has been demonstrated during short 

duration, submaximal exercise, in which a limited energy supply is not likely a 

contributing factor to fatigue (Twentyman et al., 1981 ), changes in muscle fuel 

metabolism can not be the sole mechanism responsible for the reduced muscle 

endurance during B-blockade. , 

Much attention has been paid recently to the possible role of K+ as a causal 

factor in the development of muscle fatigue (see Sjogaard, 1990). Furthermore, 

there has been some suggestion that the reduced exercise performance following 
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B-blockade treatment might be due to the effect of these agents on K+ 

homeostasis (Carlsson et al., 1978; Kullmer and Kindermann, 1985; Katz et al., 

1985; Cleroux et al., 1989). It is well established that the exercise-induced 

increases in plasma K+ concentrations are significantly greater following B-blockade 

treatm•:mt (see Section 1.4.2), possibly due to an inhibition of the adrenergically 

controlled Na+-K+ ATPase. It could be predicted that large increases in 

extrac•3llular K+ along with a reduction in the electrogenic contribution of the Na+-K+ 

pump would cause a depolarization of single muscle fibre membranes and a 

subsequent loss in muscle excitability and force generating capacity. However, 

wheth1er B-blockade contributes to muscle fatigue in such a manner has not been 

examined adequately to date. In the second stage of this project, studies were 

designed to investigate the effects of B-blockade on muscle excitability and 

fatiguability during exercise. 

4.4 The Effect of Selective and Non-selective B-blockade on Skeletal Muscle 

Excitability and Fatiguability: 

4.4.1 Methodological Considerations: The activity of the Na+-K+ pump is under 

adrenergic control, mediated specifically by the B2-adrenoceptors. It would be 

expe<:ted, therefore, that any effect of B-antagonism on the action of the pump 
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would be more pronounced following non-selective versus selective B-blockade. 

This has been substantiated by reports of significantly larger increases in plasma 

K+ con~entrations during exercise with non-selective versus selective B-blockade 

(Carls~;on et al., 1978; Lundborg et al., 1981 ; Kullmer and Kindermann, 1985; 

Gordon, 1985; Cleroux et al., 1989). If B-blockade inhibits exercise performance 

through its effects on K+ homeostasis and muscle excitability, one would predict 

that this attenuation would be greater with non-selective B-antagonism. In the 

current investigation, therefore, the effects of selective and non-selective a·­

blockade on muscle function were compared. The B1-antagonist, metoprolol, and 

the B1 2-antagonist, propranolol, were utilized since these agents possess similar 

pharmacological· and pharmacokinetic properties with the exception of their 

cardia selectivity. 

The selection of an appropriate muscle or group of muscles to be examined 

and the design of a suitable fatigue paradigm was based on a number of criteria. 

First, since the· purpose of the muscle activity was to induce significant 

perturbations in K+ homeostasis, the use of a large exercising muscle mass was 

desirod. Second, it was necessary that surface recordings of the evoked and 

voluntary EMG activity could be obtained from the muscle under investigation with 

relative ease. Finally, because there are a number of clinical implications 
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associated with this study, it seemed appropriate to examine a muscle that is used 

widely in daily activities. 

According to the above criteria, the quadriceps muscle group served as an 

ideal model for the purposes of this research. Several studies have demonstrated 

that plasma K+ concentrations significantly increase with contractions of the 

quadriceps muscles during knee extension exercise (Saltin et al., 1981; Sjogaard 

et al., 1985, 1988; Juel et al., 1990). For example, Juel and colleagues (1990) 

reported a significant increase in venous K+ concentrations from 4.2 to 6.8 mmol/1 

durin~J single leg, knee extension exercise to exhaustion. Utilization of the 

quadriceps also allowed for the EMG properties of the vastus medialis to be 

examined. Since it has been suggested that the 4 muscles of the quadriceps 

group contribute equally to force development up to 15° of knee extension 

(Basrnajian, 1972), the electrical recordings from the vastus medialis should be 

representative of the entire exercising muscle mass. Lastly, knee extension 

exercise is used in daily activities such as walking and stair climbing and therefore 

is relovant to both non-clinical and clinical populations. 

The use of the quadriceps muscle group necessitated that a voluntary 

fatigue paradigm be utilized due to the extreme discomfort and possible hazards 

associated with maximal repetitive stimulation of the femoral nerve. An intermittent 

fatigue protocol was employed with maximal voluntary contractions being 
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performed in a work to rest ratio of 5 seconds to 2 seconds. This protocol was 

convenient because it induced significant fatigue development over a relatively 

short time period, it enabled blood flow to the active muscle ·to be maintained 

throughout the exercise, and it allowed for M-waves to be recorded in the rest 

inte1vals over the course of fatigue. In addition, in a recent investigation, large 

incn3ases in K+ flux were shown to occur during a knee extension protocol similar 

to the one employed here (Juel et al., 1990). 

Unlike previous investigations, M-wave characteristics from a non-exercising 

mu~•cle mass also were measured throughout the fatigue protocol. During 

exe1rcise, the release of K+ from active muscle into the plasma is counteracted, in 

part, by an increased K+ uptake by inactive tissues (Kowalchuk et al., 1988). This 

uptake probably is due to a stimulation of Na+-K+ ATPase in the presence of 

elevated circulating catecholamines and/or increased extracellular K+ 

concentrations. It was postulated, therefore, that in the control state, an exercise­

induced hyperkalemia might be accompanied by a brief period of M-wave 

pot13ntiation in an inactive muscle due to an increased Na+-K+ pump activity (see 

Section 1.3.3). In contrast, an inhibition of the Na+-K+ pump during B-blockade 

should reduce any potentiation that might occur in the M-wave in response to 

hyperkalemia. To investigate this possibility, M-wave characteristics were recorded 
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from tile vastus medialis in the inactive leg over the course of each fatigue 

protocol. 

4.5 The Effect of B-blockade on Muscle Strength: The results presented here 

indicate that B-blockade has no apparent effect on the force generating capacity 

of skeletal muscle. These findings agree with several other reports of both evoked 

and voluntary muscle strength being unaffected by treatment with B-blocking 

agents (Grimby and Smith, 1978; Rusko et al., 1980; Alway et al., 1987, 1988; 

Hughson et al., 1987; Cooper et al., 1988). For example, Alway and colleagues 

(1987, 1988) have examined the effe<;ts of B-blockade on the contractile properties 

of the triceps surae and the tibialis anterior muscles. In these investigations it was 

observed that both the twitch torque and the evoked torque output during short 

bursts of stimulation at frequencies ranging from 1 0 to 1 00 Hz were well 

maintained following the administration of propranolol. Furthermore, the 

propranolol treatment did not alter the maximal voluntary strength of the triceps 

surae (ftJway et al., 1987) or the tibialis anterior (ftJway et al., 1988). Similar 

obser11ations also have been made by Grimby and Smith (1978) who found no 

effect of either propranolol or metoprolol on the isometric and dynamic strength of 

the quadriceps during voluntary knee extension. Thus, based on previous 

investigations and the results presented here, there is no evidence to suggest that 
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6-blockade affects either the central or the peripheral components of force 

development during brief periods of muscle activity. 

4.6 The Effect of 6-blockade on Fatigue Development: To examine whether 

the reduced dynamic exercise performance was due to increased muscle fatigue 

during the 6-blockade trials, subjects performed a voluntary fatigue paradigm under 

the influence of placebo, metoprolol and propranolol treatments. During each trial, 

the dovelopment of muscle fatigue was assessed by observing the decline in 

maximal force output and by analyzing the power spectral density of the voluntary 

EMG •activity from the vastus medialis. 

Frequency analysis of EMG activity has become a widely used tool in the 

assessment of skeletal muscle fatigue because it provides information regarding 

motor unit firing patterns that is unavailable through simple integration of the 

waveform. Additionally, power spectral analysis is highly reproducible within 

subje<:ts; there is one report suggesting a variability in the mean power frequency 

durin~! fatigue of only 2.0 Hz within subjects over 5 separate testing days (Daanen 

et al., 1990). During fatigue, a spectral shift in the power of the EMG signal to 

lower frequencies is well documented (Undstrom et al., 1970; Komi and Tesch, 

1979; Petrofsky and Und, 1980; Mills, 1982; Petrofsky et al., 1982). Several 

mechanisms are said to be responsible for this shift including decreases in 
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conduGtion velocities along individual muscle fibres (Lindstrom et al., 1970; Komi 

and TE~sch, 1979), reductions in motor neuron firing rates (Moxham et al., 1982), 

and inGreases in synchronization of motor unit firing (Lippold et al:, 1960; Person 

and Kudina, 1968). 

During each of the fatigue protocols there was a significant decline in the 

force ~)enerating capacity of the quadriceps muscles, as evidenced by an 80% 

reduction in the evoked twitch torque and a 60% reduction in the voluntary torque. 

Fatigue-induced shifts in the power frequency characteristics of the EMG activity 

also were seen during each of the exercise trials; both a decline in the median 

power frequency and an increase in the low to high bandwidth area ratio were 

observed. The 30% reduction in the median power frequency during each of the 

fatigue' protocols in the present study is similar to the 31% decline demonstrated 

by Mills (1982) and the 25% decline found by Komi and Tesch (1979) in previous 

studie:s dealing with muscle fatigue. 

The concomitant reductions in the maximal force generating capacity and 

the fre1quency function of the EMG power spectrum clearly indicate a significant 

development of fatigue over the course of each protocol. Furthermore, the failure 

of the twitch torque to return to the pre-fatigue value even after a 15 minute 

recovory period suggests that the decline in muscle force was due primarily to the 

development of low-frequency fatigue (see Edwards, 1981 ); the contribution of the 
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twitch potentiating mechanism throughout fatigue and recovery was probably 

responsible for the apparent recovery of the twitch within 4 minutes following 

exercise (see Garner et al., 1989). 

4.6.1 The Effect of Selective and Non-selective B-blockade on Muscle 

Fatiguability: The results of this investigation suggest no effect of either 

selective or non-selective B-blockade on the fatiguability of skeletal muscle during 

voluntary muscle activity. Although these observations were contrary to the 

hypotheses of this thesis, they are in accordance with the findings of some 

previous studies which also have examined the effects of B-blockade on muscle 

endurance (Grimby and Smith, 1979; Rusko et al., 1980; PJway et al., 1987, 1988; 

Coopetr et al., 1988). Grimby and Smith (1979) have reported that neither 

metoprolol nor propranolol contribute to increased muscle fatigue during maximal, 

intermittent knee extension exercise. Similarly, Alway and associates (1988) found 

that the fatiguability of the tibialis anterior during intermittent, evoked contractions 
' 

was not influenced by the administration of propranolol. 

The observations made in this study provide little evidence for increased 

muscle fatiguability during single limb exercise following B-blockade treatment. 

Nevertheless, there is some indication that the B-blocking agents might lead to an 

impaired dynamic exercise performance by contributing to the development of 
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central muscle fatigue. It is known that lipophilic agents such as metoprolol and 

propranolol are capable of entering the central nervous system (Cruickshank, 

1990) and it is possible, therefore, that these agents could alter the central motor 

drive during exercise. The suggestion of a decreased central drive in the presence 

of B-blockade has been made previously (Alway et al., 1987b; Peterson, 1990). 

In an ,earlier investigation, the interpolated twitch technique was used to assess 

motor unit activation during knee extension exercise in cardiac rehabilitation 

patien~ts (Peterson, 1990). It was 'observed that patients receiving chronic a­

blockade therapy were less able than their non-B-blocked counterparts to attain full 

musclo activation during a maximal voluntary contraction (55% MUA versus 78% 

MUA, respectively). 

In the present study, the subjects were capable of achieving normal levels 

of motor unit activation during a single maximal voluntary contraction, regardless 

of the B-blockade treatments. However, throughout fatigue, the calculation of a 

theoretical motor unit activation was prevented by the extremely large interpolated 

twitch torques observed in some subjects. In Appendix 5, it can be seen that in 

2 of the individuals examined, the interpolated twitch torques actually exceeded the 

torque~; generated by the preceding twitches toward the completion of the fatigue 

protocols. Since this phenomenon was seen only during a metoprolol and a 

propranolol trial, it 'could be postulated that it was a consequence of the central 
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effectB of these drugs. The large interpolated twitch torques, however, were not 

associated with a greater reduction in voluntary force generating capacity during 

the B-blockade trials. Therefore, it is possible that these observations were a 

result of factors other than the B-blockade treatments. 

The phenomenon of post-tetanic twitch potentiation is well documented 

(Vand•3rvoort et al., 1983; Alway et al., 1987; Garner et al., 1989). Thus, it has 

been reported that following a single maximal voluntary contraction sustained for 

10 sec:onds, the evoked twitch torque may be increased by as much as 140% 

(Vandorvoort et al., 1983). Accordingly, it is possible that a voluntary contraction 

also causes a potentiation of the interpolated twitch torque. If this is true, 

comparison of the interpolated twitch torque to the preceding resting twitch could 

lead to an underestimation of the calculated motor unit activation. When 

employing the interpolation technique to evaluate muscle activation, it may be 

appropriate, therefore, to compare the superimposed twitch to a resting twitch that 

has be·en potentiated by a preceding voluntary contraction (Lloyd et al., 1991 ). 

The intermittent fatigue protocol utilized in this investigation probably eliminated the 

effects of twitch potentiation on the estimation of motor unit activation since each 

resting twitch was preceded and followed by a voluntary contraction. Therefore, 

it is like1ly that both the resting and the interpolated twitch torques were increased 

similar!'{ by the potentiating effects of the muscle contractions. 
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A more probable explanation for the large interpolated twitch torques 

observed in this study involves the previously described "catch property" of skeletal 

muscle (Wilson and Larimer, 1968; Burke, 1970). It has been demonstrated that 

the ins,3rtion of a short stimulus into a low frequency train of stimuli can produce 

a significant and prolonged enhancement of isometric force (Wilson and Larimer, 

1968). It is feasible that this catch property could contribute to an enlargement in 

the interpolated twitch torque in certain situations. For example, if a superimposed 

stimulus is slightly asynchronous with a voluntary train, an enhancement in the 

interpolated twitch torque and subsequent voluntary torque might be expected. 

The catch· property of skeletal muscle is most pronounced when the 

stimulu:; train occurs at a frequency between 10 and 20Hz (Burke et al., 1970). 

During brief voluntary contractions motor unit firing rates may range from 30 Hz 

to 100 Hz, depending on individual muscle properties (Marsden et al., 1971; 

Grimby et al., 1981; Bellemare et al., 1983; Bigland-Ritchie et al., 1983). However, 

it is well documented that during fatigue, discharge rates may be reduced to as low 

as 15 to 20 Hz as a protective mechanism for skeletal muscle function (Marsden 

et al., 1 H71; Grimby et al., 1981; Bigland-Ritchie et al., 1983). Consequently, one 

might predict a catch enhancement of isometric force to contribute more 

significantly to the interpolated twitCQ torque as the muscle fatigues, which may 

question the validity of using the interpolated twitch technique to assess motor unit 
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activation under these conditions. This possibility could be explored in future 

studieH by interpolating a single stimulus at various inter-spike positions within an 

evoked train of stimuli. 

4.7 The Effect of Fatigue and B-blockade on Skeletal Muscle Excitability: 

4.7.1 Control (Placebo): Over the course of fatigue and during the recovery 

period, both theM-wave amplitude and area were well maintained and the duration 

of the waveform remained constant. Similarly, the development of fatigue had no 

effect on the amplitude of the voluntary EMG signals. Thus, according to the M­

wave and EMG recordings, the significant declines in the force generating capacity 

of the knee extensors could not be explained by an excitatory failure in the 

neuromuscular apparatus. 

Previous investigations also have utilized surface EMG techniques to 

demonstrate that neuromuscular excitability is not impaired during voluntary muscle 

fatigu4~ (Merton, 1954; Bigland-Ritchie et al., 1979; Hicks et al., 1989). Typically, 

these studies have found that muscle fatigue is accompanied by a reduction in the 

voluntary EMG activity (Stephens and Taylor, 1972; Bigland-Ritchie et al., 1979; 

Garland et al., 1988) and a maintenance or potentiation of the M-wave (Bigland­

Ritchie et al., 1979, 1982; Hicks et al., 1989) measured from the active muscle 
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mass. The mechanisms responsible for these alterations have been addressed 

already in the Introduction. 

Contrary to earlier findings, there was no observation oi any consistent 

chang•3S taking place in either the ,EMG or the M-wave characteristics during 

fatigue in the present study. There may be a number of possible reasons for this 

disparity. For example, any mechanism causing a reduction in the central motor 

drive (•3.g. a decreased voluntary effort and/or a selective shift in the activation of 

synergist muscles (Lippold et al., 1960; Lindstrom et al., 1974, Komi and Tesch, 

1979), would impair the development of a maximal contraction and thereby could 

allow for the electrical changes that occur with fatigue to be avoided. In support 

of this possibility, the consistent increases in the interpolated twitch torques toward 

the end of each fatigue protocol could be indicative of impaired drive to the motor 

cortex, suggesting the presence of some central fatigue. 

On the other hand, the failure to observe any electrical changes in the 

fatigued vastus medialis could also have been a result of the recording apparatus 

utilized in this study. In comparison to signals obtained from intramuscular 

electrodes, surface recordings may be affected by such factors as skin resistance, 

electrode impedance, subcutaneous and intramuscular adipose tissue, skin 

temperature, and perspiration (Kimura, 1989). Thus, in all likelihood, small 

fluctuations in the electrical characteristics of muscle fibre membranes are not 
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deteGted by surface electrodes. Furthermore, it is unlikely that surface EMG 

signals are influenced to the same degree by superficial and deep muscle fibres, 

especially when recorded from a large muscle mass. Therefore, unless all fibres 

respond similarly to muscle fatigue, surface recordings probably do not provide an 

accurate representation of the electrical fluctuations that occur in single muscle 

fibre membranes in response to muscle activity. 

4.7.~! B-Biockade: The metoprolol and the propranolol treatments had no 

significant effect on the responses of the voluntary and evoked EMG signals over 

the c:ourse of fatigue. Additionally, despite the administration of B-blocking agents, 

the recovery EMG activity and M-wave recordings following the fatigue paradigms 

behaved similarly to those seen during the control state. These results offer no 

evidence that selective or non-selective B-blockade had any effect on the 

excitability of the vastus medialis throughout the fatigue and recovery protocols. 

Previous researchers have suggested that B-blockade does not affect 

muscle excitability during exercise (Tesch and Kaiser, 1984; Cooper et at., 1988; 

Kowalchuk et al., 1990). The results of these studies could be criticized, however, 

sinc,e the methodologies utilized may not have been appropriate to test their 

hypotheses (e.g. interpretation of only voluntary EMG signmals; utilization of 

evo~ced contractions in a small muscle group). The design of the present 
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inve~;tigation corrected for these methodological problems by examining the effects 

of B-blockade on EMG and M-wave recordings during voluntary fatigue of a large 

musGie group. In spite of this, the results of the current study are not different 

from those reported earlier. 

If the B-blockade treatment employed in this study was effective in inhibiting 

the tJa+-K+ pump and significantly perturbing K+ homeostasis, then the apparent 

maintenance of neuromuscular excitability throughout fatigue is a puzzling 

observation. There are several possible explanations for the results obtained in 

this investigation. As previously mentioned, the surface electrodes utilized to 

record EMG activity might not have been sensitive to the electrical events 

occurring throughout the entire muscle mass. Therefore, it is possible that 

excitatory failure did occur in individual muscle fibres but that this failure was not 

dete.:ted by the surface EMG recordings. This may be true particularly in the deep 

musc::le fibres where large increases in intramuscular pressure might impair muscle 

perfusion and cause significantly greater perturbations in K+ homeostasis than 

thost3 experienced by superficial fibres. The use of intramuscular electrodes would 

allow for this possibility to be explored. 

It might be argued that perhaps the knee extension protocol employed in 

this Btudy did not cause a significant K+ release from the active muscle mass. This 

possibility could be supported by the absence of any alterations in the M-wave 



80 

recorded from the inactive vastus medialis throughout the fatigue and recovery 

protoGols (see Section 4.4.1). However, prev!ous investigations have reported 

large rises in circulating K+ concentrations during exercise protocols similar to the 

knee ~~xtension paradigm used here (Saltin et al., 1981; Sjogaard et al., 1985; Juel 

et al., 1990; Rolett et al., 1990). It is likely, therefore, that there was a significant 

release of K+ from the knee extensors during the fatigue protocol, but that the 

relatively large proportion of inactive muscle mass served to minimize the uptake 

of K+ into individual muscle fibres. 

Consideration of the mechanisms responsible for the re-uptake and/or· 

clearance of K+ from the extracellular spaces in active skeletal muscle might also 

help to explain the results reported herein. During exercise, the release of K+ from 

active muscle is offset to a certain extent by the activity of the Na+-K+ pump. 

Additionally, K+ is cleared from the extracellular space by passive diffusion into the 

venow:; pool; the subsequent increase in venous K+ concentrations are controlled, 

in part, by the uptake of K+ into non-active muscle tissue. It is clear that any 

disturbance in Na+-K+ pump activity and/or skeletal muscle blood flow during 
1 

exercise should lead to an accumulation of K+ within the active muscle which 

should contribute significantly to muscle fatigue. 

It is known that B-blocking agents alter the hemodynamic responses to 

exerciso, specifically through attenuating cardiac output and skeletal muscle blood 
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flow. It is possible that the different effects of the B-blockade treatments during the 

isometric and dynamic exercise tests were related to the distinct hemodynamic 

demands of the 2 exercise modes. During exercise, cardiac output rises in 

proportion to elevations in oxygen consumption (Smith and Kampine, 1990). Thus, 

whilt3 only modest increases in cardiac output would be expected during the 

isometric fatigue protocol, the dynamic cycling exercise likely required that near 

maximal cardiac outputs be elicited. An impairment in cardiac output by the B­

bloc:.dng agents might therefore have had a greater effect on skeletal muscle blood 

flow (and K+ clearance) during the'dynamic versus the static exercise protocols. 

It is possible that during the dynamic exercise, the active skeletal muscle mass 

may have been unable to cope with the accumulation of interstitial K+ brought on 

by the combination of Na+-K+ pump inhibition and reduced skeletal muscle blood 

flow. Therefore, it is expected that a failure in skeletal muscle membrane 

excitability could have contributed to the attenuated exercise performance following 

B-blockade administration. 

Thus far, the possible explanations for the results of this study have been 

base!d on the assumption that the B-blockade treatments utilized were sufficient to 

significantly inhibit the skeletal muscle Na+-K+ ATPase. However, the Na+-K+ pump 

is stimulated by a number of factors that are independent of the B-adrenergic 

receptors (e.g. insulin, increased intracellular Na+ and extracellular K+ 
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conc•:mtrations) (see Clausen, 1986), and these would have played a role in 
,. 

enhancing pump activity during exercise, regardless of B-blockade administration. 

As wHII, the number of B-adrenoceptors existing in the entire skeletal muscle pool 

probably far exceeds those found in the myocardium of healthy adults. It could be 

that in the present study the central effects of B-blockade on the myocardium (e.g. 

heart rate attenuation) may have occurred in the absence of a significant inhibition 

in skoletal muscle Na+-K+ pump activity. It may be worthwhile to investigate 

whether higher clinical doses of B-blockade would elicit an effect on muscle 

excitability during exercise. 

4.8 Clinical Implications: Since the research described in this thesis deals 

with the effect of B-blockade on muscle function, it is associated with a number of 

clinical implications for patients receiving B-blockade therapy. In the present 

investi!~ation dynamic exercise performance was impaired more by the non­

selective versus the selective B-blocking agents, indicating that selective B-

blockade should be the preferred treatment for cardiac patients involved in 

exercise rehabilitation programs. 

Additionally, there is some suggestion that B-blockers might contribute to 

muscle fatigue through their effects on the central nervous system. Consequently, 

it may be beneficial to prescribe B-blocking agents which possess low lipid 



83 

solubility in order to avoid any depression that might occur in the central motor 

drive ifollowing B-blockade therapy. 

Finally, it was speculated that perhaps the hemodynamic demands 

associated with dynamic exercise such as stationary cycling cannot be met by 

individuals receiving B-blockade treatment. It might be favourable, therefore, for 

patients who complain of excessive fatiguability to perform single limb, rather than 

whole body, dynamic exercise. 

4.9 Future Considerations: The results of this research do not rule out the 

possible role of K+ in contributing to the development of muscle fatigue during both 

normal conditions and B-blockade trials. Since it has been suggested that K+ 

accumulation may occur in the T -tubular compartments during muscle activity (see 

Sjogaard, 1990), it would be worthwhile to examine the effect of this accumulation 

on excitation-contraction coupling and Ca2+ release from the sarcoplasmic 

reticulum. A possible protective mechanism to prevent circulating K+ 

concen·~:rations from reaching cardiotoxic levels during exercise might be involved. 

J\drenergic inhibition of Na+-K+ ATPase with B-blocking agents allows for the 

effect of perturbations in K+ homeostasis during exercise to be examined in 

humans. Despite the absence of any evidence of excitatory failure in the present 

investigation, additional studies are needed to examine the effects of exercise­
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induct:!d hyperkalemia on skeletal muscle function during various forms of exercise. 

The use of intramuscular recording electrodes in future investigations would 

provide a more accurate representation of the electrical changes 'that might occur 

in muscle fibres following B-blockade. Furthermore, the measurement of arterial 

and v~enous K+ concentrations would allow for these changes to be related to K+ 

fluxes across active and inactive muscle. 

It would be interesting to examine the chronic effects of exercise training on 

skeletal muscle fatigue mechanisms. It has been demonstrated that exercise 

training induces an increase in the concentration and activation of Na+-K+ ATPase 

in skeletal muscle membranes (Brodal et al., 1976; Kjeldsen et al., 1986). Thus, 

it might be expected that long term exercise training could increase the tolerance 

of skeletal muscle to elevations in extracellular K+ concentrations during exercise. 

This could explain the increases in muscle endurance following exercise training. 
' 

Finally, future studies should also examine the chronic effects of B-blockade 

therapy on muscle function. A possible negative relationship between the duration 

of B-blocker usage and the ability of an individual to achieve muscle activtion has 

been suggested previously (Peterson et al., 1990). Whether this phenomenon 

contributes to increased muscle fatigue with prolonged B-blockade treatment 

should be investigated. 



Chapter 5 


Summary and Conclusions 


1. The effects of selective (metoprolol) and non-selective (propranolol) B­

blockade on dynamic exercise performance and on skeletal muscle excitability and 

fatiguability during single limb exercise were investigated. 

2. During cycle ergometry exercise both submaximal and maximal oxygen 

consumption were reduced significantly by the metoprolol (9% ~ ± 7%; 10% ~ ± 

4%, respectively) and the propranolol (9% ~ ± 7%; 19% ~ ± 4%, respectively) 

treatments. 

3. A significant decline in the time to exhaustion also was observed during the 

metoprolol (13% ~ ± 8%) and the propranolol (19% ~ ± 8%) trials. 

4. The effects of the B-blockade administration on the maximal oxygen 

consumption and on the time to exhaustion were significantly greater following the 

non-selective versus the selective drug treatments. 

85 




86 

5. Isometric strength of the quadriceps muscles was not affected by either the 

meta prolol or the propranolol treatments. B-blockade also did not impair the 

endu ranee of the quadriceps during four minutes of isometric knee extension 

exerGise. Thus the reductions of 77% (± 15%) in the evoked twitch torque and 

55% (± 11 %) in the voluntary torque during the control trial were similar to those 

observed following the administration of B-blockade. However, the interpolated 

twitch technique provided some evidence that perhaps B-blocking agents may 

affect exercise performance by impairing the central drive to the muscle. 

6. Surface electrodes were used to assess the excitability of the active vastus 

medialis over the course of fatigue. Despite the development of muscle fatigue, 

the voluntary EMG and evoked M-waves were maintained throughout the control 

and B-blockade trials. Similarly, the administration of B-blockers did not affect the 

EMG and M-wave responses over a 15 minute recovery period. 

7. Electrical signals also were recorded from the inactive vastus medialis and 

theset remained unchanged over the course of fatigue and recovery, regardless of 

the drug treatments. 
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8. The results of this investigation provide no evidence that B-blockade 

cont1'ibutes to fatigue during single limb exercise by impairing muscle excitability. 

9. The possible central and hemodynamic effects of B-blocking agents on 

skelotal muscle function have been discussed. 
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Subject Pre-Screening Questionnaire 
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B-BLOCKADE, MUSCLE EXCITABILITY AND FATIGUE .. 

SUBJECT PRE-SCREENING QUESTIONNAIRE 

1 . 	 Has your doctor ever told you that you have any type of lung disease? 

2. 	 Have you ever been treated for a lung disorder (eg: asthma, bronchitis, 
emphysema, EIB, etc.)? 

3. 	 Do you have any allergies? 

4. 	 Do you experience frequent coughing, wheezing or shortness of breath: 

a) at rest? 

b) during exercise? 


<::) while sleeping? 


5. Are 	you presently taking any type of medication? 
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Appendix 2 


Individual Subject Data for 

Submaximal and Maximal Oxygen Uptakes 




Appendix 2: 

Individual subject data for submaximal and maximal oxygen 
uptakes in the control state tind following treatment with either 
metoprolol or propranolol. 
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Subject Trial V0270% 
ml/kg/min 

%A 'V'02max 
ml/kg/min 

%A 

TA Control 
Metoprolol 
Propranolol 

35.2 
36.6 
35.2 

4 
0 

42.6 
40.7 
35.2 

-5 . -17 

JB Control 
Metoprolol 
Propranolol 

44.4 
38.9 
37.2 

-12 
-16 

51.0 
41.8 
39.2 

-18 
-23 

TC Control 
Metoprolol 
Propranolol 

41.7 
36.9 
38.7 

-12 
-7 

51.6 
44.2 
41.5 

-14 
-20 

SF Control 
Metoprolol 
Propranolol 

42.2 
42.3 
40.8 

0 
-3 

53.3 
47.1 
40.8 

-12 
-23 

MN Control 
Metoprolol 
Propranolol 

42.0 
38.0 
36.2 

-9 
-14 

51.3 
49.1 
44.8 

-4 
-13 

MP Control 
Metoprolol 
Propranolol 

41.1 
39.1 
36.7 

-5 
-11 

49.1 
43.7 
39.1 

-11 
-20 

AP Control 
Metoprolol 
Propranolol 

45.8 
44.0 
39.1 

-4 
-15 

54.3 
50.1 
44.8 

-8 
-17 

SP Control 
Metoprolol 
Propranolol 

40.5 
40.6 
36.7 

0 
-9 

53.8 
47.2 
43.9 

-12 
-18 

RW Control 
Metoprolol 
Propranolol 

39.7 
31.0 
34.8 

-22 
-12 

50.8 
46.1 
38.9 

-9 
-23 

ow Control 
Metoprolol 
Propranolol 

33.2 
30.2 
30.8 

-9 
-7 

43.4 
41.2 
35.1 

-5 
-18 
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Appendix 3: 

Individual Subject Data for the Evoked Twitch Torques 
and Voluntary Torques During the Fatigue Protocols 

,. 




Appendix 3: 

Individual subject data for voluntary and evoked torques over 
the course of the 4 minute fatigue protocol under the influence 
of placebo, metoprolol, and propranolol. Measurements were 
recorded from the exercised leg. 

8 =baseline measure. 



Appendix 3: 

Individual subject data for voluntary and evoked torques over 
the course of the 4 minute fatigue protocol under the influence 
of placebo, metoprolol, and propranolol. Measurements were 
recorded from the exercised leg. 

B = baseline measure. 



106 Evoked Twitch Torque (Nm) - Exercised Leg 

Time (sec) 


Subject B 35 70 105 140 175 210 240 


TA Placebo 
t-letoprolol 
Propranolol 

65.7 
61.1 
66.1 

65.7 
71.6 
76.1 

30.8 
43.7 
41.3 

18.9 
29.4 
25.6 

17.8 
22.3 
22.6 

18.3 
19.5 
22.3 

12.8 
20.2 
17.7 

12. 1 
15.6 
17.8 

JB Placebo 
t-tetcprolol 
Pros:,ranolol 

63.5 
58.3 
55.0 

82.3 
76.7 
66.1 

59.0 
54.6 
58.3 

42.7 
40.1 
48.7 

37.1 
36.0 
43.4 

30.4 
36.5 
36.8 

28.2 
33.8 
45.2 

28.1 
34.1 
41.2 

TC Plac:ebo 
Metoprolol 
Propranolol 

39.8 
37.2 
32.3 

61.4 
52.1 
52.6 

24.5 
26.4 
23.6 

8.8 
11.7 
10.4 

4.5 
7.5 
7.5 

3.8 
8.0 
6.7 

5.9 
6.4 
5.8 

5.9 

8.0 

SF Pla~:ebo 

t-letnprolol 
Propranolol 

40.4 
49.4 
50.3 

57.4 
50.6 
51.3 

29.0 
13.8 
28.4 

' 
24.5 
11.1 
16.5 

18.9 
9.3 

19.2 

16.1 
6.8 

14.7 

19.7 
4.1 

13.0 

18.0 
2.5 

10.4 

MN Plac:ebo 
t-letrJpro1o1 
Propranolol 

36.3 
31.6 
3~.4 

60.2 
52.3 
64.8 

40.0 
29.3 
40.9 

19.8 
14.5 
28.8 

11.7 
7.8 

16.7 

9.5 
8.4 

15.6 

9.7 
8.6 

13.6 

9.7 
10.5 
14.0 

t-IP Pla:::ebo 
t-let:Jprolol 
Propranolol 

25,.8 
29.7 
33.5 

45.6 
51.6 
42.8 

23.2 
34.6 
19.0 

12.4 
17.7 
8.8 

11.1 
10.9 
6.4 

10.3 
9.5 
7.1 

9.7 
9.5 
7.6 

10.5 
9.7 
7.5 

AP Placebo 
t-tetoprolol 
Propranolol 

36.5 
31.6 
33.9 

56.3 
50.1 
57.4 

31.1 
32.2 
26.3 

17.3 
14.3 
12.5 

11.7 
11.0 
5.9 

9.1 
10.4 
3.7 

7.5 
9.0 
3.8 

7.6 
9.6 
4.5 

SP Pla.cebo 
t-letoprolol 
Prccpranolol 

41.4 
62.0 
48.0 

66.7 
68.7 
67.4 

42.2 
45.1' 
29.1 

26.5 
30.5 
11.3 

24.9 
26.1 

9.3 

21.6 
26.5 
11.6 

24.4 
26.0 
12.0 

24.2 
26.6 

9.1 

RW Pl~tcebo 

Metoprolol 
Prupranolol 

46.8 
39.1 
39.3 

57.2 
69.6 
54.9 

29.4 
23.7 
28.0 

16.3 
12.1 
14.3 

10.5 
9.5 
8.9 

9.3 
7.4 

5.9 

9.3 
7.4 
6.1 

8.8 
8.6 
4.9 

ow Placebo 
t-le1;oprolol 
PrcJpranolol 

35.0 
36.4 
37.9 

45.8 
55.0 
51.5 

27.9 
36.0 
25.9 

17.0 
19.0 
14.8 

13.5 
11. 1 
13.1 

12.6 
12.5 
12.8 

12.7 
10. 1 
13.8 

13.3 
11.3 
13.9 



107 vo·,untary Torque (Nm) - Exercised Leg 

Time (sec) 

Subject 8 35 70 105 140 175 210 240 

TA Placebo 
Metoprolol 
Propranolol 

304 
248 
292 

231 
192 
211 ' 

177 
172 
148 

129 
92 

159 

104 
102 
87 

107 
136 
127 

90 
122 
79 

139 
120 
128 

JB Placebo 
Metoprolol 
Propranolol 

187 
210 
151 

160 
179 
143 

177 
163 
128 

155 
119 
138 

147 
138 
142 

128 
143 
138 

137 
110 
130 

135 
99 

131 

TC Placebo 
Metoprolol 
Propranolol 

300 
245 
257 

240 
207 
216 

' 

178 
143 
164 

102 
135 
123 

122 
115 
87 

107 
95 
83 

118 
103 

73 

99 
82 
98 

SF Placebo 
Metoprolol 
Propranolol 

208 
252 
203 

152 
206 
150 

106 
76 

147 

123 
101 

67 

83 
59 
97 

73 
56 
64 

112 
81 
84 

84 
58 
97 

MN Placebo 
Metoprolol 
Propranolol 

283 
263 
227 

195 
193 
212 

187 
165 
147 

172 
117 
121 

140 
82 
86 

103 
81 
94 

108 
83 
67 

108 
89 

106 

Mfl Placebo 
Metoprolol 
Propranolol 

168 
181 
191 

148 
150 
149 

111 
107 
124 

91 
91 
97 

66 
87 
77 

70 
74 
70 

57 
58 
60 

66 
87 
75 

Afl Placebo 
Metoprolol 
Propranolol 

221 
176 
224 

190 
156 
181 

156 
128 
134 

123 
95 
99 

112 
90 
78 

98 
67 
76 

100 
73 
63 

95 
65 
61 

SF' Placebo 
Metoprolol 
Propranolol 

278 
240 
299 

200 
169 
227 

164 
122 
168 

104 
108 
115 

101 
99 
81 

113 
98 
97 

85 
95 
68 

114 
104 

88 

R~l Placebo 
Metoprolol 
Propranolol 

260 
315 
250 

191 
356 
245 

178 
170 
167 

143 
125 
138 

143 
117 
158 

115 
130 

119 

129 
141 
114 

139 
123 
77 

Dlf Placebo 
Metoprolol 
Propranolol 

189 
192 
178 

153 
154 
173 

123 
131 
121 

101 
110 
107 

92 
89 
92 

88 
80 
77 

74 
83 
75 

85 
64 
85 



108 

Appendix 4 


Individual Subject Data for M-wave Amplitudes and Areas 

During the Fatigue Protocols 




Appendix 4: 

Individual subject data for absolute M-Wave amplitudes and 
areas over the course of the 4 minute fatigue protocol under 
the influence of placebo, metoprolol, or propranolol. 
Measurements were recorded from the exercised and non­
exercised leg. 

8 = baseline measure. 

,. 



109 M-Wave A~1plitude (mV) - Exercised Leg 

Tirne (sec) 

Subject B 35 70 105 140 175 210 240. 
TA Pl:tcebo 

Metoprolol 
Pr:>pranolol 

15.1 
16.2 
10.5 

10.4 
18.8 
10.8 

7.2 
19.1 
11.2 

10.9 
18.6 
11.5 

4.3 
19.3 
11.1 

11.3 
19.5 
11.3 

4.5 
19.1 
11.5 

6.2 
18.5 
8.7 

JB Placebo 
Metoprolol 
Propranolol 

18.6 
20.2 
22.8 

17.0 
18.9 
22.0 

16.7 
20.7 
21.9 

16.5 
20.7 
22.3 

15.9 
20.5 
22.8 

16.1 
20.5 
22.9 

15.7 
20.3 
23.0 

16.2 
20.3 
22.7 

TC Placebo 
Metoprolol 
Propranolol 

8.9 
11.6 
13.6 

10.5 
13.9 
14.5 

12.0 
13.7 
14.2 

11.2 
13.2 
15.4 

12.3 
12.5 
13.9 

10.6 
12.9 
13.8 

11.9 
12.5 
13.5 

12.1 
10.3 
13.3 

SF Placebo 
Metoprolol 
Propranolol 

23.0 
20.3 
21.7 

22.3 
15.8 
14. 1 

21.7 
16.6 
18.0 

21.6 
9.3 

19.2 

20.8 
3.3 

25.0 

20.6 
3.5 

19.2 

21.5 

18.8 

21.8 

7.4 

MN Placebo 
ME•toprolol 
Propranolol 

13.8 
14.0 
14.6 

12.7 
17.0 
16.5 

12.9 
14.2 
16.7 

13.2 
17.0 
16.0 

16.6 
16.3 
16.5 

15.8 
14.2 
13.9 

17.0 
11.9 
14.9 

16.3 
8.7 

U.2 

MP P'acebo 
MEttoprolol 
Pr·opranolol 

19.2 
11.2 
10.8 

14.5 
10.8 
10.5 

15.0 
11.7 
11.8 

16.4 
12.6 
10.9 

15.4 
13.2 
11.9 

14.8 
13.3 
11.3 

14.9 
12.8 
11.7 

15.6 
13.0 
11.5 

AP P'iacebo 
Mutoprolol 
Pr·opranolol 

13.1 
12.1 
12.4 

14.7 
14.6 
13.1 

14.7 
14.5 
13.0 

14.4 
14.4 
13.2 

15.6 
13. 1 
13.4 

15.7 
13.2 
13.8 

15.3 
12.7 
13.1 

15.3 
12.6 
13.5 

SP Placebo 
Motoprolol 
P1•opranolol 

18.6 
21.2 
24.2 

20.4 
21.1 
26.8 

21.2 
22.2 
25.5 

' 

20.8 
21.4 
24.0 

19.5 
21.0 
23.0 

18.7 
20.0 
22.9 

19.9 
18.4 
22.9 

19.3 
19.2 
22.2 

RW Placebo 
M•;itoprolol 
P·opranolol 

25.9 
28.6 
23.6 

27.5 
27.2 
24.5 

26.1 
28.6 
23.5 

25.0 
27.7 
22.2 

25.2 
26.1 
21 .. 0 

24.4 
26.0 
18.3 

23.7 
25.5 
20.6 

24.0 
26.0 
21.1 

ow Placebo 
M~toprolol 

Propranolol 

11.0 
12.6 
10.2 

10.9 
14.0 
10.8 

11.2 
14.6 
11.9 

11.2 
14.7 
11.6 

11.0 
15.0 
11.3 

10.7 
15.5 
11.5 

10.9 
15.8 
11.2 

11. 1 
15.6 
11.5 



110 M-Have Ampl ;tude (mV) - Control Leg 

Time (sec) 

Subject 8 35 70 105 140 175 210 240 

TA Placebo 11.4 11.0 11.3 11.8 12. 1 11.8 11.5 11.3 
Metoprolol 13.5 13.3 13.5 13.3 13.2 13.4 12.9 13.7 
Propranolol 11.8 11.6 11.8 11.6 11.2 10.7 11.8 11.8 

JB Placebo 14.4 14.3 14.2 15.0 14.8 15.0 15.7 15.2 
Metoprolol 4.9 4.4 4.2 3.9 4.2 4.6 4.7 4.7 
Propranol.o1 18.4 18.4 18.2 18.2 18.3 17.9 18.1 18.4 

TC Placebo 9.2 8.8 9.9 9.1 9.2 9.3 9.5 9.2 
Metoprolol 8.9 8.5 8.7 8.5 8. 1 9.0 8.7 9.1 
Propranolol 8.6 8.7 9. 1 9.3 9.7 9.7 9.1 9.7 

SF Placebo 11.3 11.2 11.3 10.9 10.9 10.8 10.8 10.9 
Metoprolol 20.3 15.8 18.8 9.3 3.3 3.5 
Propranolol 11.9 11.8 11.9 11.8 11.8 11.7 11.8 11.7 

MN Placebo 16.6 16.5 16.3 16.3 15.6 15.4 15.3 18.7 
Metoprolol 11.5 10.7 11.5 11.1 11.8 12.8 11.7 13.3 
Propranolol 16.8 16.8 15.8 15.2 14.8 10.8 14.1 8.6 

MP Placebo 7.7 7.9 7.9 7.7 8.1 8.3 8.2 8.2 
Metoprolol 10.2 10.4 10.5 10.7 10.7 10.5 10.7 11.0 
Propranolol 8.4 8.6 ,. 8.6 8.7 8.8 8.6 8.4 8.5 

AP Placebo 11.9 11.0 11.2 11.6 11.5 11. 1 11.3 11.3 
Metoprolol 12.4 10.8 11.2 11.6 12.4 12.3 12.6 11.5 
Propranolo'l 10.9 10.0 9.9 9.8 9.9 9.4 10.3 10.2 

SP Placebo 16.8 18.0 17.7 16.7 17.2 17.3 17.5 17.0 
Metoprolol 19.3 19.2 19. 1 19.0 18.7 18.5 18.6 18.6 
Propranolol 15.6 16.4 18.2 16.3 18.0 15.9 15.4 15.1 

R\'j Placebo 19.2 18.9 18.6 18.0 18.8 19.2 19.4 17.9 
Metoprolol 19.3 19.3 21.4 20.7 19.5 19.2 18.9 18.8 
Propranolol 17.9 17.9 18.1 17.2 17.5 17.5 17.3 17.2 

D\1 Placebo 13.8 11.3 11.3 12.5 11.7 12.3 12.5 12.3 
Metoprolol 9.7 8.2 8.2 7.5 8.0 8. 1 8.2 8.1 
Propranolol 12.7 10.6 9.5 9.7 10.2 11.3 12.0 10.9 



111 M-Wave Area (mV's} - Exercised Leg 

Time (sec) 


Subject B 35 70 105 140 175 210 240 


TA Placebo 
Metoprolol 
Propranolol 

.074 

.083 

.054 

.053 

.091 

.057 

.041 

.095 
,062 

.055 

.097 

.063 

.025 

.099 

.059 

.060 

.099 

.056 

.029 

.095 

.060 

.033 

.096 

.051 

JB Placebo 
Metoprolol 
Propranolol 

.127 

.199 

.239 

.128 

.198 

.215 

.127 

.194 

.220 

.126 

.193 

.214 

.124 

.189 

.210 

.125 

.191 

.205 

.123 

.193 
• 213 

.125 

.193 

. 205 

SF Placebo 
Metoprolol 
Propranolol 

.139 

.129 

.139 

.122 

.083 

.097 

. 115 

.098 

.120 

.120 
.052 
.123 

• 117 
.023 
.149 

• 115 
.025 
.114 

.124 

.116 

.123 

.064 

MN Placebo 
Metoprolol 
Propranolol 

.100 

.115 

.104 

.088 
• 121 
.107 

.085 
.126 
.110 

.083 
.129 
.101 

.112 

.123 

.114 

.106 
• 116 
.102 

.115 

.106 

.105 

• 117 
.086 
.104 

MP Placebo 
Metoprolol 
Propranolol 

.138 

.102 

.099 

.122 

.093 

.084 

.118 

.098 

.092 

.131 

.104 

.098 

.138 
• 111 
.104 

.135 

. 112 

.100 

.138 
• 111 
.102 

.143 
• 111 
.102 

AP Placebo 
Metoprolol 
Propranolol 

.085 

.074 

.081 

.096 

.081 

.082 

.094 

.085 

.086 

.096 

.090 

.099 

.105 

.080 

.113 

.103 

.081 

.105 

.099 

.080 

.110 

.100 

.081 

.108 

SP Placebo 
Metoprolol 
Propranolol 

.105 

.133 

.145 

.O!J5 

.127 

.157 

.101 
• 131 
.161 

.102 

.122 

.157 

.108 

.122 

.151 

.103 

.118 

.146 

.110 

.103 

.142 

.099 

.108 

.133 

RW Placebo 
Metoprolol 
Propranolol 

.219 

.255 

.186 

.191 

.210 

.184 

.195 

.235 

.197 

.180 

.220 
• 201 

.187 

.227 

.182 

.193 
.225 
.152 

.187 

.227 

.179 

.192 

.224 

.189 

ow Placebo 
Metoprolol 
Propranolol 

.080 

. 111 

.088 

.092 

. 111 

.095 

.094 

.122 

.103 

.097 

.133 

.106 

.097 

.133 

.106 

.097 

.135 

.105 

.100 

.138 

.106 

.099 

.133 

.098 



112 M-Wave Area (mV's) -Control Leg 

Hme (sec) 


Subject B 35 70 105 140 175 210 240 


TA Plac.ebo 
Metc•prolol 
Propranolol 

.086 

. 111 

.079 

.082 
• 111 
.078 

,. 
• 085 .093 
.112­ • 114 
.082 .081 

' 

.095 
• 112 
.079 

.093 

.114 

.072 

.090 

. 111 

.078 

.087 
• 118 
.080 

JB Placebo 
Metc1prolol 
Propranolol 

.154 

.040 

.149 

.129 

.050 

.147 

• 131 
.040 
.146 

. 137 

.030 

.144 

.133 

.040 

.145 

.133 

.050 

.147 

.136 

.040 

.154 

.139 

.040 

.153 

SF Pla<:ebo 
Metuprolol 
Propranolol 

.083 

.085 

.088 

.083 

.081 

.087 

.086 

.081 

.090 

.085 

.070 

.087 

.082 
.076 
.089 

.082 

.077 

.088 

.081 

.052 

.088 

.082 

.030 

.084 

MN Pla•:ebo 
Metuprolol 
Pro1>ranolol 

.106 

.119 

.128 

.106 
• 112 
• 121 

.109 
• 115 
.117 

.106 

.119 

.117 

.102 

.120 
• 113 

.097 

.108 

.089 

.116 

.117 

.110 

.116 

.119 

.083 

MP Pla,:ebo 
Met:>prolol 
Pro:>ranolol 

.072 

.078 

.054 

.071 

.017 

.059 

.080 
.078 
.060 

.081 

.078 

.060 

.082 

.078 

.059 

.083 

.079 

.060 

.083 

.017 

.059 

.084 

.079 

.059 

AP Placebo 
Met:>prolol 
Propranolol 

.085 
.100 
.095 

.079 

.091 

.084 

.082 
.093 
.084 

.083 

.095 

.085 

.084 

.093 

.080 

.082 

.094 

.089 

.083 

.094 

.085 

.082 

.090 
.081 

SP Placebo 
Metoprolol 
Propranolol 

.091 

.106 

.099 

.100 

.109 

.110 

.095 

.109 

.107 

.088 
.106 
.109 

.091 

.103 

.103 

.095 

.102 

.100 

.096 

.102 

.099 

.092 

.102 

.096 

RW Placebo 
Metoprolol 
Prcpranolol 

.164 

.192 

.167 

.160 

.192 

.163 

.161 

.203 

.162 

.154 

.201 

.161 

.164 

.188 

.163 

.166 
. 192 
.168 

. 165 

.187 

.164 

.164 

.181 

.161 

OW Placebo 
Metoprolol 
Prcpranolol 

.099 

.079 

.096 

.091 

.075 

.093 

.090 

.073 

.086 

.094 

.071 

.086 

.094 

.074 

.088 

.090 

.075 

.098 

.094 

.081 

.098 

.094 

.074 

.097 
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Appendix 5 

Individual Subject Data for SF and SP Summarizing the 
Evoked Twitch Torque, the Interpolated Twitch Torque and 
the Voluntary Torque Over the Course of a Single Fatigue 
Trial 



Appendix 5A: 

Effects of 4 minutes of voluntary contractions on the evoked 
twitch torque (Pt), the interpolated twitch torque (ITl) and the 
voluntary torque (MVC) measured from SF during the 
metoprolol trial. 

Appendix 5B: 

Effects of 4 minutes of voluntary contractions on the evoked 
twitch torque (Pt), the interpolated twitch torque (ITT) and the 
voluntary torque (MVC) measured from SP during the 
propranolol trial. 
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Time Pt ITT MVC 
(s) (N·m) (N·m) (N·m) 

8 49.4 16.1 252.4 
35 50.6 8.3 206.1 
70 13.8 10.7 75.6 

105 11.1 13.3 100.8 
140 9.3 15.8 59.2 
175 6.8 9.2 55.5 
210 4.1 11.9 81.4 
240 2.5 5.4 58.3 

Time Pt ITT MVC 
(s) (N·m) (N·m) (N·m) 

8 48.0 299.0 
35 67.4 1.9 227.2 
70 29.1 3.9 167.7 

105 11.3 115.3 
140 9.3 80.5 
175 11.6 97.0 
210 12.0 13.7 68.3 
240 9.1 14.0 87.6 
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Appendix 6 


Analysis of Variance Tables 
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The effect of the drug interventions on the submaximal 
ox_Ygen uptake 

Fllennma': vo22 
10 subjects 

ANALYSi:S OF VARIANCE TABLE 
Within Subjects - Randomized Block D~sign 

Source Sum Sqr. df Mean Sqr, F 

Ss/Blocks 
drug 

310.3711 
82.83594 

9 
2 

34.48568 
41.41797 

9.830498 
11.80662 

Error 63.14~53 18 3.608029 

F ( 2 I 18 ) = 11.80662 Probability= 0,00077 

The effect of the drug interventions on the maximal 
oxygen uptake 

Filenmne: v" 
10 suiJjet •. 

ANALYSIS OF VARIANCE 
Within Subjects - Aa

TARLE 
Blockndomi~ed Uesign 

Source Sum Sqr·. df Mean Sqr. F 

Ss/Bio:::l.s 317.00:!9 
V<J2 473.4tl05 

9 
2 

35.222ti6 
236.7402 

17.0'561:? 
114.6:HI4 

Error 37.171813 18 2.065104 

F ( 2 , IB I = 114,63U4 Probability= o.ooooo 

'· 

The effect of the drug interventions on the Time to 
Ex:taustion 

Filename: entime 
10 subjects 

ANALYSI3 OF VARIANCt TABLE 
Within Subjects - Randomized Block Design 

source Sum Sqr. df Mean Sqr. F 

Ss/Bloc<s 
drug 

1099.25 
162.4531 

9 
1 

122.1389 
162.4531 

14.08448 
18.73333 

Error 78.04688 9 8.671875 

t = 4.3~8202 

F 1 '9) = 18.73333 Probability= 0.00223 
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The effect of the drug interventions on the baseline M-wave 
Amplitude - Comparison between Exercised and Non-exercised legs 

Filename: legs3 
20 subjects 

ANALYSIS OF 
2-Way Mixed 

VARIANCE 
Design -

TABLE 
I Between Ss, I Within Ss 

source Sum Sqr. 
' 

df Mea f) Sqr. F 

Betw. 
leg1 
Error 

Ss. 1184.083 
175.1035 
1008.98 

19 
I 
18 

175.1035 
56.05444 

3.123812 

Within Ss. 
drug 
Interaction 
Error 

317.1578 
3.613281E-Oi 
1 .146484 
315.9752 

40 
2 
2 
36 

1.806641E-02 
.5732422 
8.777089 

2.05836E-03 
6.531119E-02 

F 
F 
F 

1 
2 
2 

18 
36 
36 

= 
= 
= 

3.123812 Probability= 0.09090 
2.05836E-03 Probability= 0.98889 
6,531119E-02 Probability= 0.92782 

The effect of the drug interventions on the baseline M-wave 

AJ:-ea - Comparison between Exercised and Non-exercised legs 


Filename: legs4 

18 subjects 


ANALYSIS OF VARIANCE TABLE 

2-Way Mixed Design - I Between Ss, 1 Within ss 


Source Sum Sqr. df Mean Sqr. F 

Betw. Ss. 8.764794E-02 17 
· leg1 6.622314E-03 1 6.622314E-03 1.307698 

Error 8.102562E-02 16 5.064101E-03 

Within ss. 2.210707E-02 36 
drug 3.359914E-04 2 1.679957E-04 .2550999 
Interaction 7.783175E-04 2 3.891587E-04 .5909339 
Error 2.107356E-02 32 6.585487E-04 

F 1 16 = 1.307698 Probability= 0.26909 
F 2 32 = .2550999 Probability= 0.77864 
F 2 32 = .5909339 Probability = 0.56460 
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The effect of the drug interventions on the baseline M-Wave 
Duration Comparison ~etween Exercised and Non-exercised legs 

Filename: legs6 
20 subjects 

ANALYSIS OF 
2-Way Mixed 

VARIANCE TABLE 
Design - 1 Between Ss, 1 Within Ss 

Source Sum Sqr. df Mean Sqr. F 

· Eetw. 
leg 
Error 

ss. 1906.984 
20.41797 
1886.566 

19 
1 
18 

20.41797 
104.8092 

.1948108 

\\ ithin Ss. 
c;rug 
Interaction 
Error 

620 
66.03516 
5.035156 
548.9297 

40 
2 
2 
36 

33.01758 
2.517578 
15.24805 

2.165365 
.1651082 

F 
F 
F 

1 
2 
2 

18 
36 
36 

= .1948108 

= 2.165365 

= .1651082 

Probability 
Probability 
Probability 

= 0.66711 
= o. 12761 

= 0.84650 

The effect of the drug interventions on the baseline 
EMG amplitude (Exercised Leg) 

Filename: emg5 
9 subjects 

A~ALYSIS OF VARIANCE TABLE 
Within Subjects - Randomized Block Design 

Source Sum Sqr. df Mean Sqr. F 

Ss/Blocks .6250973 8 7.813716E-02 2.496912 
drug . 1459942 2 7.299709E-02 2.332659 

Error .5006962 16 3.129351E-02 

F ( 2 I 16 ) = 2. 332659 Probability= 0.12781 
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The effect of the drug interventions on the baseline 
voluntary torques (Exercised Leg) 

Filename: mvc1 

10 subjects 


AN~LYSIS OF VARIANCE TABLE 
Within subjects - Randomized Block Design 

sum Sqr. df Mean Sqr. FSource 

47401.13 9 5266.792 7.003324
Ss/Blocks .5574824419.25drtlg 838.5 2 

752.041713536.75 18Error 

F ( 2 I 18 ) = .5574824 Probability = 0.58696 

The effect of the drug interventions on the baseline 
evoked twitch torques (Exercised Leg) 

Filename: twitcht 

10 subjects 


ANALYSIS OF VARIANCE TABLE 
Wi~hin Subjects- Randomized Block Design 

SoJrce Sum Sqr. df Mean Sqr. F 

15.96941Ss/Blocks 3644.113 9 404.9015 
drug 3.082031 2 1.541016 6.077802E-02 

Error 456.3867 18 25.35482 

F ( 2 
1 

18 ) = 6.077802E-02 Probability = 0.93182 

' 


http:13536.75
http:47401.13


120 

The effect of the drug intervention on the baseline 
M-wave amplitudes (Exercised Leg)

' 
Filename: mwave1 
10 subjects 

ANALYSIS OF VARIANCE TABLE 
Within Subjects - Randomized Block Design 

Source 

Ss/Blocks 
drug 

Sum Sqr. 

721.1748 
.7148438 

df 

9 
2 

Mean Sqr. 

80.13053 
.3574219 

F 

11.22417 
5.006536E-02 

Error 128.5039 18 7.139106 

F ( 2 , 18 ) = 5.006536E-02 Probability= 0.94109 

The effect of the drug interventions on the baseline 
M-wcwe areas (Exercised Leg) 

F i 1 E!name: mwave3 
9 E:ubjects 

ANALYSIS OF VARIANCE TABLE 
Within Sllbjects - Randomized Block Design 

Source 

Ss/Block€. 
drug 

Error 

Sum Sqr. 

5.903161E-02 
9.976029E-04 

1.081973E-02 

df 

8 
2 

16 

Mean Sqr. 

7.378951E-03 
4.988015E-04 

6.762333E-04 

F 

10.91184 
.7376174 

F ( 2 , 16 ) = .7376174 Probability= 0.49764 
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'' 

The effect of the drug interventions on the submaximal 
heart rates 

Filename: hr2 
10 subjects 

ANAL'(SIS OF VARIANCE TABLE 
Within Subjects - Randomized Block 

Soun;e sum Sqr. 

Ss/Biocks 2198.503 
drug 19017.56 

Error· 457.0625 

Design 

df Mean Sqr. F 

9 244.2847 9.620402 
2 9508.781 374.4741 

18 25.39236 

F ( :! , 18 ) = 374.4741 Probability= 0.00000 

The effect of the drug interventions on the maximal 
heart rates 

Filename: hr1 
10 subjects 

ANAL'(SIS OF VARIANCE TABLE 
With·in Subjects - Randomized Block Design 

Source Sum Sqr. df Mean Sqr. F 

Ss/B.Iocks 1899.813 9 211.0903 6.906054 
drug 24609.88 2 12304.94 402.5698 

Error· 550.1875 18 30.56597 

F ( :! , 18 ) = 402. 5698 Probability= 0.00000 

http:19017.56
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The effect of the drug interventions and voluntary contractions 
on the absolute voluntary torque (Exercised Leg) 
Filename: mvc1 

10 subjects 


ANALYSIS OF VARIANCE TABLE 
2-Way Within Subjects - Randomized Block Design 

source 	 Sum SQr. df Mean SQr. 

9 12834.44Ss/Blocks 	 115510 
5267 2 2633.5drug 

time 	 784H5 8 98055.63 
3488.5 16 218.0313Interaction 

Error 120671.5 234 515.6902 

' 
F 2 , 234 ) = 5.106748 Probability= 0.00699 
F 8 , 234 ) = 190.1444 Probability= 0.00000 
F 16 ' 234 = .422795 Probability= 0.97563 

F 

24.8879 
5.106748 

'190.1444 
.422795 

The effect of the drug interventions and voluntary contractions 
on the normalized voluntary torque (Exercised Leg) 

Filename: mvc2 

10 subjects 


ANALYSIS OF VARIANCE TABLE 
2-Way Within Subjects - Randomized Block Design 

Source 	 Sum Sqr. df Mean Sqr. F 

Ss/Blocks 21111.63 9 2345.736 28.31678 
drug 481.5625 2 240.7813 2.906615 
time 95285.25 7 13612.18 164.3208 
Interaction 640.3125 14 45.73661 .552114 
Error 17147.69 207 82.83907 

F 2 , 207 ) = 2.906615 Probability= 0.05526 
F 7 , 207 ) = 164.3208 Probability = 0.00000 
F 14 ' 207 ) = .552114 Probability= 0.89925 

The effect of the drug interventions and voluntary contractions 
on the interpolated twitch torque (expressed as a per cent of the 
MVC) (Exercised Leg) 

F i 1 ename: i trmvc 

10 subjects 


ANALYSIS OF VARIANCE TABLE 
2-Way Within Subjects - Randomized Block Design 

Source 	 Sum SQr. df Mean SQr. F 

Ss/Blocks 1881.719 9 209.0798 12.48817 
drug 61.69653 2 30.84827 1.842543 
time 172.874 8 21.60925 1.290704 
Interaction 115.3037 16 7.206482 .4304375 
Error 3917.681 234 16.74223 

F 2 ' 234 ) = 1.842543 Probability = 0.15857 
F 8 ' 234 ) = 1.290704 Probability = 0.24830 
F 16 ' 234 ) = .4304375 Probability= 0.97338 

http:17147.69
http:13612.18
http:95285.25
http:21111.63
http:98055.63
http:12834.44
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The effect of the drug interventions and voluntary contractions 
on the absolute evoked twitch torque (Exercised Leg) 

Filename! twitch! 
10 subjects 

ANALYSIS OF VARIANCE TABLE 
2-Way Within Subjects - Randomized Block Design 

Source Sum Sqr. df Mean Sqr. F 

Ss/Blocks 
drug 
time 
Interaction 
Error 

52544.5 
213.5 
76462.06 
136.125 
14290.63 

9 
2 
18 
36 
504 

5838.278 
106.75 
4247.893 
3.78125 
28.35441 

205.9037 
3.764846 
149.8141 
.1333567 

F 2 , 504 ) = 3.764846 Probability= 0.02317 
F 18 , 504 ) = 149.8141 Probability= o.ooooo 
F 36 , 504 ) = .1333567 Probability= 1.00000 

,. 

The effect of the drug interventions and voluntary contractions 
on the normalized evoked twit~b ·torque (Exercised Leg) 

Filename: twitch2 

10 subjects 


~N~LYSIS OF VARIANCE TABLE 
2-Way Within Subjects - Randomized 

Source Sum Sqr. 

Ss/Blocks 47026.75 
drug 1325 
time 413422.3 
Interaction 740 
Error 102974.8 

Block 

df 

9 
2 
17 
J4 
477 

Design 

Mean Sqr. 

5225.194 
662.5 
24318.96 
21.76471 
215.88 

F 

24.20416 
3.068835 
112.6504 
.1008186 

F 2 , 477 ) = 3.068035 Probability = 0.04594 

F 17 , 477 ) 112.6504 Probability 0.00000 

F 34 , 477 ) = .1008186 Probability = 1.00000 


http:24318.96
http:47026.75
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~rhe effect of the drug interventions and voluntary contractions 
«)n the absolute, integrated EMG amplitude (Exercised Leg) 

F"ilename: emgl 

<1 subjects 


AI~ALYHIS OF VARIANCE TABLE 
2-Way Within Subjects - Randomized Block Design 

df He an Sqr. Fsum Sqr.Source 
29.873-11.76-100186.112015 8Ss/B1ocks 8.943146.2287178.4574356 2drug 6.227779E-02 2.435138.4982224 8t.ime 1.105928E-02 .4324315.1769485 16Inter:~.ction 2.557465E-025.319527 208Error 

Probability = 0.00039 
Probability : 0.01543 

F ( 2 , 208 ) : 8.943146 
F ( 8 , 208 ) : 2.435138 

Probability = 0.97254F ( 16 , 208 ) : .4324315 

The effect of the drug interventions and voluntary contractions 
on the normalized, integrated EMG amplitude (Exercised Leg) 

Filename: emg2 

'J subjects 


ANAL Y!HS OF VARIANCE TABLE 
2-Way Within Subjects - Randomized Block Design 

Sourc•3 sum Sqr. ,df Mean Sqr. F 

Ss/Blocks 39681.25 8 4960.156 10.01194 
drug 7579.25 2 3789.625 7.649257 
time 11317 7 1616.714 3.263295 
Inter;lction 2910.25 14 207.875 .4195901 
Error 91158 184 495.4239 

F ( 2 , 184 ) = 7.649257 Probability =0.00097 
F ( 7 , 184 ) = 3.263295 Probability= 0.00305 
F ( 1' , 184 ) = ~4195901 Probability = 0.96716 

http:39681.25
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The effect of the drug interventions and voluntary contractions 
on the Low Band Area of the EMG power spectrum (Exercised Leg) 

Filename: lba1 

9 subjects 


ANAlYSIS OF VARIANCE TABLE 
2-We.y Within Subjects - Randomized Block Design 

Source Sum Sqr. df Mean Sqr. F 

276.3638 16.93557Ss/Elocks 2210.91 8 
50. 16016 2 25.08008 1.536907

drU~I 
34.38142time 1122.109 2 561.0547 

I nte•ract ion 12.87891 4 3.219727 .1973048 
1044.387 64 16.31854Errc'r 

F 2 64 ) = 1 . 536907 Probability= 0.22138 
F 2 64 ) = 34.38142 Probability= 0.00000 
F 4 64 ) = . 19 73048 Probability = 0.93703 

The effect of the drug interventions and voluntary contractions 
on the High Band Area of the EMG power spectrum (Exercised Leg) 

Filename: hba1 
9 subjects 

ANALYSIS OF VARIANCE TABLE 
2-Way Within Subjects - Randomized Block Design 

SOUI"Ce Sum Sqr. df Mean Sqr. F 

Ss/Blocl<s 
drU!I 
tim•! 

.lntnraction 
Error 

637.5625 
21.06152 
154.3223 
5.500977 
207.6865 

8 
2 
2 
4 
64 

79.69531 
10.53076 
77.16113 
1.375244 
3.245102 

24.55865 
3.245125 
23.77772 
.4237907 

F 
F 
F 

2 
2 
4 

64 
64 
64 

= 3.245125 
= 23.77772 
= .4237907 

Probability = 0.04416 
Probability = 0.00000 
Probability= 0.79294 
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The effect of the drug interventions and voluntary contractions 
o~ the absolute M-wave duration (Exercised Leg) 

Filename: dur1 

10 subjects 


ANALYSIS OF VARIANCE TABLE 
2-Way Within Subjects - Randomized Block Design 

SoUI·ce Sum Sqr. df Mean Sqr. F 

217.7719Ss/13locks 21458.31 9 2384.257 
druq 174.375 2 87.1875 7.963483 

434.875 18 24.15972 2.206687tim•3 
IntBraction 168.9375 36 4.692708 .42862 
ErnJr 5518 504 10.94841 

F 2 '504) = 7.963483 Probability= 0.00068 
F 18 ' 504 ) = 2.206687 Probability= 0.00327 
F 36 ' 504 ) = .42862 Probability = 0.99841 

The effect of the drug interventions and voluntary contractions 
on the EMG Median Power Frequency (Exercised Leg) 

Filename: medf1 

9 subjects 


ANAlYSIS OF VARIANCE TABLE 
2-W~y Within Subjects - Randomized Block Design 

Source sum Sqr. df Mean Sqr. F 

33.88746Ss/Eilocks 11764.91 8 1470.613 
drU~I 473.0625 2 236.5313 5.450409 

tim~! 6365.344 2 3182.672 73.33857 

Inte,raction 26.78125 4 6.695313 .1542806 

Errc1r 2777.406 64 43.39697 

F 2 64 = 5.450409 Probability = 0.00673 
F 2 64 = 73.33857 Probability= 0.00000 
F 4 64 = .1542806 Probability = 0.95786 

http:11764.91
http:21458.31
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The effect of the drug interventions and voluntary contractions 
on the normalized M-wave amplitude: Exercised versus Control Leg 

Filename: mwave8 

9 subjects 


ANALYSIS OF VARIANCE TABLE 
3-Way Within Subjects - Randomized Block Design 

Source sum Sqr. df Mean Sqr. 

Ss/Blocks 14185 8 1773.125 
leg (A) 89 1 89 
drug (B) 346 2 1 7 3 
time (C) 3127 17 183.9412 

27 2 13. 5A * B 
2480 17 145.8824A * C 
1796 34 52.82353B * C 
2148 34 63.17647A * B * c 

Error 144517 856 168.8283 

F ( 1 , 856 ) = .5271628 Probability = 0.47498 
F ( 2 , 856 ) = 1.02471 Probability = 0.36054 
F ( 17 , 856 ) = 1.089516 Probability = 0.35861 
F ( 2 , 856 ) = 7.996291E-02 Probability = 0.91527 
F ( 17 856 ) = .8640872 Probabi 1 ity = 0.61829 
F ( 34 , 856 ) = .3128832 Probability = 0.99987 
F ( 34 , 856 ) = .3742055 Probability= 0.99941 

F' 

10.50254 
.5271628 
1.02471 
1.089516 
7.996291E-02 
.8640872 
.3128832 
.3742055 

The effect of the drug interventions and voluntary contractions 
on the normalized M-wave area: Exercised versus Control Leg 

Filename: mwave5 

9 subjec.ts 


ANALYSIS OF VARIANCE TABLE 
3-Way Within Subjects - Randomized Block Design 

Source Sum Sqr. df Mean Sqr. F 

Ss/E!locks 23216 8 2902 17.03699 
leg (A) 2033 1 2033 11.93528 
drug (B) 5597 2 2798.5 16.42936 
time (C) 7406 1 7 435.6471 2.557586 
A * B 2351 2 1175.5 6.901095 
A * C 7086 17 416.8235 2.447077 
B * C 4607 34 135.5 .7954899 
A * B * c 4080 34 120 .7044929 
Errc r 145807 856 170.3353 

F ( , 856 ) = 11.93528 Probabi,l i ty = 0.00092 
F ( 2 , 856 ) = 16.42936 Probabi 1 ity = 0.00001 
F ( 17 856 ) = 2.557586 Probability = 0.00074

' F ( 2 856 ) = 6.901095 Probabi 1 i ty = 0.00145' F ( 1 7 856 ) = 2.447077 Probability = 0.00120 
F ( 34 856 ) = .7954899 Probability = 0. 79285' F ( 34 856 ) = .7044929 Probability = 0.89699' 

http:subjec.ts
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Tl:.e effect of the drug interventions and voluntary contractions 
or.. the absolute M-wave amplitude (Exercised Leg) 

Filename: mwave! 

10 subjects 


ANAL YSH OF VARIANCE TABLE 
2-Way Within Subjects - Randomized Block Design 

Source Sum Sqr. df Mean Sqr. F 

1220.295 101.4326Ss/Blocks 10982.66 9 
drug 26.53125 2 13.26563 1.102657 

122.3594 18 6. 797743 .5650378time 
.2993669Interaction 129.6563 36 3.601563 

Error 6063.422 504 12.0306 

F ( 2 , 504 ) = 1.102657 Probability = 0.33324 
F ( 18 , 504 ) : .5650378 Probability = 0.92427 
F ( 36 , 504 ) : .2993669 Probability = 0.99993 

The effect of the drug interventions and voluntary contractions 
on the normalized M-wave amplitude (Exercised Leg) 

Filename: mwave2 

10 subjects 


ANALYSIS OF VARIANCE TABLE 
2-Way \'(i1~hin subjects - Randomized Block Design 

Source Sum Sqr. df Mean Sqr. F 

9 3051.611 10.08968Ss/Block~: 27464.5 
drug 1632.5 2 816.25 2.698805 

264. 1765. .873459time 4491 17 
5318.5 34 156.4265 .5172001Interaction 

Error 144268 417 7 302.4486 

F ( 2 , ~-11 ) = 2.698805 Probability: 0.06646 
F ( 17 , .477 ) = .873459 Probability= 0.60676 
F ( 34 , . 4 7 7 ) = • 61 7 2001 Probability= 0.98969 

http:10982.66
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The effect of the drug interventions and voluntary contractions 
on the absolute M-wave area (Exercised Leg) 

Filename: mwave3 

9 subjects 


ANALYSIS JF VARIANCE TABLE 
2-Way Within Subjects - Randomized Block Design 

Source sum Sqr. df Mean Sqr. F 

8 .1163124 151.1797Ss/Blocks .9304991 
2.19965E-03· 2 1.099825E.:.o3 1.429523drug 

time 1.377583E-02 18 7.653236E-04 .9947471 
36 3.047519E.:.o4 .3961083Interacti•)n 1.097107E-02 

~3446755 448 7.693651E.:.o4Error 

F 2 , 4·f8 ) = 1.429523 Probability = 0.23906 
F 18 , H8 ) = .9947471. Probability= 0.46473 
F 36 ' ·J48 ) = • 3961083 Probability= 0.99920 

The l~ffect of the drug interventions and voluntary contractions 
on the normalized M-wave area (Exercised Leg) 

Filename: mwave4 
9 subjects 

ANALYSIS OF VARIANCE TABLE 
2-Way Within Subjects - Randomized Block Design 

Source Sum Sqr. df Mean Sqr. F 

Ss/Blocks 
drug 
time 
Interaction 
Error 

34444.5 
.7565 

12401 
7635 
106339.5 

8 
2 
1 7 ' 
34 
424 

4305.563 
3782.5 
729.4706 
224.5588 
250.8007 

17.16727 
15.0817 
2.908567 
.8953676 

F 2 ' 42i ) = 15.0817 Probability = 0.00001 
F 17 ' 424 ) = 2.908567 Probability= 0.00021 
F 34 ' 424 ) ~ ~8953676 Probability = 0.64059 

http:7.693651E.:.o4
http:3.047519E.:.o4
http:1.099825E.:.o3
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