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ABSTRACT 

The aims of this research were: 1) to examine the effect of subtle changes in the 

stimulation pattern on the fatigability (force decline) of single motor units during repetitive 

activation; and 2) to determine the relationship between the magnitude of sub maximal force 

developed and the subsequent fatigue within these units. The experiments were performed on 

motor units of the tibialis posterior muscle in deeply anesthetized cats. Preliminary experiments 

revealed that fast-twitch motor units remained fatigued for several hours following short periods 

of repetitive stimulation, such that sequential testing of a single motor unit with different 

stimulation protocols was not feasible. Hence, a new fatigue test was developed to compare the 

effects of two stimulation patterns during fatigue. 

Two different stimulation patterns were pseudo-randomly delivered at 1 train/second for 

360 seconds to single motor axons. One pattern (regular) was composed of a 500-millisecond 

duration train with constant interpulse intervals customized to the twitch contraction time of each 

unit (stimulus interval range, 27 - 51 ms). The other pattern (optimized) was designed to 

increase the amount of force produced in the control (pre-fatigue) state. It consisted of three 

initial stimuli with short (10 ms) interpulse intervals, followed by a constant-interpulse interval train 

that was adjusted to have the same number of pulses and duration as the regular train (stimulus 

interval range, 29 - 62 ms). 

The force elicited during the fatigue test was decomposed to reveal a force profile 

attributable to each stimulation pattern. The results showed that the optimized pattern 

produced significantly more force during both control and fatiguing contractions. This 

suggested that force optimization is a potential mechanism by which the CNS might counteract 

fatigue. 

The association between the magnitude of submaximal force produced by an individual 

motor unit and its subsequent fatigue was tested within the same population of units. The 



12 

results showed that the increased force due to optimized stimulation was associated with 

decreased fatigue, and that the cumulative force produced during fatiguing contractions could 

be predicted from the units' pre-fatigue force. It is concluded that an inverse relationship 

between force and fatigability does not exist at the level of the individual motor unit under these 

conditions. Rather, the results showed that the amount of force a unit can develop over time 

during fatiguing contractions is dependent, in part, on the pattern of stimulation. 
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CHAPTER 1: INTRODUCTION AND AIMS 

Neural activation of skeletal muscle underlies the elaboration of postures and 

movements, and involves precise control of force. This is accomplished through the ability of 

the central nervous system (eNS) to control the number of active motor units (recruitment 

coding) and their discharge rate (rate coding). Previous studies of recruitment- and rate coding 

therefore provide the foundation on which our current understanding of the neural control of 

movement is constructed. 

A motor unit is defined as a motor neuron and the muscle fibers that it innervates. For 

example, a motor unit in cat tibialis posterior (an ankle extensor of the hindlimb) has a neuronal 

cell body located in the ventral horn of the spinal cord (L6 - S1), and a motor axon, 15 - 17 cm 

long, that branches to innervate 400 - 600 fibers (McDonagh, Binder, Reinking & Stuart, 1980a). 

In this report, as is conventional (Burke, 1967, Binder & Stuart, 1980), the term motor unit is 

used when the neuronal component of the unit is at issue (e.g., isolation, activation, 

recruitment- and rate coding). The term muscle unit is used when the focus is on the muscle

fiber component of the unit (e.g., twitch contraction time, force). 

In mammals, muscle units have variable numbers of fibers, ranging from < 10 in small 

muscles (like eye and foot muscles) to > 2,000 in large muscles (like the extensors of the human 

leg). Irrespective of muscle size or species, a feature of mammalian muscles is that fibers of a 

single muscle unit are relatively homogeneous: there is less variability in the magnitude of a 

particular parameter (e.g., peak force, an enzyme's concentration) between fibers of the same 

unit than between fibers of different units. In the same muscle, fibers from different units can 

vary widely in their anatomical, biochemical and physiological properties (Nemeth, Solanki, 

Gordon, Hamm, Reinking & Stuart, 1986; Nemeth, Hamm, Gordon, Reinking & Stuart, 1987; 

Hamm, Nemeth, Solanki, Gordon, Reinking & Stuart, 1988; Martin, Bodine-Fowler, Roy, Eldred 

& Edgerton, 1988; 81anco, Fournier & Sieck, 1989), but within and across populations of motor 
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units, these properties exist along a continuum (Lewis, 1984). When these various properties 

are considered in concert, however, a scheme emerges that provides a convenient framework 

for the classification of motor units. The convention adopted in this field (Burke, 1981) involves 

classifying motor units according to the contractile speed and fatigability of their muscle units. 

This scheme, which was originally proposed by Burke and colleagues (1973), revealed three 

prominent motor-unit types: 1) FF (fast contracting, fatigable); 2) FR (fast contracting, fatigue 

resistant); and 3) S (slow contracting, fatigue resistant). In many studies, a fourth unit type has 

also been described and designated FI, a fast-contracting unit of intermediate fatigability (for 

review: Stuart, Binder & Enoka. 1984). This classification scheme (FF, FI, FR, S) is also applied 

when motor-neuron biophysical properties are used to group the units. 

The muscle fibers of the three predominant unit types are separately classified 

according to their contractile speed (judged indirectly by histochemical stains for myosin 

ATPase) and their oxidative capacity (judged by oxidative-enzyme stains; Peter, Barnard, 

Edgerton, Gillespie & Stempel, 1972). The classifications are FG (fast contracting, glycolytic), 

FOG (fast contracting, oxidative/glycolytic), and SO (slow contracting, oxidative), corresponding 

to the fibers of FF, FR and S units, respectively. Many aspects of these classification schemes 

are still under consideration (for review: Burke, 1981; Stuart & Enoka, 1983; Lewis, 1984). 

Nonetheless, the concept of motor-unit and muscle-fiber "type" is valuable because it allows a 

muscle to be considered as a composite of discrete neuromuscular elements with individual 

capabilities to generate and maintain muscle force. 

A consequence of increasing whole-muscle force above minimal levels is that the 

muscle fatigues. Under conditions of constant excitatory command to the motor neurons, it is 

conventional to define fatigue as " ... a failure to maintain the required or expected force" 

(Edwards, 1981). Fatigue can result from changes in the eNS, the peripheral neuromuscular 

system, or both (Porter & Whelan, 1981; Enoka & Stuart, 1985). For the present purposes, 
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fatigue will be examined at the segmental motor level (i.e., from the motor neurons in the CNS to 

the contractile machinery in muscle fibers). 

Force generation at the segmental motor level depends upon the sequential operation 

of several processes, beginning with the excitation of the spinal motor neurons and culminating 

in the cyclic interaction between actin and myosin in the muscle fibers. Impairment in the efficacy 

of these or any intervening processes results in a diminished ability to generate force (Le., 

fatigue). Figure 1 shows that given a constant excitatory command to motor neurons, fatigue 

may result from: 1) failure of repetitive discharge (Kernell & Monster, 1982: Bigland-Ritchie & 

Woods, 1984; Bigland-Ritchie, Bellemare & Woods, 1986): 2) axonal branch-point failure (Spira, 

Yarom & Parnas, 1976; Smith, 1980); 3) transmission failure at the neuromuscular junction 

(Krnjevic & Miledi, 1958: Ruzzier & Scuka, 1979): 4) failure of muscle-fiber action potentials 

(Krnjevic & Miledi, 1958; Metzger & Fitts, 1986); 5) failure of excitation-contraction coupling 

(Edwards, Hill, Jones & Merton, 1977; Vergara, Rapoport & Nassar-Gentina, 1977); 6) depletion 

of energy substrates (for review: Vollestad & Sejersted, 1988); or 7) accumulation of metabolic 

by-products (Hultman & Sjoholm, 1986; Vollestad & Sejersted, 1988), which can subsequently 

impair several intramuscular processes, including action-potential propagation, excitation-

contraction coupling, and cross-bridge cycling (Dawson, Gadian & Wilkie, 1977; Donaldson & 

Hermansen, 1981; Cooke & Pate, 1985). 

It is likely, of course, that there are other potential sites of fatigue between the motor 
neuron and the contractile machinery. For example, although fatigue has not been 
studied in invertebrates, their neuromuscular systems have revealed several other 
control mechanisms, which may be relevant to mammalian systems (e.g., co
transmitters; e.g., Takami, Kawai, Uchida, Tohyama et al. 1985), and also to fatigue. 

There is substantial, but incomplete evidence that the site(s) of failure implicated in 

fatigue, and the extent of the Impairments, are dependent, in part, on motor-unit type (Burke, 

1981: Stuart & Enoka, 1983; Hamm, Reinking & Stuart, 1989). Similarly, fatigue appears to be 
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Fig. 1. Potential sites of motor-unit fatigue at the segmental motor level. Shown is a schematic 
representation of sites in both the central and peripheral neuromuscular system that have been 
implicated in the fatigue process. The motor neuron is labeled MN. Note that Metabolic 
accumulation refers to the fact that the Intracellular accumulation of selected metabolites (e.g., 
H+, Pi) leads to failures of the muscle-fiber action potential, excitation-contraction coupling and 
the contractile machinery. 
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task-dependent. although there is far less objective evidence on this important point (see for 

example: Clamann & Robinson. 1985; Sandercock. Faulkner. Albers & Abbrecht. 1985; Miller. 

Boska. Moussavi. Carson et al. 1988). 

An inverse relationship often seems to exist between the force developed by a muscle 

and its susceptibility to fatigue. This is commonly assumed by anyone who has tested the limits 

of human performance. or attempted to carry a heavy load for an extended period of time. 

However. the exact nature of the relationship between the magnitude of force produced and 

the subsequent fatigue is unclear (Stuart. Laouris & Bevan. 1989). Of particular relevance to the 

present work are previous experiments in which the neural input to muscles was altered (e.g .• 

duty cycle; Duchateau & Hainaut. 1985). As a consequence. the normal relationship between 

force and fatigability was also altered. 

The relationship between force and fatigability in populations of motor units was 

explored in an impactful report by Burke et al. (1973). Interestingly. much of what is known 

about fatigability in motor units is based on the results of experiments that used the standard 

fatigue test of that study. It involved stimulation of motor axons (or motor neurons) at 40 Hz for 

330 milliseconds. repeated once per second for periods of time usually ranging from 120- to 

360 seconds. Use of the standard fatigue test has shown that within a population of motor units. 

those capable of generating considerable tetanic force ar~ the least capable of maintaining 

force. and those units that generate relatively little force are most capable of maintaining it 

(Burke. 1981; Jami. Murthy. Petit. & Zytnicki. 1983; Kernell. Donselaar & Eerbeek. 1987; 

Gordon. Enoka. & Stuart. 1990a; Gordon. Enoka. Karst. & Stuart.1990b). However. this test 

does not provide evidence that fatigability is a property that is continuously distributed between 

and within populations of different motor-unit types. The fact that fatigability is not continuously 

distributed is surprising. because virtually all other motor-unit properties studied to date have 

been shown to form a unimodal distribution within populations of motor units (Lewis. 1984). 

Furthermore. this test does not reveal a precise relationship between force and fatigability. 
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either between or within the different classes of motor units. In contrast, Botterman and Cope 

(1988a,b) recently designed a unique fatigue test, featuring an entirely different regimen of 

motor-unit activation. Each unit was continuously activated at a stimulus frequency that was 

servo-controlled to produce 25% of the unit's peak force, until such force could not be 

maintained. This measure (endurance time) provided a unimodal distribution of fatigability for 

the fast-twitch motor-unit population of three cat hindlimb muscles, and further suggested that 

an inverse relationship exists between force and fatigability both within and botween motor-unit 

populations of different muscles. These results are of particular relevance to the present project 

because they have shown how changing the stimulation regimen reveals further dynamics of 

motor-unit fatigue. In this report, the term regimen is used to encompass all features of the 

stimulus protocol (i.e., train pattern, duty cycle, frequency), whereas the term pattern is 

restricted to the timing of impulses in each individual repetitive train. 

The aim of this project was to examine the relationship between the magnitude of 

submaximal force developed by an individual motor unit vs. the fatigue elicited by two stimulus 

patterns. The relevant background literature includes consideration of the neural control of 

force, orderly motor-unit recruitment, rate modulation, the relationship between force and 

fatigability in whole muscles and motor units, recovery from fatigue, and specific methodological 

issues (e.g., the measurement of force and fatigability). These issues are reviewed in Chapter 

2. 

To test the relationship between force and fatigability within single muscle units, force 

was graded by subtle changes in the stimulation pattern. In designing the study, pilot studies 

were undertaken to examine the time course of motor-unit force depression after fatiguing 

contractions, with the hope that motor-unit fatigue could be studied by using sequential 

activation of individual motor units with different stimulation regimens. The results of these pilot 

studies are presented in Chapter 3. They showed that an alternative strategy was required, due 

to the delayed recovery of force in fast-twitch units, even after short periods of stimulation. 
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The adopted approach arose from consideration of previous literature on the "catch

like" property of mammalian muscle (Burke, Rudomin & Zajac, 1970) and studies on force 

optimization of whole muscle (Stein & Parmigianni, 1979) and single motor units (Zajac & Young, 

1980a). These studies suggested that, if the initial interstimulus intervals of a train of stimuli 

delivered to the motor unit were short (I.e., S 10 ms), the force would be greater than the force 

produced by a constant-frequency train of stimuli. Based on these observations, two different 

stimulation patterns, one with constant-frequency interpulse intervals (hereafter called regulaf) 

and one designed to increase the force per stimulus (hereafter called optimized) were used in 

the present study. To avoid the delayed-recovery problem (Chapter 3), the two stimulation 

patterns were delivered (at 1/s) to the motor unit in random alternation to produce fatigue. The 

declining force prOfile was subsequently decomposed in order to compare the fatigability 

brought on by each pattern (cf. Cooper, Edwards, Gibson & Stokes, 1988). Chapter 4 

describes this series of experiments which emphasize the effects of the stimulation pattern on 

force during fatiguing contractions. 

Finally, Chapter 5 describes the relationship between force and fatigability within 

individual motor units, as derived from the Chapter 4 results. Fatigue was characterized using 

several commonly used fatigue measurements, in order to bring out features of fatigue (e.g., 

magnitude, rate) due to alterations in the stimulation pattern, which were not discernable using a 

single fatigue measurement. The results indicated that stimulation with the optimized pattern 

reduced fatigue, and provided evidence that an inverse relationship between force and fatigue 

does not exist within an individual motor unit. 

In summary, this work contributes to an understanding of motor-unit fatigue by 

examining the significance of the neural input pattern on the force exerted by individual motor 

units during fatiguing contractions, and by examining the relationship between the magnitude of 

sub maximal force exerted and the subsequent fatigue within individual motor units. The specific 

aims of this study are stated below. 
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1.1 SPECIFIC AIMS 

Two specific hypotheses were tested: 

Hypothesis 1. The fatigability of mammalian fast-twitch motor units during repetitive 

activation is significantly altered by subtle changes in the activation pattern. 

Hypothesis 2. An inverse relationship between initial force and fatigability (as assessed 

by several fatigue measurements) exists within fast-twitch, fatigable motor units. 

Preliminary accounts of some of this work have appeared in abstract form (Bevan, Laouris, 

Reinking, Garland et al. 1989a,b; Laouris, Bevan, Reinking & Stuart, 1989; Stuart, Laouris & 

Bevan, 1989; Laouris, Bevan, Reinking & Stuart, 1990; Stuart, Bevan, Laouris & Reinking, 

1990). 
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CHAPTER 2: HISTORICAL AND THEORETICAL BACKGROUND 

This section introduces concepts relevant to the study of force generation and fatigue 

in motor units, and provides the theoretical background that supports the significance of this 

work in relation to our understanding of segmental motor control. The chapter includes sections 

on: 1) general aspects of the neural control of muscle force and fatigue, emphasizing force 

optimization and the significance of stimulation parameters on fatigue; 2) the relationship 

between force and fatigability in whole muscles and populations of motor units; 3) the 

measurement of fatigue; and 4) the rationale for the selection of the stimulation patterns used in 

this study. 

This background is based on studies of whole-muscle and motor-unit behavior in 

conscious humans and anesthetized animals. The human work involved voluntary isometric 

contractions or imposed contractions (via electrical stimulation) of whole muscle. The reduced

animal approach involved the use of deeply anesthetized, surgically reduced (laminectomy, 

extensive hindlimb denervation, etc.) adult cats or rats. Stimuli delivered to the muscle nerve, 

motor axon, or neuronal cell body activated muscles or motor units, depending on the 

experimental protocol. Over the past 30 years, these two approaches have provided the 

observations that form the theoretical rationale for the present work. 

2.1 NEURAL CONTROL OF FORCE 

The CNS has two well·known means of controlling the force produced by a muscle: 1) 

increasing or decreasing the number of active motor units (recruitment coding); and 2) 

increasing or decreasing the discharge frequency of the active motor units (rate coding). 

Several factors influence the relative importance of these mechanisms in the control of force, 
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including: 1) muscle size, function, and motor-unit composition (Botterman, Iwamoto & Gonyea, 

1986); 2) the muscle length relative to its single motor units' optimal length (Harrison, 1983); and 

3) the task performed by the muscle (Tax, Denier van der Gon, Gielen & van den Tempel, 1989; 

Nardone, Romano & Schieppati, 1989). It has been shown that motor-unit recruitment- and rate 

coding occur in parallel (Kernell & Sjoholm, 1975), and it has been suggested that recruitment 

coding may be the more important regulator of force at low levels, while rate coding may be the 

more important regulator at high forces (Milner-Brown, Stein & Yemm, 1973). Of course, this 

arrangement, too, is muscle specific. Small muscles appear to recruit all their motor units when 

force has developed to < 50% of the maximal voluntary contraction (m.v.c.) and then rely 

exclusively on rate coding to increase force into the 50 - 100% m.v.c. range (Kukulka & 

Clamann, 1981). In large muscles, however, additional motor units may continue to be recruited 

up to 90% of the m.v.c. (Deluca, Lefever, McCue & Xenakis, 1982; Thomas, Ross & Stein, 

1986). In this latter case, the muscle must rely on both recruitment- and rate coding for high 

force production. 

To assess the relative importance of rate coding to the development of muscle force, it 

was of interest to know how much force a motor unit exerts at its recruitment threshold. In a 

study by Kernell & Sjoholm (1975), it was estimated that a motor unit only generates 10 - 25% of 

its maximum tetanic force upon recruitment, and it was suggested that rate coding was crucial for 

maximal force production (see also: Milner-Brown et al. 1973). 

2.1.1 Recruitment coding 

During the graded development of muscle force, motor units are recruited in an orderly 

fashion according to the Size PrinCiple (for review: Henneman & Mendell, 1981; Stuart & Enoka, 

1983), which is summarized in the following statement: 
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..... the amount of excitatory input required to discharge a motoneuron, the energy it 

transmits as impulses, the number of muscle fibers it supplies, the contractile 

properties of the motor unit it innervates, its mean rate of discharge and even its rate 

of protein synthesis are all closely correlated with its size. This set of experimental 

facts and Interrelations has been called the 'size principle'" (Henneman, 1977). 

The rules governing orderly recruitment are not well-established. However, there is 

evidence that it may be related to motor-unit fatigability (Stephens & Usherwood, 1977) and 

force-generating capabilities (Zajac & Faden, 1985), such that, in response to increasing neural 

drive, the less fatigable, low-force units are recruited first, and the more fatigable, high-force 

ones recruited last. Presently, there is a lively debate on the details and mechanisms of 

Henneman's Size Principle (e.g.: Burke,1981; Henneman & Mendell, 1981; Stuart & Enoka, 

1983; Enoka & Stuart, 1984; Bawa, Binder, Ruenzel & Henneman, 1984; Gustafsson & Pinter, 

1985; Zajac & Faden, 1985; Binder & Mendell, 1989). For the present experimental work, this 

debate was not an issue because an experimental paradigm was used in which force was 

controlled solely by the frequency and pattern of activating stimuli applied directly to the units' 

motor axon. Nevertheless, given that newly recruited motor units do not exert maximal forces, 

understanding the relationship between motor-unit forc;e and fatigability adds another 

dimension to the continuing evaluation of Henneman's Size Principle. 

2.1.2 Rate coding 

In mammalian muscles and their motor units, maximal force is not achieved by a single 

stimulus (Close, 1972). Rather, the gradation of force is dependent on activation frequency. 

Rate coding is the means by which a motor neuron integrates the sum total of its excitatory drive 

and transforms this drive into graded muscular force. For whole muscles and single motor units, 
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the stimulus frequency-force relationship has a sigmoidal profile within the 10 - 100 Hz range of 

stimulation frequencies (Kerne", 1984; Botterman et al. 1986). The significance of the stimulus 

frequency-force relationship is that it describes the optimal activation range for force modulation 

of a particular motor unit. Examples from fast- and slow-twitch motor units of a cat forelimb 

muscle are shown in Fig. 2. Type S units are more sensitive to changes in rate modulation at low 

frequencies (10 - 25 Hz), whereas F (i.e., FF + FR) units are more sensitive to rate modulation at 

higher frequencies (> 30 Hz) and have a broader range of sensitivity (30 - 90 Hz). Thus, at low 

frequencies, a sma" change in activation rate will have a greater effect on force modulation in S 

than in F units. The region where force is most sensitive to changes in activation rate is highly 

correlated with the contraction time of the muscle unit (Kerne", 1983). For example, if the twitch 

contraction time is slow, the steep region of the stimulus frequency-force curve will occur at a low 

stimulation frequency. Recently, Gardiner and Kernell (1990) have provided evidence that 

twitch contraction time is positively correlated with the duration of afterhyperpolarization in the 

motor neuron, suggesting that "there is a functionally relevant speed-match between intrinsic 

properties of alpha-motoneurons and those of their muscle units." 

In 1987, Hennig and L0mo observed that FF and S motor units in freely moving rats 

discharged at frequencies that corresponded to the flat portion of their respective muscles' 

stimulus frequency-force curves (i.e., just before maximum tetanic force was reached). In 

contrast, FR units often discharged at frequencies corresponding to the steep part of their 

whole muscle's stimulus frequency-force curve, thereby implying that rate modulation may playa 

more prominent role in FR units than in the other unit types. This is an intriguing notion, but far 

more work is required before it can be accepted as a general rule. 

An example of the significance of rate modulation in the control of force is shown In Fig. 

3. This record shows the increase in discharge rate during a voluntary contraction of a human 
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Fig. 2. Relationship of stimulus frequency to the production of force in single muscle units. 
Shown are data for eleven muscle units from a cat forelimb muscle. flexor carpi radialis. Two 
distinct populations are seen. corresponding to type S (triangles) and F (circles) muscle units. 
The most effective rates for force modulation are described by the steep part of each curve. 
Thus. S units and F units are effectively modulated at different absolute rates of stimulation (from 
Batterman et al. 1986; their Fig 3). 
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Fig. 3. Rate coding of motor-unit discharge during the graded development of muscle force. 
Shown is a continuous record of interpulse intervals from a single motor unit (upper trace) and 
the force generated by the human first dorsal interosseus muscle (lower trace), while the subject 
tracked a triangular waveform requiring 1 kg of force (approximately 25 % of this muscle's m.v.c.). 
Note the change in discharge rate from approximately 10 Hz (interpulse interval, 100 ms) at the 
threshold of recruitment to 18 Hz (interpulse interval, 56 ms) at the peak of the ramp (from Milner
Brown et al. 1973; their Fig. 1). 
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hand muscle performing a ramp increase, followed by a decrease in force, at a relatively low level 

of exertion. Threshold discharge rate was approximately 10Hz (interpulse interval, 100 ms), and 

it increased to approximately 18 Hz (interpulse interval, 56 ms) at the peak of the ramp. Even at 

this low level of force (0 - 25% m.v.c.), the change in absolute discharge rate was> 75% (Milner

Brown et al. 1973). 

2.1.3 The effect of activation history and patterning on force 

In addition to recruitment- and rate coding, motor-unit force is profoundly influenced by 

its activation history. It has long been known that whole muscles and motor units'do not behave 

as linear systems (Mines, 1913; Cooper & Eccles, 1930), such that the force elicited by a given 

amount of neural input depends on the activation history and/or mechanical conditions. For this 

reason, the force exerted by single motor units cannot be predicted on the basis of stimulation 

rate alone. Some examples of such non-linear behavior and their potential significance for the 

neural control of movement are given in the following sections. 

Potentiation Potentiation is defined as a force response that is greater than the 

expected response. Its manifestation is dependent on the activation history and it can be 

classified as one of three types: 1) positive staircase potentiation (treppe), induced by repetitive 

activity at low frequency, with each successive stimulus enhancing force output (Colomo & 

Rocchi, 1965); 2) post-tetanic potentiation, increased twitch force following tetanic stimulation; 

and 3) fatigue-associated potentiation, increased twitch force, coexisting with a state of 

decreasing force (fatigue) due to repetitive activation. This latter type of potentiation has been 

demonstrated in fast-contracting whole-muscle of rats (Rankin, Enoka, Volz & Stuart, 1988) and 

cats (Kernell, Ducati & Sjoholm, 1975), and fast-contracting motor units of cats (Jami et al. 1983; 

Gordon et al. 1990a). 
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A record of potentiated twitch force in a human hand muscle is shown in Fig. 4. It has 

been demonstrated that the magnitude of the force increase due to a second stimulus 

increases exponentially with progressive decreases In the interpulse interval (Parmigianni & 

Stein, 1981). The mechanisms underlying potentiation are thought to involve alterations in 

Ca2+ kinetics (Duchateau & Hainaut, 1986a,b), changes in the amount of myosin light-chain 

phosphorylation (Sweeney & Stull, 1990), or optimized mechanical properties due to enhanced 

Ca2+ sensitivity of the myofilaments (Sweeney & Stull, 1986). For the present purposes, 

however, knowing the mechanisms of potentiation is not as critical as the recognition that these 

phenomena have a prominent effect on the force developed during repetitive activation. A 

recent study by Gordon et al. (1990a) has suggested that since fatigue-induced potentiation 

was present In almost 50% of the units studied (with qualitative differences, depending on unit 

type), it presents another level of complexity with respect to the precise control of force, and the 

conventional scheme of motor-unit classification may not Include sufficient behaviorally 

Significant properties. 

The catch-like property and force optimization An interesting activation-dependent 

property of whole muscle and motor units Is the "catch-like" phenomenon. This phenomenon 

and other observations on force optimization provide the basis for the stimulus patterns used in 

this project. The purpose of the following section is to describe the effect of the activation 

pattern on force and its relevance to natural movement. 

Catch-like property: The "catch" property actually refers to the force produced by a 

special "locking" mechanism in molluscan muscle, which persists when excitation by junctional 

or end-plate potentials ceases (I.e., it Is independent of neural Input). This catch force resists 

extension of the muscle cell, but does not cause shortening. True catch is known only in some 

molluscan adductor and retractor muscles and appears to be dependent on the presence of 

paramyosin; a specialized form of the contractile protein, myosin. In these muscles, relaxation is 
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Fig. 4. An example of fG~ce potentiation in human whole muscle. This record is from the human 
adductor pollicis muscle. stimulated supramaximally by two stimuli delivered near the ulnar nerve. 
A. Twitch force (1). rate of force development and decay (2). and muscle EMG responses (3). B. 
The effect of a second stimulus occurring 30 ms after the inHial stimulus (3) on the force profile 
(1). and the rates of contraction and relaxation (2). C. The superimposed responses due to the 
first stimulus (C1) and the second stimulus (C2). Note the difference in force between the first 
and second stimulus (adapted from Duchateau & Hainaut. 1986a; their Fig. 1). 
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dependent on the release of a relaxing factor (Hirata, Kubota, Takabatake, Kawahara et al. 

1987). 

The term "catch-like property" was introduced to the mammalian motor-unit literature in 

1970, when Burke and colleagues described the non-linear summation of force due to the 

insertion of an additional stimulus into constant-frequency trains delivered to motor units of cat 

hindlimb muscles. Figure 5 shows that the addition or subtraction of a single stimulus in 

constant-frequency trains significantly alters force production. For example, a single extra 

stimulus introduced 1 o milliseconds following the first stimulus of a regular train can increase 

force and temporarily maintain the force level above that produced by activation at constant 

frequency. The effect of the extra stimulus on force persists longer than the neural event, which 

means that either the muscle output was dissociated from neural input (hence ijs association 

with the "catch" property), or the muscle functionally discriminated between the two input 

patterns. 

Force optimization: Subsequent to his contributions to the Burke et al. (1970, 1976) 

studies, Zajac extended consideration of the catch-like property to the general Issue of force 

optimization. In 1980, he reported that, for a given motor unit, there exists one sequence of 

interpulse intervals, referred to as the "optimal sequence", which elicits maximal force per 

stimulus from the motor unit (Zajac & Young, 1980a). This sequence was characterized by one 

or two initial, short (10 ms) interpulse intervals, with subsequent intervals set at 1.8 x twitch 

contraction time. The force output was sensitive to deviations from the optimal sequence, 

especially if the deviations occurred In the first two intervals. However, subsequent intervals 

could be substantially altered without significantly affecting force. These results are similar to 

those reported by Stein & Parmigianni (1979) for whole muscle. The optimal sequence in the 

Zajac and Young (1980a) study consisted of one or two initial short intervals, followed by a 

longer interval, and then a train of constant-frequency intervals. 
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Fig. 5. The "catch-like" property in mammalian motor units. Shown are the force responses of 
an S motor unit from cat medial gastrocnemius (MG) activated at different frequencies. A, In the 
left column, the force responses to different stimulation frequencies are shown in the lower 
trace. Then a single extra stimulus was introduced into each stimulus train 10 ms after the first 
pulse in the train (arrow). These responses are shown in the upper trace. Note that the duration 
of force enhancement due to the extra stimulus depended on the stimulation frequency. The 
graph in the right column reports the difference between the force responses (measured as an 
increase in the force-time integral) at each basic stimulation frequency. Below the graph is a 
record of the force response of a unit activated at 9.8 Hz, with and without an extra stimulus. This 
record has a slower time base to show the long duration of the effect of the extra stimulus. B, 
Force responses of another MG type S unit to three trains of 22 stimuli each, at a basic rate of 
12.2 Hz. In each train, one or two interpulse intervals were altered. The force waveforms labeled 
a, b, C, and their respective stimulation sequences are similarly deSignated. The arrows in a and 
b indicate the extra pulse added 10 ms after the initial stimulus. The arrow in C denotes the 
addition of a pulse in the middle of the train. In trace b, note the drop in force when one interval 
was lengthened to 117 ms from 82 ms (from Burke et al. 1970; their Figs. 2-3). 
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Implications for natural movement There is an emerging literature on the presence of 

the catch-like property and force optimization in movements. As so often occurs in an emerging 

field, the evidence is at times conflicting and controversial. 

A doublet is the key component of the stimulation pattern used to elicit the catch-like 

property (Burke, 1970). It can be defined as a pair of motor-unit action potentials which occur 

with an interpulse interval < 10 milliseconds (Zajac & Young, 1980b; Bawa & Calancie, 1983) or < 

20 milliseconds (Hoffer, Loeb, Marks, 0' Donovan et al. 1987). Presumably, initial doublets shift 

the stimulus frequency-force curve to the left of a curve produced by similar trains without the 

doublet. 

Initial doublets are thought to playa special role in movement because they appear 

regularly during: 1) walking in high decerebrate cats (Zajac & Young, 1980b); 2) fast and forceful 

movements in human subjects, i.e, 120 N of force developed in 0.15 seconds (Desmedt & 

Godaux, 1978; see also Gurfinkel & Levik, 1974); 3) slow contractions of a human forearm flexor 

(Bawa & Calancie, 1983); 4) maintained isometric contractions of a human ankle flexor 

(Andreassen & Rosenfalck, 1980); 5) stimulation of cat motor neurons with low eXCitatory 

currents at the threshold of rhythmical discharge (Calvin, 1980); and 6) normal activity in FF units 

of some rat hindlimb muscles (Hennig and L0mo, 1985). 

In contrast, studies have shown that doublets occurred infrequently during walking in 

normal cats (Hoffer et al. 1987), and during human elbow flexion at various velocities (Gydikov, 

Kossev, Kosarov, & Kostov, 1987). Furthermore, doublet discharge was shown to decrease as 

treadmill speed increased in high-decerebrate cats (Zajac & Young, 1980b) and in units that did 

display doublet discharge in normal cats (Hoffer et al. 1987). In addition, doublet discharge 

decreased at higher forces and as the speed of contraction increased in units of the human 

flexor carpi radialis (Bawa & Calancie, 1983). These results suggest that as the strength of 

synaptic input to the motor neuron increases, doublet discharge decreases. This seems 

counterintuitive to the idea that doublet discharge is a strategy that increases force production. 
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For these various reasons, it is premature to ascribe functional significance to doublet discharge, 

at least until far more experimental work has been undertal<en. 

The potential significance of optimizing force during natural movement was put forth as a 

teleological argument by Zajac & Young (1980b). They reasoned that during natural locomotion, 

there may be a constraint on the number of action potentials per burst during each step in order 

to deter fatigue. Accordingly, they argued that " ... during steady-state locomotion, a fast-twitch 

motor unit should fire with a pattern of discharge equal to its optimal stimulus sequence in order 

that it can generate without fatigue maximum tension-area from its muscle fibers." 

Hennig and L0mo (1987) also suggested that the eNS might use a force-optimization 

strategy during normal movement. They determined that the optimal stimulus pattern for rat 

motor units resembled the normal discharge patterns of FF motor units, and suggested that 

force optimization might play an important role in natural movements, particularly at the onset of 

force development. In an earlier study, they observed that the optimal interpulse sequence for 

4-pulse stimulation of type S motor units was approximately 10-50-50-50 milliseconds (Hennig & 

L0mo, 1985). During natural movement, S units did not normally generate doublets, but 

disregarding the first interval, 50 milliseconds corresponded to the median interpulse interval of 

these units when activated during natural movements. They also noted that after the first 

stimulus interval, optimal force production was less sensitive to interpulse interval duration in S 

than in FF motor units. 

There is no previous work on the significance of force optimization during fatiguing 

contractions. However, in one recent report (Enoka, Robinson & Kossev, 1989) doublet 

discharge was not a feature of motor-unit discharge during fatiguing, low-force contractions in 

conscious humans (Enoka, personal communication; see also: Adams, Datta & Guz, 1989). 

Again, more work is required before a definitive answer is available on this issue. 

Summary: The conflicts in the literature pertaining to the catch·like property and force 

optimization are largely related to the relevance of these behaviors during natural movement. 
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The possibility that the CNS uses these strategies to optimize force during natural movement is 

compelling because there are significant differences between the forces elicited by different 

stimulation patterns in reduced animal preparations, under resting conditions. What seems to 

be required at this time is further investigation of these behaviors using both imposed and 

natural activations, with the former approach providing insight into the latter, and vice versa. 

2.1.4 The neural control of force during fatiguing contractions 

Fatigue is another example of activation-dependent motor-unit behavior. During 

fatigue, force is also modulated by recruitment- and rate coding of individual motor units, and it is 

relevant to consider how they may change during fatigue. Such studies are particularly difficult 

to execute in vivo, due to the very low signal-to-noise ratio of motor-unit EMG potentials during 

forceful contractions. Nevertheless, as reviewed below, several studies have addressed 

changes in motor-unit discharge rate and their association with changes in muscle contractile 

characteristics (and changes in motor-unit recruitment) that occur during fatigue. 

Motor-neuron discharge with fatigue It is well documented in studies of whole muscle 

that contractile properties change during the course of fatigue (Bigland-Ritchie, Johansson, 

Lippold & Woods, 1983; Hultman & Sjoholm, 1983; Edwards, Hill & Jones, 1975). In the 

Bigland-Ritchie et al. (1983) study, contractile changes were examined in a human hand muscle, 

by interpolating whole-muscle twitches and brief epochs of subfused tetani Into a 60-second 

m.v.c. Figure 6 provides an example of the contractile changes that occurred concomitantly with 

fatigue, including: 1) prolongation of relaxation time; 2) decreased fusion frequency; and 3) 

decreased tetanic force. Similarly, Dubose, Schelhorn & Clamann (1987) investigated 

contractile changes In cat motor units during fatigue, by Interpolating twitches (1/second) into 

the rest phases of the standard fatigue test. In FF units, twitch contraction time and half

relaxation time increased significantly within 30 seconds. These changes occurred 
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Fig. 6. Changes in whole-muscle contractile properties during fatigue. A, Qualitative differences 
in contractile properties of human adductor pollicis muscle 5 and 60 s into a sustained m.v.c. 
Twitch force, the rate of force development and decline (dF/dt), and contraction time (CT) are 
shown. 8, Response to 7 Hz stimulation. Note the relative increase in fusion following 60 s of 
m.v.c. C, Comparison of peak tetanic force at 50 Hz stimulation. After the 60 s m.v.c., the force 
response to 7 Hz stimulation (a'/a) increased by 15%, the fraction of available force (alb; a'/b') 
increased by 7%, and the magnitude of maximal force (bIb') decreased by 18% (from Bigland
Ritchie et al. 1983; their Fig 4). 
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concomitantly with a pronounced decrease in force. In addition, the fusion frequency for 

tetanus decreased substantially. Type S units, on the other hand, displayed a decrease in 

contraction time and one-half relaxation time, while FR units showed a significant increase in 

one-half relaxation time and no change in contraction time. After 30 seconds of stimulation, 

units could no longer be classified on the basis of contractile speed. Another recent study 

examined the contractile changes of the40-Hz· force profile during fatigue. It was shown that 

after 120 seconds of the standard fatigue test, the rates of force development were faster than 

the initial values in type Sand FR units, but were largely unchanged in FI and FF units. 

Relaxation parameters were unaffected by repetitive stimulation in Sand FR units, but relaxation 

rates became significantly slower in FI and FF units (Gordon et af. 1990b). 

The effect of an increased contraction time and prolonged relaxation time on force is 

that lower stimulation rates can potentially generate more force (i.e., the stimulus frequency

force curve is shifted to the left). The relevance of this situation to potential CNS strategies is 

that less depolarization "pressure" by descending command signals is needed on the motor 

neurons to generate a given force. Theoretically, a reduction in descending drive should 

reduce the possibility of central fatigue at both spinal and supraspinal levels (Edwards, 1981). 

Studies on conscious humans performing sustained or intermittent m.v.c.s have 

suggested that the slowing of whole-muscle contractile speed (which lowers the fusion 

frequency) is matched by a slowing of motor-neuron discharge rate. This phenomenon has 

been termed "muscle wisdom" when it occurs naturally and "artificial wisdom" when elicited by 

electrical stimulation of the muscle nerve (Dietz, 1978; Marsden, Meadows & Merton, 1983; 

Bellemare, Woods, Johansson & Bigland-Ritchie, 1983; Bigland-Ritchie et af. 1986; Binder

Macleod & Guerin, 1990). Figure 7 shows the effect of fatigue on the discharge rate and twitch 

half-relaxation time of a population of motor units during a sustained 60-second m.v.c. 

Studies on humans have indirectly suggested that fatigue-induced changes in muscle 

contractile properties may be detected by the CNS as a signal to regulate motor-neuron 
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Fig. 7. Changes in motor-unit discharge rate during a sustained m.v.c. A. Motor-unit action 
potentials recorded from single units (identified by action potential size) in the human adductor 
pollicis during an m.v.c. The dotted line covers an epoch in which mean discharge rate was 
determined for a single unit. B. Changes in motor-unit discharge rates (Hz) and haH-relaxation 
times (t112) during a m.v.c. sustained for 100 s. These data are based on population measures 
of motor-unit activity. rather than on single motor-unit activity. The number of units recorded in 
each epoch is shown for each time period. Note that the relative changes in relaxation time 
equalled or exceeded the changes in motor-unit discharge rate (from Bigland-Ritchie et al. 
1986; their Fig. 2). 
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discharge rate during sustained activity. This regulation may include spinal inhibitory reflexes 

driven by sensory input from group III-IV afferents, Ib (Golgi tendon organ) afferents, recurrent 

Renshaw-cell inhibition, and/or increased after-hyperpolarization of motor-neuron discharge 

(Bigland-Ritchie et al. 1986; Woods, Furbish & Bigland-Ritchie, 1987). Recent studies on 

muscle wisdom have suggested that observed decreases in motor-neuron discharge rate are 

attributable to reflex effects (with emphasis on sensory input from group III-IV afferents) resulting 

from metabolic changes within fatiguing muscles (Bigland-Ritchie et al. 1986; Woods et al. 1987; 

Gar/and & McComas, 1988). 

Much is yet to be learned about muscle wisdom and its underlying mechanism(s) (Stuart, 

1989). For the present purposes, it is sufficient to point out that this phenomenon is another 

example of a CNS strategy that is available during fatigue. 

Changes In discharge pattern during fatigue In addition to changes in discharge rate 

during fatigue, a few Investigators have also looked for systematic changes in the pattern of 

motor-unit discharge. One study (Gatev, Ivanova & Gantchev, 1986) examined the behavior of 

motor units recruited at 40 - 80% of the m.v.c. in the human flexor hallicus brevis muscle. 

Subjects were asked to maintain force at 5 - 10% above the recruitment threshold, until fatigue. 

The results did not reveal any significant trends in motor-unit discharge behavior, except that the 

variability in discharge rate increased. This variability in discharge rate has also been 

demonstrated following an intermittent fatigue regimen in the human first dorsal interosseus 

muscle (Enoka et al. 1989), and during sustained contractions of the human masseter muscle 

(Nordstrom & Miles, 1990a). 

Changes in recruitment during fatigue There Is little information regarding changes in 

motor-unit recruitment during fatigue. A recent study (Enoka et al. 1989) used an intermittent, 

fatiguing paradigm that consisted of ramp-up, plateau, ramp-down contractions, to show that 

recruitment force declined slightly or varied unsystematically, but derecruitment force invariably 

increased. Following the fatiguing activity, some units that had been previously recruited were 
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not active, and new units were recruited. Maton (1990) recently reported motor-unit dropout 

(Le., ceased discharge) during fatigue. This phenomenon may further complicate studies of 

motor-unit recruitment during fatigue. 

It is apparent that there is much to be learned about the changes in motor-unit 

recruitment during fatigue, and about the discharge patterns of recruited motor units as fatigue 

ensues. 

2.1.5 Effect of actjyation freQuency on fatigue 

The significance of the "catch-like" property and force optimization for this project is that 

under control (pre-fatigue) conditions, force can by increased by a subtle change in the 

stimulation pattern. Although the fatigue literature has not focused on the stimulation pattern 

per 5e, stimulation parameters (particularly frequency) have nonetheless been shown to affect 

fatigue. 

In human whole muscle, it has been demonstrated that force and fatigue depend on the 

frequency of activation. In 1977, Edwards and colleagues found that there was a rapid decline in 

force and EMG in response to high rates of activation (> 50 Hz), which was followed by a rapid 

(seconds to minutes) and complete recovery of both parameters' control values (Edwards el al. 

1977; see also U1nnergren, Larsson & Westerblad, 1989). The force decline was characterized 

by Edwards el al. (1977) as "high-frequency fatigue," which is thought to be attributable largely 

to neuromuscular-transmission failure. However, despite the observation of high-frequency 

fatigue, under certain experimental conditions, this phenomenon probably does not occur 

under natural conditions. In their 1977 report, Edwards el al. also contrasted the characteristics 

of high-frequency fatigue with those of "low-frequency" (stimulus rate < 50 Hz) fatigue, which 

they attributed to impaired excitation-contraction coupling (for review: Edwards, 1981; Bigland

Ritchie ef al. 1986). Fatigue brought on by repetitive, low-frequency stimulation has been 
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shown to be particularly long-lasting (Le., several hours; Edwards et al. 1977; Jami et al. 1983; 

Chapter 3). 

Fatigue has also been shown to be dependent on activation frequency in cat motor 

units. In 1985, Sandercock et al. (1985) applied continuous stimulation to motor axons at 10-

and 80 Hz and intermittent stimulation at 40 Hz. Force declined rapidly at all frequencies in the 

FF and FR motor-unit populations, but only at 80 Hz In S units. In addition, the duration and 

amplitude of the motor units' action potentials were reduced only at 80 Hz. Again, these 

findings suggest that the frequency of activation may have influenced the site of fatigue. In the 

same study, the stimulus frequency-force curve was established for a type F unit before and 

after prolonged stimulation at 40- and 80 Hz (Fig. 8). Following low-frequency stimulation, the 

curve was shifted further to the right than following high-frequency stimulation. In addition, the 

tendency for force recovery was reduced following low-frequency stimulation. 

In another study on cat motor units, Jami et al. (1983) showed that force recovery takes 

several hours following just 120 seconds of the standard fatigue test, which the authors thought 

to induce largely a low-frequency fatigue (cf. Hamm et al. 1989). Furthermore, the extent of 

force-recovery was reduced when assessed with 40 Hz stimulation vs. 200 Hz stimulation (Fig. 

9). In the present study, the overall stimulation rates were less than 40 Hz; thereby inducing 

largely low-frequency fatigue and its after-effects. 

It is clear that the fatigue literature has revealed a prominent effect of stimulation 

frequency on the fatigue of whole muscle and single motor units. A problem inherent in fatigue 

studies, however, is the exclusive use of regular (constant-frequency) stimulation patterns. In 

contrast, the literature emerging on force optimization allows one to consider the potential 

significance of irregular stimulus trains, as has been reported to occur during the voluntary 

activation of motor units. Because the literature does not address the mechanism(s) underlying 

optimization, the nature of the interaction between fatigue and optimization, or whether or not 
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Fig. 8. Effects of low- and high-frequency fatigue on the stimulus frequency-force relationship 
of single motor units. Shown are stimulus frequency-force curves for F units of the cat medial 
gastrocnemius muscle, generated before (continuous line) and 30 min after (broken line) a 
fatigue-inducing stimulus regimen. A, Low-frequency fatigue was induced by stimulating a type 
F motor unit with 40 Hz trains for 120 s. 8, High-frequency fatigue was induced by stimulating 
the same F unit at 80 Hz for 10 s. Note the delayed recovery of the force-frequency profile 
following low-frequency stimulation (Sandercock et al. 1985; their Fig 3). 
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Fig. 9. Differences in the magnitude of force-recovery of single motor units in response to 40-
Hz stimulus trains and to maximal tetanic stimulation. The recovery of force by an F unit in the cat 
peroneus tertius muscle following the standard 120 s fatigue test was assessed for several hrs 
with subfused and tetanic stimulation. The subfused (40 Hz) stimulation was applied for 3 s. 
This was followed by tetanic (200 Hz) stimulation for 0.5 s. The isometric force was measured at 
the end of each stimulation period (adapted from Jami et al. 1983; their Fig. 10). 
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optimization is susceptible to fatigue, the first aim of the present work was to test the hypothesis 

that fatigue is changed by subtle alterations in the stimulation pattern used to elicit fatigue. 

2.1.6 Significance of chronic stimulation protocols on fatigability 

The stimulation regimen used during chronic electrical stimulation can affect muscle 

fatigability. There is evidence that the trophic influences evoked throughout several weeks of 

activation are dependent on the stimulation regimen. The changes in fatigability were studied 

by measuring the effects of chronic (long-term; usually 1-4 wks) stimulation on muscle 

performance. Two studies used fatigue tests as a component of muscle-performance 

evaluation. 

In 1987, KerneU's laboratory reported that the quantity (daily amount) and pattern of 

stimulation applied chronically to cat peroneus longus muscle significantly affected muscle 

fatigue (KerneU et al. 1987). These results are presented in Fig. 10. 

Recently, Rutherford & Jones (1988) compared contractile changes and fatigability of 

human hand muscles (first dorsal interosseus and abductor pollicis) subjected to chronic 

stimulation. One of two stimulation trains was delivered intermittently to the test muscle: 1) 

constant-frequency stimulation at 10Hz; or 2) a non-uniform pattern of the same average 

frequency, containing a few high-frequency (> 50 Hz) bursts. The results indicated that chronic 

stimulation with either pattern decreased the fatigability of the muscle. However, following 

chronic stimulation with the constant-frequency pattern, the m.v.c. and maximal, imposed tetanic 

force also decreased. These changes were not present following stimulation with the non

uniform pattern. The authors proposed that pure, low-frequency stimulation patterns would not 

be advisable for clinical use with patients having any history of muscle weakness. Rather, they 

suggested that chronic muscle stimulation for patient rehabilitation should contain a few high 

frequency bursts to help maintain muscle size and strength. 
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Fig. 10. The effect of the stimulation regimen on the fatigue resistance of chronically stimulated 
whole muscles. Shown are plots of force as a function of time during the standard fatigue test, 
applied to chronically stimulated cat peroneus longus muscle (thick lines)and contralateral 
controls (CC; thin lines) from the same animal. A, Records from an animal treated by chronic 
stimulation for 1.3 hrs/d (pattern S1 F2). B, Records from an animal stimulated for 0.12 hrs/d at 
100 Hz (F2). S1F2 had the same number of 100 Hz stimuli as F2, plus an equal number of 
stimuli at 10Hz. Note that the stimulation regimens had different influences on muscle 
fatigability (from Kernel! et a/. 1987; their Fig. 1). 
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The significance of these results is that subtle changes in the stimulation pattern 

induced long-term changes in force and fatigability of muscles exposed to chronic stimulation. 

This approach is clearly a valuable adjunct to the present focus on the short-term changes 

brought on by modifications of the stimulation pattern. 

2.1.7 Summary 

In this section, it has been emphasized that: 1) the eNS utilizes motor-unit recruitment

and rate coding as strategies for controlling force; 2) the effect of rate coding on force 

production is determined by the stimulus frequency-force relationship of single motor units; 3) 

force can be substantially influenced by subtle changes In the pattern of activation; 4) during 

sustained activation, muscle contractile properties change more-or-Iess concomitantly with 

motor-neuron discharge rates; and 5) fatigue Is dependent on the stimulation regimen in acute 

experiments and following chronic stimulation. 

This evidence has been extracted from literature on the "catch-like" property and force 

optimization, whole muscle and motor-unit fatigue, and the trophic effects of chronic stimulation 

on muscle fatigue. The strategy for the present w~rk was to establish, in acute preparations, the 

effect of force optimization during fatigue, in order to understand the significance of the 

stimulation pattern on motor-unit force under fatiguing conditions. 
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2.2 THE RELATIONSHIP BETWEEN FORCE AND FATIGABILITY IN WHOLE MUSCLE 

AND SINGLE MOTOR UNITS 

The notion that force and fatigability are inversely related is commonly held by those 

who have tested the limits of their own endurance by running a marathon, or carrying a heavy 

load for an extended period of time. However, as summarized below, studies that have 

characterized the relationship between force and fatigability during human performance 

evaluations have suggested that fatigue is also dependent on the motor task and on muscle 

perfusion, independent of the magnitude of force exerted by the muscle. In addition, the 

relationship between force and fatigability among the populations of different motor-unit types is 

unclear. Based on the results and implications of studies concerned with the association 

between force and fatigability in whole muscles and single motor units of reduced animals and 

conscious humans, there is a compelling need for further investigation of the relationship 

between force and fatigability. 

2.2.1 A classical study on human performance 

In 1906, the association between force and fatigability was reflected in a paper by 

Kennelly, entitled "An approximate law of fatigue in the speeds of racing animals". Kennelly 

considered the association between time and distance during movements performed at variable 

speeds. He took the records from events (including horse races, and running, swimming, 

rowing, and cycling races among men) performed at various distances and plotted distance vs. 

time and speed. The data were said to describe a relationship where ''time varies approximately 

as the ninth power of the eighth root of the distance... Doubling the distance means increasing 

the time 118%." The example in Fig. 11A shows the relationship between distance and speed 

for mens' running events in 1906. The underlying assumption was that force was increased as 
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Fig. 11. Classical findings on the relationship between force and fatigability during muscular 
performance. A, Plot of the distance VS. the average speed during world-record performances 
of men running. Data taken from the 1906 World Almanac and Encyclopedia (Kennelly, 1906; 
data from his Table 4). B, Plot of % m.v.c. exerted during isometric efforts and the endurance 
time (from Rohmert, 1960; as reported by Bigland-Ritchie, 1984; her Fig. 2). 
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speed was increased, and that the amount of force exerted must have been decreased in order 

to have increased the endurance time. 

2.2.2 Studies on whole muscle 

Examples of whole-muscle studies that support the commonly assumed viewpoint of 

the force-fatigability relationship are limited to the analysis of voluntary contraction studies in 

conscious humans. In contrast, whole-muscle studies that provide exceptions to the commonly 

assumed viewpoint have been undertaken on both humans and reduced-animal preparations. 

Examples supporting the commonly assumed viewpoint Examples that support the 

commonly held notion that force and fatigability are inversely related include: 1) studies of 

humans performing isometric contractions; 2) studies on the effect of changing muscle length; 

and 3) a study of the human diaphragm. 

Studies of isometric contractions: In 1960, Rohmert investigated the relationship 

between force and fatigue, by examining the relationship between the maximal "holding" time 

(endurance time) for maximal and submaximal sustained voluntary contractions (Fig. 11 B). He 

examined this relationship in a number of human limb muscles, and his results showed that 

maximal holding time was independent of the absolute maximum force value, the muscle group 

studied, and the subject (with results normalized to % m.v.c.). His results suggested that below 

15% m.v.C., force could be sustained indefinitely without signs of fatigue, and above that level, 

the endurance time declined exponentially as the % m.v.c. was increased. Recently, it has been 

suggested, however, that non-fatiguing muscle contraction may not really exist (Sj0gaard, 

Kiens, Jorgensen & Saltin, 1986). For example, fatigue of the human knee extensors occurred 

after 1 hour of sustained contraction at 5% m.v.c. (Sj0gaard et al. 1986). 

Effect of muscle length: One way to alter the force produced by a muscle or a motor unit 

is to change its length. The relationship between force and length is described by the length-
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tension relationship of the particular muscle or motor unit being examined. The effect of muscle 

length (and therefore force) on fatigue was studied by Fitch and McComas (1985) in the human 

tibialis anterior muscle. When muscles were shortened (Ls), they only produced half as much 

torque as they could produce at the optimal length (Lo). The muscles were then activated by 

electrical stimulation, or by maximal voluntary efforts. The muscles fatigued within 90 seconds of 

tetanic stimulation at Lo or Ls under ischemic conditions. However, this study also 

demonstrated that fatigue was greater at Lo: i.e., the magnitudes of twitch force and tetanic 

force were reduced to a greater extent at the optimal length, which corresponded to the greater 

force. Similar results were demonstrated by the experiments of McKenzie and Gandevia (1987), 

who showed that at shorter lengths (less force), endurance time was increased in the elbow 

flexors and the inspiratory muscles. These studies support the idea that force and fatigability are 

inversely related. 

Fitch and McComas (1985) suggested that if excitation-contraction coupling 

mechanisms were responsible for fatigue, then fatigue would be independent of muscle length. 

They further argued that fatigue may also be dependent on the number of cross-bridge 

interactions, which is greatest at Lo. McKenzie and Gandevia (1987) suggested that muscle 

blood flow may playa role in the observed changes in fatigue at shorter muscle lengths. They 

reasoned that during strong isometric contractions, blood flow would cease in limb muscles due 

to a rise in tissue pressure, and that at shorter lengths, the total blood flow may be preserved, 

delaying the development of fatigue. In contrast, Haan et al. (1986), showed that muscle 

"economy" (defined as the ratio between the force-time integral and inorganiC phosphate 

accumulated) is highest at Lo, which suggested that the decreased fatigue at shorter lengths 

may not be attributed to metabolism (Haan, Jong, Van Doorn, Huijing et al. 1986). 

A study on the human diaphragm: That a relationship exists between force and fatigue 

was also evident in a study of the human diaphragm. Bellemare and Grassino (1982) had 

subjects perform repetitive, intermittent contractions at various intensities and with various duty 
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cycles, using transdiaphragmatic pressure as an estimate of diaphragmatic force. Their results 

showed that endurance time depends not only on the magnitude of the peak force exerted, but 

also on the force-time integral per contraction. The relationships between peak force and 

endurance time and between the force-time Integral and endurance time were both Inversely 

proportional in an exponential manner. 

Exceptions to the commonly assumed viewpoint Results from several studies on 

humans and reduced animal preparations have demonstrated that fatigue (the amount of force 

decline over time) can be altered independently of the magnitude of force developed. 

Human studies: Bergstrom & Hultman (1988) showed that fatigue of whole muscles 

could be influenced by the duration of imposed, repetitive contractions (Fig. 12A). In their 

study, each stimulation regimen delivered the same overall number of pulses, repeated at the 

same duty cycle (1 :2). However, contractions were maintained for 3.2 seconds in one regimen 

and 0.8 seconds in the other, such that one regimen had twice as many Intermittent 

contractions, but the total contraction time under each condition was equal. Interestingly, 

fatigue developed significantly faster with more contractions of shorter duration, due in their 

view, to the high energy cost of force development and relaxation (see also: Chasiotis, 

Bergstrom & Hultman, 1987). 

In a similar study, Duchateau and Hainaut (1985) reported differences in the rate of 

fatigue when the duty cycle (recovery phase) of the imposed, repetitive stimulation (at 30 Hz) 

was varied. The total contraction time and the magnitude of the initial force produced were 

constant in each paradigm (Fig 128). The results showed that fatigue was increased as the rest 

phase of the repetitive stimulation decreased. An additional finding In this study was that fatigue 

was increased independent of the Initial muscle force under ischemic VS. control conditions (Fig. 

12 C). 

Rohmert (1960) was also interested in the influence of duty cycle on the relationship 

between force and fatigability. He hypothesized that the shape of the force-fatigability 
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relationship (Fig. 11 B) could be altered by introducing appropriate pauses as fatigue 

progressed, and that the pauses between contractions would need to become progressively 

longer. He modeled this relationship as: 

EZ= a(VT)P • (klK - const)m 

where EZ is the duty cycle, expressed as a percent; t is the holding time in minutes; T is the 

maximal holding time; k is the torque; K is the maximal torque; and a, p and m are constants. 

The constants were empirically derived as 0.15,1.4 and 0.5, respectively. The formula allowed 

for the calculation of the pause duration needed to maintain a given torque (k) for a period of 

time (0 without fatigue. 

The effect of stimulation rate on fatigue was recently examined by Garland and 

colleagues (1988) in the human tibialis anterior muscle (Fig. 12D). Fatigue was assessed by 

interpolating a test 30 Hz train during repetitive stimulation at 15- VS. 30 Hz. With respect to the 

number of stimuli, fatigue was said to proceed faster after 1200 stimuli at 15 Hz than at 30 Hz. 

One would have predicted that if there was a strict relationship between force and fatigue then 

fatigue should have been increased at the higher stimulation frequency (Garland, Garner & 

McComas, 1988). 

Cooper et al. (1988) have also studied the effect of stimulation frequency on fatigue. In 

their studies, they stimulated the human adductor pollicis muscle intermittently using bursts of 

stimuli with 1-, 10-, 20-, 50- and 100 Hz components (see Fig. 15). The force waveforms were 

decomposed to assess the fatigue response at each frequency. The results showed that the 

relative extent of fatigue was higher at the lower stimulus frequencies. 

The five studies cited above are examples in which fatigue was altered independently of 

the initial force. They suggest that during muscular activity, muscle perfusion and the nature of 
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Fig. 12. The effects of the stimulation regimen and ischemia on muscle fatigue. A, Comparison of 
force decline in response to contractions with variable durations. Note that fatigue proceeded 
faster in response to more contractions of short duration, than to less contractions of longer 
duration (Bergstrom & Hultman; their Fig. 1). 8, Comparison of intermittent 1-s contractions 
separated by different rest intervals: 2.0 s (open triangles); 1.0 s (open circles); and 0.5 s (closed 
triangles). Mean ± (SE) values are expressed as % of initial tetanic force for three subjects. C, 
Comparison of intermittent contractions performed under control (open circles) and ischemic 
(closed circles) conditions. Values expressed as % of initial tetanic force for five subjects (8, C 
from Duchateau & Hainaut, 1985; their Fig. 2). D, Comparison of the fatigue of a 30 Hz test torque 
interpolated during intermittent stimulation at 15 Hz (dashed line) and 30 Hz (continuous line). 
The two curves differ significantly following 1200 stimuli (from Garland et al. 1988; their Fig. 1; ct. 
also Marsden et al. 1983; Binder-Macleod & Guerin, 1990). Note in A, 8, and C that fatigue was 
altered independent of the magnitude of the initial force. 
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muscle activation influence its fatigue, and further that although the force of a muscle at any 

point in time is determined in part by fatigue, fatigue is not solely determined by muscle force. 

Reduced animal studies: Chronic stimulation has been applied to cat hindlimb muscles 

using different stimulation regimens (Kernell et al. 1987). The results indicated that the changes 

in maximal force and fatigability were dependent on the total duration and pattern of chronic 

stimulation. However, the relative change in peak tetanic force was not inversely related to 

changes in fatigability (see Fig. 10). 

In contrast to the study of chronic stimulation, studies following chronic disuse have also 

been performed. Following 28 days of physiological inactivation by tetrodotoxin treatment of 

the nerve to the test muscle, it was shown that peak tetanic force and fatigability changed in 

parallel (rather than inversely) during the recovery period (St. Pierre, Leonard, Houle & Gardiner, 

1988). However, another study showed that following hindlimb suspension, fatigue resistance 

was increased in muscles in which the twitch and tetanic force had declined following chronic 

reduced use (Haida, Fowler, Abresh, Larson et al. 1989). 

Summary The commonly held viewpoint that force and fatigability are closely related is 

valid to a first approximation. However, fatigability is not solely dependent on the initial force 

produced by the muscle. Several studies have shown that force and fatigability are not strictly 

related under either acutel or chronic conditions. Rather, these studies have tended to suggest 

that force and fatigability are relatively distinct properties of the muscle, as opposed to causally 

related properties. Because whole-muscle force is produced by motor units acting relatively 

asynchronously and independently (Denny-Brown, 1929), it is also necessary to understand 

the relationship between force and fatigability at the level of the motor units which comprise the 

muscle. The next section addresses this issue. 
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2.2.3 Studies on motor units 

Motor-unit studies that have examined the relationship between force and fatigability 

have only looked at the relationship between twitch force or peak tetanic force and some 

measure of fatigue. There are no motor-unit studies which have looked at the relationship 

between the magnitude of the initial force developed during a fatigue test and the subsequent 

fatigue. 

The standard fatigue test Quantitative studies on the fatigue of motor units have been 

undertaken for 20 years. Fatigue has been quantified on the basis of the force decline during 

repetitive, imposed stimulation (Burke et al. 1973). In response to 40-Hz stimulus trains, 

delivered to the motor neuron or axon, once per second for 330 milliseconds for at least 120 

seconds (the standard fatigue test), some units were capable of maintaining force and others 

were not, hence the distinction between fatigable and fatigue-resistant units. In general, the 

average force and fatigability of the motor units which comprise a muscle increase in the order: S 

< FR < FI < FF (for review: McDonagh, Binder, Reinking & Stuart, 1980b; Burke 1981). Motor 

units are also recruited in this order during the graded development of force. The least fatigable, 

low-force units are recruited initially and have the ability to maintain force for long periods of time. 

As force increases, due to the recruitment of progressively higher force units, the ability to 

maintain force decreases (Stuart & Enoka, 1983). 

Several substantial data b~sEls are available in which the standard fatigue test has been 

applied to populations of motor units in cat hind- and forelimb muscles (for review: Botterman, 

Iwamoto & Gonyea, 19t,6). In general, these studies all show a statistically significant, but weak, 

correlation between peak tetanic force and fatigability across the muscle's entire motor-unit 

population (Burke et al. 1973; Stephens & Usherwood, 1977). In these studies, fatigue was 

measured as the force at a specified time (e.g., 120 s after stimulation onset) relative to the initial 
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force (120 s/initial). The distribution of these fatigue measurements with respect to the peak 

tetanic force of the unit was bimodal, clearly separating two distinct populations of motor units 

(fatigable VS. fatigue-resistant). However, the fatigue index was not continuously distributed 

within classes of motor units,. and a relationship between force and fatigability within classes was 

not apparent. Figure 13A shows the relationship between force and fatigability for FF and FA 

units using the standard fatigue index. 

Evidence supporting the commonly assumed viewpoint Motor-unit studies supporting 

an inverse relationship between force and fatigability have been undertaken on both reduced 

animals and conscious humans. 

Reduced-animal studies: Based on results using the standard fatigue test, Goslow and 

colleagues (1977) found a "weak but positive correlation" between peak tetanic force and 

fatigability in populations of F units in various cat hindlimb muscles (Goslow, Cameron & Stuart, 

1977). Aecent results from Botterman and Cope (1988 a,b) also provide evidence of a 

relationship between peak tetanic force and fatigability within type F units. The Botterman and 

Cope (1988) experimental protocol was to measure the amount of time that a motor unit could 

maintain 25% of its peak tetanic force. Figure 138 shows the relationship between peak tetanic 

force and endurance time within the type FA motor units. A pairwise comparison between type 

F motor units across three different muscles, revealed that the unit with the smallest force had 

the greatest endurance time in 91% of the pairs. These data also suggest that there may be an 

inverse relationship between force and fatigability within populations of F units. The measure of 

fatigue used for this population revealed a continuous distribution of endurance times. Within 

populations of FF and FA units, a relationship between force and fatigability was also evident. 

The unit with the highest peak tetanic force had the shortest endurance time in 72% and 88% of 

FF and FA units, respectively. 

To further explore the relationship between peak tetanic force and endurance time 

within classes of motor units, Fig. 14 reports the results of a linear regression analysis of FF and 
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Fig. 13. The relationship between force and fatigability within a population of fast-twitch motor 
units. The relationship is shown for maximum tetanic force and two measures of fatigue 
resistance in single motor units. A, Units were stimulated at 40 Hz for 330 ms, once per second 
for 120 s. Fatigue was measured using the ratio of the force at 120 s, relative to the initial force. 
These measurements were made 15 min after the end of an endurance-time test. B, Endurance 
time was measured as the amount of time that a motor unit could maintain 25 % of its peak tetanic 
force. These results are plotted on a semi-log scale. In A there was a significant positive 
correlation across motor-unit types. The regression line in B was calculated for FA units (closed 
symbols) only. FF units are presented with open symbols (from Botterman & Cope, 1988a; their 
Fig. 3). 
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Fig. 14. The relationship between peak tetanic force and fatigability, within provisional classes 
of fast-twitch motor units. Shown are plots of endurance time vs. the peak tetanic force for fast
twitch motor units of cat flexor carpi radialis (FeR; 48 units from eight muscles) and medial 
gastrocnemius (MG; 47 units from five muscles). Each unit was activated with continuous 
stimulation at a frequency that was servo-controlled to maintain force at 25% of the unit's peak 
tetanic force. In this test, the fatigue measurement was the total amount of time (endurance 
time; in s) that the units maintained 25% of their peak tetanic force. Two plots are shown for 
each muscle. Units were provisionally classified based on their endurance time: (FF + FI) < 100 s 
< FA. A, FeR - (FF + FI) units. 8, FeR - FR units. C, MG - (FF + FI) unns. 0, MG - FR units. In 
each panel, the logarithm of the endurance time is plotted as the dependent variable against 
peak tetanic force. The regression equations, correlation coefficient (r) and significance of the 
fit (P) for each plot are: A, y = 1.88 - 0.0041x, r = -0.41, P < 0.05. 8, Y = 2.87 - 0.0155x, r =-
0.58, P < 0.001. C, y = 1.96 - 0.004x, r = -0.65, P < 0.001. 0, Y = 2.85 - 0.011x, r = -0.54, P < 
0.005. The significance of this figure is that peak tetanic force and fatigability have been shown 
to be inversely related within populations of provisionally classified F motor units. (These data 
were generously provided by Dr. Barry Botterman). 
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FR motor un~s from cat flexor carpi radialis and medial gastrocnemius muscles. (These data were 

generously provided by Dr. Barry Botterman). We have provisionally classified their units based 

on endurance time: (FF + FI) < 100 seconds < FR. It is necessary to concede that our 

classification is somewhat arbitrary (i.e., some of their FR units had endurance times < 100 s, but 

> 60s). However, using our classification scheme, their results show a significant, but weak, 

correlation between force and endurance time within classes of motor units. These results 

provide evidence that a relationship (albeit a weak one) does exist between peak tetanic force 

and fatigability within different classes of F motor units. 

In cat motor units, the relationship between stimulation frequency and fatigue has been 

examined (Sandercock et al. 1985; Clamann & Robinson, 1985). Individual motor units were 

subjected to two stimulation regimens at different frequencies. Indirectly, stimulation frequency 

indicates the relative force production, according to the stimulus frequency-force relationship, 

so these studies have provided information on the relationship between force and fatigability in 

motor-unit populations. Fatigue was increased as the stimulation frequency increased 

(Sandercock et al. 1985; Clamann & Robinson, 1985). In fact, relatively non-fatigable units 

could be shown to fatigue at high rates of stimulation (Sandercock et al. 1985). These results 

also suggested that to a first approximation, a relationship between force and fatigability exists 

among single motor units. 

Human studies: Stephens and Usherwood (1977) developed a fatigue index for the 

human first dorsal interosseus muscle based on the ratio of the twitch force following 5 minutes 

of ischemic contraction to the initial, non-ischemic force (i.e., ischemia was used to hasten 

fatigue). Throughout the fatigue test, the subject maintained a unit discharge rate of 10Hz. 

There was a significant negative correlation between the fatigue index and twitch force. At 

contraction strengths less than 15% of the m.v.c., most units could maintain their force output 

for at least 5 minutes without fatigue (see also Bellemare & Grassino, 1982). The results from 

this study suggested that force and fatigability are inversely related among populations of 
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human motor units. This is a technically demanding experiment, however (see Stuart et al. 

1984; their Fig. 47.2), and the sample size was insufficient to test for an association between 

force and fatigability within units of a single type. 

Exceptions to the commonly assumed viewpojnt There are also motor-unit studies 

which have shown that the changes in force and fatigability were not inversely related. Included 

are studies on muscle reduced use, type S units in normal animals, and a study on conscious 

humans. 

Reduced use studies: Following three weeks of hindlimb immobilization in the adult 

cat, peak tetanic force was shown to be Increased and fatigability decreased in type F motor 

units of the tibialis posterior muscle (Robinson, Enoka & Stuart, 1990). Additionally, following 

self-reinnervation (2 years after nerve section) peak tetanic force and endurance time were no 

longer related in type F motor units of the cat medial gastrocnemius muscle (Cope, Webb & 

Botterman, 1987). Because the changes in fatigability were not inversely related to changes in 

peak tetanic force these studies provide additional evidence that the relationship between force 

and fatigue is not immutable in motor units. 

Type S units: Type S units are, by definition, fatigue resistant, and for this reason, it may 

not be meaningful to look for an association between force and fatigability among them. There 

has been some interest, however, in identifying conditions under which S units do indeed 

fatigue. In such studies, S units were either continuously activated at non-physiological 

frequencies (Sandercock et al. 1985; Clamann & Robinson, 1985) or required to sustain 

relatively high forces (Webb, Cope, & Batterman, 1987) to exhaustion. Although studies that 

used high stimulation rates (Sandercock et al. 1985; Clamann & Robinson, 1985) showed that 

fatigue was increased at high stimulus rates, the results of Webb et al. (1987) showed no 

correlation between peak tetanic force and fatigability among S units. 

Human studies: In contrast to the Stephens and Usherwood (1977) results, a recent 

study of human masseter motor units (predominantly fast-twitch) revealed no association 
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between fatigability and twitch amplitude when fatigability was assessed after maintaining the 

discharge rate of an isolated unit at 10 Hz for 15 minutes (Nordstrom & Miles, 1990a). Thus the 

force-fatigability relationship might be muscle dependent. However, in the Nordstrom & Miles 

(1990a) study, the test muscle was not rendered ischemic, so the approach was not strictly 

comparable to that of Stephens and Usherwood (1977). 

2.2.4 Summary 

There is good evidence that in whole muscles and motor units, there is at least a coarse

grain association between force and fatigability. In addition, there is evidence that, to a first 

approximation, this relationship exists both across and within populations of F units. The cause

and-effect nature of this relationship is unclear, given that fatigue of whole muscle can be 

influenced independent of the amount of force produced by the muscle. When the results of 

these studies are considered together, it is evident that force (maximal or submaximal) is not the 

sole determinant of fatigue. There is also evidence to suggest that force and fatigability may not 

be related properties of whole muscle or populations of motor units. Nevertheless, in order to 

further explore the nature of the relationship between force and fatigability, the second aim of 

the present studies was to determine whether or not the initial force generated by an individual 

motor unit affected its subsequent fatigue. In light of the evidence that supports a relationship 

between force and fatigability in whole muscle and within populations of motor units, it was 

hypothesized that increasing the initial force produced by an individual motor unit would 

decrease its fatigue resistance, and that an inverse relationship between force and fatigue 

should exist within fatigable, fast-twitch motor units. 
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2.3 THE MEASUREMENT OF FATIGABILITY 

In the present studies, the fatigability of single motor units in a cat hindlimb muscle was 

compared in response to repetitive, intermittent delivery of two subtly different stimulation 

patterns. The response to each pattern was decomposed from the force record obtained during 

360 seconds of stimulation (see Fig. 21). This particular experimental approach required 

consideration of: 1) the force measurements conventionally made during fatigue tests; 2) the 

differences between measurements of fatigability within and across fatigue tests; 3) 

methodological complications that occur following repetitive stimulation of motor units; and 4) 

the resolution of these complications. 

2.3.1 The measurement of force 

It is conventional to measure force at deSignated intervals during repetitive activation to 

indicate the profile and extent of fatigue over a period of time. Force may be produced 

continuously during sustained contractions, or Intermittently during repetitive contractions, 

depending on the motor task being performed, or the stimulus regimen delivered to the motor 

axons. The force parameter emphasized in the literature has been peak force, probably 

because it is easily measured. Recently, however, it has been suggested that the force-time 

integral of the force waveform may provide more information about the total force developed, 

particularly during repetitive contractions (Gardiner & Ohla, 1987). Measuring the changes in 

the force-time integral may also provide additional qualitative and quantitative information to 

describe the fatigue of motor units. This issue was recently addressed by measuring peak force 

and force-time integral responses during the standard fatigue test (Gordon.et al. 1990a). No 

qualitative, or quantitative differences were seen between the measurements of peak-force and 

force-time integral, with respect to fatigability. The absence of a difference between these two 
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measures means that they changed in parallel during the fatigue test. However, when a stimulus 

regimen is used that may cause the shape of the tetanus to change during the fatigue test, then 

it is advisable to measure both peak force and the force-time integral. 

2.3.2 The measurement of fatigability 

In contrast to the standard measurements of force (Le., peak force and force-time 

integral), a widely accepted measurement of fatigability has not yet emerged. An excerpt from 

an essay by Clamann (1990) aptly states the investigator's dilemma: 

liThe idea of fatigue is not unlike the idea of quality: We all know what it is when we see it, 
but it is very difficult to define. Fatigue can take many forms, and the intensity of each is 
graded from the imperceptible to the incapacitating... It is best to discard the idea that 
fatigue occurs when some process crosses a definable threshold or that it has an onset 
at all. There is probably no such thing as an unfatigued state." 

Nevertheless, it is necessary to quantify fatigue, and this experimental challenge has 

been addressed in several laboratories. 

Measurements of motor-unit fatigability What is commonly accepted as a measurement 

of fatigue is the amount of force decline that occurs during a given motor task. The following 

paragraphs summarize the measurements of fatigue that have appeared in the motor-unit 

literature over the last 20 years, and include suggestions for additional fatigue measurements. 

Progressive fatigue index (PFI): This is the most commonly used fatigue index. The 

term was formulated by McDonagh et al. (1980b) to describe the quotient of the final/initial force 

response to the standard fatigue test developed by Burke et al. (1973). The PFI was defined as 

the peak force value at 120 seconds divided by the initial (1 s) peak force value. This index was 

designed to separate units into discrete types. It describes the % of its intial force a unit can still 

produce 120 seconds after stimulation onset, but it does not provide any information about the 

time course of fatigue between 1 and 120 seconds. Units that have not yet fatigued will have an 
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index of 1.0, even if their rates of fatigue are continuously distributed therafter. Similarly, units 

that have fatigued significantly will all an index near 0, even if their rates of fatigue are 

continuously distributed between 0 and 119 seconds. 

Kemell fatigue index (KFI): This is a variation of the PFI used by Kernell et al. (1983) to 

account for the observation that, during the standard fatigue test, force often potentiates before 

it declines, such that the initial force response was not necessarily the largest force response. 

The KFI is defined as the quotient of the peak force produced 120 seconds after the maximal 

force, divided by the maximal force (Kernell, Eerbeek & Verhey, 1983). This index was also 

designed to separate units into discrete types, and it also lacks the sensitivity to describe the 

units' full behavior during the fatigue test. 

Cumulative fatigue index (CFI): This fatigue index was introduced by Reinking et al. 

(1975). The sum of the forces during the first 120 seconds was divided by the sum of the forces 

during the first 240 seconds. Across motor-unit types, this index gives a bimodal distribution 

(Reinking, Stephens & Stuart, 1975). A variation on this theme (the ratio of the sum of the 

forces during the first 60 s, divided by the sum of the forces during the first 120 s) was reported 

to give a continuous distribution across unit types (Reinking et al. 1975). Kernell et al. (1983) 

used a slight variation of the CFI, which was the sum of the forces developed from 121 - 240 

seconds divided by the sum of the forces developed during the first 120 seconds. This index 

was also used by Batterman et al. (1985). The difference between Kernell et al. (1983) and 

Reinking et al. (1975) is analogous to considering the difference between the coefficients Y/X 

and x/(X+Y). 

Using the CFI, a fatigue resistant motor unit has an index of 0.5 (I.e., 120/240), 

whereas a unit that fatigues totally after the first 120 seconds has an index of 1.0 (I.e., the force 

produced during the first 120 s is the total force). This is the only index where a larger number 

(I.e., 1.0 vs. 0.5) denotes a more fatigable unit. 
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Total cumulative force: This is a measure of the absolute amount of force-time area 

developed by a unit during a fatigue test. The force-time integrals of all bursts were summed for 

the duration of the fatigue test. This measurement may give an estimate of the "isometric work" 

done by the unit during repetitive stimulation (I.e., force·time is used Instead of force'distance to 

denote wOrk). 

Time to 50% force (tso): This measurement was introduced by Nemeth et al. (1987). It is 

defined as the time it takes for the peak force (assigned to each tetanus) to be reduced to 50% 

of its initial value. This measurement provides an estimate of the relative rate of fatigue. It has 

been shown that the t50 time was highly correlated with glycolytic enzymatic (LDH) activity 

(Nemeth et al. 1987). 

Similar measurements include the t75 time, which describes the time to 75% of 

the initial value (Gordon et al. 1990a), and the t25 time, which describes the time to 25% of the 

initial force. The t25 was used in the present Chapter 4 studies. A variation on these 

measurements might include a t75, t50, or t25 time from the maximal value. The tso time from the 

maximal value was used in the present Chapter 5 studies. 

Time to 50% of the total cumulative force This report introduces a novel measure of 

endurance time; the time taken to develop one half of the total cumulative force produced 

during the stimulation period. This measurement describes the relative rate of force production 

during the fatigue test. Because the stimulation time is the same for each unit, a unit with a 

shorter time would be more fatigable than a unit with a longer time. 

Endurance time: In 1988, Botterman & Cope reported the endurance time of motor 

units that were force-clamped at 25% of their peak tetanic force. The endurance time was 

determined as the time when force could no longer be maintained at 25% of the tetanic force, 

without an abrupt increase in the stimulation rate. As such, endurance time is a measurement of 

fatigue resistance. The task requires the unit to maintain a constant output that is normalized to 

the peak tetanic force of each unit. 
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Rationale for use of seyeral fatigability measurements With respect to the classification 

of motor units, the use of more than one measurement of fatigability becomes redundant: all of 

the above measurements can be used unambiguously to classify motor units as fatigable, or 

fatigue resistant. However, in the context of describing the fatigue process, it is not yet clear 

whether the different measurements described in the literature reflect the same, or different, 

aspects of the fatigue process (vide supra). 

Perhaps, future studies of fatigability should be defined in terms of the goal of the 

movement, given that different kinds of tasks have different goals. For an individual motor-unit, 

fatigue could be measured in different ways, a kind of motor-unit "pentathlon". The following 

section is a consideration of fatigability and the task-dependency issue. 

2.3.3 Methodological complications; the task-dependency issue 

A task can be defined as the requirement imposed by an experimenter on a subject (i.e., 

task variables are manipulated by the experimenter). In reduced animal preparations, 

manipulations such as changing muscle length, or changing the pattern or frequency of 

imposed activation can be equated with strategies used to perform different tasks. It is 

commonly thought, but rarely qualitatively or quantitatively expressed, that during fatigue, the 

site of neuromuscular impairment and the extent of force failure are dependent upon the task 

(test) being performed or imposed (Clamann & Robinson, 1985; Sandercock et al. 1985; Miller 

et al. 1988). Similarly, different fatiguing tasks require different eNS strategies (i.e., adjustments 

in the pattern and frequency of motor-neuron activation: Bigland-Ritchie et al. 1986) to perform 

the task and to accommodate muscle fatigue. Some examples of task-dependency in reduced

animal and human experiments are presented in the following paragraphs. 

High- Y5, low-freQuency fatigue In the peripheral neuromuscular system, little is known 

about the task-dependency of fatigue, with the exception of studies that have compared EMG-
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force relationships during high- and low-frequency stimulation (Sandercock et al., 1985; 

Clamann & Robinson, 1985). The concepts of high- and low-frequency fatigue have been 

introduced previously. Perhaps, high- and low-frequency fatigue co-exist In certain fatiguing 

tasks; particularly in muscles composed of different motor-unit types, which subserve tasks with 

widely variable force and rate-of-movement requirements. 

In the present work, the stimulus patterns were expected to produce largely a low

frequency fatigue, given that the overall stimulation rate was 19 - 37 Hz. However, one regimen 

did contain a high-frequency component (albeit short-lived; see 2.4 below). 

The standard motor-unit faligue test Much of the literature on motor-unit faligue in 

reduced-animal preparations has involved the use of the standard test (Burke et al. 1973), or a 

standard imposed task. A limitation to this approach is that although the neural input to each 

motor unit is constant, the behavior of each unit is different, largely depending on the contractile 

properties of the unit. As suggested previously, a relationship may exist between a motor unit's 

contractile characteristics and its discharge rate during normal movement (Hennig & L0mo, 

1985, 1987). Therefore, testing for a relationship between force and fatigability among motor 

units of the same type may be best accomplished by using a test that is in some way normalized 

to the characteristics of the motor unit being tested (e.g., Botterman & Cope, 1988a,b). 

The constant-output approach The approach recently developed in Botterman's 

laboratory (Webb et al. 1987; Botterman & Cope, 1988a,b) is an example of a test which 

normalized the stimulation relative to the force produced by the motor unit. A fatigue-inducing 

regimen was applied to the ventral-root axons to maintain the force output at 25% (F units) or 

85% (S units) of their peak tetanic force. The stimulation rate was continually varied and servo

regulated by deviations in the desired force output. Stimulation was delivered continuously and 

terminated when the stimulation rate increased abruptly, signaling force failure. The time from 

the onset of stimulation to the moment of force failure was considered to be the endurance time. 
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This approach has several advantages: 1) it provides a means to compare published 

results from reduced animals to results from conscious humans; 2) measurements of endurance 

time lie on a continuum, like other motor-unit properties (Lewis, 1984); and 3) the motor task was 

the same for each unit tested. In this case, the neural input to the unit was variable (Botterman & 

Cope, 1988b), but the output was relatively constant. This approach is different from the 

traditional approach where the input to each motor unit is constant (e.g., 40 Hz), and the output 

variable, depending on the properties of the motor unit. 

Aerobic VS, anaerobic exercise In the Miller et at. (1988) study on conscious humans, 

subjects were asked to sustain a 4 minute m.v.c. and to perform 40 minutes of repeated 

intermittent contractions (at 75% m.v.c.) in separate trials. Changes in muscle metabolites (high 

energy phosphates and pH) were monitored concomitantly with the changes in force during 

each fatiguing task. Their results showed that the extent of the changes in muscle metabolites 

were well-correlated with the magnitude of force decline, and that the changes in force and 

metabolism were task-dependent in whole muscle. 

Summary The task-dependency issue is important in the study of muscle fatigue. It 

impacts both the design of new fatigue-inducing stimulus regimens and the interpretation of 

results obtained from different tasks, or constant imposed activation, which elicit different 

behavior, depending on the motor unit studied. In the present work, fatigability of single motor 

units was assessed by comparing the responses to two different stimulation patterns, which 

were both, in a sense, normalized to the individual contractile properties of each of the tested 

units. Until proven otherwise, it is assumed that the differences between the two stimulation 

paradigms are analogous to subtle shifts in CNS strategy in order to accommodate fatigue, which 

in turn, elicits subtle changes in the motor output required to complete the same overall task. 
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2.3.4 Methodological complications: the delaved-recovery issue 

The ideal experimental design to test the relationship between force and fatigability in 

single motor units would be to: 1) stimulate the unit at a determined percentage of its peak force 

until the unit fatigues; 2) allow the motor unit to recover; 3) re-stimulate the unit with a near

identical pattern of stimulation that would elicit force at a higher or lower percentage of its peak 

tetanic force; and finally 4) compare the fatigue associated with each stimulation pattern. The 

problem with this design is that the recovery of force is significantly delayed after repetitive 

stimulation (Chapter 3). Initial conditions can not be re-established during such acute 

experiments. This critically affects the feasibility of such an approach and suggested the need 

for an altemative method. 

Time course of recovery Figure 9 (from Jami et al. 1983) shows that force recovery takes 

several hours in single motor units following just 120 seconds of the standard fatigue test. Our 

preliminary studies have shown that the delayed recovery of force is present following just 45 

seconds of repetitive stimulation at 40 Hz. In fact, stimulation was terminated before fatigue was 

detectable in the force records of some units (Chapter 3). The Jami et al. (1983) results are also 

an example of low-frequency fatigue (Edwards et al. 1977; cf. also Uinnergren et al. 1989), and, 

as shown in Fig. 9, the magnitude of force recovery was also shown to depend on the stimulus 

frequency. Less recovery was apparent when force was produced by 40 Hz stimulation VS. 200 

Hz stimulation. In the present studies, the mean stimulation rates were always < 40 Hz. Such 

relatively low stimulation rates cause largely low-frequency fatigue and a delayed recovery of 

force. As a result, it was not feasible to compare the fatigue elicited with different stimulus 

protocols delivered sequentially to the same motor unit, even after several hours of rest. 

Symmary As investigators become more interested in the study of mechanisms of 

motor-unit fatigue, as opposed to the use of a fatigue test to classify motor units, studies that 

seek to compare motor-unit behavior during different fatiguing tasks will need to address the 
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delayed-recovery issue. Similarly, it will be of great interest to uncover the mechanisms that 

underlie force recovery and the relationship between mechanisms of force decline and force 

recovery. To this end, it is inevitable that the delayed-recovery issue will need to be addressed 

systematically. However, for the present purpose, it was sufficient to resolve the issue, rather 

than study it. 

2.3.5 Resolution of the delayed-recoyery issue 

The delayed-recovery issue can potentially be resolved in one of two ways: 1) by use of 

a population analysis: i.e., testing the effect of each stimulation paradigm on separate 

populations of individual motor units in the test muscle; or 2) by use of a dual-pattern approach, 

in which two stimulation patterns are delivered to each motor unit. The dual-pattern approach 

was selected for the present project. 

Population analYsis Population analyses are often useful in motor-unit studies (for 

review: Burke, 1981). Although this approach has been crucial to our current understanding of 

motor control, this approach was considered less than optimal for the present aims due to the 

large number of motor units, and hence animals, required to obtain meaningful results. 

In the present work, the test muscle was tibialis posterior of the cat hindlimb. It is 

comprised of approximately 60 motor units (Boyd & Davy, 1968) with a heterogeneous 

distribution of the three major unit types (McDonagh et al. 1980a). Using this particular muscle, a 

representative sample for the proposed work would have entailed a large population of motor 

units to precisely match contractile characteristics between units, i.e., to perform a pair-wise 

comparison of units with similar contractile characteristics subjected to different stimulation 

regimens. The most important reason to discard the population analysis approach for the 

present work was that the objective was to compare the effects of two stimulation paradigms on 

individual motor units. 
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Fig. 15. Examples of a dual- and a multi-protocol approach to the study of muscle fatigue. A, 
Dual-protocol approach used by Kernen et al. (1975: their Fig. 10) to demonstrate the 
coexistence of fatigue and potentiation. Cat lumbrical muscles were stimulated alternately at 
121- (filled circles) and 30 Hz (open circles). Burst durations were 0.36 s delivered at 2.45 s 
intervals. Force responses to each frequency were plotted against time. They showed that 
force declined in response to high-frequency stimulation, and concomitantly, force potentiated 
in response to low-frequency stimulation. B, Force response of the human adductor polllcis 
muscle to variable frequencies of imposed stimulation delivered consecutively. The force 
waveform was composed of a twitch, subfused and fused tetani and another twitch following the 
variable frequency burst. Note the potentiated twitch response following high-frequency 
stimulation. C, The repetitive stimulation in B consisted of continuous stimulation at 1, 10, 20, 
50, 100 and 1 Hz. The 10Hz stimuli was delivered for 2 seconds. The 7 s stimulation protocol 
was repeated 50 times, once every 12 s to fatigue. The key finding in this study was that the 
relative extent of fatigue was higher at low stimulation frequencies (B·C from Cooper et al. 1988: 
their Fig. 1). 
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Dual-pattern approach There are two precedents for this approach in the literature 

(Kernell, Ducatl & Sjoholm, 1975; Cooper et al. 1988). In 1975, Kernell and colleagues 

stimulated cat lumbrical muscles alternately at 30- and 121 Hz to demonstrate the difference 

between subfused and fused contractions, respectively. In the same muscle, fused 

contractions fatigued, while subfused contractions potentiated (Fig. 15A). They hypothesized 

that the individual motor units comprising the muscle would also show this type of behavior. 

Evidence to support their argument is reported in Chapter 4. 

The other precedent for this approach was a study on human muscle fatigue. In such 

studies, the interpretation of results from different laboratories concerning the associations 

between the rate of EMG vs. force decline is confounded by the use of different stimulation 

rates to study fatigue. To clarify some of the discrepancies, Cooper and colleagues (1988) 

performed a study in which fatigue was induced by repetitive stimulus trains, each lasting 7 

seconds and repeated once every 12 seconds until 50 contractions had been completed. The 

stimulus train consisted of fixed epochs during which the stimulation rate was varied (Fig. 15C). 

In a subsequent off-line analYSiS, each force waveform (Fig. 158) was decomposed to its 

subcomponents, produced by the different stimulation frequencies. In this fashion, it was 

possible to analyze the onset, duration and recovery from the fatiguing stimulus regimen as a 

function of the different frequencies. It was claimed that ..... discrepancies in previous reports 

are only apparent, and have arisen because these studies only examined single frequencies, 

since they all agree with the present findings". The Cooper et al. (1988) study exemplifies the 

potential usefulness of a multi-protocol approach to examine the influence of activation 

parameters on the fatigue of individual motor units. 

History-dependent effects on force A potential problem with the dual- or multi-protocol 

approach is the influence of history-dependent contributions to the force elicited by a particular 

stimulation pattern. Fatigue, potentiation, and the catch-like property are history-dependent 

behaviors that have been discussed previously. Other history-dependent properties include: 1) 

------.---------------- . 
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"sag" (Burke, Rudomin & Zajac, 1976); 2) "rest-shortening" and "rest-lengthening" (Houk & 

Rymer, 1981); and 3) hysteresis (Partridge, 1965; Binder-Macleod & Clamann, 1989). 

Potentiation is the history-dependent behavior that will most likely complicate the results from 

experiments using multi-protocol approaches. For example, it is surprising that the ubiquitous 

presence of potentiation did not complicate the Cooper et at. (1988) work. 

Although it would have been an acceptable strategy to take the Cooper et at. (1988) 

work at face value, It seemed necessary to evaluate the potentially confounding effects of 

muscle potentiation. We anticipated that the preceding stimulation patterns would condition the 

force response to subsequent patterns, so our strategy was to pseudo-randomly alternate 

between the two stimulation patterns, and to deliver each pattern three times in succession, 

before alternating to the next randomly selected pattern (see: section 4.3.3 and Figs. 20 and 

21). In order to avoid long periods of time during which the unit was subjected to only one 

pattern, constraints were placed on the number of times each pattern could be randomly 

selected in succession. If a particular pattern was chosen three times in succession, the next 

selection was automatically constrained to the other pattern. As a control for the Immediate 

activation-dependent behavior, only the third waveform of each series was analyzed. 

2.3.6 Summary 

The phenomenon of delayed recovery complicates the use of two or more different 

stimulation patterns in a single experiment; particularly when the goal is to use each motor unit as 

its own control. This problem could be avoided by a population-analysis approach, but this, too, 

has limitations, and would provide only inferred information about the force response to different 

stimulation regimens within the same motor unit. In contrast, multi-and dual-protocol 

approaches have been shown to be feasible, particularly if the history-dependent properties of 

striated muscles are obviated or accommodated. To date, there are two precedents for this 
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approach in the whole-muscle literature. These two studies did not address the significance of 

potential history-dependent effects. In the present experimental work, a dual-pattern approach 

was employed which included a means of reducing any systematic error due to history

dependent effects. The error was reduced by delivering two stimulation patterns pseudo

randomly in series of three. Only the third force response of each pattern was analyzed 

throughout the test. Details of the stimulation patterns selected for this experimental work are 

presented in the following section. 

2.4 SELECTION OF STIMULATION PARAMETERS 

Since there is a relationship between twitch contraction and relaxation times (Close, 

1972), the stimulus rate required for force maintenance should also depend on the contraction 

time. Burke et al. (1976) showed that units produced the maximum force-time integral per pulse 

when the interpulse intervals of a repetitive train (without initial doublets) were between 1 and 2 

x the twitch contraction time. In addition, Zajac and Young (1980a) showed that to optimize the 

force produced by a unit, the best steady-state interval was equal to 1.8 x twitch contraction 

time. For these reasons, the interpulse intervals of the regular stimulation pattern used in the 

present study were set at 1.8 x twitch contraction time. 

Each of two stimulation patterns was delivered for the same duration (400 or 500 ms), at 

the same rate (1/s), and during the same repetitive fatigue test (lasting 360 seconds). The two 

patterns differed in that the Interpulse intervals were constant-frequency (regular) in one pattern 

and rearranged (optimized) to increase motor-unit force in the other pattern. Both patterns 

contained the same number of stimuli per train (10-16). The differences between patterns were 

designed with reference to previous work on the "catch-like" property (Burke et al. 1970, 1976) 

and force optimization (Zajac & Young, 1980a) of single motor units. In the present work, 
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"optimized" is defined as "increased force per stimulus," in contrast to Zajac and Young's work 

on the "optimal sequence", which was defined as the series of interstimulus intervals that gave 

the "maximal force per stimulus". Our preliminary studies established that rearranging a regular 

train to one containing two short (10 ms) interpulse intervals (followed by a constant-interpulse 

interval train adjusted to the same average frequency as the regular train) increased the force 

response of fast motor units under control (pre-fatigued) conditions. Force augmentation was 

accomplished without interpolating an additional stimulus into a constant-frequency train (cf. 

Burke et al. 1970, 1976; Fig. 5). This was a novel observation, but not surprising in view of 

earlier studies on force optimization (Zajac & Young, 1980a). 

The rationale for using the same number of stimuli in each train, and a discussion of the 

boundary conditions considered during the design of these stimulation patterns are presented 

in the following sections. 

2.4.1 Rationale for the two stimulation patterns containing egual numbers of stimuli 

Marsden et al. (1983) have shown that the rate of force loss for the human adductor 

pollicis muscle subjected to imposed contractions was proportional to the number of impulses 

and independent of their frequency of delivery, i.e., the fatigue process was a cumulative effect, 

proportional to the number of individual activations. As mentioned above, Garland et al. (1988) 

recently challenged this idea. In the Garland et al. (1988) study, the rate of fatigue (with respect 

to the number of stimuli) was faster during 15 Hz stimulation than during 30 Hz stimulation of the 

human tibialis anterior muscle (Fig 120). This was probably due to the fact that more total force 

was produced in response to 15- than to 30 Hz stimulation. Nevertheless, this result implied that 

fatigue was not proportional to the number of stimuli delivered. However, should fatigue be 

dependent, even in part, on the number of activations, the present experimental design 
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ensured that any differences in fatigue between stimulation patterns was not due to this effect. 

Therefore, each pattern was constrained to the same number of stimuli. 

2.4.2 Boundary conditions for stimulation patterns 

The behavior of single motor units responding to electrical stimulation may be different 

from motor-unit behavior during volitional activity for several reasons, including differences in: 1) 

stimulation frequency and patterning; 2) muscle blood flow; and 3) the accumulation of 

metabolic by-products. The differences in muscle blood flow and metabolism were uncontrolled 

variables in the present study. However, the stimulation issue was readily resolvable. As we 

better understand the nature of motor-unit behavior during volitional activity we can better 

simulate volitional command during imposed activation studies. The sections which follow briefly 

review the behavior of single motor units in vivo, as a basis for designing stimulation paradigms 

that are consistent with the constraints of motor-unit discharge during natural movement. 

Upper limit of motor-unit discharge In the human literature, there is little consensus on 

the maximal discharge rates of high-threshold motor units (Marsden et al. 1983; Deluca, 1985). 

The discharge rates of small muscles reach values as high as 60 Hz (Kukulka & Clamann, 1981). 

In large muscles, where new motor units are recruited up to 90% of the m.v.c., discharge rates 

generally peak at 35-40 Hz (Deluca et al. 1982). During brief « 200 ms) periods of activity, the 

frequency of discharge can be appreciably higher than the maximum frequency observed in the 

same muscle under static isometric conditions, particularly at the onset of contraction. For 

example, human motor units are capable of discharging at 60-100 Hz during brief contractions 

(Desmedt & Godaux, 1977; cf. also: Grimby, Hannerz & Hedman, 1981). Initial rates of 150 Hz 

(for the first 2-10 spikes) have even been reported (Marsden et al. 1983). Human motor units 

normally discharge at maximal rates of about 30-50 Hz during sustained contractions (Clamann, 
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1970). Interestingly. the maximum frequencies appear to be highest in muscles of the head. 

lower in the arm muscles and lowest in the leg muscles (Gydikov & Kosarov. 1973). 

Lower limit of motor-unit discharge The minimum values of motor-unit discharge can be 

observed at recruitment threshold. Human studies by Gydikov and Kosarov (1973. 1974) 

suggest that the minimum discharge rate is 6-8 Hz for tonic motor units (i.e .• those with 

sustained discharge) and 7-9.5 Hz for phasic motor units (i.e .• those that discharge transiently 

during a sustained contraction). Minimum rates for all units in human extensor digitorum 

communis were estimated at 8-12 Hz (Monster & Chann. 1977). and in the experiments of 

Milner-Brown et al. (1973). on units of the human first dorsal interosseus muscle. single units 

began discharging at 8 Hz. Results of anesthetized animal studies suggest that type F motor 

neurons have a higher minimum discharge rate (approximately 11 Hz) than type S motor 

neurons (approximately 5 Hz) to sustained current injection (Kernell & Sjoholm. 1975). 

However. because the minimal discharge rates 0: all units are relatively similar. units that are 

newly recruited at higher forces have lower discharge frequencies than the units recruited at 

lower forces. 

Motor-unit discharge patterns during natural movement Experiments by Hennig and 

L0mo (1985. 1987). examined motor-unit discharge patterns in rats during natural movement. 

Discharge patterns fell into three distinct groups. corresponding to provisional S. FR and FF 

motor units. respectively. Their results suggest that: 1) provisional FF units commonly operate 

in the phasiC mode. have median discharge frequencies of 67 - 91 Hz. generate initial doublets. 

and regulate force output by varying the number of impulses per burst; 2) FR units are active 

during both phasiC and tonic contractions. have median discharge frequencies of 48 - 83 Hz. 

and primarily use changes in rate to alter force during tonic activity. and changes in the rate and 

the number of impulses to alter force during phasic activity; and 3) S units discharge quite 

regularly at a median frequency of 18 - 21 Hz during postural activity. while during brief phasic 

actions. their discharge patterns resemble those of FR units. using rate modulation and 
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Fig. 16. Examples of motor-unit discharge patterns during natural movements. Shown are pairs 
of unitary EMG recordings from three units from the extensor digitorum longus (1,2) and soleus 
(3) muscles of the adult rat, provisionally typed as FF, FA and S units, respectively. Within each 
pair of records there is an example of a short burst and a long burst of activity. The median 
discharge frequencies were 67 - 91 Hz, 48 - 83 Hz and 18 - 21 Hz for FF, FR and S units, 
respectively. Note the doublet discharge in the top trace (arrow), and the irregular interpulse 
intervals seen during sustained discharge (from Hennig & L0mo, 1987; their Fig. 1). 
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changes in the number of impulses/burst to modulate force. Typical spontaneous discharge 

patterns for each motor-unit type are shown in Fig. 16. 

Motor-unit discharge patterns have also been described during normal activity in cats 

(Hoffer et al. 1981, 1987) and humans (Gydikov & Kosarov, 1973, 1974; Gydikov et al. 1987; 

Grlmby, et al. 1981; Freund, 1983; Enoka et al. 1989; Nordstrom & Miles, 1990b). During 

treadmill walking, motor units from hindlimb extensor muscles in normal cats had discharge 

frequencies between 19 - 55 Hz. Similarly, motor units from flexor muscles had discharge 

frequencies of 22 - 55 Hz (Hoffer et al. 1987). Thus far, there is no simple, unifying explanation 

for changes in motor-unit-discharge behavior during different tasks. It has been repeatedly 

demonstrated, however, that motor units do not discharge at constant frequencies during 

normal activity (Milner-Brown et al. 1973; Hennig & l0mo, 1985; Hoffer et al. 1987). In addition, 

Deluca (1985) has demonstrated that motor units do not discharge at constant frequencies 

even during sustained isometric contractions. 

2.4.3 Summary 

Within the fatigue-inducing stimulus regimen selected for the present study, one 

stimulation pattern was composed of regularly occurring stimulus pulses, because constant

Interpulse intervals are a feature of all imposed activations used in previous studies of motor-unit 

fatigue. The stimulus rate within each train was proportional to the reciprocal of the unit's twitch 

contraction times (18 - 27 ms), thereby providing stimulation frequencies of approximately 19 -

37Hz. 

The length of each stimulus train (400 or 500 ms), the stimulus train rate (1/s) and overall 

application time (360 s) were chosen for more practical reasons (i.e., to provide sufficient force 

decline between stimulus bursts to analyze the force waveforms and to permit sufficient 

computer time to alternate between the control and test trains). Each stimulus train also 
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contained the same number of stimuli in acknowledgment of still-controversial work, implicating 

the number of activations in the fatigue process. The trains had identical burst durations, duty 

cycles and application times, making the activation quite similar for both trains. The only 

difference between trains was the temporal delivery of stimuli. In the test train, two short (10 ms) 

interpulse intervals were followed by interpulse intervals that were slightly longer than those of 

the control train. The frequency of these stimulation patterns were within the range of motor

unit discharge during fatiguing activity. The differences between the patterns were based on 

observed (albeit controversial) motor-unit behavior during natural movement (see: 2.3.1). 

However, the patterns were less complex than those used by the CNS during natural movement 

(cf. Hoffer et al. 1987). 

2.5 RESTRICTION OF STUDY TO FATIGABLE MOTOR UNITS 

Finally, it is necessary to provide the background that influenced our decision to limit 

these studies to a fatigable population of motor units from a heterogeneous muscle. By 

definition, FR and S units are considered to be relatively fatigue-resistant (Burke et al. 1973). 

Unlike previous motor-unit work on classification issues, the present goal was to examine the 

effect of force optimization on the association between force and fatigability within single motor 

units, and not to make comparisons between motor-unit types. In the past, fatigability has been 

studied in relatively non-fatigable muscles or motor units (e.g., Stephens & Usherwood, 1977; 

Duchateau & Hainaut, 1985; Garland et al. 1988), using ischemia to hasten force decline. 

Fatigue has also been observed in type S units during continuous stimulation at 80 Hz 

(Sandercock et al. 1985) and in FR units force-clamped at 25% of their peak tetanic force 

(Botterman & Cope, 1988b). Within the boundaries of normal physiological conditions, 

however, type FR + S units exhibit little fatigue. Although type FR + S units could have been 

incorporated into the proposed work, the functional relevance of such an endeavor is not clear 
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at this time. Rather, it was of more immediate interest to know how the stimulation pattern affects 

force over time in populations of FF (and FI) units, and to understand whether or not fatigability is 

inversely related to the initial force capacity of an individual motor unit during fatiguing 

stimulation. 

2.6 SUMMARY: RATIONALE FOR THE EXPERIMENTAL WORK 

Our general understanding of the neural control of muscle force is guided by our 

understanding of recruitment- and rate coding of motor units. During the development of 

graded force, orderly motor-unit recruitment is determined by the Size Principle, which suggests 

that motor units are recruited in the order of their progressively increasing peak tetanic force 

and/or their progressively increasing propensity to fatigue. 

Despite the common assumption that muscle force and fatigability should always be 

inversely related, the literature suggests that the amount of force produced by the muscle 

duirng a fatiguing task is not the sole determinant of its fatigability. The relationship between 

force and fatigability is also not clear in populations of motor units, perhaps because force and 

fatigability cannot be predictably related, or perhaps because we have yet to precisely quantify 

the differences in fatigability between units. It further seems appropriate to initiate a systematic 

investigation into the relationship between initial force and susbsequent fatigue within individual 

motor units, using physiologically relevant stimulation regimens as the appropriate strategy to 

advance our understanding of motor-unit behavior and the mechanisms that underlie fatigue. 

Within single motor units, the investigation of fatigability and its relationship to the force 

produced by the unit is complicated by the delayed-recovery phenomenon. In order to avoid 

this biological limitation, a dual-pattern approach was adopted. Two stimulation patterns were 

delivered in random alternation. The patterns were designed to accommodate the contractile 
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characteristics of the units and elements of their behavior during volitional activity. The regular 

(control) pattern was similar to the type of stimulation previously used in studies of motor unit 

fatigue. The optimized (test) pattern was designed to significantly increase force, using a subtle 

change in the temporal delivery of stimuli (see section 4.3.3 and Figs. 20 and 21). 

The following chapters present the results from the experimental work: Chapter 3 

reports the results of our preliminary experiments on the prolonged depression of motor-unit 

force following brief periods of repetitive stimulation; Chapter 4 is concerned with the force 

response to different stimulation patterns during fatigue; and Chapter 5 deals with our 

experimental evidence regarding the relationship between force and fatigability within individual 

motor units. Subsequently, Chapter 3 will be published in a refereed journal as a short report, 

whereas Chapters 4-5 will be published as full-length reports. 



CHAPTER 3: PROLONGED DEPRESSION OF MOTOR-UNIT FORCE 
AFTER A BRIEF PERIOD OF REPETITIVE STIMULATION 

3.1 SUMMARY 
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1. In the study of motor-unit fatigue (defined here as a "failure to maintain the required or 

expected force"; Edwards, 1981), there is evidence that the number of failure sites implicated in 

the fatigue process and their relative contribution to force decline are dependent on the 

stimulation regimen used to induce fatigue (Clamann & Robinson, 1985; Sandercock et al. 

1985). 

2. In order to determine the effect of different stimulation patterns on the fatigability of the same 

motor unit, one approach would be to allow a sufficient period of time for force recovery between 

the sequential application of different stimulation regimens. The purpose of this communication 

is to provide evidence (eight motor units/three experiments) that such an approach is not 

practical for fast-twitch motor units due to their delayed recovery from a brief period of repetitive 

stimulation. 

3. We show that 1/second activation for 15 or 45 seconds with 40 Hz, 330 millisecond-duration 

stimulus trains produced a prolonged depression in force (response to a double-pulse shock) 

that was still evident several hours later. 

4. These results suggest that an alternative strategy is required to determine the effect of the 

stimulation pattern on the fatigability of single motor units. 
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3.2 INTRODUCTION 

Jami et al. (1983) have reported that after 120 seconds of repetitive, intermittent 

stimulation both type FF and type FR motor units in a cat hindlimb muscle exhibit a delayed 

recovery of force. They found that three to four hours of recovery were required before the 

force elicited by a 40 Hz train of stimuli reached 70-90% of the pre-fatigue value. In addition, the 

EMG was not compromised during any of the stimulation procedures (cf. however, Hamm et al. 

1989), suggesting that the failure sites involved events distal to the neuromuscular junction 

(excitation-contraction coupling, intracellular metabolic changes, etc.). 

As presented in abstract form (Stuart et al. 1990), the present study extended on the 

results of Jami et al. (1983) in two ways. First, while we used the same repetitive stimulation 

pattern as in their study (330 ms, 40 Hz stimulus trains at 1/s; Burke et al. 1973), the total 

duration of repetitive stimulation in our work was far shorter; 15 or 45 seconds compared to 120 

seconds. Second, we assessed the force capacity of the motor unit with a double-pulse 

stimulus (interpulse interval, 20 ms) in contrast to their 13-pulse, 40 Hz train. We chose a 

double-pulse stimulus because the summated-twitch response is a sensitive and relatively non

fatiguing gauge of force development in single motor units (cf. Zajac & Young, 1980a). 

3.3 METHODS 

3.3.1 Surgical procedures 

Experiments were performed on barbiturate-anesthetized adult cats; a 40 - 60 mg/kg i.p. 

dose followed by supplemental 4 - 6 mg/kg i.v. doses as required. Respiration rate, percent 

C02 in each expired breath (ca 4%), rectal temperature (36 ± 10 C via servo-controlled heating) 

and blood pressure (100 - 130 mm Hg) were monitored throughout the experiment. The test 
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muscle was tibialis posterior of the right hindlimb. It was surgically isolated and maintained in a 

paraffin oil bath at 36 ± 10 C with a second servo-controlled heating system. All branches of the 

sciatic nerve were cut except that to the test muscle. The animal was secured in a rigid frame, 

and the test hindlimb was fixed at a knee angle of about 1350 . Whole-muscle twitch force was 

assessed at its optimal length and an experiment was terminated if whole-muscle twitch force 

decreased to less than 80% of the initial value. For details about the experimental arrangement, 

see Gordon et al. (1990a) and the present Chapter 4. 

3.3.2 Isolatjon of jndividulal motor units 

The ventral-root filaments of functionally isolated, single motor units (as based on a 

unitary force, EMG and neurogram response to ventral-root stimulation; Nemeth et al. 1987) 

were activated with a monopolar stainless-steel electrode, using supramaximal anodal shocks 

(1.5 x threshold, 0.1 ms duration). The distal tendon of the muscle was attached to a force 

transducer by a low-compliance dacron line (ca 0.03 Jlm/N/cm). The EMG was recorded with a 

stainless-steel surface electrode. Its location was optimized by placement directly over the site 

of motor-unit contraction on the muscle surface, when this was visible through a surgical 

microscope. Accurate force measurements (range, 0.1 mN - 100N) were obtained by use of a 

sample-and-hold unit (Reinking & Stephens, 1975) and the EMG signals were amplified 

conventionally (bandwidth 10Hz - 10kHz). For on-line monitoring, signals were displayed on a 

storage oscilloscope and fed to a signal averager. For off-line analysis, the signals were stored 

on magnetic tape for subsequent processing using a laboratory microcomputer. 
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3.3.3 Experimental protocol 

The experimental protocol involved first establishing a whole-muscle length-tension curve 

and the average twitch force at the shortest length (La) yielding maximal twitch force, followed by 

a series of motor-unit tests that included: 1) a motor-unit length-tension curve (all subsequent 

tests were performed at the shortest length (La) yielding maximal twitch force; 2) the average 

twitch force and contraction time; 3) the "sag" test (Burke et al. 1973); 4) the maximum tetanic 

force (200 Hz stimulation); 5) a control double-pulse stimulus; 6) repetitive 40-Hz stimulation for 

15 seconds (2 motor units) or 45 seconds (remaining 6 units); and 7) intermittent double-pulse 

stimuli were delivered immediately after repetitive stimulation, and then at 10 - 30 minute 

intervals for several hours thereafter. Whole muscle twitch force was intermittently monitored 

throughout step 7. In all the reported cases, it remained above 90% of the initial value. All units 

reported in this investigation were type F, as based on twitch contraction time « 35 ms) and a 

positive response to the subfused tetanus (sag test). 

3.4 RESULTS 

Motor-unit responses to the stimulation protocol could be broadly separated into two 

groups: 1) units in which force potentiated during the 40-Hz tetanus; and 2) units in which force 

declined during this tetanus. Figure 17 shows examples of original data from each group. 

Figure 17 A shows the force and EMG responses of a potentiating unit that was subjected to 

repetitive activation for 15 seconds. Force potentiated throughout this epoch, as revealed by 

selected responses to the 1/second, 40 Hz trains and to the control and subsequent double

pulse stimuli (cf. Gordon et al. 1990a). Following repetitive-activation, responses to double

pulse stimuli initially potentiated, after which there was a marked depression in force for at least 
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Fig. 17. Typical motor-unit responses before,during, and after a brief period of repetitive 
activation. A, Responses of a potentiating unit. From left to right, traces show force (upper) and 
EMG (lower) responses of a potentiating unit to different stimulus regimens: 1) a control double
pulse stimulus; 2) a 15-s epoch of repetitive stimulation (responses shown to first and 15th 
trains); and 3) a series of post repetitive-stimulation double-pulse stimuli (1, 40 and 70 min). 
Note that the potentiating effect was maintained Immediately after the period of repetitive 
stimulation with a potentiated twitch force at 1 min. Subsequently, the potentiating effect 
abated and was replaced with a depressed-force response, initially evident at 40 min after the 
repetitive stimulation period, and even more pronounced at 70 min. Whole-muscle force was 
99% of its initial force at this time. B, Responses of a non-potentiating unit to the same stimulus 
regimen, arranged as in A. Repetitive activation for 45 s (responses shown to 1 st and 45th 
train). Post repetitive-stimulation responses shown at 2, 55 and 190 min. This unit revealed an 
immediate and prolonged depression in the force response to double-pulse stimuli subsequent 
to a reduced-force response during the period of repetitive stimulation. At the conclusion of 
the tests, whole muscle force was 98% of its initial force. In both A and B , the EMG responses 
were not altered sufficiently to affect force development. Note in B for example, that the within
train decline in EMG at 45 s would not be sufficient enough to reduce force (cf. Hamm et al. 
1989). Similarly, the enhanced double-pulse EMG response at 190 min has no relation to the 
associated force (cf. Hamm et al. 1989). EMG calibration: 500 1.tV. Force calibration: A, 220 mN 
for double-pulse test - 450 mN for repetitive trains. B, 25 mN for double-pulse test - 50 mN for 
repetitive trains. Time calibration: 80 ms for double-pulse test - 200 ms for repetitive trains. 
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70 minutes. In all, four of eight units exhibited such potentiating behavior, including a second 

unit subjected to repetitive stimulation for only 15 seconds, and two of six units that were 

subjected to 45 seconds of repetitive stimulation. Figure 178 shows the force and EMG 

responses of a non-potentiating unit that was subjected to repetitive stimulation for 45 seconds. 

Throughout this period, force declined progressively. Similarly, the response to the 

subsequent double-pulse stimulus was only 38% of its control (pre-repetitive-stimulation) value. 

The responses to later double-pulse stimuli remained reduced during the 3 hours over which 

the measurements were made. This type of behavior was also exhibited by the remaining (3/8) 

non-potentiating units. 

Figure 18A shows that for three of four potentiating units, the double-pulse stimulus also 

elicited a potentiated response immediately after repetitive stimulation. However, each unit 

subsequently exhibited a decline in force for as long as the measurements were made; the 

effect being more pronounced following 45 seconds of stimulation than following 15 seconds of 

stimulation. The subsequent depression of the double-pulse responses was monitored for 1 - 3 

hours. Previously, our laboratory has provided evidence that the processes of twitch 

potentiation and tetanic fatigue can occur concurrently in whole rat muscles, but are relatively 

independent of one another (Rankin et al. 1988). The present results confirm this observation 

and extend it to the force depression of single motor units. Figure 188 shows that the duration 

of this post-repetitive-stimulation depression in force for the 4 non-potentiating units lasted at 

least 6 hours. In summary, Fig. 18 shows that irrespective of the presence or absence of force 

potentiation at the end of a brief period of repetitive 40-Hz stimulation, there was a profound and 

long-lasting depression of the double-pulse force. 



88 

A B 

160 

120 

'iij 
:p 

:5 
~ 
~ 80 

~ 
& 

40 

o 
o 1 10 100 1000 o 1 10 100 1000 

Time (min) 

Fig. 18. Summary of motor-unit responses to double-pulse stimuli after a brief period of 
repetitive 40-Hz stimulation. Zero time is the end of the repetitive stimulation period (circles- 15 
s, squares- 45 s). For each unit, force has been normalized to the control value (pre-repetitive
stimulation). Time is presented on a semi-log scale. A, Responses of four units that exhibited 
potentiation throughout the period of repetitive stimulation. Note that in 3/4 units, the double
pulse stimulus elicited responses that were also potentiated immediately after repetitive 
stimulation. However, the four units subsequently exhibited a decline in force for as long as the 
measurements were made; the effect being more pronounced following 45 s of stimulation than 
following 15 s of stimulation (cf. squares VS. circles). 8, Responses of 4 units that exhibited 
force decline during a 45 s period of repetitive stimulation. These units showed a profound 
force depression (< 50% control) that was still apparent for up to 6 hrs following repetitive 
stimulation for 45 s. 
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3.5 DISCUSSION 

The present results, like the ones of Jami et al. (1983), suggest that the neuromuscular 

junction Is not the failure site in the observed force responses. Figure 17 shows minimal EMG 

changes of two units throughout the present stimulation procedures, the same result being 

obtained from the other six units. This result, like its precedents (Hamm et al. 1989; Jami et al. 

1983; Nemeth et al. 1987; Sandercock et al. 1985), suggests that failure sites distal to the 

neuromuscular junction dictate the response to this particular repetitive-stimulation regimen 

(Burke et al. 1973). For the present purposes, however, the issue is not so much the 

mechanisms of muscle fatigue, as quantitating the magnitude and duration of force depression 

after a brief epoch of motor-unit stimulation with a standard fatigue regimen. From this 

perspective, the main value of the present work is the demonstration that fast-twitch units do not 

recover to control values in a sufficiently short period of time so that they can be tested with 

another stimulus regimen (see also: Jami et al. 1983). 

3.5.1 Implications for the task-dependency issue 

Delayed force-recovery complicates the possibility of addressing the task-dependency 

issue in motor-unit fatigue by comparing, in a single experiment on a single motor unit, the force 

and EMG responses to more than one stimulation regimen (which can be equated with the 

performance of more than one strategy, or taSk). This problem could, perhaps, be obviated by a 

population-analysis approach in which each single unit was subjected to a single fatigue

inducing stimulation regimen and matched (based on physiological characteristics) to another 

unit, stimulated with a different regimen. However, this approach would require the collection of 

unusually large samples of motor units. It would clearly be preferable to design experiments in 

which each unit served as its own control. As a viable option, we have recently used a random 
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alternation of two stimulation patterns delivered to the same motor unit, and decomposed the 

force profile to access the contribution of each pattern to the overall force record (Cooper et at. 

1988; Laouris et al. 1989). With this strategy, we have shown that it is indeed possible to avoid 

the prolonged-depress ion- (present results) and delayed-recovery effects (Jami et at. 1983), 

and undertake experiments that address the task-dependency issue (Bevan et at. 1989a; see 

also Chapters 4-5). 
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CHAPTER 4: STIMULUS PATTERN-INDUCED OPTIMIZATION OF MOTOR-UNIT 
FORCE IN ADULT CATS DURING A FATIGUE TEST 

4.1 SUMMARY 

1 . The main purpose of this study was to examine the effects of two different stimulation 

patterns on the force developed by fast-twitch, fatigable motor units in a cat hindlimb muscle 

during control and fatiguing contractions. 

2. The peak force and the force-time integral responses of nineteen FF and three FI motor units 

of the tibialis posterior muscle in five deeply anesthetized adult cats were measured at selected 

times during the course of a 360-second fatigue test. 

3. The fatigue test involved a pseudo-random alternation of two patterns of stimulation. One 

pattern (regular) was composed of a train of stimuli with constant interpulse intervals, set at 1.8 x 

the twitch contraction time of each unit ( Interval range, 27 - 51 ms), and delivered for 500 (or 

400) milliseconds. For the total (FF + FI) motor-unit sample, the mean (± SD) stimulation 

frequency was 26 ± 4 Hz (range, 19 - 37 Hz). The other stimulation pattern (optimized) 

consisted of three initial stimuli with short (10 ms) interpulse intervals, followed by a constant-

interpulse interval train that was adjusted to have the same number of pulses, and the same 

average rate and duration as the regular train (interval range, 29 - 62 ms). The mean frequency 

of the constant-interpulse interval component of the optimized trains was 23 ± 5 Hz (range, 16-

34 Hz). 

4. The stimulus trains were delivered at 1/second for 360 seconds, using three-train sequences 

of each pattern, randomly alternating with one another. The response of the third train in each 

sequence was selected for the force measurements. The force profile obtained from the fatigue 
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test was subsequently decomposed Into two profiles; one attributable to regular- and one to 

optimized stimulation. 

5. During the initial responses to the fatigue test, the optimized stimulation pattern produced 

significantly more force than the regular stimulation pattern. For FF units, the mean increase in 

peak force (141%) was significantly greater than the increase in the force-time integral (59%). 

6. All motor units exhibited an initial potentiation of peak force with the regular stimuluation 

pattern, whereas peak force declined immediately with the optimized pattern. In contrast, the 

force-time integral potentiated in the first 30 seconds for both regular- and optimized stimulation 

patterns. 

7. Each motor unit maintained an increased force response to optimized stimulation during the 

fatigue test, with the greatest relative increase occurring about 120 seconds into the test, well 

after the potentiation effect had subsided. At 360 seconds of stimulation, the force 

enhancement with optimization was still substantial (83% for peak force and 37% for the force

time integral), yet force was virtually nonexistent in response to regular stimulation. 

8. Correlations among various motor-unit properties revealed that fatigability was associated with 

the motor units' control (pre-fatigue) twitch contraction time, and that the percent of force 

optimization at the beginning of the fatigue test was associated with the percent of potentiation 

exhibited in the subsequent 30 seconds of the test. 

9. These results suggest that subtle changes in the activation pattern are a potential mechanism 

by which the central nervous system might increase force during fatigue. Furthermore, force 
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optimization and potentiation seem to be as fundamental properties of motor-units as the more 

conventionally studied ones; like twitch contraction time. peak tetanic force. and fatigability. 

--- --- ----- --_ ... --.-. _._--.-
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4.2 INTRODUCTION 

It is well-known that the central nervous system (CNS) controls muscle force by altering 

the number of motor units recruited or derecruited (Liddell & Sherrington, 1925; Eccles & 

Sherrington, 1930), and by changing their rate of discharge (Adrian & Bronk, 1929). In the latter 

case, the stimulus frequency-force relationship has been thoroughly studied, with an emphasis 

on use of stimulus patterns with constant interpulse-intervals (e.g.: Eccles & Sherrington, 1925; 

Kernell, 1983; Batterman et al. 1986). However, it is also known that the addition of an extra 

stimulus to an otherwise constant interpulse-interval train increases the force developed by 

single motor units during a sequence of repetitive stimuli (Burke et al. 1970, 1976), and it has 

been suggested that there exists an optimal interpulse-interval sequence that maximizes 

(optimizes) the force developed per stimulus during repetitive stimulation of whole muscles 

(Stein & Parmigianni, 1979) and single motor units (Zajac & Young, 1980a). Recordings made 

during near-natural and natural locomotion have also suggested that such stimulaton patterning 

contributes to force modulation, particularly during motor tasks in which a unit may be prone to 

fatigue (Zajac & Young, 1980b; Hoffer et al. 1987). The purpose of the present study was to 

examine the effect of the stimulation pattern on motor-unit force during fatiguing contractions. 

For this purpose, fatigue is defined as " ... a failure to maintain the required or expected force" 

(Edwards, 1981). 

Two different stimulation patterns were delivered in pseudo-random alternation for 360 

seconds to individual fast-twitch, fatigable (FF + FI) motor units of a cat hindlimb muscle. One 

pattern (regular) was composed of constant interpulse intervals. The other pattern (optimized) 

was designed to increase the force developed per stimulus under control (pre-fatigue) 

conditions. Each pattern had the same number of stimuli, the same overall rate, and the same 

duty cycle. The peak force and the force-time integral response to each pattern were measured 

~~------------ ------- -----------
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at selected times during the 360-second fatigue test. The results revealed that subtle changes 

in the stimulation pattern delayed and reduced motor-unit fatigue. 

Preliminary accounts of this work have been reported in abstract form (Bevan et al. 

1989a, b; Laouris et al. 1989; Stuart et al. 1989; Stuart et al. 1990). 

4.3 METHODS 

4.3.1 Surgical procedures 

Anesthesia was induced by an i.p. bolus of sodium pentobarbital (40 - 60 mg/kg) , 

followed by supplemental Lv. doses (4 - 6 mg/kg) as needed. The initial phase of the surgery 

included tracheotomy and insertion of intravenous, intra-arterial and bladder catheters. Blood 

pressure, rectal temperature, and percent expired C02 in each breath were monitored and 

maintained at approximately 100 mm Hg, 37° C, and 4 %, respectively. 

A midline skin incision (apprOXimately 15 cm long) was made along the back, foilowed by 

removal of the longissimus dorsi and transverse spinal muscles surrounding the spine. A lumbo

sacral laminectomy was performed to expose the spinal cord from 4 to 51. 

Functional isolation of single motor units required complete denervation of the hip and 

right hindlimb, except for the tibialis posterior muscle. Hip denervation was accomplished by: 1) 

exposure of the rostral sciatic nerve as it traversed the ilium; and 2) visualization and section of 

peripheral nerves as they exited the main nerve trunk. To denervate the hindlimb, a mid-dorsal 

incision was made (beginning just proximal to the popliteal fat pad and ending at the mid-plantar 

level of the foot) to expose the peripheral path of the sciatic nerve. All peripheral nerves, 

excluding the tibial nerve were transected. The nerve to tibialis posterior is one of five in a 

bundle that branches from the tibial nerve. The other nerves were sectioned, leaving only the 

test nerve intact. Throughout the surgical procedures, particular care was taken to avoid 

compromising the blood supply to the test nerve and muscle. 
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After completion of the initial surgery, the preparation was mounted in a rigid metal 

frame. With the knee flexed at 135 0 , a paraffin oil muscle bath was formed by the skin of the 

hindlimb for electrical isolation during stimulation and recording. This also provided a means of 

maintaining muscle temperature at 37 0 C, with thermistor-controlled heaters. 

In order to prepare for motor-axon stimulation, the dura was opened with a mid-dorsal cut 

using a pair of fine scissors. The Ls to S1 ventral roots were identified and transected proximally, 

followed by removal of the spinal cord from 4 to S2. The spinal bath was filled with paraffin oil 

pre-heated to 37 0 C. Cord temperature stabilized at 37 0 C. 

Fine ventral-root filaments, containing motor axons innervating tibialis posterior, were 

stimulated sequentially. These filaments were separated with fine forceps until stimulation 

resulted in all-or-none responses of a single motor unit, as supported by the averaged 

neurogram (32 sweeps), the EMG and the twitch force (for review of motor-unit isolation issues, 

see: Nemeth, Norris, Lowry, Gordon, Enoka & Stuart 1988). A key advantage of tibialis posterior 

for the present study was the relatively wide spacing of its motor axons among the ventral 

rootlets (Romanes, 1951; Brown & Mathews, 1960). As a result, each of the tested motor units 

was subjected to minimal activation before proof of its functional isolation such that the 

experimental protocol could be initiated with the unit in a relatively fresh state. This point is 

emphasized because at the necessity to reduce variations in the prior activation history of tested 

units (ct. Burke et al. 1976). 

4.3.2 Data-recording arrangement 

The muscle nerve was suspended over a spring-mounted bipolar electrode (tip 

separation < 3 mm) positioned approximately 10 mm from the muscle. The electrode was used 

either to record a neurogram for proof of motor-unit isolation, or to provide stimuli for 

characterization of whole-muscle properties. 
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Motor-unit EMG activity was recorded with a silver-ball electrode placed in contact with 

the surface of the muscle, and referred to a needle electrode inserted into adjacent denervated 

muscle. The exact location of the active electrode was adjusted for each motor unit to provide a 

maximal signal-to-noise measurement. 

The distal tendon of tibialis posterior was tied via a low-compliance dacron line (ca. 0.03 

J..lM*N"1*cm-1) to a force transducer for the measurement of both active and passive force. To 

assure that the test muscle did not shorten under unloaded conditions, passive force was 

maintained at approximately 500 mN (Burke, 1968). Force measurements were made using 

transducers capable of measuring forces in the 0.1 mN - 100 N range. Force and EMG records 

were simultaneously monitored on an oscilloscope for on-line analysis and stored on FM tape for 

subsequent analysis. 

4.3.3 Experimental protocol 

Figure 19 summarizes the order of the procedures and measurements on single motor 

units, including: 1) optimal muscle length (Lo); 2) motor-unit isolation; 3} motor-unit Lo; 4) twitch 

characteristics; 5} "sag" property; and 6) peak tetanic force. All units with an average twitch 

contraction time < 35 ms, and a positive sag were provisionally classified as type F (i.e., FF + FI + 

FR; Burke et al. 1973). Units so classified were next subjected to the random alternation of two 

stimulation patterns consisting of trains of 0.1 ms shocks repeated at 1/second for 360 seconds. 

The duration of these stimulus trains was either 400 milliseconds (3 units) or 500 milliseconds 

(19 units). 

Since there is a relationship between twitch contraction and relaxation times (Close, 

1972), the stimulus rate required for force maintainance should also depend on the contraction 

time. Burke et al. (1976) showed that units produced the maximum force-time integral per 

stimulus pulse when the interpulse intervals of a repetitive train (without initial doublets) were 
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Fig. 19. Electrophysiological procedures and measurements. Shown are the recording 
protocol (procedures) and physiological measurements (measurements), which included: 1) 
whole-muscle Lo, twitch contraction time and peak twitch force; 2) isolation of single motor 
units, based on unitary responses in the neurogram (NG), EMG, and twitch profile; 3) single-unit 
Lo; 4) twitch characteristics for the isolated unit; 5) "sag" test; 6) peak tetanic force; and 7) 
fatigue test. Note that the force measurements throughout the fatigue test were measured in 
the form of an overall progressive force profile that was subsequently decomposed into profiles 
attributable to each stimulation pattem (regular, optimized). 
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between 1 and 2 x the twitch contraction time. In addition, Zajac and Young (1980a) showed 

that to optimize the force produced by a unit, the best steady-state interval was at 1.8 x twitch 

contraction time. The interpulse intervals of the regular stimulation pattern in the present study 

were set in this fashion. For the tested units, this interval ranged from 27 to 53 milliseconds. 

The optimized pattern consisted of three initial pulses with interpulse intervals of 10 ms, 

followed by a train with constant-interpulse intervals (range, 29 - 62 ms) adjusted such that the 

average rate, number of stimuli, and train duration were identical for both regular and optimized 

pattems, as shown in Fig. 20A and B. 

During the fatigue test, each pattern was delivered pseudo-randomly to reduce any 

systematic conditioning effect that one pattern might have on the other (i.e., the force response 

to the regular stimulation pattern could conceivably have been different when preceded by an 

optimized rather than by another regular pattern). To further reduce any systematic 

conditioning, each pattern was delivered three times in succession before its pseudo-random 

alternation with the other pattern. Fig. 20C provides a schematic example of the alternation and 

delineates the boundary conditions of the psuedo-random technique. The subsequent data 

analysis was restricted to the third response for selected stimulus trains. 

Following the fatigue test, an additional motor unit was isolated and tested. Whole

muscle force was assessed periodically, and the experiment was terminated if whole-muscle 

force fell below 80 % of its inHial value. 

4.3.4 Data analysiS 

Figure 21 shows an example of the force record and the decomposed profiles for a 

single motor unit during the 360-second stimulation period. To determine the force profile 

attributed to each stimulation pattern, the third waveform of each series was extracted. Although 
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Fig. 20. Characteristic force responses to each stimulus pattern in the control state: regular vs. 
optimized stimulation. A, Force produced in response to the intial regular (thick line) and 
optimized (thin line) stimulus trains of the fatigue test. B, The regular stimulus pattern consisted 
of 16 stimuli with constant interpulse intervals (1.8 x twitch contraction time = 33.3 ms). The 
optimized train consisted of 3 initial stimuli with 10 ms interpulse intervals followed by 13 stimuli 
with longer intervals (36.9 ms). Their frequency was adjusted to provide the same number of 
stimuli (16) as the regular pattern. Both patterns had a train duration of 500 ms. Note how this 
subtle change in the stimulus pattern substantially increased force (A ) in the pre-fatigue state. 
e, The stimulus patterns were delivered pseudo-randomly in sets of three (A = regular train; 0 = 
optimized train). The probability of a particular pattern being selected was 50 % the first time, 30 
% the second time, and 20 % the third time. If a particular pattern was chosen three times in 
succession, the other pattern was then automatically chosen. 
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this approach reduced any possible systematic error due to conditioning, it also reduced the 

number of data points available for analysis to approximately 60 per activation pattern (I.e., to 

one-third of the 180 values obtained during 360 seconds of stimulation). Missing points were 

interpolated using Lagrange polynomials, so that comparisons could be made of the force 

produced by each stimulation pattern at the same time during the course of the fatigue test (cf. 

Kernell et al. 1975; Cooper et al. 1988). Absolute and normalized values of peak force and the 

force-time integral were plotted as dependent variables against time. 

Units that lost> 25%, but < 75% of their initial force within the first 120 seconds of 

stimulation were provisionally classified as type Flo Those that lost> 75% of their initial force 

were provisionally classified as FF (cf. Burke et al. 1973). The time to lose 75% of the peak 

potentiated force (t25) was used as a measurement of fatigue for the FF units (cf. Nemeth et al. 

1987; Gordon et aI, 1990a). 

Selected force waveforms during the course of the 360-second fatigue test were 

digitized for 700 ms (560 pOints, 1.25 ms/point). Software written in Labview (National 

Instrument Co., Austin, TX) in conjunction with a library of general-purpose subroutines (LIB 1; 

Arizona Technology Corp., Tucson, AZ) was used to measure the peak force and force-time 

integral of the selected waveforms. 

The statistical treatment of the data included: 1) a multivariate analysis of variance, using 

repeated measures, to determine significant eHects of time and pattern; 2) a paired, two-tailed t

test, to determine the significance of differences between the responses to regular and 

optimized pattems at selected times during the course of the fatigue test, and to compare peak 

force responses to force-time integral responses; and 3) an unpaired, two-tailed Hest, used to 

determine the significance of differences in potentiation between the present results and 

previous work. Confidence limits were set at 95% (i.e., P < 0.05). 

The quantitative analysis was restricted to changes in force. A qualitative example of the 

EMG responses is shown in Fig. 22. Given the large safety factor for action-potential 
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Fig. 21. The force-decomposition technique. The data presented is from an FF motor unit. A, The two stimulation patterns (one 
regular, one optimized) were pseudo-randomly applied to the unit to produce a single force profile for the 360 seconds of the 
fatigue test. Each pattern was delivered in a three-train sequence before pseudo-random alternation to the next pattern. The 
inset in A (i.e., at the large arrow) shows the force responses to 15 successive stimulus trains within the test on a faster time 
scale. The 9 upper points in the inset are responses to the optimized pattern, and the 6 lower points to the regular pattern. The 
third force response to each three-train sequence (small arrows) was extracted from the force record, and progressively plotted 
to provide the decomposed force profiles for the two stimulation patterns. In this and subsequent figures, Lagrange polynomials 
were used to interpolate requisite data points, in order to compare force responses between the two patterns at the same time 
points throughout the fatigue test. a, The decomposed force prOfiles are shown (thick line, responses to regular stimulation; 
thin line, responses to optimized stimulation). In this way, a comparison was made between the force responses of the same 
motor unit due to regular and optimized patterns during the same fatigue test. 
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propagation along and within muscle fibers, and other factors that cause reductions in EMG 

amplitude that are unrelated to excitation failure (for review: Hamm et al. 1989), an assumption 

was made that differences in the stimulation patterns altered force via changes beyond both the 

neuromuscular junction and action-potential propagation along the muscle fibers. 

4.4 RESULTS 

4.4.1 Motor-unit sample 

Twenty-two motor units were studied (19 FF, 3 FI). For the FF sample, twitch contraction 

times ranged from 15 to 27 milliseconds and peak tetanic forces from 155 to 1920 mN. These 

values are considered representative for this unit type in the cat tibialis posterior muscle (cf. 

McDonagh et al. 1980b; Gordon et al. 1990a). For the three FI units, the corresponding ranges 

were 23 to 29 milliseconds and 311 to 832 mN, respectively. These values were also well within 

the normal FI range. 

4.4.2 Control contractions 

Figure 20A shows an example of the force developed by a single motor unit in the pre

fatigued state in response to optimized VS. regular stimulation. Table 1 reports a quantitative 

comparison of the initial force response of the fatigue test for the entire motor-unit population. It 

shows that the initial force response to optimized stimulation was significantly greater for 

measurements of peak force and the force-time integral, and significantly more pronounced for 

peak force than for the force-time integral response. 

The results for the initial responses of the fatigue test are in agreement with earlier work 

on the "catch-like" property in mammalian motor units (Burke et al. 1970, 1976) and force 
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optimization in whole muscles (Stein & Parmigianni, 1979) and single motor units (Zajac & 

Young, 1980a). However, the present results extend previous work by quantitatively comparing 

the force optimization response to a rearrangement of stimulus pulses in a constant-interpulse 

interval train, rather than the addition of an extra stimulus into an otherwise constant- interpulse 

interval train (Burke et al. 1970, 1976). 

4.4.3 Fatiguing contractions; regular ys. optimized stimulation 

Figure 22 shows the characteristic force and EMG responses of a single FF motor unit 

during the course of the 360-second fatigue test. A qualitative comparison of the associated 

EMGs suggested that the differences between the force responses to optimized and regular 

stimulation were not due to associated changes in the EMG (Le., there was a substantial 

reduction in force before EMG amplitude was attenuated; cf. Hamm et al. 1989). 

Regular stimulation Each motor unit responded to regular stimulation with an early 

potentiation of peak and integrated force (cf. Gordon et al. 1990a), followed by a progressive 

reduction in force. Each FF unit lost substantial force (> 75% of initial) within 120 seconds of 

stimulation onset, as is characteristic of FF units (Burke et al. 1973). The time required for the 

peak force to decline to 25% of its peak potentiated value (which occurred at 23 ± 6 s into the 

fatigue test) was 40 ± 12 seconds (range, 20 - 62 s). In order to compare the present results 

with other recent work from this laboratory (using the standard fatigue test; see section 2.3.3) 

the times required for the peak force to decline to 50% (Robinson et al. 1990) and 75% (Gordon 

et al. 1990a) of the initial force response were also calculated. These times were 61 ± 14 

seconds (range, 37 - 81 s) and 55 ± 13 seconds (range, 33 - 72 s), respectively. These values, 

too, are in agreement with the previous work. 

In summary, the characteristic responses to regular stimulation (shown in Fig. 22A) are 

in agreement with previous findings, except for the finding that all the units in the population 
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TABLE 1. The peak force and force-time integral responses of isolated FF and FI motor units in 
the control state: regular vs. optimized stimulation 

Stimulation pattern 

Force measurement Regular Optimized 

FF units: 

FI units: 

Peak force (mN) 

% 

F-t integral 

(mN' s) 

% 

Peak force(mN) 

% 

F-t integral 

(mN' s) 

% 

177 ± 93 

(37 - 380) 

100 

48±23 

(13-105) 

100 

90 ± 16 

(72 - 102) 

100 

27±7 

(20 - 35) 

100 

420 ± 220·,·· 

(89 - 911) 

241 ± 51 

(154 - 379) 

73 ± 28· 

(20 - 134) 

159 ± 40 

(89 - 277) 

267 ± 112 

(184 - 394) 

300 ± 117) 

(180 - 413) 

41 ± 16 

(28 - 59) 

173 ± 49 

(124 - 222) 

Values are mean ± SO (range). Force responses of nineteen FF units and three FI units are 
presented as absolute and normalized (with respect to regular stimulation) values. Both peak 
force and the F-t integral were significantly larger in response to the optimized pattern. 
Normalization revealed a significant difference between the effect of optimized stimulation on 
peak force (241 %) vs. the force-time integral (159 %). 
• Regular < Optimized (P < 0.01) 
··Peak force> F-t integral (P < 0.01) 



106 

A B 

30 

J f f t t·~,t·J·~'I,t 

I~ f t II II t I 

--r 
90 

it~1 ttl r ~t I ~trtft't' 
~~------------------120 

itt tt~1 ~ ~~ I ~1tlttttl 
240 

t1 , t 1 , H t , t 

360 1.,1 ••• "" ,.r .. rIP pm 

Fig. 22. Characteristic force and EMG responses of a single motor unit to individual stimulus 
trains during the fatigue test. A, Traces of force (upper) and EMG (lower) responses to the 
regular pattern trains at 1,30, 60,90, 120, 180,240 and 360 s after the initiation of repetitive, 
Intermittent activation. These train numbers are approximations, since each 1-5 cycle was the 
response to a single stimulation pattern (see Methods). B, Responses to the corresponding 
optimized patterns, arranged as in A. The mean rate of each stimulus pattern was 26 Hz and 
the unit was stimulated with a 40% duty cycle. Note in both A and B that EMG attenuation was 
not pronounced before 240 s. In contrast, there was a profound attenuation in the force 
response by 90 s. 
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studied exhibited force potentiation. The maximum percentage of potentiating FF + FI units in a 

single sample previously reported was 41% (Gordon et al. 1990a). The fact that all units 

potentiated in response to regular stimulation in the present study is probably attributable to the 

fact that the stimulus regimens were customized to the units' contraction time (see Methods), 

whereas, in the Gordon et al. (1990a) work each unit was stimulated at 40 Hz. 

Optimized stimulation Figure 228 shows that while the force responses to optimized 

stimulation progressively declined in magnitude during the fatigue test (similarly to the force 

responses to regular stimulation), the motor unit peak- and integrated force with optimized 

stimulation were greater than occurred with regular stimulation. Furthermore, close inspection of 

Fig. 22 shows that as fatigue ensued the relative difference between the force response to 

each stimulation pattern increased (e.g., compare the 60 sand 90 s force waveforms). This 

result indicates that the mechanisms which underlie force optimization and fatigue are not 

mutually exclusive, in similar fashion perhaps, to the mechanisms which underlie the 

coexistence of force potentiation and fatigue (for review: Rankin et al. 1988; Gordon et al. 

1990a). 

In contrast to the relative predictability of the responses to regular stimulation (Fig. 22A), 

the responses to optimized stimulation (Fig. 228) revealed several new features of motor-unit 

behavior, in addition to force augmentation in the control state (vide supra). These included: 1) 

qualitative and quantitative differences between the individual force waveforms (i.e., in 

summation, subfusion vs. fusion, and potentiation) in response to regular vs. optimized 

stimulation; 2) the enhanced force response to optimized stimulation during fatigue; and 3) the 

differences between peak force and the force-time integral responses, with respect to 

optimization and potentiation. These findings are described below. 

Individual force waveforms: regular vs. optimized stimulation: Figure 23 shows 

expanded versions of selected waveforms from Fig. 22. Several features of these waveforms 

are of interest. 
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Summation: Figure 23A shows that at 30, 60 and 90 seconds into the fatigue 

test, the force waveforms progressively summated to reach a plateau during the first 3-4 stimuli 

of each regular stimulus train. In contrast, the corresponding optimized responses (Fig. 238) 

revealed this plateau within the first 1-2 stimuli, after which force gradually declined. This 

qualitative difference between regular vs. optimized stimulation was similar for the entire motor

unit population. 

Force fusion: In contrast to summation, both sets of responses In Fig. 23 are 

qualitatively similar with respect to the transition between subfusion and fusion, with the 

transition occurring somewhere between 30 and 60 seconds. In a subsequent analysis, the 

actual time of force fusion was determined as the time when the force ripple decreased to less 

than the combined effects of transducer noise and the slope of the force envelope, as judged 

by eye. Sixteen FF motor units demonstrated force fusion in response to regular vs. optimized 

stimulation (49 ±14 (27 - 81) vs. 59 ± 25 (36 - 135), respectively). The time to force fusion was 

significantly longer (P < 0.05) in response to optimized activation due to the fact that the 

frequency of the constant-interpulse interval component of the optimized pattern was slightly 

less than the frequency of the regular pattern (i.e., 23 ± 5 Hz VS. 26 ± 4 Hz). 

Force potentiation: Figure 23 also revealed a clear difference in the profile of 

force potentiation between the two sets of responses. For regular stimulation, there was 

significant potentiation at 30 seconds (compared to the initial response), both in terms of peak 

force (148%) and the force-time integral (299%). In contrast, there was no evidence of peak 

force potentiation at 30 seconds in response to the optimized train, although the force-time 

integral (Fig. 238) potentiated (156%). 

The full FF + FI population response (mean ± SD) to regular stimulation at 30 seconds 

showed a peak force potentiation of 87 ± 52%, compared to an 8 ± 7% force decline in 

response to optimized stimUlation. The potentiation of the force-time integral at 30 seconds was 

211 ± 97% VS. 103 ± 56% for regular vs. optimized stimulation. 
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226mN 

100 ms 
Fig. 23. Profiles of force waveforms throughout the fatigue test. The waveforms presented are 
expanded versions of those in Fig. 22 for regular (A) and optimized (8 ) stimulation. Note that 
the two sets of waveforms are qualitatively different in their profile of progressive force 
development and decay. Note also the difference in force potentiation, with the phenomenon 
quite pronounced at 30 s in the regular-train response (both in peak force and the F-t integral), 
and absent in the peak force of the optimized train. The F-t integral at 30 s was 220 mN·s in A 
and 222 mN·s in B, whereas, the peak force was 581 mN and 678 mN in A and B, respectively. 
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Enhanced force response to optimized stimulation: normalized vs. absolute force: The 

• quantitative aspects of force optimization during the fatigue test were examined using 

normalized and absolute force responses to each pattern at 1, 10, 20,30, 60, 90, 120, 180, 240 

and 360 seconds into the fatigue test. This analysis provided evidence that the efficacy of force 

optimization increased as fatigue ensued, and that the profile of peak force was qualitatively 

different in response to regular vs. optimized stimulation, respectively. 

Normalized force: Figure 24 compares the average force profile of the twenty

two motor units at selected times during the fatigue test, normalized to the initial force response 

of the respective pattern. In response to regular stimulation, the first 30 seconds of the fatigue 

test were dominated by potentiation of peak force, whereas the response to optimized 

stimulation over the same period was a gradual decline in force. During the first 60 seconds of 

the test, the normalized force was significantly greater in response to regular stimulation. After 

potentiation, the decline In force was similar In response to regular and optimized stimulation, 

although the peak force response to optimized stimulation was significantly greater at 120 

seconds. The force-time Integral responses were qualitatively similar between patterns. 

However, the normalized force was significantly greater in response to regular stimulation during 

potentiation (Le., during the first 30 seconds of the test), and significantly greater in response to 

optimized activation from 90 - 240 seconds into the test. These results demonstrate that during 

repetitive stimulation, the force prOfile was significantly altered by the stimulation pattern. 

The behavior of the three FI units was qualitatively similar to that of the FF units, with 

regard to force optimization and potentiation. However, subsequent analyses were restricted to 

FF units because, by definition, the fatigability of the FI units was substantially less than that of 

the FF units. It is anticipated that subsequent studies on the issues addressed in this chapter 

will involve representative samples of each of the four motor-unit types, considered both 

individually and in combination (i.e., S vs. FR vs. FI vs. FF; S + FR vs. FI + FF). 
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Fig. 24. Comparison of normalized force responses during the fatigue test: regular vs optimized 
stimulation. Shown are the mean, normalized forces exerted by the twenty-two motor units (19 
FF, 3 FI) at 1, 10,20,30, 60,90, 120, 180,240, and 360 s after stimulation onset. The peak 
force (A ) and F-t integral (8) responses were normalized to their respective initial (1 s) 
responses to regular (thick line) and optimized (thin line) stimulation. Except for the period of 
early potentiation, the profile of normalized force decline was relatively similar during regular and 
optimized stimulation. 
• Regular < Optimized (P < 0.05) 
+ Regular> Optimized (P < 0.05) 
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Absolute force: A comparison between the absolute force for each stimulation 

pattern revealed the quantitative effect of force optimization during fatigue. Figure 25 provides 

the mean (±SD) values of the nineteen FF units. The absolute forces from the three type FI 

units are presented individually in Fig. 26. 

The variability in the force responses was relatively large during the first 60 seconds of 

the test, but it decreased substantially as fatigue ensued. In Fig. 258, the variability reflects 

differences in the absolute force between units and differences between the optimized force of 

the units. Because the variability in the responses was similar In response to optimized vs. 

regular stimulation (see Figs. 25 and 26; A vs. 8, and C vs. D ), it was assumed that most of the 

variability due to optimized stimulation was due to the differences in the Initial force of the units. 

Figure 27 provides a statistical comparison between the absolute force for the regular vs. 

optimized stimulation of the FF units (shown previously in Fig. 25). The peak force for optimized 

stimulation (Fig. 27 A) was significantly greater than that for regular stimulation for at least the first 

240 seconds of the fatigue test. In contrast, the force-time Integral for the optimized stimulation 

(Fig. 278) was significantly greater Initia"y and during the later phases of the fatigue test (60 s -

360 s), whereas, during potentiation (first 10 - 20 s of the test) the response to regular 

stimulation was significantly greater. The statistical significance of these differences reflects the 

fact that even though the absolute difference was not very substantial in this case, the effect of 

the optimized train was always in the same direction for each unit. Nevertheless, these results 

suggest that during fatigue, force was increased by optimized stimulation, irrespective of the 

type of force measurement. 

Relative potentiation and optimization effects: peak force vs. the force-time integral: 

Figure 27C presents the percent optimization of peak force and the force-time integral during 

the fatigue test. This analysis revealed that the relative magnitude of optimization decreased 

during potentiation and then peaked at 120 seconds after stimulation onset for both peak force 

and the force-time integral. Furthermore, the optimization of peak force was significantly greater 
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Fig. 25. Absolute force during the fatigue test for the FF units. Shown are the mean absolute 
forces exerted by the nineteen FF units at 1, 10, 20, 30, 60, 90, 120, 180, 240 and 360 s after 
stimulation onset. In each panel, the vertical bars represent the SD of the mean response. A, 
Regular stimulation- peak force. B, Optimized stimulation- peak force. C, Regular stimulation- F
t integral. D, Optimized stimulation- F-t integral. There was substantial variability in the 
individual-unit values, particularly during the first 60 s of stimulation. All units exhibited a 
potentiation of both peak force and the F-t integral in response to regular stimulation. In 
contrast, only four of nineteen units exhibited potentiation of peak force (> 3% of the initial 
force; none > 7%) in response to optimized stimulation. However, all units exhibited 
potentiation of the F-t integral. 
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Fig. 26. Absolute force during the fatigue test for the FI units. Shown are data from the three FI 
units. A, Regular stimulation- peak force. B, Optimized stimulation- peak force. C, Regular 
stimulation- F-t integral. D, Optimized stimulation- F-t Integral. Note that except for less fatigue, 
the three FI units exhibited force profiles quite similar to those of the FF sample, as presented as 
in Fig. 25. 
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Fig. 27. Statistical comparison of the absolute force at selected times during the course of the 
fatigue test: regular vs. optimized stimulation. A -B , the same data as in Fig. 25, showing regular 
(thick lines) and optimized (thin lines) responses for peak force (A) and the F-t integral (8). In A, 
note that the optimized-train responses were significantly greater than their regular-train 
counterparts, for at least 240 s of stimulation. In B, this was also the case for responses at 1, 60, 
90, 120, 180,240 and 360 s. However, during potentiation, the regular-train responses were 
greater at 10 sand 20 s, with no difference at 30 s. C, The normalized force-optimization effect 
on peak force (thin line) and the F-t integral (thick line). This was calculated as the difference 
between the optimized and regular response, divided by the regular response. This 
comparison shows that during the first 180 s of stimulation, the optimization effect was 
significantly greater for peak force, than for the F-t integral. 
* Regular < Optimized (P< 0.01) 
+ Regular> Optimized (P< 0.01) 
.. Peak force> F-t integral (P < 0.05) 



116 

than the optimization of the force-time integral for at least 180 seconds (this may not have been 

the case, of course, if the optimized stimulus pattern had been qualitatively altered to include 

additional high-frequency components later in the stimulus train). These results showed that 

motor units retained the ability to optimize force during fatigue, and that optimization became 

relatively more effective following potentiation, as fatigue ensued. 

Table 2 summarizes the potentiation effects on peak force vs. the force-time integral in 

response to regular and optimized stimulation. There was no difference between the two force 

measurements in the time to peak potentiation. However, the magnitude of potentiation of the 

force-time integral was significantly greater than that of the peak force in response to both 

stimulation patterns. 

4.4.4 Correlations between optimization, potentiation, fatigability and standard motor-unit 

properties 

Previously, this laboratory presented regression analyses that tested the possibility that 

potentiation might delay fatigue. In that analysis (Gordon et al. 1990a), the standard fatigue test 

was used. The magnitude of potentiation appeared to have little effect on the time required for 

FF and FI units to lose 25% of their initial force (175), or on the magnitude of force decline after 

120 seconds of repetitive stimulation. 

In the present study, associations were sought between standard (twitch contraction 

time, tetanic force), and less traditionally measured (optimization, potentiation and fatigue) motor

unit properties. Table 3 reports the result of these analyses, which revealed five key findings. 

1. There was general agreement between correlation values for optimized and regular 

stimulation, and for peak force and force-time Integral responses, except for the potentiation of 

peak force (vide supra). For example, the correlation between the t25 times (for peak force) 



TABLE 2. Features of force potentiation in single FF and FI motor units: regular vs. optimized stimulation 
and peak force vs. force-time integral responses. 

FF units A units 

Peak force F(l) integral Peak force F(l) inlegral 

Tola! sample size: 19 19 3 3 

Incidence of potentiation 

(% of sample): 

Regular stimulation 100 100 100 100 

Optirrized stimulation 21 100 0 100 

Potentiating sample: 

Time ., peak pol (s) 

Regular stimulation 23±6 24±6 28±S 33±11 

(13 - 37) (13-37) (25 - 34) (25 -46) 

(19) (19) (3] (3] 

Optimized stimulation 22±11 30±8 47±12 

(10-34) (16 - 49) (37 - 61) 

(4] (19) (3] 

Ma!JlllUde of peak pol 

(% above initial): 

Regular stimulation 102±48 224 ±97" 133 ± 101 260 ± 174 

(35 - 219) (92-479) (26 - 226) (72-415) 

(19] (19) (3) (3) 

Optimized stimulation S±1 118 ±SS· 117 ± 9 

(3-7) (50-251) (108 -126) 

(4) (19) (3) 

Time and magnitudes values are reported as mean ± SD (range) [number of units]. Potentiation was 
defined as > 3% increase above the initial force. ..... 
°F(t) integral> Peak force (P< 0.01) ..... 

"" 



TABLE 3. Correlations between motor-unit properties in type FF motor units 

Correlation values (significance) for the fourteen measurements 

Control Contractions: 2 3 4 5 6 7 8 9 10 11 12 13 14 

1. Contraction lime 
(ms) 

2.Tetanic force (mN) 0.16 (n.s.) 1 
3. Initial optimization -O.34(n.s.) 0.37(n.s.) 

(peak force; %) 
4. Initial optimization -O.33(n.s.) 0.05(n.s.) 0.79 (.01) 

(F(Q integral; %) 

Fatiguing contractions: 
Peak Io!c:e 

5. 125 peak force (R) 0.64(.01) -O.05{n.s.) 0.01 (n.s.) 0.04(n.s.) 1 
6. 125 peak force (0) 0.62(.01) 0.04(n.s.) ·0.14(n.s.) -O.14(n.s.) 0.78(.01) 1 
7. % potentiation (R) -O.38(n.s.) 0.35(n.s.) 0.87(.01) 0.70(.01) ·0.03(n.s.) ·o.o8(n.s.) 1 
8. % potentiation (0) -O.19(n.s.) 0.04(n.s.) 0.58(.01) 0.55(.05) ·0.04(n.s.) ·0.31 (n.s.) 0.58(.01) 1 
9. maximal % O.35(n.s.) 0.24(n.s.) -0.01 (n.s.) -O.19(n.s.) 0.01 (n.s.) ·O.05(n.s.) -0.01 (n.s.) 0.16(n.s.) 

optimizatial 

Fatiguing contractions: 
F(!) inlllgral 

10. '2s (R) 0.61 (.01) ·0.08(n.s.) -O.OS(n.s.) -0.01 (n.s.) 0.99(.01) 0.80(.01) -O.06{n.s.) -o.o9(n.s.) -0.01 (n.s.) 1 
11.125 (0) 0.54(.05) ·0.02(n.s.) O.08(n.s.) 0.03(n.s.) 0.84(.01) 0.84(.01) 0.16(n.s.) -O.02(n.s.) O.OS(n.s.) 0.83(.01) 1 
12. % potentiation (R) -O.43(n.s.) 0.45(.05) 0.89(.01) 0.67(.01) -O.19(n.s.) ·O.43(n.s.) 0.83(.01) 0.59(.01) -O.02(n.s.) -O.26(n.s.) -O.22(n.s.) 1 
13. % potentiation (0) -O.23(n.s.) 0.64(.01) 0.24(n.s.) -O.26(n.s.) -0.34(n.s.) ·O.38(n.s.) 0.2S(n.s.) 0.13(n.s.) 0.21 (n.s.) -O.36(n.s.) ·O.35(n.s.) 0.50(.05) 1 
14.nmimaI% O.36(n.s.) 0.31 (n.s.) -O.09(n.s.) -O.04(n.s.) ·0.04(n.s.) ·o.o2(n.s.) -O.17(n.s.) 0.01 (n.s.) 0.77(.01) -O.05(n.s.) -O.ll(n.s.) -O.12(n.s.) O.03(n.s.) 

cptilTizalion 

Correlation coefficients and their significance (Le., a p value is shown, or n.s. for not Significant) are presented for the measurements made 
on nineteen FF motor units during control and fatiguing contractions. The motor-unit properties included measurements of twitch 
contraction time and tetanic force. The control measurements included the initial optimization of peak force and the F-t integral. The 
fatigue measurements of regular (R) and optimized (0) stimulation are presented separately for peak force and F-t integral measurements 
made during the 360 - s fatigue test. They Included: an index of fatigability based on the time (125) for force to decrease to 25% of the peak 
potentiated force (see Methods); peak potentiation expressed as the % increase relative to the initial response to the fatigue test; and the 
maximal force-optimization, expressed as the greatest increase in % optimization. 

...... 
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obtained In response to optimized and regular stimulation was 0.78. Similarly, the correlation 

between the peak force and force-time Integral values for the initial optimization was 0.79. 

2. A significant positive correlation was observed between the unit's contraction time 

and its fatigability (t25 time). Because the stimulation frequency in the present study was based 

on each unit's contraction time, an additional regression analysis was performed on these data, 

using stimulation frequency as the Independent variable and the t25 time as the dependent 

variable. The correlation between these two parameters was also significant (r = 0.61, P < 0.01), 

which suggested that within the population of FF units, fatigue was dependent, In part, on the 

stimulation frequency. 

3. A significant correlation was seen between the initial optimization (pre-fatigue) of 

peak force and the magnitude of potentiation exhibited by the unit during the early phases of 

the fatigue test. These results suggest that the extent to which a unit potentiates can be 

predicted by the initial optimization of the unit under control conditions. 

4. There was no correlation between the magnitude of the initial (pre-fatigue) force 

optimization and the maximal % optimization (the difference between the optimized and regular 

response, divided by the regular response) observed during fatiguing contractions. 

5. There was no correlation between fatigability and the maximal force-potentiation (cf. 

Gordon et al. 1990a) and maximal percent optimization exhibited by the motor unit. 

4.4.5 Summary 

The FF units exhibited characteristic force potentiation and fatigue during the course of 

the 360-second fatigue test, with two exceptions: 1) the incidence of potentiation In response 

to regular stimulation was higher than that which had been previously reported (cf. Gordon et al. 

1990); and 2) the 360-second force profile was dependent on the stimulation pattern. 

Furthermore, optimized activation was shown to increase the magnitude of force developed by a 
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motor unit during the initial response to the fatigue test and in the subsequent fatiguing 

contractions, and the relative efficacy of force optimization peaked 120 seconds into the fatigue 

test. Finally, a test for correlations between standard motor-unit properties and behaviors during 

the fatigue test revealed that there was a significant correlation between the unit's twitch 

contraction time and its fatigability, and between the units' initial (pre-fatigue) optimization and 

the magnitude of potentiation that subsequently occurred. 

The three FI units exhibited qualitatively similar behavior, except for their reduced 

fatigability. However, before the results from the FF units can be generalized to the FI 

population, a representative sample of FI units will have to be examined (cf. Gordon et al. 

1990a). 

4.5 DISCUSSION 

The present results have shown that the stimulation pattern was an important factor in 

the force developed by single motor units under control conditions and during fatigue, and that 

the optimized stimulation pattern retained the ability to enhance motor-unit force during fatigue. 

This discussion addresses the method used to attain these results, the results themselves, and 

their significance with respect to motor-unit discharge patterns during natural movements. 

4.5.1 The dual-pattern fatigue test 

Although it should be possible to determine the effects of different patterns of 

stimulation on motor-unit force by allowing a sufficient period of time for force to recover 

between the sequential application of different stimulation patterns, studies of motor-unit 

fatigue have revealed that motor units (particularly fast-twitch ones) express a prolonged 

depression and delayed recovery of force for several hours following repetitive stimulation (Jami 
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et al. 1983; present Chapter 3). As a result, initial conditions cannot be re-established before 

the application of a different test. Therefore, the usefulness of results attained by sequential 

testing is questionable, except possibly for the purpose of motor-unit classification, which is 

thought to be reliable after a second fatigue test (Clamann & Robinson, 1985; Botterman & 

Cope, 1988a; Spielmann, Nordstrom, Laouris, Reinking & Stuart, unpublished). To obviate the 

force-recovery problem in the present study, units were subjected to a single fatigue test, using 

two subtly different stimulation patterns presented in pseudo-random alternation. Of course, 

the force response at any particular time during the present test was the result of the total 

stimulation preceding that time, and not due solely to a particular stimulation pattern. Despite 

this limitation, these results showed that the force elicited with optimized stimulation was 

significantly greater than the response to regular stimulation. An analogous method was 

recently employed in another laboratory (cf. Cooper et al. 1988). 

4.5.2 Control contractjons 

During control contractions, the magnitude of force optimization (Table 1, Fig. 24) varied 

widely among a representative sample of FF motor units, even though the stimulation frequency 

was standardized to each unit's twitch contraction time. It is .unlikely that variations in the units' 

previous activation history could account for the variability in the optimization effect (cf. Burke et 

al. 1976), because particular care was taken to standardize the stimulus regimen (see Methods). 

Rather, it seems more likely that within classes of motor units, optimization is a property that is 

distributed continuously among populations of motor units, similar to other motor-unit properties 

(e.g., twitch contraction time, peak tetanic force). 

Optimization as a crHerjon for motor-unit classification Since the early contributions of 

Burke et al (1973), the classification of motor units into four types (FF,FI,FR, S) has proven to be 

a useful way to consider their contractile properties and the associated biochemical properties of 
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their muscle fibers (e.g., Nemeth et al. 1986, 1987, 1988; Hamm et al. 1988), and for 

consideration of mechanisms underlying the graded development of muscle force (Binder & 

Mendell, 1990). In this classification scheme, when the twitch contraction time, the profile of 

unfused tetanus ("sag"), peak tetanus, and fatigability are considered in concert, motor units 

cluster into the four distinct groups (except for sag, which is normally displayed by fast- but not 

slow-twitch units). However, for each single property, the values are continuously distributed 

within and between classes of motor units (Lewis, 1984). There is indirect evidence from 

previous work on the "catch-like" property, that optimization was relatively greater in type S than 

in type FF units (Burke et al. 1970, 1976). However, further speculation on the relevance of 

force optimization to motor-unit classification is unwarranted until experiments analogous to the 

present ones have been undertaken on all motor-unit types. 

4.5.3 Correlations between optlmlzalfon and other motor-unit properties 

There is little consensus in previous reports on the association between contractile 

speed and force parameters, when the analysis is restricted to units of a single type (for an ad 

seriatim review, see: Wuerker, McPhedran & Henneman, 1965; Stephens & Stuart, 1975; 

Gerlach, Stauffer, Goslow & Stuart, 1976; Proske & Waite, 1976; Henneman, 1980). In the 

present study, neither the initial (pre-fatigue) optimization, nor the maximal % optimization 

exhibited by a motor unit during the fatigue test were shown to be significantly correlated with 

either twitch contraction time or peak tetanic force. This is not necessarily surprising, because 

the contractile properties of motor units are determined by underlying factors (I.e., the activity of 

myosin ATPase, fiber diameters, specific tension, Ca2+ dynamics, etc.) which may not have 

functionally relevant associations with one another. 

In summary, it has been shown that subtle alterations in the stimulation pattern can 

substantially alter the force produced by a unit under control conditions. The underlying 
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determinants of this behavior, the relevance of this behavior to issues of motor-unit 

classification, and the association between this effect and other motor-unit properties all await 

further investigation. 

4.5.4 Fatiguing contractions 

The present results extended previous findings on the coexistence of force 

potentiation and fatigue during fatiguing contractions (Rankin et al. 1988; Gordon et al. 1990a), 

and describe the effect of subtle changes in the stimulation pattern (optimization) on force 

during fatigue. These results invite consideration of the possibility that subtle changes in the 

activation sequence is, perhaps, a means of delaying fatigue, at least in the short range. 

Potentiation Table 4 compares the incidence, time to peak, and magnitude of peak 

force potentiation observed in the present work with those from previous work in our laboratory 

that made use of the standard fatigue test (Gordon et al. 1990a). The incidence of potentiation 

was much higher in the present work, and the time to peak potentiation was significantly longer. 

However, the magnitude of potentiation was similar in the two studies. We do not attribute the 

difference in incidence to the interactive effects between optimized- and regular stimulus trains 

during the present fatigue test, because the stimulation regimen was deSigned to prevent any 

systematic conditioning effects that one pattern may have had on the other (see Methods; see 

also Laouris et al. 1989). Rather, the difference was probably due to the standardization of the 

stimulus frequency with respect to each unit's twitch contraction time (somewhat analogous to 

the "sag" phenomenon). Similarly, the differences in the time to peak potentiation were 

probably due to the fact that the units were activated at lower frequencies in this study (19 - 37 

Hz VS. 40 Hz in the previous work). It remains to be determined whether this type of 

standardization will have similar effects on the incidence of potentiation in S, FR and FI units; 

reported to be 61%, 74% and 33%, respectively in the Gordon et al. (1990a) study. As in their 



TABLE 4. Comparison of force potentiation in FF motor units during fatiguing contractions: standard 40 Hz VS. present 
regular test. 

FF units Flunits 

40 Hz fatigue Regular fatigue 40 Hz fatigue Regular fatigue 

test test test test 

Total sample size 32 19 12 3 

Incidence of potentiation (% of 41% 100% 33% 100% 

sample) 

Potentiating sample 

Time to peak potentiation (s) 15±4 23±6* 23±6 28±5 

(9 - 20) (13 -37) (16-31) (25 - 34) 

[13) [19) [4) [3) 

Magnitude of peak 64± 107 102 ± 48 * 62±89 133 ± 101 

potentiation (% above initial) (3 - 387) (35 - 219) (10-194) (26 - 226) 

[13) [19) [4) [3) 

Time and magnitude values are mean ± SD (range) [number of units]. Potentiation was defined as > 3% increase above 
the initial peak force in the Gordon et al. (1990a) study which employed the standard, 40 Hz fatigue test. The frequency 
of the regular fatigue test was set at 1.8 x each unit's contraction time. The mean ± SD (range) frequency of the regular 
trains was 27 ± 4 (21 - 37) Hz. 
*Regular fatigue test >Standard 40 Hz fatigue test (P< 0.01) 

...... 
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previous work, there was no correlation in the present study between the magnitude of peak 

potentiation and the fatigability of the motor unit. 

Optimization In absolute terms, there was a progressive reduction in the magnitude of 

optimization throughout the course of the fatigue test. This was particularly apparent from 60 

seconds onward, by which time the potentiation effect had abated. In relative terms, however, 

the maximal % optimization occurred at 120 seconds for both the peak force and the force-time 

integral, well after force had declined to a minimal level. These results suggest that optimization 

is a powerful mechanism for extracting more force from FF motor units, both in the early and later 

phases of a sequence of fatiguing contractions. At first glance, the absolute force 

enhancement achieved by alterations in the stimulation pattern, particularly in the later phases of 

the fatigue test, may not seem very substantial. However, if we consider the collective behavior 

of motor units in the present test muscle (containing approximately 23 FF + FI motor units; 

McDonagh et at. 1980a), an absolute force increment of 50 mN for an individual motor unit could 

result in a 1150 mN force increment for the whole muscle. 

4.5.5 The significance of optimization during fatigue and potentiation 

The coexistence of fatigue and potentiation have previously been described and analyzed 

(Rankin et al. 1988; Gordon et al. 1990a). Two significant features of the present results were 

that: 1) FF motor units retained their ability to optimize force during fatigue; and 2) the efficacy of 

optimization was reduced during potentiation. The extent to which optimization is affected by 

potentiation and fatigue in other unit types is unknown. However, the "catch-like" phenomenon 

has been observed during control contractions in all unit types (Burke et at. 1970, 1976) and 

optimal-activation sequences have been demonstrated for all motor-unit types (Zajac & Young, 

1980a). Thus, it is reasonable to suppose that the interrelationships between optimization, 
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fatigue and potentiation will generalize to all unit types and that delineation of the mechanisms 

underlying these behaviors will have a significant impact on the study of fatigue. 

Correlations between selected parameters In order to understand the extent to which 

these motor-unit behaviors are associated, correlations between fatigability, optimization and 

potentiation were measured. Although there were no Significant correlations between 

fatigability and either the magnitude of potentiation, or optimization, there was a significant 

association between the magnitude of optimization during the initial responses (pre-fatigue) to 

the fatigue test and the extent to which the units subsequently potentiated during the test. This 

suggests that the same mechanisms might underlie potentiation and force optimization. 

UnderlYing mechanisms The present results have shown that potentiation and fatigue 

coexist (Rankin et al. 1988; Gordon et al. 1990a), and occur simultaneously. With optimized 

stimulation the peak force declined, and at the same time, the response to regular stimulation 

potentiated. In addition, the results showed that the units maintained their ability to optimize 

force, and that this optimization became relatively more efficacious during fatigue. Numerous 

mechanisms have been proposed for the process(es) underlying fatigue, potentiation, and to 

lesser extent force optimization. However, alterations in excitation-contraction coupling seem to 

underlie all of these behaviors. 

Fatigue : Evidence has suggested that impaired excitation-contraction coupling is 

largely responsible for force decline at the stimulus frequencies used in the present study. 

Specifically, studies have shown that: 1) repetitive stimulation may impair the action potential 

propagation in the t-tubules (Lannergren & Westerblad, 1986); 2) intracellular Ca2+ decreases 

concomitantly with force during fatigue (Allen, Lee & Westerblad, 1989); 3) the characteristic 

increase in relaxation rate seen during fatigue is associated with a slowing of the rate of decline 

of the aequorin signal (a fluorescent probe used to measure intracellular Ca2+; Allen et al. 1989); 

4) metabolites that accumulate during fatiguing contractions can shift the pCa-force relationship 
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to the right (Kentish, 1986; Donaldson & Hermansen, 1978) and thereby alter the affinity of 

troponin-C for Ca2+ (Fabiato & Fabiato, 1978). 

Potentiation: To date, there is no accessible intact mammalian preparation to accurately 

establish the mechanisms that underlie the rapid development and decay of potentiation in FF 

and FI units during repetitive stimulation. However, using barnacle muscle fibers, Duchateau 

and Hainaut (1986b) have shown that during the non-linear summation of force, Ca2+ transients 

(as measured with aequorin) also show non-linear summation (see also: Sweeney & Stull, 1990). 

Although these data may explain non-linear behavior within a train of stimuli, and may actually be 

relevant with respect to the mechanisms that underlie force optimization, they do not address 

the intertrain potentiation seen in the present study. 

Force optimization: The fact that force fusion occurs later in response to optimized vs. 

regular stimulation is an Indication that the Ca2+ dynamics are different between regular and 

optimized stimulation. During subfused contractions, there are periods In which Ca2+ re-uptake 

must exceed Ca2+ release, in order to account for the brief periods of relaxation that occur prior 

to subsequent activation. In contrast, during fusion, Ca2+ release and re-uptake must be In a 

steady state. Furthermore, since individual force waveforms steadily declined with optimized 

activation, this suggests that intracellular Ca2+ was not in a steady state during optimized 

stimulation. In contrast, the force waveforms with regular stimulation plateaued during 

stimulation, thereby suggesting that the intracellular Ca2+ was in a steady state. 

Many of the processes that underlie excitation-contraction coupling are unknown, so it 

is difficult to speculate how alterations in excitation-contraction coupling are associated with 

fatigue, potentiation and force optimization, particularly given the temporal differences in the 

occurrence of these behaviors. At the systems level of investigation, it is difficult to explore the 

cellular events that underlie these behaviors. However, there are more accessible non

mammalian preparations, like the snake transversus abdominis muscle (Lichtman & Wilkinson, 
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1987) and the locust tergo sternal muscle (Burrows, 1977). These may subsequently be used 

to establish the mechanisms that underlie fatigue, potentiation and force optimization. 

4.5.6 Releyance of the stjmulalion pattern to natural movement 

The relevance of these findings with respect to natural movements is also speculative 

due to a limited understanding of motor-unit behavior in the context of different motor tasks 

(including fatiguing activity). However, recent studies on fatiguing contractions have shown 

that: 1) based on population measures, motor-unit discharge rates decline (Bigland-Ritchie et al. 

1986); 2) contractile properties of whole muscle (Bigland-Ritchie et al. 1983; Hultman & 

Sjoholm, 1983; Edwards et al. 1975) and individual motor units (Dubose et al. 1987; Gordon et 

al. 1990b) change; 3) motor-unit recruitment is not altered in a systematic fashion (Enoka et al. 

1989); 4) motor-unit discharge rate becomes more variable (Nordstrom & Miles, 1990b; Enoka et 

al. 1989); and 5) the variability of motor-neuron discharge in response to sustained extracellular 

stimulation increases (Laouris, Bevan, Spielmann, Nordstrom et al. 1990). The latter two 

observations have direct relevance to this work. An increase in the variability of an activation train 

is expressed as an increased probability for the occurrence of both short and long intervals. 

Such a mechanism can be of value, irrespective of whether it is controlled by the CNS, or it 

simply expresses an intrinsic property of the system. The present work has demonstrated that 

short interpulse intervals are particularly valuable for maintaining force production during fatigue 

(cf. Zajac & Young, 1980a). However, it must be conceded that one human-fatigue study 

showed that the increased variability was insufficient to produce interpulse intervals as short as 

10 ms (Nordstrom & Miles, 1990b; ct. see: Maton & Gamet, 1989). 

A special case of the occurrence of short intervals during motor-neuron discharge is the 

occurrence of doublets, which are defined as a pair of motor-unit action potentials that occur with 

an interpulse interval < 10 milliseconds (Zajac & Young, 1980b; Bawa & Calancie, 1983) or < 20 
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milliseconds (Hoffer et al. 1987). Initial doublets at the onset of repetitive trains of motor-neuron 

impulses are thought to playa special role in movement, because they appear regulariy during: 

1) walking in high-decerebrate cats (Zajac & Young, 1980b); 2) fast and forceful movements in 

human subjects, i.e., 120 N of force developed in 0.15 seconds (Desmedt & Godaux, 1977; 

see also Gurfinkel & Levik, 1974); 3) slow contractions of a human forearm muscle (8awa & 

Calancie, 1983; Kudina & Churikova, 1990); 4) maintained isometric contractions in a human 

ankle flexor muscle (Andreassen & Rosenfalck, 1980; 5) stimulation of cat motor neurons with 

low excitatory currents at the threshold for rhythmic discharge (Calvin, 1980); and 6) natural 

movements in type FF motor units of the rat hindlimb (Hennig and L0mo, 1985). 

In contrast, some studies have shown that doublets occur infrequently during walking in 

normal cats (Hoffer et al. 1987) or during elbow flexion in humans at various velocities (Gydikov 

et al. 1987). Furthermore, doublet discharge decreased as treadmill speed increased in high

decerebrate cats (Zajac & Young 1980b) and in units that did display doublet discharge in normal 

cats (Hoffer et al. 1987). These various results suggest that as the strength of synaptic input 

increases, doublet discharge decreases. This is counterintuitive to the idea that doublet 

discharge is a strategy used by the CNS to increase force production. 

For the reasons provided above, it is premature to ascribe functional significance to 

doublet discharge until more experimental evidence has accumulated. However, the potential 

significance of optimizing force during natural movement was put forth as a teleological 

argument by Zajac & Young (1980b). They reasoned that during natural locomotion, there may 

be a constraint on the number of action potentials per burst during each step in order to deter 

fatigue. Accordingly, they argued that " ... during steady-state locomotion, a fast-twitch motor 

unit should fire with a pattern of discharge equal to its optimal stimulus sequence in order that it 

can generate without fatigue maximum tension-area from its muscle fibers." 
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A discussion of the potential mechanisms underlying doublet discharge has been 

undertaken by several other laboratories (e.g., Kudina & Churikova, 1990), but it is considered 

to be beyond the scope of the present work. 

4.5.7 Implications for further work 

Alternating between stimulation patterns was the present means of testing the effects 

of a relatively subtle change in the stimulation pattern on the force developed by single motor 

units during fatiguing contractions (cf. Kernell et al. 1975; Cooper et al. 1988). The results have 

suggested the need for additional studies on the effect of activation pattern on motor-unit force 

during fatigue. Ideally, future studies should focus on the use of functionally relevant and task

specific patterns. Presumably, studies that seek to examine the functional consequences of 

subtle differences in stimulation pattern under various conditions of functional relevance will 

reveal strategies available to the CNS to manage and accommodate muscle fatigue. 

In summary, the present work has extended previous force optimization studies (in 

particular: Burke et al. 1970, 1976; Stein & Parmigianni, 1979; Zajac & Young, 1980a) by 

showing how a subtle change in the pattern of stimulation altered motor-unit force during 

fatigue, and thereby suggested a potential mechanism by which the CNS could modulate force 

in the face of fatigue. 
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CHAPTER 5 - THE RELATIONSHIP BETWEEN FORCE AND FATIGABILITY IN 

SINGLE MOTOR UNITS 

5.1 SUMMARY 

1. The purpose of this study was to examine the relationship between force and 

fatigability in single motor units of a cat hindlimb muscle, tibialis posterior. 

2. Twenty-two motor units (19 FF, 3 FI) from five deeply anesthetized adult cats were 

subjected to intermittent stimulation with two different stimulation patterns delivered pseudo

randomly at 1/second for 360 seconds. The first stimulation pattern (regular) consisted of a 500 

(or 400) millisecond train with constant-interpulse intervals, while the second pattern (optimized) 

was designed to increase the force produced by the motor unit. Each stimulation pattern 

contained the same number of stimuli, and the same duty cycle. 

3. In order to quantify differences in fatigability attributable to the different stimulation 

patterns, fifteen measurements of fatigability were calculated from the peak and integrated force 

responses to selected stimulus trains throughout the test. The results showed that optimized 

stimulation resulted in significantly less fatigability than did regular stimulation. 

4. The fatigability measurements were plotted as dependent variables against the peak 

tetanic force of the motor units: there was a significant negative correlation between the peak 

force and two measurements of fatigability, a significant positive correlation between the peak 

force and the cumulative force developed during the fatigue test, and a significant positive 

correlation between the initial force of the fatigue test and the cumulative force produced 

subsequently during the 360-second fatigue test. 
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5. When comparisons were made between the two stimulation patterns for the same 

motor unit, an inverse relationship between force and fatigability was not found. Rather the 

results showed that increasing force by a subtle change in the stimulation pattern actually 

decreased fatigability, and that units with higher peak tetanic forces also produced more 

cumulative force during the fatigue test than did units with lower peak tetanic forces. 

6. The results suggested that there is no invariant relationship between force and 

fatigability within single motor units. Rather, the amount of force a unit can develop over time 

during fatiguing contractions is dependent, in part, on the pattern of stimulation. 
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5.2 INTRODUCTION 

The purpose of this study was to examine the relationship between force and fatigability 

within single motor units. This relationship is commonly assumed by those who have tested the 

limits of their own endurance during muscular activity, like carrying a heavy load for any extent of 

time. At the whole-muscle level, the relationship between force and fatigability has been 

studied systematically by measuring the (endurance) time a voluntary isometric contraction could 

be maintained at various Increments of the maximal voluntary contraction (m.v.c.; Rohmert, 

1960). The results showed that endurance time declined roughly exponentially as the % m.v.C. 

increased, independent of the absolute force produced, the muscle group studied, or the 

subject. However, other experimental paradigms have revealed that the fatigability of whole 

muscle can be dissociated from force, particularly by changing the pattern of neural Input to the 

active muscles (e.g., Duchateau & Hainaut, 1985; Chasiotis et al. 1987; Bergstrom & Hultman, 

1988; Garland et al. 1988). 

Within populations of single motor units, the relationship between peak tetanic force 

and fatigability was studied by Burke et al. (1973) using a fatigue test that consisted of 1/second, 

330-millisecond trains of 40 Hz stimuli, delivered for 120 seconds. Subsequently, this test has 

been used by so many laboratories that it can be described as the standard fatigue test In single 

motor-unit studies (e.g., Reinking et al. 1975; Jami et al. 1983; Kernell et al. 1983; Clamann & 

Robinson, 1985; Botterman et al. 1985; Gardiner & Ohla ,1987). The common finding, in 

studies using this test, has been that among the motor units that compose a single muscle, 

those capable of generating considerable peak tetanic force (types FF + FI) were not capable of 

maintaining force during the course of a fatigue test, whereas less forceful (type FR + S) units 

could maintain force for long periods of time (for review: Burke, 1981; Kernell et aI, 1983; 

Botterman & Cope, 1988a,b). It has also been shown that, while the standard fatigue test allows 

for the classification of motor units as fatigable (FF, FI) or non-fatigable (FR, S), it does not 

-- ------------- -----
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describe fatigability as a continuous property within populations of motor units. In contrast, 

virtually all other properties of motor-unit populations exist along a continuum (Lewis, 1984). 

Furthermore, use of the standard test does not reveal a relationship between force and 

fatigability within subclasses of motor units. 

Recently, Botterman and Cope (1988a,b) performed experiments using a different 

fatigue test. Motor units were "force clamped" at 25% of their peak tetanic force by servo

regulating the stimulation frequency. The amount of time the units were able to maintain this 

force was measured, and found to be unimodally distributed among the fast-twitch (FF + FR) 

motor-unit populations. Furthermore, their results revealed a significant positive correlation 

between force and fatigability within the FF and FR populations. These results clearly differ from 

results obtained using the standard fatigue test and support previous whole-muscle work (vide 

supra), which suggested that fatigue is dependent, in part, on the stimulation regimen used to 

elicit fatigue. 

The present work extends the study of the force-fatigability relationship to the level of 

the single motor unit. Each unit was subjected to a single 360-second fatigue test composed of 

two subtly different stimulation patterns, as explained in the preceding chapter. By 

decomposing the force record, it was possible to extract two force profiles for each unit, one due 

to a regular stimulation pattern, which was relatively similar to the standard fatigue test, and one 

due to an optimized pattern, which was designed to produce more force in the control state than 

the regular pattern. For each unit, fatigability was compared in response to regular VS. optimized 

stimulation. The results suggested that an invariant, Inverse relationship between force and 

fatigability does not exist within single motor units. 

A preliminary account of this work has been reported In abstract form (Laouris et aI, 

1990). 
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5.3 METHODS 

Details of the surgical procedures, data-recording arrangement and experimental 

protocol were described in detail in Chapter 4. 

The twitch contraction time and peak tetanic force of the single motor units were 

obtained on-line, using a signal averager. For each unit, the fatiguing stimulus trains were 

delivered for 400 or 500 milliseconds, a~ 1/second for 360 seconds; thereby providing 360 

responses during the test. The force record was decomposed into two profiles, one attributed 

to regular, and one to optimized stimulation. Using an interpolation technique (Lagrange 

polynomials), force responses to each pattern were calculated at identical time pOints during the 

course of the fatigue test. The peak force and force-time integral (F-t integral) of the individual 

responses were determined using customized software (LABVIEW, National Instrument Co., 

Austin, TX; LIB 1; Arizona Technology Corp., Tucson, AZ). 

5.3.1 Data analysis 

The peak and integrated forces attributed to each pattern during the course of the 

fatigue test were used to calculate fifteen measurements of fatigability. This large number of 

fatigability measurements was used in order to describe all possible nurJnces of the fatigue 

process. Seven measurements were calculated using both peak force and the force-time 

integral. These measurements were: 1) the progressive fatigue index (PFI), defined as the ratio 

of the force at 120 seconds after stimulation onset divided by the initial (1 s) response 

(McDonagh et al. 1980b; see also Burke et al. 1973); 2) the Kernell fatigue index (KFI), a ratio, 

similar to the PFI, but with the 120 seconds starting at the time of the greatest potentiated force 

during the early part of the fatigue test (Kernell et al. 1983); 3) the cumulative fatigue index (eFI), 
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defined as the sum of the forces during the first 120 seconds of the test divided by the 

corresponding sum at 240 seconds (Reinking et al. 1975); 4) 1/(1 + 2), a time-restricted version 

of thA CFI, defined as the ratio of the summed forces during the first 60 seconds of stimulation 

divided by the summed forces during 120 seconds (Reinking et al. 1975); 5) (3 + 4)/(1 + 2), 

defined as the ratio of the summed forces during the third and fourth minute of stimulation (121-

240 s) divided by the summed forces during the first two minutes (1 -120 s) (Kernell et al. 1983; 

Batterman et al. 1985); 6) t50-initial force, the time to reach 50% of the Initial force response 

(Nemeth et al. 1987; Robinson et al. 1990); and 7) t50-pot. force, defined as the time to reach 

50% of the peak potentiated force response. The final measurement was the time to produce 

50% of the total integrated force (t50-tota/). A summary of these measurements and the 

rationale for their use is provided in Table 5. 

The mean response, of the entire motor-unit population to each stimulation pattern, was 

compared for each fatigability measurement, using a paired, 2-tailed t-test. All values are 

reported as mean ± SD (range). Correlations between peak tetanic force and initial force vs. 

fatigability were obtained using linear regression. Confidence limits were set at 95% (I.e., P < 

0.05). 

5.4 RESULTS 

5.4.1 Motor-unit sample 

Twenty-two fatigable motor units (19 FF, 3 FI) were examined in this study. They were 

classified on the basis of their twitch contraction time and the magnitude of force decline with 

regular stimulation during the first 120 s of the fatigue test. 

The values for twitch contraction time and peak tetanic force were 22 ± 4 s (15-29 ) and 

824 ± 462 mN (155-1419), respectively. These values are representative of FF and FI motor 
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TABLE 5. Measurements used to quantify motor-unit fatigability during the 
course of the 360-second fatigue test. 

Measurement 

1. Progressive fatigue index 
(PFI) 

2. Kernell fatigue index (KFI) 

3. Cumulative fatigue index 
(CFI) 

4. 1/(1+2) 

5. (3+4)/(1+2) 

6. tso-initial force 

7. tso-pot. force 

8. tso-total 

Method 

Ratio of the force at 120 s 
divided by the initial (1 s) 
force 

Ratio of force at 120 s after 
peak potentiation, divided by 
the peak potentiated force 

Sum of the forces during the 
first 120 s, divided by sum of 
forces during the first 240 s 

Sum of the forces during the 
first 60 s, divided by the sum 
of the forces during the first 
120 s 

Sum of the forces from 121 
to 240 s, divided by the sum 
of the forces from 1 to 120 s. 

The time for force to 
decrease to 50% of the initial 
(1 s) value 

The time for force to 
decrease to 50 % of the peak 
potentiated force 

The time for the integrated 
force to reach 50% of the 
value attained at 360 s. 

Rationale 

An easily measured and widely used 
index that provides a relative 
measure of the magnitude of force 
decline (Burke ot af. 1973) 

An index that quantitates force 
decline after its peak potentiation 
(Kernell ot al. 1983) 

A cumulative index introduced to 
accommodate the broad array of unit
type-dependent force-time profiles 
to repetitive stimulation (Reinking ot 
aI. 1975) 

A cumulative index that describes the 
force-time profile over the first 120 s. 
This index provides a continuous 
distribution of fatigability between 
motor unit types (Reinking ot al. 
1975) 

Another cumulative index that 
describes force behavior during the 
second 120 s, relative to the first 120 
s (Kernell ot aI. 1983) 

A relative measure of the rate of force 
decline (Nemeth ot al. 1987) 

Another relative measure of the rate 
of force decline after its peak 
potentiation 

A relative measure of the rate of 
cumulative force production 

Force refers to peak force or the F-t Integral during the course of the 360 s fatigue test. 
The first seven indices were determined using both peak force and F-t integral values. 
The eighth index was restricted to the total integrated force. 
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units previously studied in the cat tibialis posterior muscle (McDonagh at al. 1980; Gordon at al. 

1990; Robinson et al. 1990). For this study, it was not necessary to separate the nineteen FF 

and the three FI units into two populations. Rather, each unit was considered to be part of a 

single fatigable population (cf. McDonagh at al. 1980; Burke, 1981; Botterman & Cope, 1988a). 

5.4.2 Initial and peak force of single motor units 

The control force was measured in terms of the peak tetanic force and four initial 

responses at the beginning of the fatigue test: values for the peak force and the force-time 

integral for regular and optimized stimulation. Table 6 reports that the control forces for 

optimized stimulation were significantly greater than those for regular stimulation (see also 

Chapter 4). 

Figure 28 shows that the peak tetanic force was significantly correlated with the initial 

peak force and force-time integral responses to regular and optimized stimulation at the start of 

the fatigue test. This result suggests that the initial force responses to sub-maximal stimulation 

are reliable predictors of single F units' maximal tetanic force. 

This result should be valuable to subsequent studies on the relationship between force 

and fatigability in type FF units, because it has been suspected, but rarely reported (cf. 

Stephens & Stuart, 1975), that some of the FF units that are highly fatigable exhibit a profound, 

long-lasting depression of their force after measuring their peak tetanic force, particularly when it 

is preceded by length-tension measurements of the whole muscle and the isolated motor unit. 

To obviate this problem, Fig. 28 shows that it is sufficient to measure the initial submaximal force 

response at the beginning of the fatigue test, and then test for its association with fatgability. 



Table 6. Initial force of single motor units elicited by regular and optimized stimulation 

Parameter (units) 

Initial peak force (mN) 

Initial F-t integral (mN·s) 

Stimulation pattern 

Regular 

165 ± 92 (37 - 380) 

45 ± 23 (13 -105) 

Optimized 

399 ± 213 (88-911)* 

68 ± 29 (20 - 143)* 
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Values are mean ± S.D. (range) for twenty-two units (19 FF, 3 FI) classified on the basis of 
twitch contraction time and the magnitude of force decline with regular stimulation during the 
first 120 s of the fatigue test. 
* Regular < Optimized (P < 0.01) . 
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Fig. 28. The initial force of the fatigue test as a predictor of the peak tetanic force. These data 
are plots of the initial force at the start of the fatigue test for each motor unit to regular (filled 
squares) and optimized (open squares) stimulation VS. force measurements from the preceding 
peak tetanic force. A, Regular- peak force. B, Optimized- peak force. C, Regular- F-t integral. D, 
Optimized- F-t Integral. The linear regression equations, correlation coefficient (r) and 
significance (P) for each plot are: A, y = 132.7 + 4.2x, r = 0.83, P < 0.001. B, Y = -12.8 + 2.1x, r = 
0.97, P < 0.001. C, Y = 114.8 + 1S.7x, r = 0.77, P < 0.001. D, Y = -160.6 + 14.4x, r = 0.90, P < 
0.001. These results suggest that the initial force of the fatigue test was a good predictor of the 
peak tetanic force, particularfy the initial responses to optimized stimulation. 
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5.4.3 Force changes during the fatigue test: Qualilatiye features 

Figure 29 shows the individual force profiles of the twenty-two motor units during the 

fatigue test. There were qualitative differences in the peak force for regular VS. optimized 

stimulation, as described in Chapter 4. In each unit, the peak force for regular stimulation was 

characterized by an initial force potentiation (d. Gordon et al. 1990a) followed by force decline, 

whereas the response to optimized activation was characterized from the outset by a monotonic 

force decline. In contrast, the force-time profiles were qualitatively similar for the two stimulation 

patterns. Irrespective of the potentiation issue, Fig. 29 also reveals that motor units fatigued 

less in response to the optimized stimulation pattern than in response to regular stimulation. 

5.4.4 Force changes during the fatigue test: Quantitatiye measures 

Fourteen of the fifteen fatigabilily measurements used in this study indicated that the 

fatigability due to optimized stimulation was significantly less than the fatigability due to regular 

stimulation. The remaining measurement, the time to 50 % of the initial peak force (tso-initial the 

force, see Table 5), was not significantly different. This measurement, however, does not 

distinguish between potentiating and non-potentiating behavior, which was the rationale for 

introducing the time to 50 % of the maximal potentiated force (tso-pot. force; Table 5). 

To highlight the results of the present analysis, and to avoid redundancy, the 

subsequent discussion of fatigability will be limited to six of the fifteen measurements described 

in the Methods section. These measurements include: the KFI, the CFI, and the tso time for the 

maximal potentiated force (tso-pot. force), each calculated using both the peak force and the 

force-time integral measurements. These particular measurements were selected because the 

KFI and the tso-pot. force account for differences between potentiating and non-potentiating 
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Fig. 29. Force profiles during the fatigue test: regular vs. optimized stimulation. Shown are the 
peak force and F-t integral responses of twenty-two motor units (19 FF, 3 FI) to regular and 
optimized stimulation. A, Regular- peak force. 8, Optimized- peak force. C, Regular- F-t integral. 
D, Optimized- F-t integral. The peak force was qualitatively different for the two stimulation 
patterns. In A, the profile is characterized by an early force potentiation, followed by a force 
decline, whereas in 8, there is only force decline. In contrast, the profiles of F-t integral decline 
(C,D) are qualitatively similar between patterns: an initial potentiation, followed by force decline. 
Note that optimized stimulation produced more force throughout the entire fatigue test. The 
irregularities in some of the force profiles were due to occasional fasciculations within the muscle 
during the experiments. 
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responses to regular vs. optimized stimulation. The CFI was selected because it because it 

accommodates both force potentiation and force decline. 

Table 7 compares the fatigue of the twenty-two motor units produced by regular vs. 

optimized stimulation. The results indicated that, irrespective of the specific fatigability 

measurement, there was clear-cut evidence that optimized stimulation resulted in less fatigability 

than did regular stimulation. Using optimized stimulation, units were 9-, 5- and 16 % less 

fatigable using the KFI, CFI and tso-p0t. force, respectively. The results obtained from 

measurements of peak force vs. the force-time integral were similar, with respect to the 

characterization of fatigue. However, the peak force values for the KFI and the CFI indicated less 

fatigability than did the force-time integral values. There was no quantitative difference for the 

tso-pot. force measurement between the peak force and force-time integral values. 

Figure 30 compares the fatigue of each unit in response to regular vs. optimized 

stimulation for the six fatigability measurements presented in Table 7. The line of unity in these 

graphs represents a hypothetical situation in which the fatigability of the unit would be equal in 

response to regular and optimized stimulation. In all of these plots, the responses to the 

optimized stimulation deviate from the line of unity in the direction of less fatigability. To further 

illustrate this finding, Fig. 31 shows plots of the initial force vs. fatigability for each unit, and for 

each stimulation pattern. Intra-unit responses are connected. For each measurement, the 

relationship between force and fatigability was shifted in the direction of less fatigability when the 

force was increased by optimized stimulation. This graphic representation also demonstrates 

that, under the present experimental conditions, increased force was associated with decreased 

fatigability, rather than increased fatigability as one would have predicted based on an inverse 

relationship between force and fatigability. 

The final measurement used to quantify the motor units' overall force response during 

the fatigue test was the cumulative force. The cumulative force produced was 7824 ± 3824 
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TABLE 7. Analysis of selected fatigability measurements: regular VS. optimized stimulation 

Stimulus Pattern 
Fatigue Measurement 

Kernell fatigue index (KFI) 
Peak force 
F-t integral 

Cumulative fatigue index (CFI) 
Peak force 
F-t integral 

tso-p0t. force 
Peak force 
F-t integral 

Regular 

0.06 ± 0.07 (0.00 - 0.29)+ 
0.04 ± 0.05 (0.00 - 0.19) 

0.91 ± 0.07 (0.73 - 0.99)+ 
0.95 ± 0.06 (0.80 - 1.0) 

55 ± 16 (32 - 97) 
55 ± 17 (31- 97) 

Optimized 

0.15 ± 0.15 (0.01 - 0.53)*,+ 
0.09 ± 0.12 (0.00 - 0.39)* 

0.86 ± 0.11 (0.63 - 0.98)* ,+ 
0.90 ± 0.10 (0.67 - 1.0)* 

64 ± 24 (33 -124)* 
64 ± 26 (32 -131)* 

Values are mean ± S.D. (range) for nineteen FF and three FI units. They show that fatigue was 
significantly less in response to optimized stimulation, than in response to regular stimulation, 
and that fatigue was significantly less for peak force than for the F-t integral for the KFI and CFI 
measurements. The selected six measurements are considered to be representative of the 
fifteen measurements actually made (Table 5). 
* Optimized fatigue < Regular (P < 0.0001). 
+ Peak-force fatigue < F-t integral (P < 0.001). 
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Fig. 30. Fatigability of individual motor unHs: regular vs. optimized stimulation. Shown in each 
panel are plots of fatigability measurements determined from forces elicited by regular (abscissa) 
vs. optimized (ordinate) stimulation. Each data point is from an Individual motor unit (FF units
open squares, FI units- closed squares). A, KFI- peak force. B, KFI- F-t integral. C, CFI- peak 
force. D, CFI- F-t integral. E, t50-POt. force- peak force. F, t50-POt. force- F-t integral. In each 
panel, the line of unity represents the hypothetical case in which the fatigue measurements for 
optimized and regular activation were equal. The clustering of points above the line of unity in A, 
B, E, and F, and below the line of unity in C and D, illustrate that motor-unit fatigability was 
decreased in response to optimized stimulation. For the FI units, note that the effect of 
optimization on fatigability was even more pronounced. 
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Fig. 31. Effects of the stimulation pattern on the relationship between force and fatigue in 
single motor units. Shown in each panel is the initial force VS. fatigue measurements, calculated 
by using the peak force (left column) and F-t integral (right column) for regular (closed squares) 
and optimized (open squares) stimulation. The fatigue measurements used include the KFI (A
B), the eFI (C-D ) and tso-pot. force (E-F). The values for each individual motor unit are 
connected. These plots demonstrate that within the population of motor units studied, a subtle 
change in the stimulation pattern was associated with increased force production and 
decreased fatigability. 
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mN·s (2677 - 15494) in response to regular stimulation, and significantly greater at 9968 ± 4980 

mN·s (3231 - 20671) in response to optimized stimulation. 

5.4.5 Inter-unn correlations between inmal and peak force ys, fatigability 

Table 8 reports the correlations between force and fatigability for the twenty-two units. 

Force was measured as the peak tetanic force, and the initial peak force and force-time integral 

for each pattern at the beginning of the fatigue test (see Table 6). Fatigability was measured 

using the six measurements reported in Table 7. There was a significant, but weak, negative 

correlation between the CFI and most measures of force. A weak relationship between force 

and fatigability has also been seen in two previolls studies (Goslow et al. 1977, their Fig. 3; 

Botterman & Cope, 1988, present Fig. 14) that tested for inter-unit correlations in a population 

of fast-twitch motor units. In the present work, this weak association was not observed when 

using the other two fatigue measurements (i.e., the KFI and the tso-POt. force; see Tab!6 8). In 

summary, the limited data base on the inter-unit association between force and fatigability in a 

population of fast-twitch motor units suggests that the correlation is weak, at best, and 

dependent, in part, on the measurement of fatigue. 

5.4.6 Inter-unit correlations between initial and peak force ys, the cumulatiye force produced 
during the fatigue test 

The correlation between peak tetanic and initial forces vs. the cumulative force 

produced for each stimulation pattern was assessed using linear regression. The results are 

presented in Fig. 32. There were significant positive correlations between the three measures 

of force and the integrated force developed during the course of the fatigue test, in response to 

both regular and optimized stimulation. This suggests that the total force-time integral 
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TABLE 8. Correlations between initial and peak force VS. fatigue for the motor units. 

Force 

Peak InHial 
tetanic InHial peak F-t integral 
(control) (fatigue test) (fatigue test) 

Fatigue measurement: Peak force 

R 0 R 0 R 0 

KFI 0.36 0.32 0.41 0.39 0.39 0.48 
(n.s.) (n.s.) (n.s.) (n.s.) (n.s.) (0.02) 

CFI -0.50 -0.44 -0.58 -0.50 -0.55 -0.54 
(0.02) (0.05) (0.005) (0.02) (0.01 ) (0.01 ) 

tso-POt. force 0.14 0.16 0.18 0.19 0.21 0.34 
(n.s.) (n.s.) (n.s.) (n.s.) (n.s.) (n.s.) 

Fatigue measurement: F-t integral 

KFI 0.36 0.30 0.41 0.37 0.39 0.49 
(n.s.) (n.s.) (n.s.) (n.s.) (n.s.) (0.02) 

CFI -0.41 -0.36 -0.55 -0.44 -0.52 -0.53 
(n.s.) (n.s.) (0.01 ) (0.05) (0.02) (0.02) 

tso-POt. force 0.14 0.17 0.19 0.21 0.22 0.35 
(n.s.) (n.s.) (n.s.) (n.s.) (n.s.) (n.s.) 

For the twenty-two (19 FF and 3 FI) motor units tested, correlation coefficients are presented for 
six fatigue measurements: the KFI, CFI and tso-POt. force, based on peak force and F-t integral 
for both regular and optimized stimulation. The three measurements of force included: peak 
tetanic force, and the initial (1 s) peak force and F-t integral to each pattern at the start of the 
fatigue test. Significant associations (P < 0.05) are presented in bold, and the P value is 
presented in parentheses; n.s. = not significant. 
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Fig. 32. The relationship between the peak tetanic and initial forces VS. the cumulative force 
developed throughout the fatigue test. Each panel includes optimized (open squares) and 
regular (closed squares) responses. The relationships between initial and peak tetanic force VS. 
cumulative force were quantified by linear regression. A, The Initial peak force (mN) to each 
activation pattern VS. the cumulative force (mN·s) developed (Regular- y = 2823.4 + 30.3x, r = 
0.73, P < 0.001; Optimized- y = 3513.7 + 16.2x, r .. 0.69, P < 0.001). 8, The relationship 
between the Initial integrated force response (mN·s) and the cumulative Integrated force (mN·s) 
developed (Regular- y = 2723.2 + 112.8x, r = 0.67, P < 0.001; Optimlzed- y = 3353.8 + 96.8x, r 
= 0.56, P < 0.01). C, The relationship between the peak tetanic force (mN) and the cumulative 
force (mN·s) developed (Regular- y = 2172.6 + 6.9x, r 0:: 0.83, P < 0.001; Optimized- y = 3627.2 
+ 7.7x, r = 0.71, P < 0.001). In each case, there was a significant positive correlation between 
force and the cumulative force developed during fatiguing contractions. These results suggest 
that the total amount of force developed by a motor unit during a period of fatiguing stimulation is 
proportional to the peak force of the motor unit in the control (pre-fatigue test) state. 

---- ------ --- ------------------
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produced by a motor unit during repetitive, fatiguing stimulation is a function of the initial force of 

the unit produced in response to the first stimulus train in the unfatigued state. If there had 

been an inverse relationship between force and fatigability within the population of motor units 

tested, one would have expected a curve that deviated exponentially to the right of a line of 

unity. Therefore, these results also supported the idea that an inverse relationship does not 

exist between the initial force produced by a motor unit and its subsequent fatigue. 

5.5 DISCUSSION 

The results of this analysis are discussed in relation to several aspects of motor-unit 

physiology that should impact on subsequent studies of motor-unit fatigue. 

5.5.1 Measurements of fatigability 

What is commonly accepted as a measurement of fatigability is the amount of force 

decline that occurs during a given motor task (cf. Edwards, 1981). Traditionally, a standard 

fatigability measurement has been used to classify motor units (Burke et al. 1973), and there is 

some uncertainty regarding the generality of this measurement, given that it provides values that 

do not form a continuous distribution between or within classes of motor units. This is of 

concern, because most other motor-unit properties have been shown to be continuously 

distributed both across and within classes of motor units (Lewis, 1984). Of course, this issue 

may simply be a matter of experimental design rather than a true reflection of motor-unit 

properties (see, for example Botterman & Cope, 198Bb). 

With respect to the classification of motor units, the use of more than one fatigability 

measurement is usually considered redundant. However for the present purposes, a more 

complete description of the fatiguing behavior was necessary. To this end, fifteen fatigability 
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measurements were used to quantify motor-unit fatigability in response to fatiguing stimulation 

with regular vs. optimized stimulation patterns. The measurements were selected to be 

representative of the measurements that have been introduced to the motor-unit literature over 

the past 20 years. In addition, Gardiner and Ohla (1987) recently proposed that the force-time 

integral may provide a more sensitive measure of the force response to a train of stimuli than the 

peak force (cf., however, Gordon et a/. 1990a). For this reason, both the peak force and the 

force-time integral were used in the calculation of the fatigability measurements. 

The measurements of fatigability in the present study were well within the range of 

values reported for fatigable motor units of the cat (Reinking et a/. 1975; McDonagh et al. 1980b; 

Burke, 1981; Kernell et a/. 1983; Botterman et a/. 1985; Botterman & Cope, 1988a; Gordon et 

a/. 1990a). Clearly, optimized activation did not change the classification of motor units based on 

fatigability (Burke et a/. 1973). Furthermore, it was demonstrated that the value of the fatigability 

measurement was dependent on the force response (i.e., peak force or force-time integral) 

used to assess fatigue (cf. Gordon et a/. 1990a). Nevertheless, the present results showed that 

fatigability was significantly less in response to optimized stimulation than in response to regular 

stimulation. Most importantly, the present results demonstrated that fatigability was influenced 

by subtly rearranging the temporal delivery of stimuli delivered to a motor unit. 

5.5.2 Significance of the neural stimulation pattern 

Previous studies on whole muscle have shown that alterations in the duty cycle of trains 

of stimuli delivered to the muscle can influence fatigue (Duchateau & Hainaut, 1985; Chasiotis et 

a/. 1987; BergstrOm & Hultman, 1988). Additional studies have shown that, with respect to the 

number of stimuli delivered to the muscle, fatigue was evident after fewer stimuli at lower 

frequencies (Garland et a/. 1988), and that the relative extent of fatigue was higher at lower 

stimulation frequencies (Cooper et a/. 1988). These observations suggest that, in general, 
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fatigue is susceptible to alterations in neural input, and that fatigue is not attributable to intrinsic 

muscle properties alone. 

Table 9 compares the results of six studies that have shown that manipulation of the 

stimulus regimen during repetitive contractions can alter fatigue in whole muscles (Duchateau & 

Hainaut, 1985; Chasiotis, Bergstrom & Hultman, 1987;'Bergstrom & Hultman, 1988; Cooper et 

al. 1988; Garland et al. 1988) and single motor units (present study), Independent of inverse 

changes in force production. This table indicates the effects of duty cycle, contraction duration, 

stimulus frequency (see also Marsden et al. 1983; Binder-Macleod & Guerin, 1990) and the 

stimulation pattern on fatigue. The physiological mechanisms proposed for these effects 

include: 1) increased ischemia and intracellular changes associated with shorter rest periods 

(Duchateau & Hainaut, 1985); 2) increased energy consumption in relation to the number of 

contractions and relaxations (Chasiotis et al. 1987; Bergstrom & Hultman, 1988; Garland et al. 

1988); 3) increased myofibrillar Ca2+ insensitivity at lower stimulation frequencies (Cooper et al. 

1988); and 4) altered Ca2+ dynamics resulting in an increased force and decreased fatigue to 

optimized stimulation (present study). 

The results of the above-cited, whole-muscle studies do not contradict the commonly 

held notion that force and fatigability are inversely related, or the classical results of Rohmert 

(1960). Instead, they serve to illustrate that fatigue is a function of the magnitude of force 

exerted by a muscle and systemic Influences (i.e., neural input and muscle perfusion). In 

contrast, the present motor-unit results are not consistent with the Rohmert (1960) results: in 

the present work, fatigability was reduced concomitantly with increased force. This observation 

has not yet been made in whole muscle. 
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TABLE 9. Summary of studies on the effects of changing the stimulation regimen on fatigue 

Stimulus Proposed 
Study Test paradigm Key result physiological 

musculature used to elicit explanation 
fatIgue 

Repetitive Fatigue increased Increased ischemia 
Duchateau & Human 1-s by decreasing the and intracellular 
Hainaut, 1985 adductor contractions duty cycle changes associated 

pollicis with varying with shorter rest 
duty cycles periods 

Chasiotis et al. Human Continuous Fatigue increased Increased energy 
1987 quadriceps or repetitive with more consumption as the 
Bergstrom & femoris contractions contractions of number of 
Hultman, 1988 with varying shorter duration contractions and 

contraction relaxations increased 
times 

Garland et al. Human Repetitive Fatigue increased Increased energy 
1988 tibialis stimulation at at 15 VS. 30 Hz consumption as the 

anterior 15 VS. 30 Hz stimulation number of 
contractions and 
relaxations increased 

Cooper et al. Human Repetitive Relative fatigue Increased myofibrillar 
1988 adductor stimulation increased at lower Ca2+ insensitivity at 

polllcis with vaying stimulation rates lower stimulation 
stimulus rates 
rates 

Present study Cat tibialis Repetitive Decreased Altered Ca2+ 
posterior FF stimulation fatigabimy using dynamics resulting in 
+ FI units with regular optimized VS. an increased force 

VS. regular response to 
optimized stimulation optimized stimulation 
stimulation 
patterns 

The studies are presented in chronological order. In Duchateau and Hainaut (1985), Intermittent 
1-s contractions were imposed (stimulus rate, 30 Hz) and interspersed with rest phases that 
were varied between 0.5 and 2 s. Force declined faster as the rest phase was shortened. In the 
studies by Chasiotis et al. (1987) and BergstrOm and Hultman (1988), imposed activations at 20 
Hz were delivered either continuously or intermittently for either 3.2, 1.6 s or 0.8 s with an equal
duration rest phase interspersed. Force declined faster during shorter-duration contractions. In 
Garland et al. (1988), intermittent contractions were imposed at 15 or 30 Hz. Fatigue occurred 
faster (with respect to the overall number of stimuli) during 15 VS. 30 Hz stimulation (for variations 
on their paradigm, see: Marsden et al. 1983; their Figs. 6 and 7: Binder-Macleod & Guerin, 
1990, their Fig. 1). In Cooper et al. (1988) variable frequency trains (i.e., with 1, 10,20,50 and 
100 Hz components) were applied repetitively, once per 12 s, until 50 contractions had been 
completed. The relative extent of fatigue was greater at lower frequencies. In the present 
study, two stimulation patterns designed to alter the force produced by the motor unit were 
intermittently (and pseudo-randomly) delivered at 1/second. The stimulation pattern (optimized) 
that increased force was associated with decreased fatigability. 
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5.5.3 The relationshjp between force and fatigabiltly between and within individual motor units 

Within the presently studied population of motor units. two measurements of fatigue 

(I.e .• the CFI for peak force and the force-time integral) were positively correlated with initial and 

peak tetanic force. These results are In agreement with a previous study by Goslow et al. (1977) 

which showed a positive correlation between peak tetanic force and the CFI within populations 

of FF motor units. and with the results of Botterman & Cope (1988a) that showed a positive 

correlation between peak force and endurance time within type FF and FR motor units. In 

contrast. the results from the other thirteen fatigue measurements did not show a positive 

correlation between initial and peak tetanic force VS. fatigability within the same population of 

units. These results are also in agreement with previous studies that have used similar 

measurements to assess the relationship between force and fatigability within populations of 

motor units (cf. Burke et al. 1973; Reinking et al. 1975; McDonagh et al. 1980; Kernell et al. 

1983; Botterman et al. 1985). The discrepancy between these results is attributable to the 

fatigue measurement. but it is not clear at this time what the differences are between fatigue 

measurements that give rise to the suggestion of a relationship between force and fatigability in 

some cases. but not in others. In other words. what is the relationship between the magnitude 

of force decline in response to 120 seconds of 40-Hz stimulation VS. the amount of time that a 

unn can maintain 25% of its maximum tetanic force? 

The present study is the first that actually examined the relationship between the 

magnitude of the initial force and the subsequent fatigue within single motor units. The key 

finding was that the imposed change in the pattern of stimulation (designed to increase the 

force developed by each motor unit). led to a decrease rather than an increase in fatigability. A 

second key finding. not previously described in the fatigue literature. was that the cumulative 

force of a unit during repetitive. fatiguing activation was directly related to its control force. 
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Hence, the larger the initial force for a highly fatigable FF unit, the greater the cumulative force 

the unit could produce during subsequent fatiguing contractions. 

Based on the present results, what has been learned is that although (by definition) 

fatigue reduces force, the magnitude of force produced by an individual motor unit does not 

dictate its fatigability. In addition, it appears that the events associated with changes in the 

stimulation pattern seem to influence both force and fatigability within individual motor units. 

5.5.4 Implications for the Size Principle 

In support of Henneman's Size Principle (Henneman, 1977), evidence has been 

presented previously that motor units are recruited in order of their increasing fatigability 

(Stephens & Usherwood, 1977) and in order of their increasing maximum force (Zajac & Faden, 

1985). Based on these observations, "type-recruitment" and "force-recruitment" models of 

graded force development have been advanced (for review: Stuart & Enoka, 1983, 1990). 

Hypothetically, these models would be identical if the force produced by a single motor unit was 

always inversely proportional to its fatigue. The present study has shown that this is not the 

case. Furthermore, it has recently been shown that the orderly recruitment of motor units during 

the graded development of force was altered by fatigue (Enoka et al. 1989). These results 

provided further evidence that the rules which govern orderly motor-unit recruitment are not 

simply dependent on either the peak tetanic force or the fatigability of the recruited units. 

Perhaps, this is because neither force or fatigue are fixed properties of motor units. The present 

results suggest that both are dependent on the neural input from the motor neuron, and not 

solely dependent, or related to the motor unit's size. What seems required to resolve this issue 

is a beUer understanding of the relationship between structure (i.e., motor neuron size, intrinsic 

membrane properties, synaptic input, etc.) and function (i.e, force and fatigue) between and 

within the motor units that comprise a muscle. 
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5.5.5 Summary; Directions for further research 

These results have demonstrated that, under the present experimental conditions, an 

inverse relationship between force and fatigability does not exist within single motor units, and 

that the cumulative force produced by a motor unit during fatiguing contractions is related to the 

peak force of the motor unit in the non-fatigued state. This implies that the relationship between 

force and fatigability seen in whole muscle is not reflected at the level of the individual units that 

comprise the muscle. With respect to the limitations of these observations for a single motor 

unit, these results describe two points within the domain of the forces that a motor unit may 

exert. One point is approximately equivalent to 25% of the maximal tetanic force, and the other 

point is approximately equivalent to 50 % of the maximal tetanic force. Although these results 

do not provide information on the nature of the Intra-unit relationship between force and 

fatigability at the extremes of a unit's domain, these points are too far apart within the domain for 

the results to be attributable to noise. Alternatively, the results may simply reflect a difference in 

motor-unit behavior when artificially stimulated in Isolation VS. when activated along with several 

or many others during a voluntary contraction. 

What seems required, to more completely understand the nature of muscle and motor

unit fatigue, is an investigation into the importance of the interaction between the neural input 

pattern,. perfusion and intracellular changes (e.g., metabolism and Ca2+ dynamics) at the level of 

individual motor units. 

These results also suggested that even subtle changes in the pattern of neural input to 

the motor unit significantly affect the force and fatigue of the motor unit. The pattern, frequency, 

and number of active units compose the language of the nervous system. However, using the 

present experimental paradigm it was not possible to deCipher, at the level of the single muscle 

cell, the information communicated by changes in the neurally controlled input pattern. This, 
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too, seems worthy of further investigation using a more accessible preparation in which 

intracellular changes can be monitored concomitantly with alterations in the stimulation pattem. 



IMPLICATIONS OF PRESENT FINDINGS FOR FUTURE STUDY OF THE 

SEGMENTAL MOTOR SYSTEM 
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Although it is commonly assumed that muscle force and fatigability should always be 

inversely related, the present work on single motor units adds to a small body of recent work on 

whole muscle (Duchateau & Hainaut, 1985; Chasiotis et al. 1987; Bergstrom & Hultman, 1988; 

Cooper et al. 1988; Gariand et al. 1988) that has indicated that the amount of force produced by 

the muscle during fatiguing contractions is highly dependent on the pattern of neural input. The 

relationship between control (pre-fatigue) force and fatigability is also not clear within and among 

populations of the different types of motor units, perhaps because this relationship, too, is task 

(stimulation-pattern) dependent, or because the quantitative differences in the fatigability of the 

different unit types have not yet been separated from task-dependency issues. This is 

important because the general understanding of the neural control of muscle force is currently 

dominated by the concepts of motor-unit recruitment- and rate coding. During the graded 

development of force, motor-unit recruitment is currently thought to be determined by the Size 

Principle: motor neurons are progressively recruited based on some intrinsic property which 

causes them to differ in their response to inputs, the strength of their synaptic inputs, or both. 

Models of graded-force development have been suggested based on the assumption that 

intrinsic motor-neuron properties are related to the peak tetanic force (Zajac & Faden, 1985) or 

the fatigability (Stephens & Usherwood, 1977) of the associated muscle units. If there is a close 

correlation between force and fatigability within and among single motor units, then these 

models are equivalent. Models based on peak tetanic force have not taken into consideration 

the fact that the force produced at recruitment threshold is not equal to peak tetanic force; rather 

it is significantly less. On the other hand, models based on fatigability have not accounted for 

the fact that the fatigue profile of a motor unit may be associated with the actual task performed 

by the muscle. The present results have shown that the force elicited by the stimulation 

patterns used in these experiments is significantly correlated with the peak tetanic force of the 
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unit, but not with the majority of the measurements used to assess its fatigability. Although 

these results do not address mechanisms associated with orderly recruitment of motor neurons 

within the CNS, they have an impact on the present-day interpretation of the functional 

relevance of orderly recruitment. 

The present work also extended previous work (in particular: Burke et al. 1970, 1976: 

Stein & Parmigianni, 1979: Zajac & Young, 1980a) by showing how a subtle change in the 

pattern of stimulation altered motor-unit force during fatigue. In addition, these results have 

suggested that both force optimization and potentiation (cf. Gordon et al. 1990a) in the early 

phases of fatigue tests are fundamental properties of motor units, which may be as pertinent to 

quantitative aspects of motor-unit behavior as the more conventionally studied mechanical 

properties (e.g., twitch contraction time, peak tetanic force, sag, and fatigability). 

From this perspective, further work on optimization and potentiation seems now 

warranted: one goal being to explore the boundary conditions for their manifestation, and 

another to provide a standardized stimulus pattern for quantifying these properties (viz., the sag 

test), such that they can be considered in concert with other physiological properties, of which 

the underlying biochemical bases are currently under investigation (e.g., Nemeth et al. 1986, 

1987: Hamm et al. 1988). 

A third area of investigation stimulated by the present work involves the linking of 

systems and cellular approaches to the study of fatigue. The present work has shown how the 

systems approach can reveal the prominent effect exerted by a subtle change in neural input 

pattern on motor-unit fatigue. It is assumed that this effect is exerted at the level of excitation

contraction coupling, which is best approached at the the cellular level of Inquiry. Techniques 

have been developed to monitor Ca2+ transients in skeletal muscle fibeiS (Allen et al. 1989). It 

would be of great interest to apply these techniques to fibers that are activated with stimulation 

patterns known to induce potentiation and optimization in fatiguing motor units. However, more 
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time is required before the time resolution of these techniques is appropriated for use in this 

context. 

In summary, the present work has shown how a subtle change in the pattern of neural 

input to the motor unit can produce a substantial change in force and fatigability. Clearly, further 

consideration of the graded development of force during control and fatiguing contractions 

must give the pattern of neural input the same accord as is currently bestowed on the frequency 

of such input and on the number of motor units brought into action by the neural input: 

recruitment-, rate- and pattern coding are all critical components of the strategies available to the 

CNS in its control of movement. 
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