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Abstract 

During exercise, progressive changes in the central nervous system and muscles result in a 

contractile output that is less than anticipated, which is called neuromuscular fatigue. Many 

studies assessing fatigue from dynamic exercise in large muscle mass (e.g. cycling), have tended 

to delay measurements for 1-4 min after exercise cessation. This is problematic because recovery 

from exercise begins immediately after the activity has finished. This study aimed to determine 

the reliability of an innovative cycling ergometer that permits the start of measurement of fatigue 

within 1 s after exercise cessation, and compare these results to a traditional isometric chair 

ergometer. Twelve subjects participated in two data collection sessions, performing an 

incremental cycling test with intermittent isometric assessment of fatigue in the knee extensors 

with electrical nerve and transcranial magnetic stimulation. The innovative ergometer was found 

to be a reliable tool to assess neuromuscular fatigue during and immediately after cycling 

exercise. 
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Chapter One:!Introduction 

Fatigue is a complex and multifaceted phenomenon that can be generally described as 

any reduction in physical or mental performance associated with an increase in the perceived or 

real effort of a task (53). The factors that lead to fatigue are not fully understood, but when 

focusing on the neuromuscular system, fatigue from exercise can be divided into central and 

peripheral components. Central contributions to fatigue occur at any point from the brain 

proximal to the neuromuscular junction, and peripheral contributions occur at, or distal to the 

neuromuscular junction. Together, the central and peripheral factors can lead to a contractile 

output at the muscle level that is less than anticipated, which is called neuromuscular fatigue 

(NMF) (54).  

The physiology of NMF in humans has been investigated for over a century with a 

variety of methods (32). When studying NMF from exercise, physiologists have been interested 

in the force, metabolic, and electrical activity changes at the muscle level. Single-joint studies, 

most often in isometric mode, have been a common experimental set-up for investigating NMF 

from exercise in the upper and lower body, where voluntary and evoked contractions can be 

measured in the muscle of interest. However, single-joint tasks do not reflect real-world 

locomotor activities that require large muscle mass and dynamic contraction such as walking, 

running, and cycling. Studies attempting to rectify this limitation by measuring neuromuscular 

function after dynamic exercises have consistently delayed the time between the end of activity 

and the measurement of fatigue (18). This is problematic because muscle and nervous system 

recovery begin immediately at exercise termination, thus even a one minute delay between the 

end of activity and neuromuscular function assessment can produce inaccurate data on the true 
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level of fatigue (31). Therefore, to collect the most accurate fatigue data possible, measurement 

of NMF must occur immediately after exercise completion. 

The recognition of the need to reduce the time-delay between exercise cessation and 

fatigue measurement in the literature has resulted in the development of several different cycling 

ergometers (20, 56, 73, 81, 83). These ergometers have been used to quantify fatigue in the knee 

extensors with different measures including isometric force, power, and electromyography 

(EMG) and have started measurement within 2 to 8 s after exercise. However, none of these 

ergometers to date have been able to incorporate the current gold-standard isometric force 

measures for determining the level of central or peripheral fatigue immediately following 

exercise. The current lack of this type of experimental set-up in the literature, and the clear need 

for this type of device for investigating fatigue in healthy and clinical populations, is what led to 

our development of an innovative cycling ergometer.  

The purpose of this thesis was to demonstrate the reliability of a new cycling ergometer 

that was designed to overcome the time-delay between exercise cessation and isometric fatigue 

assessment. This new cycling ergometer is a custom-built, recumbent bicycle that has force 

instrumented pedals that can be locked in a position where the cyclist’s right knee is at 90° of 

flexion. The advantage of this cycling ergometer is that it can switch from dynamic mode to 

isometric mode in less than 1 s to allow a force assessment of fatigue in a similar configuration 

to previous single-limb studies. Also, the new set-up provides a convenient platform behind the 

ergometer for the researcher to perform transcranial magnetic stimulation (TMS) on the subject 

who is cycling. Although, the fatigue parameters used in the present study have been shown to be 

reliable in single-joint isometric experiments, the reliability of these measures needed to be 

demonstrated in the new cycling ergometer configuration, which was the focus of this thesis. 
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Following this introductory chapter is a literature review, where NMF will first be 

defined and some fundamental principles of the fatigue research field will be discussed. Several 

methods that are currently used to measure NMF will be described and their applications in 

isometric and dynamic single-joint studies will be reviewed. At the end of the second chapter 

some of the recent cycling ergometers used in the literature will be highlighted. The third chapter 

contains the submitted manuscript for the study on the cycling ergometer, which covers the 

methods, results, and conclusions on the reliability of the ergometer. Note that all references 

from the literature review, and manuscript are combined at the end of this thesis. The final 

chapter will discuss the future directions and implications of this project and will conclude the 

thesis.  
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Chapter Two:!Literature Review 

 

2.1!Defining fatigue 

Everyone has experienced a feeling that is commonly referred to as fatigue at some point 

during their lifetime. Whether it is after waking up from a restless sleep, the inability to walk 

after finishing an ultra-marathon, tiredness due to an illness, or feeling emotionally drained from 

a challenging life event, fatigue is associated with many different situations. This general feeling 

of fatigue is defined by the Oxford English dictionary as extreme tiredness from physical or 

mental exertion, or illness (71). The latter definition is broad and encompasses many variables 

that can lead to fatigue, which makes it a difficult concept to measure. It is important to 

recognize these variables and understand that fatigue is a multi-factorial phenomenon and that a 

variety of situations, tasks, sensations, and mechanisms ultimately lead to its development. Due 

to this inherent complexity, there is still no consensus definition of fatigue within the scientific 

community (27). For the purpose of this thesis, the concept will be reduced to only fatigue 

resulting from exercise, which has been defined as the physical and psychological effects during 

and after exercise leading to physiological and biochemical changes in the body (4). This is still 

a very broad definition, therefore fatigue from exercise will be reduced further and only 

considered from the perspective of NMF. A variety of definitions for NMF have been proposed, 

each with their own merits and deficiencies, but when considered together they may provide an 

adequate description for the phenomenon.  

NMF, although a narrower concept than general fatigue, is still a difficult concept to define 

despite over a century of research (32). By the late 19th century early physiologists, like the 

Italian Angelo Mosso, were beginning to study fatigue more closely and were developing unique 
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experiments to measure it. In an English translation of Mosso’s famous book written in 1890, La 

Fatica, he stated that, “the distinction between a fatigued and a normal muscle is that the former 

attains its maximum contraction more slowly and more slowly returns to its normal state,” (p.80) 

(69). Mosso based this definition on an experiment performed in frog muscle, where he recorded 

the force of twitches evoked by electrical stimulation. During a series of 90 individual 

stimulations the twitches became progressively smaller and longer. Although it is difficult to 

determine, based on the data reported, perhaps this is early evidence of slowed relaxation due to 

a reduced contractile response in the fatigued muscle (53). Nevertheless, this definition only 

refers to fatigued muscle, which Mosso describes as, “a physical fact which can be measured 

and compared,” (p.154) (69). He does acknowledge the role of central factors in fatigue, but 

writes that they are, “a psychic fact which eludes measurement,” (p.154) (69). Mosso’s research 

laid the foundation for future scientists to attempt to define and measure NMF.  

Another definition of NMF that is often cited in the literature is the failure to maintain the 

required or expected force (24). This definition provides force as an outcome measurement, 

which can be easily measured in human experiments that involve isometric contractions. 

Furthermore, “force” can be exchanged for “contractile response” to make this definition 

applicable to dynamic activity experiments and allow power, work, and shortening velocity to be 

used as outcome measurements (53). However, the definition does not explain the progressive 

nature of fatigue by stating that it is the failure to maintain a “required” force. For example, 

during a sustained sub-maximal exercise, a participant could meet a required force or power 

target for the length of the activity, but compared to pre-exercise, maximal voluntary force or 

power would reveal a reduction in contractile output. According to the above definition, the 

participant would not be fatigued because they sustained the sub-maximal target throughout the 
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test, even though their maximal contractile response had been reduced. Indeed, the moment 

exercise starts the neuromuscular system becomes altered and fatigue is induced progressively 

until volitional termination of the activity or exhaustion (14). Therefore, this definition may be 

useful in some contexts, but may fail to capture reductions in maximal voluntary force or power 

despite maintaining a required sub-maximal contraction. 

A definition of NMF that is also frequently cited is any reduction in the force generating 

capacity of the total neuromuscular system (13). Again, this definition provides force as an 

outcome measurement, but more specifically it refers to the “force generating capacity”. 

Capacity, in this sense, signifies the maximal voluntary contraction (MVC), which can be 

measured isometrically, but also dynamically as maximal torque or peak power. Reductions in 

force generating capacity can be measured in experiments where sub-maximal isometric or 

dynamic exercise is performed for a given time-period and then interspersed with isometric 

MVC assessments (12). Throughout the exercise the MVCs will progressively decline with 

fatigue until task failure (Figure 1). At the termination of exercise, the previously sub-maximal 

contraction target can be just as great as the subject’s fatigued MVC. However, this definition 

requires the quantification of the maximal force capacity, which in vivo may be difficult for 

some subjects, especially clinical populations (79). In laboratory experiments, muscles in vitro 

can be maximally activated with high frequency stimulation and caffeine (54). Another reason 

why this definition may be limiting is because it does not acknowledge the possibility of low-

frequency fatigue. Low-frequency fatigue is the preferential loss of force at low-frequencies of 

stimulation, which can occur without any reduction in force at high-frequencies of stimulation 

(23). Thus, in some situations the capacity for maximal force development can remain 

unhindered, while there is the presence of low-frequency fatigue. Although this definition 
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highlights the maximal capacity to produce force, it fails to characterize reductions in force at 

lower-frequencies of stimulation, which is an important aspect of NMF. 

 

Figure 1. A schematic representation of the relative decline in maximal voluntary force 

generating capacity during an intermittent isometric MVC protocol based on the research of 

Bigland-Ritchie (12). The white boxes represent the MVCs that decline progressively with each 

bout of sub-maximal exercise (black boxes) until task failure (dashed line box) when the final 

MVC is almost as great as the previous sub-maximal exercise. 

A definition that accounts for low-frequency fatigue is a response that is less than the 

anticipated contractile output for a given stimulation (54). Similar to the previous definitions, the 

latter provides contractile output as the outcome measurement, which can be measured as force. 

Also, like the previous, this definition recognizes the gradual and progressive onset of fatigue 

from the moment exercise is started. The main advantage of this definition, unlike the previous 

ones, is that it takes in to account deficits in force that could occur at lower frequencies of 

stimulation. For experiments that involve subjects from clinical populations that may not be able 
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to activate their muscles to their full capacity, this definition is useful because stimulations can 

be delivered while the muscle is at rest. Even when pain or central fatigue attenuate the voluntary 

force production capacity, the mechanical performance of the muscle can be reliably assessed 

(36). A disadvantage of this definition is that normal contractile output from a given stimulation 

must be determined. Thus, control stimulations before exercise must be performed to determine 

the anticipated response, which unintentionally potentiates the muscle for future contractions. To 

mitigate this, the control twitches must also be potentiated with contractile activity, or time must 

be allowed for the potentiation to dissipate before further contractions. Furthermore, the focus of 

the definition is on evoked stimulations, which does not account for decrements to voluntary 

activation (VA) from fatigue. No one definition can ever be perfect, but perhaps it is possible to 

combine the previous definitions into a more universal description of NMF. The proposed 

definition of NMF for the present paper is the progressive change that occurs in the central 

nervous system and/or muscles from exercise, resulting in a contractile output that is less than 

anticipated for a given VA or stimulation.  

 

2.2!The two-domain concept of fatigue 

The current paradigm of NMF separates it into central and peripheral components. This 

scheme can be originally attributed to Mosso who claimed that, “we must take account of two 

factors susceptible to fatigue. The first is of central in origin and purely nervous in character, 

namely, the will; the second is peripheral, and is the chemical force which is transformed in the 

muscular fibres into mechanical work” (p.152-53) (69). Now, over a century later, even though 

there are efforts to broaden the two-domain paradigm, the central versus peripheral model is still 

the most cited in the literature (27). Under the classic two-domain concept, NMF is thought to 
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arise due to failures that occur at various sites within the neuromuscular system. These possible 

sites of failure include activation at the primary motor cortex, the spinal nerves, the activation of 

motor units, the neuromuscular junction, the excitation-contraction coupling mechanism, the 

availability or accumulation of metabolites in muscle fibres, the contractile apparatus, and the 

blood supply (11, 14). Typically, central fatigue is considered to describe the failures that occur 

within the central nervous system proximal to the neuromuscular junction, while the sites of 

failure that occur at or distal to the neuromuscular junction are what lead to peripheral fatigue 

(Figure 2) (32, 53). Although, these central and peripheral sites of failure are often discussed 

independently, it is important to recognize that they are likely mutually dependent, and that their 

interactions together lead to NMF (65). Furthermore, the central and peripheral mechanisms 

leading to NMF from exercise vary with the task being performed, which is called the task 

dependency of fatigue (25).  

 

2.2.1!Central fatigue 

Central fatigue is an alteration within the central nervous system leading to a reduction in 

recruitment and discharge of motor units resulting in a decline in force production (32). 

Currently, the gold-standard, although debated (21, 87), for determining the presence of central 

fatigue is through the interpolated twitch technique (ITT), originally developed by Merton in 

1954, to assess VA (60). Adapting the ITT for use with TMS allows for the identification of 

supraspinal sites of failure, and when used in combination with cervicomedullary stimulation 

spinal contributions can be considered as well (65). However, these methods alone do not 

identify the mechanisms causing the failure in the central nervous system that is contributing to 

the central fatigue. Possible mechanisms that have been hypothesized to produce central fatigue 
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from exercise include neurotransmitter disturbance, cortical and spinal afferent input, and 

reduced motoneuronal excitability (26, 59). Although, central fatigue has been noted after 2 min 

MVCs (78), the central mechanisms contributing to fatigue are typically observed after long 

duration low-intensity exercise (29, 94).  

 

2.2.2!Peripheral fatigue 

Peripheral fatigue is an alteration at the neuromuscular junction or within the muscle that 

results in reduction of the contractile response (53). Classically, peripheral fatigue has been 

assessed by monitoring changes in twitch force, the low to high frequency force ratio, and 

changes in compound motor unit action potential (M-wave) characteristics (65, 75). These 

measures are achieved by bypassing the central nervous system and electrically stimulating the 

peripheral nerve or muscle of interest to produce an involuntary contraction. It has been 

proposed that peripheral fatigue acts as a governor to preserve muscle integrity and avoid 

metabolic catastrophe (55). The peripheral regulatory mechanisms that likely result in reduced 

contractile response include reduced membrane excitability, inhibition of ryanodine receptors, 

and reduced Ca2+ availability in the sarcoplasmic reticulum. Peripheral fatigue is also task-

dependent and typically observed to a greater degree following high-intensity exercise of shorter 

duration (94). Another indicator of peripheral fatigue is the preferential loss of force at lower 

frequencies of stimulation, which is called low-frequency fatigue (23). A key feature of low-

frequency fatigue is the extended recovery period of several hours or even days. Low-frequency 

fatigue is usually linked to failures in the excitation-contraction coupling process, which is also 

associated with muscle damage from eccentric exercise (41, 57). Although, low-frequency 

fatigue has not been detected from low-intensity running of short duration (i.e. 30 km), it has 
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been shown to occur after ultra-marathons (i.e. 166 km) with extended downhill sections (63, 

67). High-intensity uphill running, a concentric exercise, has also been shown to induce low-

frequency fatigue (48). 

 

Figure 2. Representation of the neuromuscular system divided into central and peripheral 

components, and the different stimulation techniques available for evoking a force response in 

the muscle of interest. Adapted from Millet et al. (65) and used with the permission of the 

authors.  

 

2.3!Methods for measuring fatigue 

Many studies have attempted to objectively measure NMF in human participants using a 

combination of maximal and sub-maximal voluntary contractions paired with evoked 

contractions from electrical nerve stimulation (NS) and TMS (16, 65). For electrical NS, anode 

and cathode electrodes are placed on the surface of the skin near the peripheral motor nerve 

controlling the muscle of interest, and deliver an electrical current determined by the 
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investigator. Using NS, peripheral fatigue can be assessed by measuring reductions in the 

potentiated twitch in the relaxed muscle after exercise. Sarcolemmal excitability can also be 

determined by measuring the amplitude, duration, and/or area of the M-wave EMG response in 

the muscle elicited by NS. Central fatigue can be estimated through the ITT using NS delivered 

during an MVC and on the relaxed muscle to calculate the level of VA. TMS is used to stimulate 

regions of the motor cortex and to elicit a force and EMG response in the muscle of interest. VA 

can be determined with TMS delivered at different percentages of MVC to allow the calculation 

of an estimated resting twitch. Corticospinal excitability can be evaluated through the EMG 

response in the muscle to TMS, called the motor-evoked potential (MEP). Through the combined 

use of TMS, NS, and voluntary contractions it is possible to estimate the relative contribution of 

central and peripheral factors to fatigue from exercise, and propose possible underlying 

mechanisms. These methods will be explored further in the following sections.  

Historically, Mosso was one of the first physiologists to attempt to objectively measure 

fatigue using voluntary and evoked contractions. He even invented a device that he dubbed the 

“ergograph”, which was designed to isolate the hand and forearm and allow for the middle finger 

to be attached to a weight and recording apparatus via a string. The participant under study 

would be asked to contract their middle finger continuously to the beat of a metronome thereby 

lifting the weight and tracing the amplitude that the finger was lifted on a piece of paper through 

the recording apparatus. During the experiment the subject’s ability to lift the weight with their 

middle finger flexor muscles would decrease and the recorded amplitude would shrink 

accordingly until they could no longer perform the task. Mosso even experimented with 

electrical stimulation, carrying out the same experiment as described above except instead of the 

participant voluntarily contracting their middle finger he stimulated the medial nerve creating an 
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involuntary contraction to lift a 1 kg weight. He stated that he attempted to use electrical 

stimulation to lift a larger weight, “To make it raise three kilograms, so strong and powerful a 

current was required that I had not the heart to use it,” (p.101) (69). Although, early in his book 

he claims that the fatigue observed in the finger is only peripheral, he later acknowledges central 

contributions to fatigue. Mosso’s experiments represent the foundations of the NMF research 

field and the desire to measure fatigue. 

 

2.3.1!Interpolated twitch technique 

In 1954, Merton published his seminal paper on the measurement of central fatigue (60). 

Since Mosso, physiologists had remained unsure of how to quantify the central factors 

contributing to NMF. Merton designed an experiment to measure the VA and electrical 

stimulation of the adductor pollicis muscle (the muscle that returns the thumb to the plane of the 

hand). Subjects were asked to contract their thumb maximally and sub-maximally while the force 

of their contraction was recorded via a transducer. During each contraction, the participants were 

electrically stimulated with surface electrodes on the motor nerve of the adductor pollicis muscle, 

which produced a force response called a twitch. While performing a truly maximal contraction 

electrical stimulation resulted in no increase in force, but during sub-maximal contractions force 

increased with stimulation. Through this experiment, Merton demonstrated the inverse linear 

relationship of superimposed twitch (SIT) force with VA of the muscle. Therefore, as VA of the 

muscle approaches its maximum, SIT decreases. Merton’s ITT was mostly unused until 1981 

when it was applied in the dorsiflexor and plantarflexor muscles (9). Following this, the ITT 

became more widely used and formed the basis for the calculation of percent VA (32).  
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2.3.2!Voluntary Activation determined with electrical nerve stimulation 

VA can be defined as the level of neural drive that muscles receive from the central 

nervous system (32, 97). Using supramaximal electrical stimulation delivered to the peripheral 

nerve controlling the muscle of interest, a twitch can be superimposed during a voluntary 

contraction. The ratio of the SIT to the potentiated twitch in the relaxed muscle is used to 

calculate the percent VA (Equation 1) (10). Thus, the closer a contraction is to the true maximum 

capacity of the muscle, the higher the percent VA achieved. The postactivation potentiated 

twitch is used because it has been shown to be more sensitive indicator of peripheral fatigue than 

the unpotentiated resting twitch (47). If an unpotentiated twitch is used, this can lead to percent 

VAs that are artificially higher than when postactivation potentiated twitch is used. It is 

recommended that when measuring VA high-frequency potentiated doublets (e.g. 100 Hz) are 

used because they can help avoid VA calculation error when the stimulus is not delivered exactly 

on the force plateau during an MVC (74). There has been debate in the literature over whether 

the ITT provides a valid measure of VA because of its insensitivity near the point of maximum 

contraction, its lack of generalizability, and the non-linear relationship between SIT and 

voluntary force (21). However, these criticisms imply that VA calculated by the ITT is a precise 

or absolute indication of neural drive (88). Rather, the percent VA determined through the ITT is 

a semi-quantitative measure of neural drive in human experiments, sufficient for revealing 

changes to the neurophysiology from exercise (22). Regardless, percent VA determined through 

electrical NS remains the gold-standard measure in the literature for central fatigue and as an 

indicator of neural drive to the muscle (32, 65). 

Equation 1:   %VA= 1& ' SIT'
potentiated'twitch' ×100  
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2.3.3!Transcranial magnetic stimulation  

Since 1985, TMS has been used as a non-invasive, safe and relatively painless technique to 

investigate the motor cortex’s role in central fatigue (8). When activated, a TMS coil held over 

the motor cortex of a subject creates a short enduring magnetic field, which induces an electrical 

current that, with sufficient intensity, can depolarize the cell membranes of neurons. Stimulating 

a specific area of the motor cortex with TMS creates a MEP, measured by EMG, at the level of 

the relevant muscle, which is discussed further in the next section. A force response is also 

produced in the muscle of interest if the corticospinal pathway is sufficiently excitable, such as 

during a voluntary contraction. During an MVC a SIT evoked by TMS can indicate that 

supraspinal mechanisms are contributing to fatigue (33). TMS used in isolation can only identify 

corticospinal changes, but used in conjunction with NS or other spinal stimulation, the central 

nervous system can be divided into levels, allowing possible central sites of failure to be isolated.  

A limitation of VA determined by electrical NS is that it provides no indication of the 

source of deficient neural drive, be it spinal or supraspinal, but this issue can be solved via TMS 

(37). However, percent VA assessed with TMS is more complicated to determine than with 

electrical NS because it is not possible to evoke a resting twitch for comparison with the SIT 

elicited during an MVC. When a muscle is relaxed, the corticospinal pathway is not as excitable 

as when the muscle is contracting, thus TMS will not produce a resting twitch in the muscles of 

most subjects (61, 101). Todd et al. (96) proposed the extrapolation of the linear relationship 

between SIT and voluntary force between 50% and 100% of MVC to estimate the amplitude of 

the resting twitch that would be produced by TMS. Based on the most recent recommendations 

in the literature, only estimated resting twitches (ERT) with a significant linear relation and a 

regression value of r > 0.90 should be considered (97). The ERT values that meet this cut-off can 
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be used with the SIT to calculate the percent VA in the same way as if the twitch were evoked by 

NS (Equation 2). Originally applied in the elbow flexors, the validity and reliability of 

extrapolating the relationship between TMS-evoked SIT at 50, 75 and 100% of the MVC has 

also been confirmed in other muscles of the upper and lower limbs (35, 49, 80, 84). Therefore, 

the use of TMS to determine cortical VA can help further elucidate the origins of NMF.  

Equation 2:   %VA= 1& SIT'
ERT' ×100  

 

2.3.4!Electromyography measures 

Electrical or magnetic stimulation at the cortical or peripheral level can provide insight into 

NMF through the EMG response recorded from the muscle. The electrical activity recorded by 

EMG when a muscle is voluntarily contracted or artificially stimulated represents the sum of all 

action potentials propagating along the sarcolemma of the muscle fibres (61). The M-wave is an 

indicator of sarcolemma excitability, and is recorded by surface electrodes placed on the muscle 

of interest (65). To elicit an M-wave during an MVC the electrical NS intensity must be 

determined prior to the contraction. The stimulation intensity is determined by evoking a series 

of responses in the muscle of interest with progressively stronger electrical current until a plateau 

in twitch force and M-wave amplitude is achieved. To ensure the whole muscle of interest is 

being recruited, a supramaximal intensity of 120 to 150% of the plateau intensity is used (65). 

The M-wave amplitude, duration, or area from a single stimulation in a resting muscle or during 

and MVC can be determined, and used as an indicator of peripheral contributions to fatigue. 

Although, there are several factors (e.g. sweat, temperature) that can affect M-wave size, it has 

been suggested that with peripheral fatigue M-wave amplitude decreases, while duration and 
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area increase due to the slowing of action potential conduction velocity (13). However, in a 

review by Place et al., it was shown that changes to M-wave characteristics from exercise were 

task-dependent, but minimal (75). Of the 14 studies reviewed where prolonged isometric 

contractions were performed, only 4 showed a significant decrease in M-wave amplitude while 

the rest were unchanged. For the studies that involved prolonged cycling and running exercise, 

half reported significant decreases in M-wave amplitude and the rest remained unchanged (75). 

Interestingly, in many of the studies where M-wave properties were unchanged, the twitch force 

was significantly reduced. This suggests impairment within the muscle fibres, but no reduced 

sarcolemma excitability. Therefore, M-wave changes can indicate peripheral fatigue, but are not 

prerequisite for fatigue to be present. 

An indicator of central fatigue is the change in the ratio of maximal EMG response, 

usually root mean square (RMS), to the M-wave (RMS·M-wave-1) recorded during an MVC 

(62). The RMS is normalized to the peak M-wave to control for peripheral changes, and so that 

the measure can be used to indicate changes in maximal central motor drive from exercise (65). 

The RMS is usually assessed from a 100 to 500 ms period preceding the NS during an MVC (44, 

98). Generally, a reduction in RMS·M-wave-1 following exercise indicates central fatigue. 

Significant reductions in RMS·M-wave-1, recorded in the knee extensors, have been found after 

running sprints (98), prolonged running exercise (i.e. 30 and 165 km) (63, 67), but not in 

endurance skate skiing (i.e. 85 km) (64), further illustrating the task-dependency of fatigue.  

Other possible central indices of fatigue can be determined from EMG responses to TMS 

(37). As was mentioned previously, TMS elicits an excitatory response, measured at the level of 

the muscle with EMG, called a MEP. An inhibitory response that is also observed is the cortical 

silent period (CSP), which is an interruption of EMG activity following the TMS stimulus and 



 

18 

MEP (45). It is thought that inhibitory interneurons within the motor cortex, mediated by 

gamma-aminobutyric acid B-receptors, are responsible for the CSP (104). Like RMS, a MEP 

must be normalized to an M-wave evoked during the same contraction to account for any 

peripheral changes that occur due to exercise (MEP·M-wave-1). There is a lack of consensus in 

the literature for the method used to determine the CSP, but for the present paper it will be 

considered as the duration from the TMS stimulus to the resumption of continuous EMG (45). In 

a review by Gruet et al. (37), the general agreement in the literature was that both MEP and CSP 

were found to increase with fatigue from single-joint isometric exercise. However, in a study 

with approximately a half-hour of high-intensity cycling exercise, no changes to corticospinal 

excitability were found (81). A repeated running sprint protocol study also showed no change in 

MEP from pre to post-exercise (34), whereas a study on ultratrail athletes in a 110 km race 

showed a significant increase in MEP, but no change in CSP when using the optimal TMS 

intensity determined by the researchers (93). Changes in EMG are another method for gaining 

insight into the kinetics of NMF.   

 

2.4!Experimental set-ups for measuring fatigue 

Due to the challenges associated with measuring fatigue during real-world exercise, many 

studies have resorted to testing human subjects performing single-joint exercise in the laboratory 

setting (16). There are many studies on the upper and lower limbs investigating NMF in various 

muscles, however the focus of the present paper will be specifically on the knee extensors. The 

reason for selecting the knee extensors is because they are an important functional, and large 

locomotor muscle mass used in many activities of daily-living. There are generally three 

approaches for measuring fatigue of the knee extensors: 1) exclusive isometric exercise and 
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measurement, 2) combination of isokinetic exercise with isometric measurement, and 3) 

combination of ecological (i.e. cycling, running) exercise with isometric measurement. A 

common feature amongst all the studies investigating the knee extensors is the experimental set-

up used for isometric measurements. Each study has used some variation of a custom-built chair 

or modified dynamometer adjusted so that the subjects’ knees and hips are at a specified degree 

of flexion (typically 90°), and have a force transducer attached above the malleolus of one leg (6, 

30, 35, 44, 74, 80, 94, 102). It is not clear who first developed this experimental set-up, but 

Bigland-Ritchie et al. (12) cites a book from 1963 (99) as the origin of the “isometric chair”.  

 

2.4.1!The isometric chair 

The major advantage of the isometric chair is that it provides a controlled setting to 

perform reliable and instantaneous measurements of NMF from isometric exercise. While a 

subject is seated in an isometric chair their upper body is secured with non-compliant straps 

(seatbelts), to ensure minimal compensatory movement so that the only force measured is that 

produced almost exclusively by the knee extensors (Figure 3). The chair is typically adjusted so 

that the knee is at 90° of flexion and the force transducer height is set to run parallel with the 

knee extensors. Furthermore, the isometric chair provides a convenient set-up for electrically 

stimulating a subject’s femoral nerve to evoke involuntary contractions in the knee extensors. It 

is also possible to stimulate the subject’s motor cortex with TMS while using the isometric chair 

configuration. This well-established experimental set-up has been used in various protocols 

investigating different fatigue mechanisms and processes using voluntary and evoked 

contractions. Some studies have investigated central and peripheral fatigue from sustained 

isometric 2 min MVC (74), and from intermittent sub-maximal and maximal contractions 
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combined with electrically evoked contractions (6, 12, 30). Other studies have investigated 

corticospinal excitability and central fatigue from isometric exercise using TMS in the chair set-

up (7, 35, 44). It is also a safe experimental set-up for working with clinical populations with 

certain conditions, such as muscle function disorders, that may prohibit cycling or running 

exercise (5). The extensive use of the isometric chair in the literature shows that is a convenient 

tool for investigating different properties of fatigue in the knee extensors. However, a major 

disadvantage is that sitting in the isometric chair performing single-joint contractions is unlike 

any normal dynamic human activity, which limits its applicability to real-world exercise.  

 

Figure 3. A diagram of a typical isometric chair set-up. The subject is seated and secured with 

non-compliant straps, while the knees are flexed at 90°, and the right leg is attached to a force 

transducer bar. Knee extensor force is measured in the direction of the arrow. 
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2.4.2!Dynamic exercise 

Ecological exercise includes walking, running, cycling and lifting weights. As 

demonstrated by the task dependency concept, fatigue develops differently according to the type 

and intensity of the exercise, the muscles involved, and the conditions in which the activity is 

performed (26, 29, 43). Thus, it is likely the time-course of fatigue will be different in dynamic 

activity than in exclusively isometric exercise while in the chair set-up. Recent reviews have 

discussed the need for more research in models that better represent the decrements to human 

performance that occur due to fatigue from ecological activities (16, 27). A straightforward 

extension of the isometric chair set-up is the isokinetic dynamometer, which provides a reliable 

and controlled configuration for testing fatigue from dynamic exercise. Similar to the chair, 

subjects are seated and secured to the dynamometer, with a single leg attached to a force 

transducer above the malleolus. However, the force transducer is a mobile lever arm that can 

rotate at a constant velocity set by the researcher. This experimental set-up has been used in 

some recent studies to investigate endurance (3, 72), self-paced high-intensity exercise (31), and 

exercise of different durations (29). A benefit of the isokinetic dynamometer is that, if desired, it 

can be switched to isometric mode almost instantaneously (< 2 s) to perform fatigue assessment 

(3, 29, 30). Still, exercise on the dynamometer is typically only in one leg, which may not be the 

best model of ecological exercise. Indeed, there is evidence to suggest that exercise in a single-

limb may induce a greater level of fatigue than exercise with two limbs (58, 76). Therefore, the 

best model of ecological exercise may be ecological exercise itself, however there is the problem 

of rapid recovery.  
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2.4.3!The recovery problem 

Fatigue develops progressively from the moment exercise is started until it is ended, and 

recovery begins immediately thereafter. Although, measuring fatigue from ecological exercise is 

ideal because it is most applicable to real-world situations, it is a challenging environment for 

assessing neuromuscular function. Many studies have investigated fatigue, measured at the knee 

extensors, from real-world exercise including sprinting (34, 98), endurance skiing (64), medium-

distance running (63), ultra-marathon (67, 93), and changes in strength after ultra-extreme 

running (i.e. 8,500 km) (66). Knee extensor fatigue from cycling has also been studied, and 

stationary cycling can provide a convenient experimental set-up performed in a laboratory setting 

(35, 42, 82, 94, 103). However, the common problem amongst all these studies investigating 

fatigue from locomotor exercise is the time delay, from 30 s (98) to over 1 h (93), between 

finishing the activity and installation of the subject on the isometric chair or isokinetic 

dynamometer. This is problematic because it has been shown that knee extensor MVC can 

recover by nearly 20 %, and twitch by 30 % in the first 2 min immediately after ceasing exercise 

(31). Also, MEP and CSP have been shown to recover significantly within the first 5 to 10 s after 

exercise (89). A recent review of the literature was devoted entirely to the topic of fast recovery 

after exercise, and highlighted the current lack of understanding of the time-course of recovery 

from fatigue (18). Due to the limitations of current experimental set-ups that result in a time-

delay after exercise until measurement, it is likely that the level of fatigue following activity is 

underestimated. In addition, in order to understand the time-course of fatigue and recovery from 

exercise, and the factors leading to exhaustion, neuromuscular assessment must be performed 

immediately at exercise termination. 
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2.5!Attempts to overcome the time-delay 

The recognition of the importance of measuring fatigue immediately after exercise has led 

to a series of different cycling ergometer set-ups being developed, over the last seven years, to 

overcome the time-delay limitation (20, 56, 73, 81, 83). These cycling configurations were 

designed to allow measurement of different fatigue parameters to start more quickly during and 

after exercise. Although, each of the ergometers has advantages, none permits measurement of 

voluntary and evoked force fatigue parameters combined with EMG to start instantly (< 1 s) after 

exercise.  

Pearcey et al. (73) used an experimental set-up where they still transferred subjects from a 

cycling ergometer to a chair, but in one of the fastest reported times that could be found in the 

literature (< 20 s). On the cycling ergometer subjects performed a series of 5 intermittent sprints 

followed by an isometric assessment on a chair, including an MVC and NS, followed by another 

5 sprints, and then a final assessment. The authors sought as small a time-delay as possible, and 

report that the transfer from bike to chair was less than 20 s, which is faster than most other 

studies investigating ecological exercise. Incorporating the traditional isometric measures of 

fatigue with power measures from the sprints, allowed the authors to conclude that after the first 

set of sprints, the fatigue was primarily peripheral, but after the second set there was indication 

of central fatigue as well. Despite this study having a small time-delay between exercise 

cessation and measurement, it is still significant enough for recovery from fatigue, especially 

central parameters, to occur. 

A 2012 study from Sidhu et al. (81) described a cycling ergometer where electrical NS 

and TMS were delivered while subjects were still cycling. The ergometer incorporates a standard 

stationary bicycle attached to a custom-built table that the subject can lean on and stabilize their 
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chin for consistent TMS application. Although, this study did not involve any traditional 

isometric measures of force, the knee extensors EMG response to TMS and NS was recorded 

every 3 min while the subjects continued to cycle during a fatiguing protocol. The results showed 

that corticospinal excitability, determined from MEP amplitude, remained unchanged throughout 

the cycling protocol. Surprisingly, even at the end of the cycling protocol when the resistance 

was increased to 110% of the subject’s predetermined maximum aerobic power, there was still 

no increase in corticospinal excitability. The approach of stimulating the subject during activity 

was previously used in arm-cycling (17), but was novel for cycling with the legs. However, the 

authors did note that stimulating the subjects while they were cycling was challenging, stating 

that, “electrical stimulation of the nerve tended to cause considerable disruption to the normal 

activation pattern during cycling”. This experimental set-up is novel because it allows 

stimulation during a dynamic activity with large muscle mass, but lacks force measurements to 

make further conclusions about the level of peripheral and central fatigue from the cycling 

exercise. 

Marcora and Staiano (56) used an ergometer set-up where they measured maximum 

voluntary power pre and post-exercise. The authors had a group of rugby players perform a 

cadence-independent cycling test to task failure at 80% of their maximal aerobic power (mean 

242 W). When the subjects could no longer maintain a cadence above 40 rpm they were stopped 

and the ergometer was switched from loaded to unloaded mode within 3 to 4 s. The participants 

then performed a maximal voluntary power test over 5 s on the unloaded ergometer reaching a 

mean cadence of 108 rpm and mean power of 731 W. The authors concluded that because the 

maximum voluntary power was so much greater only a few seconds after task failure at 

maximum aerobic power, that this is evidence of “task disengagement” and that muscle fatigue 
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was unlikely. This resulted in some controversy, with a letter from Burnley (15) questioning the 

validity of the authors’ conclusions citing a failure to consider the power-velocity relationship. 

The parabolic shape of the power-velocity relationship shows that just by pedaling at a higher 

velocity (i.e. 108 rpm after exercise vs. 40 rpm at task failure) the maximal voluntary power will 

be greater, regardless if peripheral fatigue is present or not. The point raised by Burnley was 

further supported by Allen and Westerblad (1), who also explained that the 3 to 4 s delay 

between loaded and unloaded cycling is enough for significant recovery from fatigue. Further 

evidence to contradict the conclusions of the paper was provided by MacIntosh and Fletcher who 

discussed the linear torque-velocity relationship, which shows that, when fatigued, cycling at 

discrete cadences between 60 and 100 rpm produces power outputs on the plateau of the power-

velocity relationship (51, 52). Although, it would be ideal to measure fatigue completely in 

dynamic mode using an ergometer, voluntary and evoked force measured isometrically is still, 

arguably, the gold-standard for making conclusions about central and peripheral fatigue.  

Coelho et al. (20) performed a similar protocol to the previous study, but controlled for the 

contraction velocity. The authors used a cycling ergometer that could switch from cadence-

independent cycling to isokinetic mode within 2 s, similar to a dynamometer that can switch 

exercise modes. The subjects performed an incremental ramp test in hyperbolic mode until task 

failure when the ergometer was instantaneously switched to isokinetic mode for a 5 s maximal 

power assessment at 70 rpm. This isokinetic power assessment was repeated once every minute 

until peak power was similar to baseline isokinetic power. Unlike the study from Marcora and 

Staiano, an approximate 45% reduction in peak isokinetic power was found immediately after 

task failure. The authors also noted a fast recovery in power following task failure, with values 

returning to baseline levels at 2 min after task failure. No traditional force measurements of 
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central and peripheral fatigue were conducted, but the authors found a reproducible linear 

relationship between the EMG during cycling and peak power at baseline, which they argued, 

could be used as a measure of fatigue. Specifically, they reasoned that a departure from the 

baseline (fatigue-free state) during or after cycling, could be due to reduced neural drive 

“activation fatigue”, or reduced power at a given level of muscle activity “muscle fatigue”. This 

study provides an experimental set-up and protocol for measuring reductions in power, and 

possibly fatigue, completely in dynamic mode, but still lacks the voluntary and evoked 

contractions needed to quantify central and peripheral fatigue. 

A cycling ergometer designed by Siegler et al. permits the measurement of rate of force 

development and isometric MVC, albeit with an unconventional technique (83). Subjects 

completed a series of 30 s sprints at 120% of their maximal aerobic power, interspersed with 30 s 

recovery periods until task failure. At the start of each recovery period the subjects performed a 

rapid isometric MVC from which the maximal rate of force development was determined. The 

experimental set-up consisted of a standard stationary bicycle which was adjusted to the 

subjects’ normal cycling posture, and a harness that secured them to the floor and wall to prevent 

any compensatory movement. The moment the sprint was finished a custom-built box equipped 

with a force transducer was placed beneath the crank arm and right pedal, and the participants 

were instructed to push “directly down” for the MVC (see (83) for a figure). This is different 

than traditional studies measuring MVC in the knee extensors, where a force transducer runs 

parallel to the quadriceps to measure the force produced from the isometric extension exercise. 

Based off the description provided by the authors in this study, it appears the custom-built box is 

acting like a force plate that they are pushing down on through the bike pedal. This type of 

contraction would not only recruit the knee extensors, but likely the hip extensors and plantar 
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flexors as well. The authors report that they measured EMG for the right vastus lateralis (VL), 

vastus medialis (VM), biceps femoris (BF), and gluteus maximus, but only reported results for 

the VL and VM, which remained constant throughout the test. The advantage of this set-up is 

that the subject can position themselves on the bike like they normally would, however it does 

not permit the preferential recruitment of the knee extensors during isometric contractions and 

thus would not be appropriate for evoking contractions with NS or TMS. Furthermore, it took 

between 5 and 8 s to install the box under the crank after each sprint, which is enough time to 

allow for substantial recovery from fatigue. 

  

2.6!Summary 

Despite over a century of research, fatigue and recovery from exercise is still not fully 

understood. Although, single-limb experiments have produced insights into the time-course of 

fatigue and recovery from it, it has been challenging to implement similar protocols in dynamic 

and ecological models of exercise. The fast recovery from fatigue combined with time-delays 

between exercise cessation and neuromuscular measurements have resulted in consistent 

underestimation of the true level of fatigue after exercise. Studies using cycling ergometers to 

overcome these limitations have made progress, but have not completely solved the problem. 

Therefore, there is a need in the literature for an experimental set-up that allows for truly 

instantaneous NMF and function assessment after exercise. The cycling ergometer presented in 

the next chapter was designed to fill this need.  



 

28 

Chapter Three:!Reliability Study  

 

An innovative ergometer to measure neuromuscular fatigue 

immediately after cycling 

Douglas Doyle-Baker, John Temesi, Mary E Medysky, Robert J Holash, Guillaume Y 

Millet* 

 

 

 

 

 

 

 

  



 

29 

3.1!Abstract  

Purpose: When assessing NMF from dynamic exercise in large muscle mass (e.g. cycling), most 

studies have delayed measurement for 1-4 min after exercise. This study aimed to determine the 

reliability of an innovative ergometer permitting cycling and then isometric fatigue measurement 

within 1 s after cycling cessation and compare results to traditional NMF measurements.  

Methods: Twelve subjects participated in two experimental exercise sessions. Knee extensor 

NMF was assessed by electrical NS and TMS with both a traditional chair set-up (PRE and 

POST-Chair, 2 min post-exercise) and the new cycling ergometer (PRE, every 3 min during 

incremental exercise and POST-Bike, at task failure). 

Results: The reduction in MVC force POST-Bike (63 ± 16% PRE; P < 0.0001) was not different 

between sessions and there was excellent relative and absolute reliability at PRE (ICC = 0.97; 

CV = 3.2%) and POST-Bike. Evoked twitch (Tw) and high-frequency paired-pulse (Db100) 

forces decreased to 53 ± 14 and 61 ± 10% PRE, respectively (P < 0.0001). Both showed 

excellent reliability at PRE (ICC = 0.97, CV = 5.2% for Tw; ICC = 0.90, CV = 7.3% for Db100) 

and in fatigued conditions. VL and rectus femoris (RF) M-wave and normalized MEP areas 

showed good to excellent relative reliability (ICC = 0.45 to 0.88). The reduction in MVC and 

Db100 was greater on the cycling ergometer than the isometric chair.  

Conclusion: The innovative cycling ergometer is a reliable tool to assess NMF during and 

immediately post-exercise. This will allow fatigue etiology during dynamic exercise with a large 

muscle mass to be revisited in various athletic and clinical populations and environmental 

conditions. 

Keywords: central nervous system, electrical nerve stimulation, knee extensor muscles, 

transcranial magnetic stimulation.   
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3.2!Introduction 

Fatigue is a complex phenomenon with multiple possible definitions (e.g. increased rating 

of perceived exertion or energy cost), but is usually defined as a decrease in MVC force (32). 

From a physiological perspective, fatigue can originate at several potential sites that are typically 

classified as being proximal (central fatigue) or distal (peripheral fatigue) to the neuromuscular 

junction (32, 75). Central fatigue is an alteration within the central nervous system leading to a 

de-recruitment of motor units and/or a decrease of the discharge frequency below the frequency 

of tetanic fusion, both factors leading to force decline. Current knowledge on the origins of 

peripheral fatigue after endurance exercise suggests that such exercise could impair the action 

potential transmission along the sarcolemma, the excitation-contraction coupling, and the actin-

myosin interaction. Central and peripheral fatigue are sometimes independent (e.g. peripheral 

fatigue can occur without central fatigue) but they usually interact, with their relative 

contributions depending largely on the type of exercise investigated (29, 94). 

Many studies have attempted to objectively measure NMF in humans using a combination 

of EMG and force measurements during voluntary contractions as well as electrical NS and TMS 

(65). While the magnitude and etiology of fatigue depend on the exercise under consideration, 

i.e. the so-called task-dependency, fatigue is often studied using single-joint isometric exercises. 

Yet many sports, daily-living activities, and training or rehabilitation techniques (e.g. walking, 

cycling, running, weight training) involve dynamic exercise with a large muscle mass. There are 

well-known differences between single-limb and whole-body exercises in terms of 

cardiovascular limitations (as shown by larger cardiopulmonary responses when exercising with 

a large muscle mass) or peripheral vs central fatigue (e.g. (77)). Indeed, Rossman et al. (77) 

suggested that when exercising a small muscle mass, the central nervous system tolerates a 
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greater magnitude of peripheral fatigue and likely a greater intramuscular metabolic disturbance. 

Therefore, investigations of fatigue in whole-body dynamic exercise are directly applicable to 

real-world settings. 

Thus, there is a need for specificity in testing peripheral and central fatigue both during and 

immediately after such exercises. Many studies, including our own work, have measured knee-

extensor fatigue due to cycling by exercising the subjects on a standard stationary bicycle and 

then transferring the subjects to a specialized chair to isometrically measure central and 

peripheral fatigue (e.g. (42, 50, 77, 94)). However, time, usually minutes rather than seconds, is 

required for the transfer. This is problematic because strength (i.e. force during MVC), VA, and 

muscle contractile properties recover rapidly after short-duration exercise. For instance, 

significant recovery in skeletal muscle function has been shown to occur within the first 1–2 min 

after exercise (31). Similar to peripheral factors, central factors are affected if a short time-delay 

exists between exercise termination and measurement. Changes to EMG parameters elicited by 

single-pulse TMS, the MEP and CSP, occur within a few seconds after the end of exercise (89). 

Thus, measurements of muscle function must be performed immediately after exercise 

termination. Consequently, previous studies have likely underestimated the magnitude of NMF 

development during exercise and have not examined the changes in corticospinal parameters in a 

timely manner. In other words, previous studies have not been able to adequately examine the 

causes of exercise termination (see (18) for a recent review). In addition, the time-course of 

central and peripheral fatigue responses during cycling is usually not measured with traditional 

set-ups, which does not allow determination of the respective contributions of central and 

peripheral factors at any given point of a fatiguing task. 
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To address these important issues, we developed an innovative cycling ergometer that can 

switch from cycling (i.e. fatiguing exercise) to isometric mode (i.e. for NMF measurement) 

within 1 s. By adapting a new fatigue protocol that was recently validated on an isometric chair 

(6) to this innovative ergometer, we are proposing to assess for the first time the kinetics of 

fatigue in cycling without any time delay. Thus, the goal of the present experiment was (i) to 

assess the feasibility and reliability of the innovative cycling ergometer during an incremental 

fatigue test, and (ii) to compare the fatigue outcomes from this new test with the classic way of 

measuring fatigue, i.e. by moving the subject from a stationary bicycle to an isometric chair and 

testing them 2-min post-exercise. 

 

3.3!Methods 

3.3.1!Participants 

Twelve healthy young adults (6 men and 6 women; mean ± SD: age, 26 ± 5 years; body 

mass, 69 ± 10 kg; height, 175 ± 9 cm) participated in this study. No participants had 

musculoskeletal or cardiorespiratory conditions. Participants were informed of the experimental 

protocol and all associated risks prior to giving written informed consent. All procedures 

conformed to the Tri-Council Policy Statement and were approved by the University of Calgary 

Conjoint Health Research Ethics Board (REB13-1104).  

 

3.3.2!Experimental Design 

All procedures were conducted in an environmentally-controlled laboratory (i.e. 

temperature ~21°C, relative humidity ~35%) at a similar time of the day for each subject. 

Participants were instructed to refrain from vigorous physical activity for at least 24 h prior to 
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each testing session. Pre- and post-exercise measurements were taken in the traditional isometric 

chair set-up, and pre-, during and post-exercise measurements were taken on the innovative 

cycling ergometer (experimental set-ups described below).  

 

3.3.3!Traditional isometric chair 

Subjects sat on a customized chair secured by chest and hip straps with knees and hips 

flexed at approximately 90°. The right ankle was attached to a force transducer (LC101-2K, 

Omegadyne, Sunbury, OH) parallel with the knee extensors. Visual feedback of the force 

produced by the subject was projected on a computer monitor placed in front of the subject. 

During all measurements, the subjects were instructed to place their hands across their chest. The 

chair was set up the same way for each subject during each test. 

 

3.3.4!Innovative cycling ergometer 

Subjects cycled and performed voluntary isometric knee extension on a custom-built 

recumbent cycling ergometer (Figure 4A) with electromagnetically-braked Velotron system 

(Racermate Inc, Seattle, WA) and powered by Velotron Coaching Software (Racermate Inc). 

The cycling ergometer permitted the pedals to be locked instantly in a fixed position. Both the 

height and fore-aft position of the cycling ergometer seat were adjusted such that subjects could 

cycle comfortably. When the pedals were locked, hip angle was approximately 100° and right 

knee and ankle angles were approximately 90°. Subjects were also secured at the hip and chest 

with non-compliant straps. Isometric force was measured during voluntary and evoked 

contractions by a previously validated (85) wireless PowerForce pedal force analysis system 

(Model PF1.0.0, Radlabor GmbH, Freiburg, Germany) located between the pedal and crank. 
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Force was sampled at 500 Hz and recorded using Imago Record (version 8.50, Radlabor GmbH) 

software. When the pedals were locked in position, the cranks were parallel to the ground. 

Subjects were instructed to lock their ankle and push their foot forward such that the knee 

extensors were preferentially activated and force was measured in line with the crank. To 

provide real-time visual force feedback, the PowerForce signal was transmitted to a PowerLab 

system (16/35, ADInstruments, Bella Vista, Australia) using a National Instruments 16 bit A/D 

card (NI PCI-6229, National Instruments, Austin, TX) and connector block (BNC-2111, 

National Instruments) and displayed on a large computer monitor positioned in front of the 

subject. The data recorded using Imago Record was analyzed offline using Labchart 8 software 

(ADInstruments). 

 

3.3.5!Electromyography 

Electromyographic activity of the right knee extensors, VL, RF and BF, was recorded 

with pairs of self-adhesive surface (10-mm recording diameter) electrodes (Meditrace 100, 

Covidien, Mansfield, MA) in bipolar configuration with a 30-mm inter-electrode distance and 

the reference on the patella. A low impedance (< 10 kΩ) between electrodes was obtained by 

shaving and gently abrading the skin and then cleaning it with isopropyl alcohol and the 

electrodes were taped to the skin to ensure they would stay in place for the duration of the 

experiment. EMG signals were analog-to-digitally converted at a sampling rate of 2000 Hz by 

PowerLab system (16/35, ADInstruments) and octal bio-amplifier (ML138, ADInstruments; 

common mode rejection ratio = 85 dB, gain = 500) with bandpass filter (5-500 Hz) and analyzed 

offline using Labchart 8 software (ADInstruments). 
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Figure 4. Ergometer used for the cycling bouts and to assess NMF isometrically with a lockable 

pedal position (panel A), schematic overview of the experimental protocol (panel B), schematic 

overview of the neuromuscular assessment before, during and after the cycling exercise (panel 

C), and representative traces of individual SIT and evoked forces on relaxed muscle on the 

innovative cycling ergometer (panel D).  



 

36 

3.3.6!Femoral nerve electrical stimulation 

To determine stimulation intensity subjects were seated in the isometric chair while 

single electrical stimuli (1-ms duration) were delivered incrementally to the femoral nerve until 

plateaus in twitch and maximal M-wave amplitudes were reached. The stimuli were delivered via 

constant-current stimulator (DS7A, Digitimer, Welwyn Garden City, Hertfordshire, UK) to the 

right femoral nerve via a cathode electrode (10-mm stimulating diameter; Meditrace 100, 

Covidien) secured with tape in the inguinal triangle and 50 × 90 mm rectangular anode electrode 

(Durastick Plus, DJO Global, Vista, CA) in the gluteal fold. The subjects were instructed to relax 

fully when the stimulation was delivered. Supramaximal stimulation at 130% of the plateau 

intensity was delivered to ensure maximal twitch and M-wave amplitudes. The mean stimulus 

intensity used during session 1 was 171 ± 75 mA and session 2 was 151 ± 67 mA (P > 0.05). 

 

3.3.7!Transcranial magnetic stimulation 

The TMS stimulation site was determined while the subject was seated in the isometric 

chair and contracting the knee extensors at 20% of their MVC. All subjects wore a nylon 

swimming cap and had the vertex of the head marked with a nonpermanent marker. The vertex 

was determined by measuring the intersection between the midpoints of the preauricular distance 

and distance between the nasion and inion. To reduce head and neck movements, the subjects 

wore a cervical collar throughout the experiment. Starting from the vertex, three sites were tested 

with TMS stimulation moving the coil in 1 cm increments posteriorly from the vertex and 

marking the sites on the swimming cap. At each site a single TMS pulse (1-ms duration) was 

delivered while contracting at 20% of the warm-up MVC using a 110-mm double-cone coil 

powered by a Magstim 2002 stimulator (The Magstim Company, Whitland, UK) and inducing a 
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posteroanterior current in the brain. Three more sites were tested by starting from the vertex and 

moving the coil 1 cm laterally over the left motor cortex and then again moving posteriorly in 1 

cm increments, while marking the sites on the cap. The stimulation site that produced the largest 

MEPs in the VL and RF was chosen and marked on the swim cap so that it could be replicated 

for the rest of the experiment.  

To determine the TMS stimulation intensity the subject was asked to voluntarily contract 

their knee extensors to meet a force target displayed on a computer monitor set at 20% of their 

warm-up MVC. The subject was stimulated at the determined site while they contracted four 

separate times at seven randomly ordered intensities (i.e. 20, 30, 40, 50, 60, 70 and 80% of 

maximal stimulator output). A response curve was produced from these stimulations and the 

intensity where the force of contraction plateaued was chosen (92). The mean stimulus intensity 

used during session 1 and 2 was 62 ± 13 and 61 ± 15%, respectively, of the maximal stimulator 

output (P > 0.05). 

 

3.3.8!Protocol 

The testing protocol consisted of a familiarization session and two testing sessions 

(Sessions 1 and 2) that were completed within a 4-week period. The familiarization session 

allowed the subjects to experience MVCs on the cycling ergometer and chair, femoral NS, TMS, 

and transitions from cycling to “locked pedal” mode (see Figure 4A). Sessions 1 and 2 were 

identical and consisted of the experimental protocol outlined in Figure 4B.  

At the start of sessions 1 and 2 a standardized warm-up was performed on the isometric 

chair consisting of five 5-s submaximal contractions of the knee extensors at 10 and 30% of the 
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subject’s MVC, followed by three 5-s contractions at 50% MVC, one near-maximal contraction, 

and finally one MVC. 

The first pre-test measurements consisted of a 5-s isometric knee extensor MVC with 

superimposed femoral nerve electrical stimulation (100-Hz paired pulse) at maximal force, 

followed by three more stimuli in the relaxed muscle spaced 3 s apart (100-Hz and 10-Hz paired 

pulse and single pulse). This pre-test series was repeated a second time 2 min later. If there was > 

5% difference in maximal force a third MVC was performed. The second pre-test measurements 

consisted of a sustained isometric knee extensor contraction with real-time visual feedback of 

force production projected on a computer screen in front of the subject. When the subject 

performed an MVC and reached maximal force a single TMS pulse was delivered. Once the 

subject returned to maximal force the femoral nerve was stimulated (single stimulus). 

Following the pre-test measurements on the isometric chair, the subject was moved to the 

cycling ergometer. Two pre-test series identical to those performed on the isometric chair were 

conducted on the cycling ergometer and then the cycling test began. The subjects pedaled at pre-

determined power outputs scaled to their body mass that increased every 3-min stage. More 

precisely, the power output was 0.3 W/kg for the first stage and then increased by 0.3 W/kg for 

the next 4 stages, by 0.4 W/kg for the following 5 stages and by 0.5 W/kg for all subsequent 

stages (Figure 4B). At the end of every 3-min stage the pedals were locked instantaneously so 

that the subject’s right knee was at a 90° angle allowing them to perform an isometric contraction 

of the right knee extensors. The same measurements performed in the pre-test were repeated 

during a 30-s interval between stages (Figure 4C). After the measurements were taken, the pedals 

were immediately unlocked allowing the subject to resume cycling at the predetermined higher 

power output. For all exercise tests, participants were blinded to elapsed time and power output, 
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receiving visual feedback only for pedal cadence with the instruction to maintain a cadence 

between 60 and 80 rpm. Power output was increased after every 3-min stage and 30-s 

measurement interval until the subjects could no longer sustain a cadence above 60 rpm. 

One post-test measurement series took place immediately after cycling task failure, 

before moving the subject from the cycling ergometer back to the isometric chair. Exactly 2 min 

after exercise cessation on the cycling ergometer a final post-test measurement was performed on 

the isometric chair. 

 

3.3.9!Data Analysis 

Maximal voluntary force was always measured from the first MVC in the testing series. 

The pre-test maximal force was defined as the highest MVC force value taken from the two 

MVCs prior to the cycling bout. VA was determined by twitch interpolation using the 

superimposed and potentiated doublet amplitudes elicited by 100-Hz paired-pulse femoral nerve 

electrical stimulation during and after the MVC and calculated from Equation 1. 

Equation 1: VA= 1- Superimposed Db100'
Db100' ×100'

M-wave peak-to-peak area was calculated from EMG responses to single femoral nerve 

electrical stimulation in the relaxed muscle state. MEP and M-wave areas were also determined 

from the EMG responses to the TMS pulses delivered during the second MVC and MEPs are 

reported normalized to the M-wave during MVC (MEP/Msup). CSP was determined manually 

by an experienced investigator with its onset defined as the TMS stimulator discharge and the 

offset as the resumption of the voluntary EMG signal (90). 
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Indices of peripheral fatigue included potentiated twitch amplitude (Tw, N), 100-Hz 

potentiated doublet amplitude (Db100, N), and 10-Hz potentiated doublet amplitude normalized 

to Db100 (Db10:100). The presence of low-frequency fatigue was evaluated from the change in 

Db10:100 (102).  

Data from neuromuscular parameters were considered for the following time points: pre-

exercise (PRE), the last common cycling stage achieved amongst all participants (Stage 7), 

immediately post-exercise (POST-Bike, on the cycling ergometer), 2 min post-exercise (POST-

Chair, on the chair). 

 

3.3.10!Statistical Analyses 

All data are reported as mean ± standard deviation (SD). Normality was confirmed using 

Shapiro-Wilk’s test and the homogeneity of variances was determined with Levene’s test. To 

compare variables between the first and second cycling sessions a repeated measures ANOVA 

was used (time × session) either from PRE to Stage 7 or PRE to POST-Bike. A Bonferonni 

pairwise comparison was used for post-hoc analysis if an ANOVA indicated a significant main 

effect or interaction. Independent t-tests were performed to test the difference in the mean 

relative changes at POST on the cycling ergometer versus the traditional isometric chair. The 

power of significant main effects was computed as partial eta squared (η2). As recommended by 

Hopkins (39), relative reliability was assessed with a mixed-model intra-class correlation 

coefficient (ICC3,1) at the 95% confidence level. An ICC > 0.75 represents excellent reliability, 

from 0.40 to 0.74 represents good reliability, and an ICC < 0.40 represents poor reliability (28). 

ICC was not calculated for VA due to a ceiling effect, which occurs when there is little 

variability in the scores of all subjects as they approach the maximum possible value (95). 
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Absolute reliability was determined with typical error expressed as coefficients of variation (CV) 

± 95% confidence interval. Both ICCs and CVs were calculated using the online spreadsheet 

created by Hopkins (40). Statistical significance was set as P < 0.05 for all tests. 

 

3.4!Results 

3.4.1!Subject Data 

The mean number of cycling stages completed by the 12 subjects was 9.9 ± 2.0 (range: 7 

– 13) in session 1 and 9.8 ± 1.9 (range: 7 – 13) in session 2 (P > 0.05). All subjects completed 

the same number of stages for both sessions 1 and 2, except for two subjects who failed to 

complete a single stage earlier or later in the second session, respectively. Stage 7 was the last 

common stage completed amongst all the subjects in both sessions and as such, was used to 

examine fatigue for a given workload.  

 

3.4.2!Reliability of force measured before exercise 

The results for reliability of absolute PRE force measures are presented in Table 1 

including mean values and percent change in mean values for each session. Between-session 

relative reliability was excellent for all measures on the cycling ergometer, with ICCs ranging 

from 0.90 for 100-Hz doublet force to 0.97 for MVC force. Absolute reliability on the cycling 

ergometer was excellent, with CVs < 5.2% for all measured parameters. Overall the ICCs and 

CVs of the parameters collected on the cycling ergometer were similar to those found on the 

isometric chair (Table 1). No significant differences were found between sessions for MVC and 

evoked force responses measured at PRE for either the cycling ergometer or the isometric chair 

(P > 0.05 in all cases).  
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3.4.3!Force outcome measures during the cycling test 

There were no statistically significant main effects between sessions (all P > 0.05) or 

session × time interactions for MVC or any evoked force outcomes (all P > 0.05). The repeated 

measures ANOVA for MVCs during the cycling test showed a statistically significant main 

effect for time (P < 0.0001) with a large effect size (η2 = 0.84). MVCs decreased continuously 

throughout the test (Figure 5A) and pairwise comparisons indicate that compared to MVC PRE, 

there was a significant difference from Stage 4 onwards (P = 0.01).  

Figure 5B shows VA measurements throughout the cycling test. There was a statistically 

significant time effect (P < 0.01). Reliability results of VA for both the cycling ergometer and 

isometric chair are displayed in Table 1.  

There was a significant decrease in Db100 force after Stage 7 (P = 0.01). The time effect 

was also significant across all other measures for peripheral indices of fatigue (all P < 0.0001), 

with a significant decrease from PRE in both Tw force (P = 0.01), and Db10:100 (P < 0.0001) 

after one stage, and seven stages of cycling respectively.  

The reliability of force measures at Stage 7, the last common cycling stage amongst all 

subjects, and at POST-Bike for the cycling ergometer and isometric chair are presented in Table 

1. Between-session reliability was excellent for all cycling ergometer measurements made at 

Stage 7 with ICCs ranging from 0.83 for MVC to 0.91 for Db10:100. At POST-Bike, all ICC 

values were within the good to excellent range on the cycling ergometer (0.62 to 0.91), as well as 

on the isometric chair (0.70 to 0.80). The CV values for all parameters at Stage 7 and POST-Bike 

were higher than at PRE and ranged from 4.0 to 11.9%. There were no significant differences in 

force values between the sessions for either the cycling ergometer at Stage 7 and POST-Bike or 

the isometric chair at POST (P > 0.05 in all cases). 
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Figure 5. Volitional and evoked knee extensors force and VA during the cycling ergometer tests 

in sessions 1 and 2. Maximal voluntary contraction (MVC, panel A), voluntary activation (VA, 

panel B), 100-Hz doublet evoked force (Db100, panel C), twitch force (Tw, panel D), 10 Hz to 

100 Hz doublet ratio (Db 10:100, panel E). All values that are significantly different from PRE 

are denoted with * (P < 0.05).  
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3.4.4!Comparison of force outcome measures on the cycling ergometer and isometric chair 

There was a greater reduction (P = 0.02, η2 = 0.21) of mean MVC measured on the 

cycling ergometer at POST-Bike (62 ± 11% PRE) in comparison to that measured on the 

isometric chair 2 min later (71 ± 12% PRE). The reduction in Db100 force from PRE to POST-

Bike was also greater (P < 0.0001, η2 = 0.26) on the cycling ergometer (61 ± 8% PRE) than at 

POST-Chair (75 ± 11% PRE). Surprisingly, Db10:100 decreased (P < 0.0001, η2 = 0.73) from 

the time when it was measured at POST-Bike (0.77 ± 0.10) to when it was measured at POST-

Chair (0.63 ± 0.11). There was no statistically significant difference between Tw measured at 

POST-Bike on the cycling ergometer and POST on the isometric chair (P = 0.77, η2 = 0.002). 

 

3.4.5!Electromyography outcome measures 

Figure 6 shows the changes in M-waves, MEPs, and CSPs over the course of the cycling 

test. No significant differences were found between sessions for either muscle for M-waves or 

MEPs (P > 0.05). Mean results and percent change in mean for VL and RF MEP areas, CSP, and 

M-wave areas measured in resting muscle, along with their respective reliability outcomes, are 

displayed in Table 2. There was a significant increase over time for M-wave area in the VL from 

PRE to POST-Bike, but there was no significant change in the RF (P = 0.15). Also, there was no 

significant time effect for VL or RF MEPs (P > 0.05).  

The absolute and relative reliabilities of M-wave area in the VL at PRE were comparable 

between the isometric chair and the cycling ergometer (CVs of 14.3 and 14.8% and ICCs of 0.61 

and 0.50, respectively). All MEPs measured at PRE had good to excellent relative reliability, 

with cycling ergometer ICCs of 0.88 and 0.79, and good to excellent relative reliability on the 

isometric chair with ICCs of 0.66 and 0.88, in the VL and RF, respectively. MEP and M-wave 
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areas from Stage 7 on the cycling ergometer showed good to excellent relative reliability with 

ICCs ranging from 0.51 to 0.77 as well as low CVs for M-wave areas (4.7 and 5.2% for VL and 

RF, respectively). At POST-Bike and POST-Chair, there was comparable absolute reliability in 

M-wave areas, with all CVs ranging between 5.1 and 7.3%. All post-exercise M-wave and MEP 

ICCs were good to excellent (0.45 to 0.76). 

MEP areas of BF were minimal at PRE, i.e. 0.0065 ± 0.0064 mV!s (i.e. < 6% and ~10% of 

VL and RF MEP areas, respectively), and did not change during the protocol (i.e. 0.0058 ± 

0.0074 mV!s at POST-Bike, P = 0.10). 

CSP measured in the VL and RF did not change over time (P > 0.05) and were not 

different between the two sessions (VL: P = 0.58; RF: P = 0.60). Measures of CSP on the 

cycling ergometer had excellent relative reliability at PRE (ICC: VL = 0.86, RF = 0.86) and poor 

relative reliability at Stage 7 (ICC: VL = 0.34, RF = 0.34) and POST-Bike (ICC: VL = 0.36, RF 

= 0.42). Absolute reliability ranged in CV from 9.0 to 10.2% in the VL, and 9.5 to 10.4% in the 

RF through PRE, Stage 7, and POST-Bike. In comparison, the isometric chair showed good 

relative reliability at PRE (ICC: VL = 0.73, RF = 0.60), and poor to good relative reliability at 

POST-Chair (ICC: VL = 0.18, RF = 0.56). The absolute reliability in the isometric chair had CV 

values ranging from 8.9 to 13.2% from PRE to POST-Chair. 
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Figure 6. EMG responses in VL and RF during the cycling ergometer tests for sessions 1 and 2. 

M-wave area in the relaxed muscle (panels A and B), MEP areas normalized to M-wave areas 

during MVC (MEP/Msup, panels C and D) and CSP durations (panels E and F). All values that 

are significantly different from PRE are denoted with * (P < 0.05).  
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3.5!Discussion 

The main findings of this study are that i) the innovative cycling ergometer allowed for the 

first time neuromuscular assessments of fatigue without any recovery period after cycling, i.e. a 

dynamic exercise with a large muscle mass, ii) measures of voluntary and evoked knee extensor 

force production performed during the cycling test showed excellent relative reliability and low 

CVs, iii) EMG parameters were more variable but still showed good to excellent relative 

reliability and low CVs. Overall, the new cycling ergometer represents a major methodological 

advance and was found to be as reliable as traditional measurements performed on an isometric 

chair.  

 

3.5.1!The need for an innovative ergometer 

To the best of our knowledge, this is the first time NMF has been assessed isometrically 

and intermittently during, and immediately after an intermittent cycling bout (20). Many studies 

have investigated NMF in various muscle groups in purely isometric or isolated dynamic 

conditions (65). However, two main issues are that single-joint isometric (or even dynamic) 

conditions, although relevant in an experimental context, fail to adequately model the fatigue 

experienced from most real-world exercises. The other model of fatigue, i.e. the studies that 

combined cycling with isometric neuromuscular assessments, results in significant time delays of 

1-4 min between exercise cessation and fatigue measurements. This is problematic since 

recovery begins the moment exercise stops (31). As a result, most studies have underestimated 

the extent to which muscle fatigue develops during dynamic exercise with a large muscle mass. 

For example, Thomas et al. (94) transferred subjects from a stationary bicycle to an isometric 

chair to perform neuromuscular assessments on the knee extensors. These transfers are reported 
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to have taken up to 2.5 min, meaning valuable data on the level of fatigue was not collected in 

that time-period. This same problem applies to many studies from our group (e.g. (42, 50)) and 

other research groups. With our cycling ergometer, the pedals can be instantaneously locked to 

allow for neuromuscular assessment. Previous studies have attempted to examine force (or 

power) and/or EMG changes during and after cycling with no delay (e.g. (20, 81, 83)), but no 

ergometer allows for the instantaneous measurement of changes in either VA or evoked forces 

on relaxed muscle as the present one does.  

Here, the innovative cycling ergometer was used in combination with an adapted version 

of the QIF test (6) and subjects experienced a progressive decline in MVC from pre-exercise 

levels by 19% at stage 7 and 37% at POST-Bike. MVC changes were mainly attributed to 

peripheral mechanisms of fatigue, as evidenced by reductions in Db100 (-23% at stage 7 and -

38% at POST-Bike) and Tw force (-28% at stage 7 and -47% at POST-Bike). This was 

accompanied by low-frequency fatigue since Db10:100 decreased from 0.96 at PRE to 0.86 at 

stage 7 and 0.77 at POST-Bike, which suggests a failure in excitation-contraction coupling. 

There was no statistically significant pre-post difference in VA, suggesting that there were no 

meaningful central contributions to induced fatigue over the course of this cycling protocol. The 

lack of any statistically significant change in MEP areas and CSP durations also supports the 

conclusion that the fatigue induced by the cycling test was mainly peripheral. However, one 

needs to keep in mind that the subjects were young and healthy, i.e. the current test may still be 

able to detect central fatigue abnormalities in elderly or clinical populations or during much 

longer cycling protocols, which are more likely to induce central fatigue (94).  

The issue of recovery before neuromuscular assessment described above does not mean 

that previous experiments studying fatigue have produced irrelevant results. Yet, the innovative 
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cycling ergometer will allow the etiology of fatigue to be revisited in cycling, i.e. dynamic 

exercise with a large muscle mass similar to most locomotor/rehabilitation activities, and in 

various environmental conditions, types of exercise, and different populations. A good example 

is the effects of hypoxia on fatigue. It has been proposed that there is a shift from peripheral to 

central limitations as hypoxia severity increases from moderate to severe, but to date this has not 

been measured immediately at task failure. Furthermore, recovery of peripheral and central 

fatigue have different kinetics so recovery matters, not only in terms of fatigue magnitude, but 

also in terms of fatigue etiology.  

 

3.5.2!Reliability of force outcome measures during cycling 

The main purpose of the present experiment was to test the reliability of the different 

measures used in this innovative testing design. Comparable reliability studies have previously 

been conducted in isometric conditions for both upper and lower limbs (2, 6, 35, 70, 74, 80, 84). 

In comparison to both Place et al. (74) and Bachasson et al. (6), the present innovative cycling 

ergometer had similar excellent reliability scores at PRE for MVC, Tw, and Db100. The absolute 

reliability of VA results at PRE from the present study is also in agreement with the rest of the 

literature (6, 74, 80). 

In the present study, Stage 7 was chosen as a point of comparison because it was the last 

common stage completed by all subjects, i.e. it allows investigation of fatigue after a given 

workload. Overall all measures at Stage 7 showed excellent relative reliability and low CVs. The 

reliabilities of the other force parameters at Stage 7 in the present study are similar to those 

found in the QIF study halfway through the protocol (6) for Tw, Db100, and Db10:100.  
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The reliability of the force parameters at POST-Bike are more variable than at PRE or 

Stage 7, but are still good to excellent and comparable to the QIF reliability (6). The relative 

reliability of the MVC and Tw forces of the cycling ergometer at POST-Bike was excellent 

(ICCs of 0.91 and 0.88, respectively), and good for Db100 and Db10:100 (ICCs of 0.62 and 

0.67, respectively), similar to data at task failure in the QIF study. At POST-Bike, the present 

study and the QIF test were similar in terms of CV for MVC (6.5 vs 5.3%), Db10:100 (8.0 vs 

6.4%), but slightly higher for Db100 (9.0 vs 5.1%), and Tw (11.9 vs 5.1%). Our results were 

collected immediately after cycling task failure and as such represent the most accurate level of 

fatigue measured to date after a dynamic exercise with a large muscle mass. Subjects were 

visibly exhausted at the end of the test, as exhibited by uncontrollable and involuntary tremors in 

the legs, which could contribute to the variability in the measures at POST-Bike. Regardless, the 

good reliability at POST-Bike and the excellent reliability of the cycling ergometer at Stage 7 

demonstrate its applicability as a tool for measuring NMF induced by cycling exercise. 

 

3.5.3!Comparison of force outcome measures on the cycling ergometer and isometric chair 

Froyd et al. (31) showed that significant recovery in skeletal muscle function occurs 

within the first 1–2 min after exercise. Similar to peripheral factors, recovery of EMG parameters 

elicited by single-pulse TMS (MEP and CSP) occurs within a few seconds after the end of 

exercise (89). In the present study, we performed the assessment on the cycling ergometer 

immediately after the subject stopped cycling (total duration: 30 s) and then moved the subject 

during a 1.5 min delay over to the classical isometric chair set-up. Exactly 2 min after cycling 

task failure another neuromuscular assessment was performed in the isometric chair since this is 

what is usually done in classic setups. The mean MVC measured at POST-Bike on the cycling 
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ergometer was 63% of PRE and then 2 min later on the isometric chair it was 72% of PRE, i.e. a 

recovery of nearly 25% of the total MVC force lost over the course of the test. The Db100 had an 

even greater recovery in force from 62% of PRE at POST-Bike to 75% of PRE measured on the 

isometric chair. These results confirm previous findings that recovery occurs quickly and further 

emphasize the need to assess NMF immediately at exercise cessation.  

Surprisingly, there was no significant difference in Tw measured at POST-Bike and 

POST-Chair and Db10:100 was further decreased at Post-Chair compared to Post-Bike. One 

possible explanation is the higher pre-tension in the knee extensors when the leg is attached to 

the force transducer on the isometric chair. Indeed, all the studies performed on the knee 

extensors have used some variation of a custom-built chair adjusted so that subjects’ knees and 

hips were at a specified degree of flexion (typically 90°), and with a force transducer attached 

above the malleolus of one leg (5, 6, 35, 74, 80, 94, 102). This isometric chair experimental set-

up is identical to that used in our lab and we have attempted to replicate this position when the 

cycling ergometer is locked in the isometric mode. Our cycling ergometer has instrumented force 

pedals that have been previously validated by Stapelfeldt et al. (85), with their reliability 

confirmed by the excellent inter-session reproducibility measured at rest in the present study. 

Nevertheless, pre-tension was probably higher in the isometric chair and the changes of stiffness 

with fatigue may have compromised a valid comparison between the innovative bike and the 

isometric chair for the single twitch and low-frequency doublet. 

 

3.5.4!Reliability of EMG outcome measures 

MEPs and CSPs found in the present studies are in line with those previously found in the 

VL and RF muscles in our own experiments (e.g. (91, 93)), as well as others (e.g. (44, 81)). 
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Overall the EMG outcome measures were less reliable than the force parameters but were still 

good to excellent. The absolute reliability at PRE in the present study was better than in Thomas 

et al. (94) for VL M-wave and MEP areas. The ICC for M-wave area at PRE reported by Thomas 

et al. (94) was excellent, whereas on the cycling ergometer it was only good. This may be due to 

the fact that Thomas et al. (94) marked electrode placement with ink to ensure consistent 

placement while we decided not to do that to be more consistent with future experiments using 

the innovative cycling ergometer. For instance, when assessing the effects of a training 

intervention lasting several weeks, it is impractical to mark the electrode position on the skin. 

The ICC was excellent (0.88) in the present study for VL MEP area while only good (0.74) in 

Thomas et al. (94). These reproducibility results are similar to those found in other reliability 

studies of EMG measures on the knee extensors, such as M-wave amplitude assessed by Place et 

al. (74) (ICC: 0.71; CV: 12.2%) and O’Leary et al. (70) (ICC: 0.62; CV: 11.5%).  

The relative reliability of the M-wave and MEP areas was good to excellent at Stage 7. 

Absolute reliability for the VL M-wave area was low with a CV of 4.7%, whereas the VL MEP 

area CV was 21.7%. Place et al. (74) studied the reliability of M-wave amplitude changes for the 

VL and RF muscles after isometric exercise and reported, at POST, that ICCs were 0.70 and 0.87 

and CVs were 17.0 and 13.0%, respectively. Although, the present study looked at M-wave area 

rather than amplitude, we showed better absolute reliability at POST-Bike but worse relative 

reliability. Reliability of MEP areas at POST-Bike for both VL and RF had CVs of 13.3 and 

15.8%, and good to excellent ICCs of 0.76 and 0.59. This is the first time that such measures 

have been performed immediately after cycling cessation.  

The poor reliability for CSP could be explained by the experimental design. Indeed, the 

determination of TMS intensity was based on MEP response curves, not CSP responses, 
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probably explaining why this parameter, known to be very dependent on stimulus intensity, 

shows a range in reliability (CVs from 9.0 to 10.4%; ICCs from 0.36 to 0.86). Although mean 

TMS intensity was not different between the two sessions, it is not known if this would have 

been the same if CSP responses has been used to determine TMS intensity. Thus, if TMS 

intensity had been based on CSP response curves rather than MEP it is likely both absolute and 

relative reliability would have been better for this measure. This needs to be confirmed in future 

studies but if this is correct, it means that researchers may have to choose between reliable MEP 

and reliable CSP.  

 

3.5.5!Limitations 

Although measuring fatigue from an ecological exercise such as cycling immediately at its 

cessation is a major methodological advance, the cycling ergometer is still only assessing 

neuromuscular parameters when it is in isometric mode. Further research must investigate the 

reliability of the force-velocity relationship and neuromuscular parameters (e.g. twitch response) 

in dynamic mode on the cycling ergometer. Also, while the subjects were systematically 

instructed to keep the ankle fixed during the isometric MVCs, this was not ensured mechanically. 

Using a brace is a possibility, but since it would take several seconds to install, this solution was 

not retained. The excellent reliability of force responses at rest and during fatigue suggest that 

with proper familiarization and practice, maintaining a fixed ankle is not a major issue. The 

innovative cycling ergometer uses recumbent cycling (Figure 4A) which may be problematic to 

assess fatigue in competitive cyclists due to the lack of movement specificity. Yet it was 

designed to assess NMF during and immediately after dynamic exercise with a large muscle 

mass, not during cycling per se, which is a major asset for testing many populations, especially 
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in a clinical setting. The recumbent bike is likely more suitable for subjects from clinical 

populations because of increased stability and accessibility, and because it provides better access 

to the head for investigators delivering TMS. Another potential limitation of this reliability study 

is that it was conducted on a young and healthy population whose tolerance to electrical NS and 

TMS may not be generalizable to elderly and clinical populations. Further research is required to 

determine the feasibility of using the cycling ergometer with elderly and clinical subjects. 

 

3.6!Conclusion  

Previous studies using cycling as the fatiguing exercise may have (i) underestimated the 

extent to which muscle fatigue develops, (ii) not been able to adequately examine the causes of 

exercise termination and (iii) not been able to determine the time-course of central and peripheral 

fatigue. The results of the present study suggest that an innovative cycling ergometer, that aims 

to address these issues, is a reliable tool for assessing neuromuscular function and fatigue in the 

knee extensors before, during, and immediately after exercise cessation. The force measures used 

to assess neuromuscular function were highly reliable and showed comparable, if not superior, 

reproducibility to the current gold-standard assessments performed in single-joint isometric 

conditions. Although, the EMG parameters were more variable than force measures, they were 

still good in comparison to similar measures in the literature and to those recorded on the 

isometric chair from the present study. This new cycling ergometer will allow for the reliable 

investigation of neuromuscular function and fatigue in cycling, during and immediately after 

activity cessation, and permit the characterization of the time-course of recovery from dynamic 

exercise. Thus, it has real-world applications by allowing the etiology of fatigue in cycling to be 
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revisited in various environmental conditions (e.g. hypoxia, heat), types of exercise (e.g. 

prolonged cycling, repeated sprints), and different athletic as well as clinical populations. 
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Table 1. Reliability of PRE, Stage 7 and POST values for voluntary and evoked knee-extensor 

force on the isometric chair and cycling ergometer. 

 Session 1 Session 2 % Change in 
mean (95% CI) CV (95% CI) ICC (95% CI) 

PRE      

MVC Bike (N)  271 ± 44 273 ± 43 1.0 (-1.9 – 3.8) 3.2 (1.6 – 4.7) 0.97 (0.91 – 0.99) 

MVC Chair (N)  500 ± 100 486 ± 98 -2.8 (-6.3 – 0.7) 4.1 (2.5 – 5.6) 0.97 (0.90 – 0.99) 

VA Bike (%) 97 ± 2 97 ± 2 0.3 (-1.3 – 1.9) 1.8 (1.3 – 3.0) / 

VA Chair (%) 93 ± 4 91 ± 6 -1.3 (-3.8 – 1.2) 2.8 (2.0 – 4.9) / 

Tw Bike (N) 88 ± 22 90 ± 20 2.9 (-1.7 – 7.7) 5.2 (3.7 – 9.0) 0.97 (0.89 – 0.99) 

Tw Chair (N) 147 ± 46 133 ± 33 -8.4 (-13.9 – -2.5) 7.2 (5.1 – 12.5) 0.95 (0.83 – 0.98) 

Db100 Bike (N) 118 ± 23 123 ± 23 4.9 (-1.5 – 11.8) 7.3 (5.1 – 12.7) 0.90 (0.69 – 0.97) 

Db100 Chair (N) 212 ± 43 207 ± 32 -2.0 (-5.7 – 1.9) 4.4 (3.1 – 7.6) 0.95 (0.85 – 0.99) 

Db10:100 Bike  0.96 ± 0.11 0.96 ± 0.09 -1.5 (-4.5 – 1.6) 3.3 (2.3 – 5.8) 0.93 (0.75 – 0.98) 

Db10:100 Chair  0.98 ± 0.08 0.96 ± 0.07 -1.2 (-4.4 – 2.2) 3.5 (2.5 – 6.3) 0.83 (0.48 – 0.95) 

Stage 7       

MVC Bike (%PRE)  81 ± 10 80 ± 15 -2.3 (-9.4 – 5.4) 8.3 (5.7 – 15.0) 0.83 (0.48 – 0.95) 

VA Bike (%) 94 ± 4 94 ± 5 0.7 (-2.7 – 4.3) 3.9 (2.8 – 6.8) / 

Tw Bike (%PRE) 72 ± 12 72 ± 16 -1.1 (-8.8 – 7.4) 9.0 (6.2 – 16.3) 0.86 (0.56 – 0.96) 

Db100 Bike (%PRE) 75 ± 6 78 ± 8 3.5 (-0.3 – 7.4) 4.0 (2.8 – 7.1) 0.87 (0.59 – 0.96) 

Db10:100 Bike  0.87 ± 0.12 0.86 ± 0.10 0.2 (-3.8 – 4.4) 4.4 (3.1 – 7.9) 0.91 (0.71 – 0.98) 

POST      

MVC Bike (%PRE)  63 ± 11 62 ± 12 2.1 (-3.6 – 8.1) 6.5 (4.6 – 11.4) 0.91 (0.71 – 0.97) 

MVC Chair (%PRE)  70 ± 11 73 ± 12 4.4 (-3.6 – 13.1) 8.8 (6.1 – 15.9) 0.79 (0.40 – 0.94) 

VA Bike (%) 90 ± 11 92 ± 8 2.6 (-3.0 – 8.6) 6.5 (4.6 – 11.3) / 

VA Chair (%) 85 ± 9 85 ± 9 0.2 (-3.6 – 4.1) 4.2 (2.9 – 7.4) / 

Tw Bike (%PRE) 54 ± 14 51 ± 14 -5.4 (-14.5 – 4.6) 11.9 (8.3 – 21.0) 0.88 (0.65 – 0.97) 

Tw Chair (%PRE) 53 ± 12 54 ± 11 3.3 (-9.0 – 17.2) 14.2 (9.7 – 26.3) 0.70 (0.19 – 0.91) 

Db100 Bike (% PRE) 61 ± 10 62 ± 7 2.0 (-5.6 – 10.2) 9.0 (6.3 – 15.7) 0.62 (0.11 – 0.87) 

Db100 Chair (%PRE) 73 ± 12 76 ± 11 3.3 (-5.3 – 12.6) 9.5 (6.6 – 17.3) 0.72 (0.24 – 0.92) 

Db10:100 Bike  0.77 ± 0.10 0.76 ± 0.09 -1.2 (-7.8 – 5.8) 8.0 (5.6 – 13.9) 0.67 (0.18 – 0.89) 

Db10:100 Chair  0.65 ± 0.10 0.64 ± 0.10 -1.2 (-8.2 – 6.2) 8.0 (5.5 – 14.4) 0.80 (0.40 – 0.94) 
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Table 2. Reliability of M-waves in the relaxed muscle and MEPs (normalized to M-wave areas 

during MVC, Msup) and CSPs at MVC from the VL and RF at PRE, Stage 7 and POST on the 

isometric chair and cycling ergometer. 

 Session 1 Session 2 
% Change in 

mean (95% CI) CV (95% CI) ICC (95% CI) 

PRE           

VL M-wave Area Bike (mV!s) 0.11 ± 0.02 0.11 ± 0.02 5.2 (-7.0 – 19.1) 14.8 (10.2 – 26.3) 0.50 (0.07 – 0.82) 

RF M-wave Area Bike (mV!s) 0.06 ± 0.02 0.07 ± 0.01 12.6 (-4.9 – 33.2) 19.4 (13.2 – 36.5) 0.50 (0.11 – 0.83) 

VL M-wave Area Chair (mV!s) 0.11 ± 0.02 0.12 ± 0.03 6.9 (-5.2 – 20.5) 14.3 (9.9 – 25.5) 0.61 (0.09 – 0.87) 

RF M-wave Area Chair (mV!s) 0.07 ± 0.01 0.08 ± 0.01 7.0 (-6.8 – 22.8) 15.6 (10.7 – 29.1) 0.37 (0.26 – 0.78) 

VL MEP Area Bike (%Msup) 47 ± 9 50 ± 11 5.8 (-1.7 – 13.8) 8.4 (5.9 – 14.8) 0.88 (0.63 – 0.96) 

RF MEP Area Bike (%Msup) 70 ± 14 79 ± 15 13.2 (-2.0 – 25.7) 11.6 (8.0 – 21.3) 0.79 (0.40 – 0.94) 

VL MEP Area Chair (%Msup) 43 ± 7 43 ± 4 0.2 (-7.0 – 8.0) 8.7 (6.1 – 15.2) 0.66 (0.17 – 0.89) 

RF MEP area Chair (%Msup) 72 ± 20 76 ± 16 7.3 (-2.3 – 17.8) 10.3 (7.1 – 18.8) 0.88 (0.61 – 0.97) 

VL CSP Bike (ms) 263 ± 47 250 ± 44 -4.8 (-13.0 – 4.3) 10.0 (6.9 – 18.0) 0.86 (0.58 – 0.96) 

RF CSP Bike (ms) 275 ± 43 263 ± 28 -3.8 (-12.2 – 5.5) 9.5 (6.5 – 18.1) 0.86 (0.56 – 0.96) 

VL CSP Chair (ms) 255 ± 51 236 ± 34 -6.3 (-15.2 – 3.4) 11.0 (7.6 – 20.1) 0.73 (0.26 – 0.92) 

RF CSP Chair (ms) 262 ± 42 243 ± 23 -6.5 (-14.6 – 2.4) 9.4 (6.4 – 17.9) 0.60 (0.01 – 0.88) 

Stage 7      

VL M-wave Area Bike (%PRE) 103 ± 8 104 ± 10  1.4 (-2.7 – 5.7) 4.7 (3.3 – 8.1) 0.77 (0.37 – 0.93) 

RF M-wave Area Bike (%PRE) 90 ± 7 89 ± 8 -2.1 (-6.7 – 2.8) 5.2 (3.6 – 9.3) 0.67 (0.15 – 0.90) 

VL MEP Area Bike (%PRE) 105 ± 31 95 ± 27 -8.8 (-23.5 – 8.8) 21.7 (14.9– 39.6) 0.55 (0.00 – 0.85) 

RF MEP Area Bike (%PRE) 101 ± 27 102 ± 19 2.6 (-12.5 – 20.2) 18.2 (12.4 – 34.1) 0.51 (0.10 – 0.84) 

VL CSP Bike (%PRE) 102 ± 11 103 ± 15  0.9 (-8.0 – 10.7) 10.2 (7.0 – 18.6) 0.34 (0.00 – 0.75) 

RF CSP Bike (%PRE) 97 ± 11  100 ± 9  3.3 (-6.6 – 14.2) 10.4 (7.1 – 19.9) 0.34 (0.00 – 0.77) 

POST      

VL M-wave Area Bike (%PRE) 110 ± 7 112 ± 8 1.4 (-3.0 – 6.0) 5.1 (3.6 – 8.7) 0.45 (0.13 – 0.81) 

RF M-wave Area Bike (%PRE) 98 ± 11 96 ± 10 -2.0 (-8.4 – 4.7) 7.3 (5.0 – 13.1) 0.63 (0.08 – 0.88) 

VL M-wave Area Chair (%PRE) 121 ± 11 119 ± 9 -1.7 (-7.0 – 3.9) 6.0 (4.2 – 10.9) 0.58 (0.01 – 0.87) 

RF M-wave Area Chair (%PRE) 108 ± 12 108 ± 7 0.1 (-6.7 – 7.3) 7.1 (4.9 – 13.4) 0.49 (0.00 – 0.84) 

VL MEP area Bike (%PRE) 112 ± 22 102 ± 27 -10.1 (-19.7 – 0.6) 13.3 (9.3 – 23.7) 0.76 (0.35 – 0.92) 

RF MEP area Bike (%PRE) 120 ± 31 109 ± 22 -7.9 (-19.9 – 5.9) 15.8 (10.8 – 29.4) 0.59 (0.02 – 0.87) 

VL MEP Area Chair (%PRE) 116 ± 31 134 ± 33 15.9 (-0.9 – 35.5) 17.9 (12.2 – 33.5) 0.64 (0.09 – 0.89) 

RF MEP Area Chair (%PRE) 103 ± 26 95 ± 19 -7.3 (-18.5 – 5.4) 13.6 (9.1 – 26.1) 0.73 (0.23 – 0.93) 

VL CSP Bike (%PRE) 99 ± 6 102 ± 10 2.2 (-5.8 – 10.9) 9.0 (6.2 – 16.3) 0.36 (0.00 – 0.76) 

RF CSP Bike (%PRE) 93 ± 11 96 ± 6 3.2 (6.2 – 13.6) 9.9 (6.7 – 18.8) 0.42 (0.00 – 0.80) 

VL CSP Chair (%PRE) 100 ± 15 104 ± 11 4.1 (-8.2 – 18.1) 13.2 (8.9 – 25.5) 0.18 (0.00 – 0.74) 

RF CSP Chair (%PRE) 97 ± 14 107 ± 8 11.1 (1.3 – 21.8) 8.9 (5.9 – 17.6) 0.56 (0.00 – 0.88) 
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Chapter Four:!Conclusion 

 

4.1!Significance and future directions 

With the ability to stop exercise instantly, and have the subject immediately begin an 

isometric assessment of neuromuscular function with voluntary and evoked contractions, this 

cycling ergometer offers the best opportunity yet to quantify the true level of fatigue without 

recovery. In the NMF research field, there has been acknowledgment for some time for the need 

to perform studies in more ecological models and demonstrate the applications to real-world 

human performance (16, 27). Due to the recovery that has occurred between locomotor exercise 

cessation and fatigue measurement, little is still known about the time-course of that recovery 

and how it is altered by exercise type, duration, and intensity (18). Practically, increased 

knowledge of fatigue from ecological models is beneficial both for athletic and clinical 

populations who see decrements in their activities because of the fatigue they experience. A 

better understanding of the time-course of fatigue during dynamic exercise and the recovery 

from it, could lead to enhanced therapies and rehabilitation for athletes and patients alike. The 

cycling ergometer presented in this paper will be able to contribute to the need for new 

knowledge on fatigue and recovery from dynamic exercise.  

Looking to the future, the cycling ergometer will be employed in various fatigue 

investigations in both clinical and specific healthy populations, such as athletes and the elderly. 

Fatigue has been described as a major chronic, and debilitating symptom in cancer (68), multiple 

sclerosis (46), fibromyalgia (106), and stroke (19) patients. However, fatigue assessment has 

been mainly limited to psychometric questionnaires and little research has been done to 

investigate the neuromuscular component in those suffering from chronic illness (27, 105). With 
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the new cycling ergometer, NMF from dynamic exercise in clinical populations can now be 

characterized. The feasibility and reliability of neuromuscular assessment in isometric knee 

extensor exercise has been previously demonstrated in fibromyalgia (5) and cystic fibrosis 

patients (38). Furthermore, preliminary data gathered on the new cycling ergometer shows that it 

is a feasible and reliable tool for measuring fatigue in a cancer population. Future studies are 

currently planned, and will use the cycling ergometer to investigate NMF in cancer and multiple 

sclerosis patients, and the possible exercise interventions that could be used to alleviate fatigue 

symptoms.  

The new cycling ergometer will allow the etiology of fatigue in athletic performance and 

different environmental conditions to be revisited and explored further. The relative 

contributions of central and peripheral factors to fatigue in hypoxic conditions have been 

examined previously in the literature. Although, these hypoxia studies have produced valuable 

knowledge, they have been limited by the common problems that have existed in the NMF 

research field: non-locomotor muscle groups (86), lack of gold-standard voluntary and evoked 

contraction measurements (100), and long-time delays from exercise cessation to measurement 

(43). With the new cycling ergometer combined with other innovative technology, such as the 

Altitrainer (SMTEC, Nyon, Switzerland) portable hypoxia machine, fatigue from exercise in 

hypoxia can now be investigated immediately at task failure. There are currently two separate 

studies underway using the new cycling ergometer in hypoxia.  

Additional studies using the new cycling ergometer are revisiting experiments that 

previously considered the fatigue and recovery from sustained MVCs. Earlier single-limb studies 

have investigated 2 min isometric MVCs in arms (78), and knee extensors (74), while other 

studies compared the fatigue from single and double-limb MVCs (76, 77). A study using the new 
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cycling ergometer and the traditional isometric chair is exploring the differences in fatigue 

observed after a 2 min all-out cycling sprint versus a 2 min isometric MVC on the chair. The 

maximal voluntary power produced during the sprints on the new cycling ergometer can also be 

determined because in addition to force the instrumented pedals also measure pedal angle, which 

allows calculation of angular velocity. Therefore, in the future the new cycling ergometer could 

be used in studies investigating functional capacity by combining dynamic and isometric 

neuromuscular assessment. These are a few of the applications of the new cycling ergometer, 

which will help further elucidate the etiology of fatigue in the future.  

 

4.2!Summary 

The purpose of this thesis was to present a reliable cycling ergometer designed to 

overcome the delay in post-dynamic-exercise fatigue measurement, which is a current limitation 

in the NMF research field. Fatigue has been extensively researched in single-limb isometric 

exercise in the upper and lower-body, which provides a convenient experimental set-up. 

However, single-limb isometric exercise is not a representative model of dynamic ecological 

activities, and the changes that occur in the neuromuscular system in exercise with large muscle 

mass. Studies that have attempted to investigate fatigue from real-world dynamic activities have 

a consistent delay in the time between exercise cessation and NMF assessment. This delay is not 

because of poor study design, but due to experimental set-up limitations and having to physically 

move a subject from an exercise configuration to a measuring one. Other researchers have 

endeavoured to overcome these restrictions by performing protocols on cycling ergometers with 

different measures of fatigue. However, none to date have managed to develop an experimental 

set-up where fatigue measurement can start within 1 s after cycling exercise using NS, TMS, and 
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EMG. The cycling ergometer presented in Chapter Three is the first to overcome these 

methodological limitations.  

The new cycling ergometer exhibited in this thesis is a custom-built recumbent bicycle 

equipped with an electromagnetically controlled Velotron flywheel, and RadLabor instrumented 

force pedals. This new cycling ergometer is different than previous set-ups because the pedals 

can be locked instantaneously ( < 1 s) with the right crank parallel to the ground while the 

cyclists right knee is flexed at 90°. In this position, the cyclist can perform isometric knee 

extensions while the force produced is measured by the instrumented pedals in the same 

direction as the crank. The set-up also permits electrical stimulation of the femoral nerve, and 

provides a convenient platform behind the cyclist for a researcher to stand on and have easier 

access to the subject’s head when delivering TMS. Thus, the two major advantages of this new 

cycling ergometer are, 1) neuromuscular function assessment begin in less than 1 s after cycling 

cessation, and 2) isometric assessment allows for voluntary and evoked contractions, which can 

be used to determine central and peripheral contributions to fatigue.  

For the study presented in Chapter Three, there were 12 healthy subjects recruited to 

perform an intermittent and incremental cycling test on two separate days, to show the reliability 

of the new cycling ergometer. An intermittent cycling test, based off a previously validated test 

(6), was chosen in order to demonstrate the ability of the cycling ergometer to show the time-

course of fatigue from dynamic exercise. Isometric assessments were performed every 3 min 

until the subject could no longer continue the protocol, then a final set of measurements was 

taken on the cycling ergometer immediately post exercise. Select results show the protocol 

produced a significant drop in mean MVC (-37%), Db100 (-38%), and Tw (-47%) force, and a 

significant increase in mean VL M-wave area (+11%). Reliability for all the force measures was 



 

62 

good to excellent. The EMG data was more variable with the CSP showing poor to excellent 

reliability, while MEP and M-wave areas had good to excellent reliability.  

Overall, the new cycling ergometer presented in this paper was found to be a reliable tool 

for isometrically assessing neuromuscular function and fatigue immediately after dynamic 

exercise. In the near future, the cycling ergometer will be used to produce further knowledge on 

the etiology of fatigue in both healthy and clinical populations.   
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