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ABSTRACT 

The purpose of this thesis was to investigate and quantify how eccentric (ECC) 

cycling influences the modulation of the underlying neuromotor mechanisms. 

Study one investigated post-exercise changes in global corticospinal excitability 

(CSE) by eliciting a motor-evoked potential in a non-exercised upper limb muscle 

following concentric (CON) and ECC cycling. No significant differences in global CSE 

were shown between CON and ECC cycling. However, individual responses of global 

CSE varied between cycling modes and time points. The variability likely related 

unfamiliarity with non-specific workload prescription of, and limited controllability of 

muscle actions during, ECC cycling. 

Study two addressed the controllability of ECC cycling through modification of a 

semi-recumbent ECC cycle ergometer to isolate ECC contractions during ECC cycling. 

The regenerative braking capacity of the built-in electric servo motors were programmed 

to function as a ‘trip’ mechanism, isolating ECC muscle actions to the opposing (OPP) 

phase of ECC cycling. Laboratory testing demonstrated the effectiveness of the ‘trip’ 

mechanism in isolating ECC muscle actions during ECC cycling. These results support 

using this modified ECC cycle ergometer among unfamiliarised participants performing 

novel ECC cycling.  

Study three developed a reliable peak ECC resistance test specific to semi-

recumbent ECC cycling. Participants performed six peak ECC torque protocol (PETP) 

tests on an isokinetic dynamometer in a replicable semi-recumbent ECC cycling position. 

The PETP test was reliable in determining peak torque (ICC > 0.90) and peak power 

output (ICC > 0.90) during a single session. The PETP test is the first known maximal 

test specifically developed for ECC cycling and could be used to more effectively 



 
 

 2 

prescribe ECC cycling workloads, due to specificity of measurement compared within 

commonly used CON cycling tests. 

Study four aimed to develop a single-session familiarisation protocol for 

submaximal ECC cycling, based on naïve participants producing reliable muscle 

activation patterns at a PETP test-prescribed power output. Participants produced reliable 

(ICC > 0.50) and lowly variable muscle activation patterns of the primary active muscles, 

within a single 15 min ECC cycling session. Overall, naïve participants were capable of 

becoming familiarised with ECC cycling during a single 15 min session.  

Study five implemented the newly developed methods, described in studies two, 

three and four, to investigate modulation of neuromotor excitability in an exercised (i.e., 

local) and non-exercised (i.e., global) muscle following ECC cycling. The main result 

showed that neuromotor excitability is differentially modulated by ECC cycling. 

Specifically, global neuromotor excitability increases following ECC cycling. 

Alternatively, local neuromotor excitability decreases, likely due to spinal inhibition. The 

outcomes of this study provide evidence of active neural coupling between the upper and 

lower limbs during ECC cycling that could be beneficial for neurorehabilitation. 

To conclude, this thesis presents new knowledge about the modulation of 

neuromotor mechanisms following ECC cycling and provides researchers and clinicians 

new methods with which to control ECC cycling and therefore, improve the application 

of future findings. 
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CHAPTER 1 

INTRODUCTION 

  

1.1 GENERAL OVERVIEW 

Cycling exercise is traditionally performed in a mode whereby participants push 

against the pedals. This involves what is known as concentric (i.e., traditional [CON]) 

muscle contractions. During CON cycling the rider produces shortening (i.e., CON) 

contractions as they push the pedals in a forward direction, generating momentum or 

positive work. Recently, an alternative form of cycling has been adopted in research 

studies and rehabilitation settings. During what is known as ‘eccentric’ (ECC) cycling the 

rider actively resists the backward (i.e., reverse) motion of motor-driven pedals resulting 

in a forcible lengthening or ECC muscle contraction, generating ‘negative work’. 

Both CON and ECC cycling are beneficial to human health [1, 2]. However, 

substantial differences exist between the modes [3]. The two primary differences between 

CON and ECC cycling are that 1) ECC cycling can be performed at significantly lower 

metabolic and cardiovascular cost than CON cycling for a similar workload [4-8] and 2) 

muscle contractile force is up to seven times greater during ECC cycling versus CON 

cycling [9]. Subsequently, ECC cycling can be effectively used to improve muscle 

strength at low physiological cost, compared to CON cycling [10]. This unique benefit is 

particularly advantageous, as an exercise modality among participants with limited 

exercise capacity [11]. For example, ECC cycling has been successful in improving 

musculoskeletal strength among clinical populations including frail elderly persons [12, 

13], cancer survivors [14] and pulmonary [15, 16] and cardiovascular patients [17-19]. 

Similar strength adaptations have also been observed among athletic [20-22] and healthy 

[23] populations. 
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On-going research has also uncovered other unique perceptual [6, 24], metabolic 

[25, 26], musculoskeletal [20, 27, 28] and neuromuscular [29, 30] adaptations associated 

with ECC cycling. However, little is known about the neuromotor control of ECC cycling 

[3]. Therefore, understanding how ECC cycling is controlled by neuromotor mechanisms 

will improve our understanding of the neural benefits (if any) of this mode of exercise 

but also the application of ECC cycling exercise to specific patient groups (i.e., spinal 

cord injury, stroke). 

Neuromotor mechanisms, including the cortical, corticospinal, and spinal 

pathways, which govern the neural control of human movement can be investigated using 

transcranial magnetic stimulation (TMS) and peripheral nerve stimulation (PNS) 

techniques [31-34]. More specifically, TMS is used to measure changes in corticospinal 

tract – primary voluntary motor pathway – excitability and inhibition [35], while PNS is 

used to assess alterations in spinal excitability [36]. Both TMS and PNS elicit evoked 

potentials in the target muscle that provides information about how neuromotor 

excitability is modulated during and following (i.e., at rest) movement [37-42]. For 

example, TMS and PNS evoked potentials show that corticospinal and spinal excitability 

is reduced in response to ECC muscle contractions [37, 38]. Furthermore, TMS-derived 

motor-evoked potentials (MEP) show that corticospinal excitability generally remains 

unchanged in response to CON cycling [39-42]. 

  While modulation of neuromotor mechanisms during and following ECC muscle 

contractions and CON cycling (i.e., rhythmic locomotion) is reasonably well-understood 

[38, 43-47], this isn’t the case for ECC locomotor modes (walking, running and including 

ECC cycling). Our current understanding of the effects of ECC locomotion on 

neuromotor modulation and specifically, corticospinal, and spinal excitability, is limited 

to three studies [48-50]. Among these findings were a delayed increase in corticospinal 
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excitability in an exercised knee extensor muscle and no change in a non-exercised hand 

muscle, following downhill treadmill exercise (i.e., ECC locomotion) [48, 49]. In 

contrast, corticospinal excitability of exercised muscles is reduced during ECC cycling, 

compared to CON cycling [50]. With only three studies having investigated this area, it 

is not unexpected that the findings are varied and remain undefined. The modes of ECC 

locomotion (i.e., downhill treadmill exercise which has a high degree of variability and 

involves limbs other than the legs and ECC cycling, which is a more constrained exercise) 

would contribute to the variability of the findings. Indeed, compared to downhill treadmill 

exercise, ECC cycling provides a means of isolating ECC muscle contractions, with 

minimal CON contraction influence, and may be a better modality for quantifying 

neuromotor modulation during and following an ECC locomotor exercise [3]. However, 

the novelty of ECC cycling – a completely counter-intuitive cycling movement compared 

to traditional CON cycling – presents certain methodological complications, most 

importantly determining familiarisation, controlling of ECC cycling workloads and 

minimising erroneous muscle contractions, as these variables are likely to affect the 

efficacy neuromotor measures [3].   

Considering the potential neurological implications of ECC cycling [3, 11, 51] it 

is surprising that so little attention has been given to investigating the influence of ECC 

cycling on neuromotor modulation. It would be remiss to generalise that modulation of 

neuromotor excitability, by ECC cycling, would simply be a combined effect of ECC 

muscle contractions and CON cycling. Consequently, there is a need to improve our 

knowledge regarding the influence of ECC cycling on the modulation of neuromotor 

mechanisms. Addressing this research gap would help validate the previous suggestions 

of the neurological implications of ECC cycling and further its application in 

rehabilitation practice. It is reasonable to suggest that ECC cycling could be used more 
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efficiently to improve the functioning of neural control patterns that regulate neuromotor 

mechanisms, required to perform coordinated locomotion, compared to CON cycling. 

Furthermore, improving our knowledge of the neuromotor mechanisms underlying ECC 

cycling would certainly provide stronger grounds for understanding its clinical and 

performance benefits. Therefore, gaining a novel insight into how ECC cycling affects 

the modulation of neuromotor mechanisms, in terms of the voluntary motor pathways 

should be a key focus for researchers in this field.  

 

1.2 PURPOSE OF THIS THESIS 

The overall purpose of this thesis was to investigate and quantify, during and after, 

how ECC cycling influences the modulation of the underlying neuromotor mechanisms. 

In order to fully understand this control a series of studies were conducted that: 1) 

quantified the descending corticospinal control of ECC cycling using a standard ECC 

cycle, 2) asked, from a methodological standpoint what the design of a ECC cycle that 

specifically isolated muscle contractions to the ECC mode would need to be, 3) 

determined adapted workloads for use in quantifying the neuromotor mechanisms 

underlying ECC cycling, 4) asked how long (given the novel nature of ECC cycling 

protocols) human participants needed to familiarise themselves with this activity, and 

finally 5) using this knowledge of design, workload and familiarisation for the study of 

ECC cycling, quantify the influence of ECC cycling on neuromotor mechanisms (i.e., 

corticospinal and spinal) modulation. 

 

1.3 SIGNIFICANCE OF THIS THESIS 

As outlined, there is a current lack of knowledge regarding the influence of ECC 

cycling on the modulation of neuromotor mechanisms. This is despite neuromotor 
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mechanisms underlying ECC cycling induced adaptations. Therefore, this research 

addressed the current lack of knowledge, regarding the influence of ECC cycling on the 

modulation of neuromotor mechanisms. Importantly, the main findings are expected to 

contribute novel insights into the excitatory responses of neuromotor mechanisms, within 

the voluntary motor and spinal pathways following ECC cycling. More specifically, 

differential modulation of cortical, corticospinal, and spinal excitability, projecting to 

exercised and non-exercised muscles following ECC cycling, is expected and could 

provide evidence of interlimb neural coupling. These findings will better inform the 

application of ECC cycling and may provide evidence relating to the beneficial impact of 

ECC cycling on neuromotor mechanisms. Such findings would benefit the recovery of 

coordinated locomotion movements, especially among patients with neuromotor 

conditions. Furthermore, these findings will benefit clinicians, researchers, and health 

professionals that currently and who are looking to implement ECC cycling into 

rehabilitative practise.  

 

1.4 STRUCTURE OF THIS THESIS 

Following this introduction chapter, a literature review will evaluate the current 

evidence and identify key gaps within the knowledge relating to the influence of ECC 

cycling on neuromotor mechanisms. The aims of each experimental study will be outlined 

following the literature review and will follow the five stages outlined in 1.3, above. The 

five experimental studies will address the respective aims and will each include an 

introduction, methods, results, discussion, practical applications, and conclusion section. 

A final general discussion chapter will summarise the overall thesis, highlight the main 

findings and practical implications of the experimental studies and thesis generally, as 

well as providing future research recommendations. Lastly, the final conclusions of this 
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thesis will be stated, and all references provided in the bibliography.  
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 INTRODUCTION 

This review provides a contextualised overview of ECC cycling, its broad 

characterisations and general uses and effects, before detailing its potential influence on 

neuromotor mechanisms, how we can evaluate this influence and how this can be carried 

out in a controlled manner. Initially, this review will define the types of muscle 

contractions before characterising ECC muscle actions and ECC locomotion exercise, 

including ECC cycling, and limitations associated with ECC cycling studies. The 

neuromotor mechanisms of the voluntary motor pathways will then be presented, as will 

current techniques used to measure these pathways. The following section will review the 

available literature investigating the neuromotor characteristics of ECC cycling and ECC 

locomotor exercises. The final section of this literature review will provide an overall 

summary of the information and the specific aims of this thesis. 

 

2.2 TYPES OF MUSCLE CONTRACTIONS 

There are three types of skeletal muscle contractions – isometric, CON (i.e., 

shortening) and ECC (i.e., lengthening) – categorised based on the changing length of 

muscle fibres [52, 53]. An isometric contraction occurs when an active muscle produces 

force, but no movement occurs due to no change in muscle fibre length [54]. Isometric 

contractions are performed when suspending a weight or mass in space, such as holding 

a fixed weight or during a planking exercise (Fig. 2.1A). During CON contractions, 

muscle fibre length is actively shortened [54] to generate force to generate human 

movement, such as during a bicep curl or the upward phase of a push-up (Fig. 2.1B). 
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Alternatively, during ECC contractions the controlled lowering of a weight or mass 

results in a forcible lengthening of the active muscle fibres [54, 55]1. Here, ECC muscle 

actions also work to absorb external forces (e.g., gravity), often to decelerate human 

movements [56], such as when lowering an excessive load or during the downward phase 

of a push-up (Fig. 2.1C). All three muscle contractions are used to perform everyday 

movement tasks and training exercises. However, human locomotion primarily involves 

isotonic (i.e., change in muscle length) muscle actions, namely ECC and CON muscular 

contractions. The primary difference between a single-joint ECC and CON muscle 

contraction is the respective change in length of the active muscle fibres. However, 

studies have shown several important differences between these two isotonic muscle 

actions, including muscle mechanics, physiological adaptations and metabolic cost and 

neural control. 

 

                                                           
1 In this thesis, ECC contractions are considered based on the principle of a lengthening muscle-tendon 
unit, resulting in the forcible lengthening of the active muscle fibres.  
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Figure 2.1. A) Isometric contraction – muscles co-contract about a joint to hold a specific position – results 

in no change in muscle length or movement. An example of an isometric exercise is holding a planking 

position. B) CON contractions result in the active shortening of muscle fibres to produce force to generate 

movement such as lifting a weight during a bicep curl or the upward phase of a push up. In these movements 

the biceps and triceps are shortening in the direction of the movement, respectively. C) ECC contractions 

result in the forcible lengthening of active muscle fibres to decelerate a movement or control the lower of 

a movement. In these movements, the biceps and triceps are lengthening, respectively, to control the lower 

of the supported masses (i.e., dumbbell and body mass) that are being accelerated by gravity. Red arrows 

indicated the direction of the contracting muscle.  
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2.3 CHARACTERISTICS OF ECCENTRIC MUSCLE ACTIONS 

2.3.1 Mechanical  

 The majority of coordinated human movements, such as bending, crouching, 

walking, running and jumping, require combined CON and ECC muscle actions [22]. The 

ECC component of these combined contractions results in the stretching of the muscle-

tendon junction where it serves two primary mechanical proposes: 1) to absorb 

mechanical energy or, 2) to store the absorbed mechanical energy [22, 56]. 

 In isolation, ECC muscle contractions can produce forces ranging between 20-

60% higher than CON contractions [57-59]. This phenomena of ECC muscle contractions 

presents both consequential and beneficial aspects. The capacity to overload an ECC 

muscle action, resulting in greater force absorption and production, provides significantly 

greater stimuli to promote muscular adaptation, compared to isometric and CON muscle 

actions [56]. Alternatively, excessively overloading a muscle during an ECC contraction 

presents a substantial risk of muscle damage [60], such as exercise-induced muscle 

damage (EIMD), including rupture of soft tissue [60] and micro-damage of soft tissue, 

resulting in delayed-onset muscles soreness (DOMS) [61]. However, EIMD and DOMS 

can be minimised by evoking a ‘repeat bout effect’ when progressively loading ECC 

muscle contractions. This is an especially important consideration when implementing 

ECC training programs [62].  

 

2.3.2 Neuromuscular  

Accompanying the greater muscle forces produced during ECC contractions are 

comparatively (i.e., CON versus ECC) lower levels of electromyography (EMG) activity 

[59, 63]. The lower EMG activity, during ECC contractions, demonstrates reduced 

muscle activation due to selective recruitment of high-threshold motor units [64]. 
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Furthermore, discharge rates of these motor units are lower during ECC contractions, 

compared with CON contractions [65]. The lower motor unit discharge rates likely serve 

as a protective mechanism to inhibit maximal contraction of a muscle during ECC 

exercise [66]. Overall, the differences in motor unit recruitment and discharge rates, 

between ECC and CON contractions, indicates that ECC contractions are modulated by 

unique neural control strategies [52, 65]. The neuromotor properties underlying the 

unique neural control strategies of ECC muscle contraction, compared to CON 

contraction, will be discussed later in this review (section 2.6.3). 

 

2.3.3 Musculoskeletal  

Eccentric muscle contractions are readily applied in strength training programs 

and have been shown to substantially increase muscle mass, size (hypertrophy) and cross-

sectional area [67, 68]. In addition, tendon cross-sectional area and stiffness also 

substantially improved in response to ECC, compared to CON muscle actions [69, 70]. 

These morphological and architectural adaptations reflect significant increases in muscle 

strength, power, rate of force development and stretch-shortening cycle performance 

following ECC, compared to CON and traditional strength training [59, 71]. More 

specifically, these adaptations are more pronounced in fast-twitch muscle fibres (i.e., type 

IIa and IIx muscle fibres) [72, 73] that increase muscle power production [71] and 

improve ballistic movement (i.e., jumping, landing, running) performance [68]. These 

improved performance outcomes rely on the musculoskeletal adaptations, induced by 

ECC muscle actions, that improve the overall joint (i.e., muscle and tendon) stiffness 

allowing for efficient storage and transfer of excessive loads during the ECC component 

of these movements – the stretch-shortening cycle [71]. Therefore, ECC training provides 

musculoskeletal adaptations that translate into improved functional performance of high-
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intensity ballistic movements. However, the adaptations appear to be mode-specific [71]. 

 

2.3.4 Metabolic and Cardiovascular  

When mechanical workloads are matched, oxygen consumption is significantly 

lower (4-5×) during ECC exercise, compared to CON exercise, among healthy young and 

elderly participants [6-8, 74] and importantly, among patients with cardiovascular disease 

[17]. The reduced oxygen consumption during ECC exercise has been attributed to the 

forcible breaking of actin-myosin cross-bridges and the energy efficiency of lower motor 

unit recruitment strategies [56]. 

Cardiovascular measures are also substantially lower during workload-matched 

ECC and CON exercise [75-77]. Specifically, mean HR values during isokinetic ECC, 

compared to CON exercise are between 11-15 % lower among young and elderly 

participants [77]. The reduced mean HR also reflected a reduction in mean arterial 

pressure during ECC compared to CON exercise [77]. However, at equivalent levels of 

oxygen consumption, HR and cardiac output are considerably higher (i.e., 17 and 27%, 

respectively) during ECC, compared to CON exercise [8]. The main cause of this increase 

is likely due to the significantly – up to 5× – greater amount of work being performed 

during ECC exercise [56]. 

Overall, the combined effect of improved musculoskeletal adaptations at 

significantly lower physiological cost demonstrates the superior mechanical efficiency of 

ECC muscle actions, compared to isometric or CON muscle actions [11, 12]. Indeed, this 

unique benefit has encouraged the application of ECC exercise into clinical practise [78], 

specifically among populations where exercise capacity is limited [10]. 

 

2.4 TYPES OF ECCENTRIC LOCOMOTION EXERCISE 
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 Eccentric locomotion exercise is primarily performed, by the arms or legs (i.e., 

ECC arm or leg cycling), in an isokinetic mode [79] using machinery such as treadmills, 

flywheels and ergometers working at a constant velocity [56]. However, it is possible to 

perform ECC exercises as an isoinertial and isoweight modality [80]. Currently, there 

exists three main modes of ECC locomotion exercise – ECC cycling, ECC stepper 

exercise and downhill walking or running exercise (Fig. 2.2A-C).  

 

 

Figure 2.2. A) Downhill treadmill exercise. B) ECC stepper exercise adapted from Isner-Horobeti et al. 

(2013) [56]. C) ECC cycling. D) CON cycling. Empty arrows represent the voluntary force applied to the 

ground (treadmill exercise) or pedal (ECC stepper and cycling). Filled arrows indicate the direction of 

pedal/crank rotations and the muscle contraction direction. 

 

2.4.1 Downhill Walking and Running  
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Downhill walking and running are performed on an inclined (or declined) 

treadmill during which the quadricep muscles contract eccentrically to absorb load and 

producing a braking force to maintain a constant speed/velocity (Fig. 2.2A). Currently, 

the known functional benefits of downhill ECC locomotion, (i.e., downhill walking and 

running) are limited [81-84]. However, low intensity, short duration ECC walking 

exercise reportedly increases lower limb muscle strength in young healthy adults [81]. 

Improvements in the mobility capacity of elderly participants, possibly due to improved 

balance and coordination, are also reported following downhill walking exercise [85]. 

More recent studies have begun investigating the usability of downhill ECC locomotion 

in pulmonary rehabilitation, with promising results [83], based on the known lower 

metabolic and cardiovascular demand of ECC exercise [74-77]. Investigations into the 

neural control of downhill ECC locomotion, however, are somewhat limited [48, 49]. 

 

2.4.2.1 Eccentric Stepper  

Eccentric stepper exercise is performed in a semi-recumbent position and instead 

of the cyclical rotation of pedals during ECC cycling, the stepper pedals move linearly in 

a back-and-forth motion (Fig. 2.2B). Like ECC cycling, force produced by the rider 

cannot overcome the force produced by the stepper ergometer, resulting in an ECC 

contraction of the knee extensors. To date, ECC stepper training studies (12-16 weeks 

duration) convey beneficial physiological, metabolic, and functional outcomes for 

clinical populations [14, 86]. However, less is known about its potential efficacy beyond 

these small clinical populations with further research being recommended [86, 87]. The 

scarcity of ECC stepper ergometers could limit its broader application in both healthy and 

clinical populations, at least compared with ECC treadmill and ECC cycling exercise. 
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2.4.3 Eccentric Cycling  

Eccentric cycling is currently the most commonly performed mode of ECC 

locomotion exercise and is characterised by a forcible lengthening of the quadriceps, at 

the knee, as the rider actively resists the torque of the backward-rotating motor-driven 

pedals (Fig. 2.2C)2. The concept of ECC cycling as ‘negative work’ was first defined by 

Abbot et al. (1952)[5]. In this original study, these authors coupled two upright bicycle 

ergometers with a single chain-drive system: one rider produced positive work by 

pedalling in a forward manner (i.e., CON cycling), while the other rider simultaneously 

resisted and therefore, absorbed the backward motion (i.e., ‘negative work’) of the pedals 

(i.e., ECC cycling). Today, ECC cycle ergometers are fitted with electric motors that 

rotate the pedals backwards (i.e., reverse; Fig. 2.2C) and ECC cycling is mostly 

performed in a semi-recumbent (i.e., semi-reclined) position3. 

As mentioned, the significantly lower metabolic demand of ECC cycling, 

compared to workload-matched CON cycling [4-8], has contributed to it (ECC cycling) 

primarily being used to improve skeletal muscle strength in elderly and clinical 

populations, without exacerbating cardiovascular or respiratory complications [11, 56, 

88]. Such muscular strength improvements, due to ECC cycling training, encompasses 

cancer survivors [14] and chronic obstructive pulmonary disorder [15, 16] and coronary 

heart failure patients [17-19]. Further ECC cycling training studies have shown 

perceptual [6, 24], metabolic [25, 26] and neuromuscular [29, 30, 89] benefits. 

Application of ECC cycling training has also extended to ACL injury treatment, with 

promising results [90, 91]. Among healthy populations improved muscle strength and 

                                                           
2 The forcible lengthening of active quadricep muscle fibres during ECC cycling is considered based on 

the principle of the lengthening of muscle-tendon units. 
3 For the reader’s benefit, semi-recumbent ECC and CON cycling, including submaximal semi-recumbent 

ECC cycling, rhythmic ECC leg cycling or similar will simply be referred to as ‘ECC cycling or CON 

cycling’ throughout the rest of this thesis, unless stated otherwise, e.g., upright or sprint cycling. 
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CON cycling power parameters have been reported [23]. However, performance 

translation among athletes is limited [28], and likely relates to specificity of workload 

prescription and implementation of submaximal training protocols (i.e., ‘low intensity-

high volume’ ECC training protocols) [22, 28, 80]. 

While studies into the benefits of ECC cycling have substantially increased in the 

past decade, little interest has been paid to the neuromotor benefits of ECC cycling. This 

is interesting given that neuromotor adaptations allows for the noted neuromuscular, 

musculoskeletal, biomechanical and metabolic benefits [3, 11]. Furthermore, previous 

studies have suggested potential neuromotor benefits relating to ECC cycling [51]. 

 

2.5 CHARACTERISTICS OF ECCENTRIC CYCLING 

 Eccentric cycling studies are conducted as either single-session or training studies, 

generally with the aim of investigating acute or chronic adaptations, respectively. 

Typically, the characteristics of ECC cycling are compared to CON cycling 

characteristics, however, some studies have compared them pre- and post-ECC cycling. 

Given that the current thesis will investigate the control of neuromotor mechanisms 

following a single bout of submaximal ECC cycling this section will focus on reviewing 

studies that report adaptations to single bouts of ECC cycling, performed at submaximal 

intensities and among healthy participants. 

 

2.5.1 Cardiovascular and Pulmonary  

The most appealing characteristic of ECC cycling is the lower physiological 

demand, at an equivalent workload (i.e., power output/torque), compared to CON cycling 

[5-8, 29, 63, 92, 93]. Abbott and colleagues [5] were the first to report on the 

comparatively lower oxygen consumption (VO2) during ECC cycling, with later studies 
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confirming up to a six-fold increase in VO2 during workload-matched CON versus ECC 

cycling [63, 92, 94, 95]. The significantly reduced VO2 is reflected by a similar (~five-

fold) decrease in expired ventilation when comparing workload-matched ECC and CON 

cycling [92, 95]. The lower VO2 during workload-matched ECC cycling (-65%), 

compared to CON cycling is associated with reduced muscle activations patterns [63, 89], 

energy  expenditure and carbohydrate use [93]. Further still, VO2 kinetics are faster 

during ECC cycling than CON cycling [6], with overall VO2 during heavy intensity ECC 

cycling reflecting that required to perform light intensity CON cycling [7]. In conjunction 

with lower oxygen consumption, HR values are also reportedly lower at matched 

workloads [29, 89, 92, 95-97]. Specifically, a 1.5× increase in HR and 13% increase in 

stroke volume, reflects a substantially higher average cardiac output (~9 l/min) during 

heavy CON cycling (270 ± 13 W), than equivalent ECC cycling [7].  

Inversely, at equivalent VO2, ECC cycling workload (i.e., power output) is 

between 2.5-5× greater and cardiac demand elevated (~17-23%), compared to CON 

cycling [7, 8, 95, 98, 99]. Further increases in stroke volume (11%) and cardiac output 

(23%), accompany the comparatively elevated HR values [7, 8] whereas, VO2 kinetics 

are similar [6, 98]. The increased cardiac demand contributes to elevated diastolic and 

mean blood pressures during HR-matched ECC and CON cycling [100, 101]. 

Interestingly, differences between cardiovascular and pulmonary characteristics are also 

apparent during repeated single bouts of ECC cycling [29, 30, 97]. 

 

2.5.2 Neuromuscular  

 Along with the lower cardiovascular and pulmonary demands, amplitudes of 

muscle activity are also lower (up to ~ -50%) at equivalent ECC cycling, compared to 

CON cycling, at absolute workloads [6, 29, 63, 95]. Specifically, Peñailillo et al. (2013) 
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[29] and Perrey et al. (2001) [6] showed comparatively lower EMG amplitudes of knee 

extensors during workload matched ECC, compared to CON cycling. Reduced muscle 

recruitment patterns, measured using EMG, are also evident during single-joint studies 

[52, 64, 65, 102]. The lower metabolic requirements of ECC muscle actions have been 

related to selective recruitment of higher-order motor units [64], linked to the unique 

neural control strategy of ECC muscle contractions [52]. Indeed, selective recruitment of 

higher-order motor units have been shown during ECC cycling, compared to CON 

cycling [29]. However, a recent review [1] has suggested that discrepancies between knee 

extensor EMG activity during ECC and CON cycling could be related to unmatched 

workloads. This observation highlights the current limitation of the accurate prescription 

of ECC cycling workloads and workload equivalence between ECC and CON cycling [1, 

80]. Nevertheless, differences in motor unit discharge rates [103] and recruitment order 

between ECC and CON muscle contraction [52] indicate lower overall muscle 

recruitment strategies during ECC contractions [65, 102] and corroborate with recent 

findings during ECC cycling [104, 105]. For example, Ema (2022) [105] compared root 

mean square (RMS) EMG (RMSEMG) activity of the knee extensor and flexor muscles 

during 30 second (s) bouts of CON and ECC cycling at 100-300 watts (W; increments of 

50 W). Similar to previous findings [6, 29, 50, 104], RMSEMG activity in vastus lateralis 

and biceps femoris was lower during ECC versus CON cycling, at all workloads [105]. 

However, RMSEMG activity in rectus femoris during CON cycling was lower (-29.6 to 

40.4%) at 100-200 W, compared to ECC cycling, demonstrating that unique 

neuromuscular differences likely extend to ECC cycling.  

Despite the comparative physiological and specific neuromuscular benefits of 

ECC cycling, significant decrements in musculoskeletal performance, assessed using 

maximal voluntary contractions (MVC) and countermovement (CMJ) and squat (SJ) 
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jump tests, are apparent post-ECC cycling [29, 104, 106-109]. Decrements in the 

magnitude of force produced during MVCs and decreases in CMJ and SJ heights are 

indicators of neuromuscular fatigue [110-112]. For example, Penailillo et al. (2013) [29] 

compared MVC, CMJ and SJ performance pre- and post-30 minutes of workload matched 

ECC and CON cycling. Comparative decrements of 10-25% in knee extensor muscle 

function (i.e., MVC) and performance (i.e., CMJ and SJ) were reported immediately post 

and up to three days post-ECC cycling [29]. A subsequent study by Penailillo and 

colleagues [108] showed similar decreases in peak MVC and rate of force development 

following ECC cycling. Decreases in rate of force development likely reflect a greater 

reduction in the ability to voluntarily recruitment muscles fibres post-ECC cycling, 

compared to CON cycling. Indeed, at equivalent power outputs, ECC cycling induces 

greater decrements in voluntary activation of knee extensors, translating into reduced 

torque production during MVCs, than CON cycling [113]. Interestingly, participants in 

both aforementioned studies [29, 108] performed a second identical bout of ECC cycling, 

with no difference between the muscle function changes following each bout of cycling 

(i.e., CON vs. ECC2 cycling). The absence of difference between repeated bouts of ECC 

cycling is possibly due to neuromuscular adaptation resulting from the, aptly termed, 

repeated-bout effect [62]. 

 More recently, studies have looked at changes between differing bouts of ECC 

cycling [114-117]. Despite differences in ECC cycling durations (1-30 min) and formats 

(interval versus continuous) all studies reported substantially greater decrements in MVC 

or CMJ and SJ performance following the first [117] or higher intensity bout [114-116] 

of ECC cycling. 

Overall, single bouts of ECC cycling, particularly at higher intensities, appear to 

substantially affect musculoskeletal function, compared to CON cycling or subsequent 
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bouts of ECC cycling. These decrements are likely related to neuromuscular fatigue and 

EIMD evoked by a single bout of ECC cycling [1].  

 

2.5.3 Metabolite  

Decrements in musculoskeletal function following ECC cycling are evidenced 

through increased concentrations of markers of post-exercise muscle damage [29, 108, 

117]. Specifically, increased plasma creatine kinase (CK) activity are commonly reported 

post-ECC cycling (i.e., mean increase of  ~ 99.1 IUL-1, compared to baseline) [29, 118-

120], regardless of training status [121, 122] and age [120, 123]. Plasma CK activity can 

remain substantially elevated (i.e., 1-7 days) following ECC, compared with CON cycling 

(i.e., day 1 = 102 ± 11 IUL-1 or 141 ± 73.5% and day 7 = 587 ± 218 IUL-1, respectively)  

[124, 125] and are indicative of EIMD [29, 126]. Further indicating post-ECC cycling 

EIMD are increased lymphocyte and decreased GLUT-4 protein concentrations [119, 

124]. Indeed, myofibrillar damage and muscle oedema occur following single bouts of 

submaximal ECC cycling [118] and reflect consistent reports of increased (up to ~ 80%), 

both acute (i.e., immediately post) and sustained (i.e., 4 days), muscle soreness compared 

to workload-matched CON and repeated ECC cycling [114, 115, 125, 127, 128]. Short-

term (i.e., 1-4 days) muscle damage, induced by ECC cycling likely contributes to lower 

levels of muscle glycogen production (i.e., mean decrease of ~ 68 mM) due to impaired 

glycogen resynthesis within the muscle [118, 124]. Lower circulating levels of glycogen 

would certainly limit musculoskeletal function post-ECC cycling. The combined effect 

of these metabolite concentrations demonstrates that single bouts of ECC cycling induce 

significant muscle damage that contributes to short-term reductions in muscle function. 

 

2.5.4 Perceptual  
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Contrary to reductions in musculoskeletal function (i.e., MVC, torque production, 

power output and jumps height) and increased concentrations of muscle damage markers, 

perceived exertion is generally lower in ECC cycling when comparing workload matched 

ECC and CON cycling [6, 24, 129]. Perhaps emphasising lower levels of perceived 

exertion is significantly lower (~50%) levels of circulating blood lactate during workload-

matched ECC cycling versus CON cycling [8, 130]. However, perceived exertion, 

measured using Borg’s Scale [131], is between 15-18% higher during bilateral squats 

performed 48 hours post-ECC cycling, than CON cycling [107]. Similarly, when both 

modes of cycling are performed at equivalent VO2, perceived exertion is significantly 

greater during ECC cycling [6]. This is due to the greater mechanical load resisted during 

ECC cycling, than CON cycling, at equivalent VO2 levels [98].  

Given the unfamiliar nature of ECC cycling, it is important to for researchers to 

specify an objective measurement of intensity [24]. In this study, participants performed 

workload-matched (i.e., matched power outputs) ECC and CON cycling and measures of 

perceived exertion or perceived effort (measured using Borg’s rating of perceived 

exertion [RPE] scale or 0-10 visual analogue scale, respectively) were recorded. 

Perceived exertion (PE) was defined as the ‘degree of heaviness and strained experienced 

in physical work’ [24, 131], whereas perceived effort referred to the ‘amount of mental 

or physical energy being given to a task’ [24, 132]. Scores for RPE were significantly 

lower (mean differences across intensities = 1.4-3.4 units) during ECC cycling at all 

intensities (30-100% maximal CON aerobic power output). However, measures of PE 

were not difference between ECC and CON cycling [24]. These findings suggest that 

measures of RPE and PE are not equivalent and should therefore, not be used 

interchangeably. 
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2.5.5 Other Characteristics 

 In addition to the characteristics outlined above, ECC cycling has been shown to 

increase heat distribution [133, 134] and cognitive load [97], as well as differentially 

affecting neuromotor excitability [50] and requiring different biomechanical patterns 

[27], compared with CON cycling. 

 Regardless of whether cycling intensities are matched or not, skeletal muscle, skin 

and core (i.e., oesophageal) temperatures are all higher during ECC cycling [133, 134]. 

For example, when performed at equivalent VO2, aural, mean skin and body temperatures 

were significantly higher during ECC cycling, than CON cycling [134]. Most 

importantly, quadriceps temperature increased by 1.2°C, from 33.6°C 0.8°C during CON 

cycling to 34.8 ± 1.1°C during ECC cycling. These findings reflected the elevated levels 

of thermal discomfort (~137% increase; CON = 1.9 ± 0.1 versus ECC = 2.6 ± 0.1), 

reported by participants during ECC cycling [134]. Furthermore, the rate of rising aural 

temperature was greater during ECC, compared to CON cycling [134]. While novel, these 

findings are not unexpected when ECC and CON cycling are performed at equivalent 

VO2, given that the mechanical work required to achieve equivalent VO2 levels during 

ECC cycling is ~2.5× higher, than CON cycling [98, 134]. 

 The aforementioned decrements in knee extensor muscle function also reflects the 

amount of relative work resisted/absorbed at the knee joint during ECC cycling [27]. 

These authors analysed power output absorbed by the three lower limb joints (i.e., hip, 

knee and ankle) during ECC cycling. The results demonstrate that the knee joint absorbs 

~58% (±8%) of power during ECC cycling, while the hip and ankle absorb ~29% (±9%) 

and 10% (±3%), respectively [27]. Expectedly, the phase when the knee absorbs the 

majority of the power output is during knee extension and therefore, reflects the resistance 

requirements of the knee extensor muscles (i.e., quadriceps – VL, VM and RF) during 
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ECC cycling [27].   

 Eccentric cycling is a characteristically novel exercise task for most individuals 

[89, 135]. Indeed, effectively coordinating counter-intuitive movements, required of ECC 

cycling (i.e., compared with CON cycling), requires an increase level of focus and 

concentration and therefore, increases cognitive load [97]. Here, choice reaction time and 

tasking loading increased by ~118 and ~171%, respectively, between CON and ECC 

cycling task [97]. However, any initial increase in cognitive load appears to be reduced 

during subsequent bouts of ECC cycling (i.e., ECC1 versus ECC2), indicating that 

familiarisation with ECC cycling improves within a 20 min duration, likely through a 

learning effect [97]. 

Lastly, the effects of ECC cycling on neuromotor characteristics appear transient 

[50]. These authors measured corticospinal and neural excitability during 30 min of ECC 

and CON cycling, performed at 60 rpm and at 60% of peak CON power output. No 

change in neural excitability was observed in the quadriceps (i.e., VL and RF) between 

ECC and CON cycling [50]. However, a comparable increase in corticospinal excitability 

of VL was observed during CON cycling, compared with ECC cycling. The absence of 

change during ECC cycling was attributed to the lower neural drive to the quadricep 

muscles during ECC cycling [50]. However, factors including increased neural inhibition, 

synonymous with ECC muscle actions [102], may have also contributed.  

 

2.5.6 Limitations of Eccentric Cycling Studies 

 Past ECC cycling studies have contributed valuable knowledge to the discipline 

and demonstrate the effectiveness of ECC cycling. However, past studies are not without 

limitation [1]. Specifically, when reviewing the literature, the following three main 

limitations are under-investigated, despite their inherent importance: 1) an ECC cycling-
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specific test for workload prescription, 2) familiarisation and 3) controlled ECC muscle 

actions. 

 Among healthy populations, ECC cycling workloads are commonly prescribed 

based on a percentage of an individual’s maximal CON cycling power output (POmax), 

derived from an upright CON cycling incremental step test (i.e., VO2peak test) [29]. 

Furthermore, prescribed ECC cycling workloads are often set at ~60% POmax and 

maintained for between 1-30 min duration [29, 98, 108, 113, 134]. This method is feasible 

for clamping ECC and CON cycling workloads however, specificity of workload 

prescription is arguably limited [1, 80]. There is an opportunity to address this specificity 

issue with the development of an ECC cycling-specific test, perhaps a maximal ECC 

resistance test conducted in a semi-recumbent ECC cycling position. Such a test would 

provide a maximal ECC cycling value (akin to POmax) that could be used to prescribe 

ECC cycling workloads and identify intensity domains. A maximal ECC cycling test 

would arguably improve individualisation and specificity of ECC cycling workloads and 

therefore, improve functional outcomes. 

 The novelty of and therefore, lack of familiarisation with ECC cycling has been 

acknowledged as impacting adequate coordination of ECC cycling [30, 135]. Previous 

studies, investigating characteristics of ECC cycling, have attempted to address this issue 

by providing participants with periods of familiarisation [30, 97, 100, 127]. These periods 

often involve a single bout of ECC cycling at intensities lower than that prescribed during 

experiment ECC cycling (i.e., ~50 W or 10-15% peak CON torque) and for relatively 

short durations (five minutes) [30, 97, 100, 127]. Such familiarisation protocols are likely 

aimed at providing familiarisation with ECC cycling motion, without exacerbating 

EIMD. However, among clinical populations, ECC cycling is sustainable for 20-30 min, 

while avoiding EIMD and fatigue [15, 136, 137]. Furthermore, muscle soreness and 



 
 

 38 

function are reportedly lower during repeat ECC cycling bouts among healthy 

populations (i.e., ECC1 versus ECC2) [108, 109, 117, 127]. Thus, healthy populations 

could, expectedly, perform a single bout of ECC cycling familiarisation at experimental 

workloads (if submaximal), without creating undue muscle soreness or fatigue, prior to 

experimental testing. Implementing a single-session ECC cycling familiarisation protocol 

capable of adequately familiarising naïve participants with ECC cycling would likely 

improve the investigation of ECC cycling characteristics by minimising variability 

associated with performing a novel locomotor task. 

It is important to note that single bout and training studies typically prescribe ECC 

cycling at submaximal intensities and for durations ranging between 5-30 min [11, 78]. 

Therefore, past studies investigating familiarisation to sprint/maximal ECC cycling [135, 

138] are limited in their transferability. To our knowledge only two studies have 

documented familiarisation to submaximal ECC cycling across multiple sessions [139, 

140]. While familiarisation improved across sessions, it could be reasoned that multiple-

session familiarisation protocols are time-consuming, and place added burden on 

volunteer participants. Therefore, developing a single-session familiarisation protocol is 

preferable. As an aside, familiarisation to ECC cycling during training studies could be 

viewed as less crucial to the overall research outcomes as familiarity would likely be 

accounted for during the early adaptation periods of training [1]. 

 The aforementioned coordination issues associated with naïve participants 

performing novel ECC cycling could further affect the efficacy of ECC cycling and 

conclusions about central or peripheral nervous control of this activity. Indeed, lack of 

familiarity with a novel exercise task adversely impacts neuromuscular control [141, 142] 

and subsequently impacts muscle activation patterns [143, 144]. To improve the 

reliability of characteristics of ECC cycling it is important to improve the controllability 
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of ECC cycling. Specifically, limiting ECC cycling to only ECC muscle actions. It is 

reasonable to assume that CON muscle contractions would occur when naïve participants 

perform ECC cycling, given the inherently counterintuitive motion. The presence of non-

ECC muscle actions is likely to influence the quantification of characteristics of ECC 

cycling, in particular, neuromotor characteristics that are sensitive to CON-ECC co-

contractions [48, 49]. 

 Limiting ECC cycling to ECC muscle actions through repeated familiarisation 

sessions and/or training blocks is time consuming and unfeasible in general 

circumstances. Controlling ECC muscle actions mechanically, through an ECC cycling 

ergometer, would be preferable. To our knowledge, no previous custom designed, or 

commercially available ECC cycle ergometer has this capacity. Therefore, scope exists 

to develop a mechanical mechanism to limit the occurrence of non-ECC muscle actions 

during ECC cycling.  

 

2.6 NEUROMOTOR CHARACTERISTICS OF VOLUNTARY MOVEMENT   

Execution of voluntary human movement relies on communication between the 

central and peripheral nervous systems [145]. The central nervous system (CNS) is 

comprised of two main parts, the brain and the spinal cord. The brain has six main 

divisions including the medulla, pons, midbrain and diencephalon – collectively known 

as the brain stem – the cerebellum and cerebral hemispheres – which houses the cerebral 

cortex [145]. It is these areas; the spinal cord, brain stem and cerebral cortex that function 

to control voluntary movement [146]. Meanwhile, the peripheral nervous system 

comprises neurons and spinal nerves that communicate information and motor commands 

to and from the CNS [145].   
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2.6.1 Neuromotor Mechanisms of the Voluntary Motor Pathways 

Within the cerebral cortex is the primary motor cortex (M1), that is responsible 

for the function of the voluntary motor system [145, 146] (Fig. 2.3A). Motor functional 

parts of the body (i.e., fingers, arms, toes and legs) are arranged somatotopically along 

the M1 in the form of a motor homunculus (Fig. 2.3B). Here, the cortical area dedicated 

to a specific body part is indicative of its overall use.  

Neural signalling (i.e., neural information) is transported from a particular area of 

the motor homunculus to the corresponding location to initiate movement and 

collectively, locomotion [145]. Neural signalling, from the M1, travels down two main 

descending pathways: the lateral pathway – innervating distal musculature responsible 

for voluntary movement, or the anterior-medial pathway – innervating proximal 

musculature (i.e., trunk muscles) responsible for postural control [145]. The lateral 

pathway contains three tracts – the lateral corticospinal tract, anterior corticospinal tract 

and rubrospinal tract – of which ~30-40% originate in the M1 [147]. The lateral 

corticospinal tract (pyramidal tracts) is commonly referred to as the CST [147] and is 

responsible for majority of distal muscular control of the arms and legs [148]. The CST 

comprises two types of motor neurons: upper motor neuron – connecting the M1 with the 

ventral horn of spinal cord and lower motor neurons (i.e., alpha [α]-motor neurons) 

connecting synapses within the ventral horn of the spinal cord with skeletal muscles (Fig. 

2.4) [145]. 

In the case of neural control of movement, neural signalling is transmitted from 

an area (see homunculus, Fig. 2.3B) within the M1 and this information passes through 

the brainstem and pyramids of the medulla (CST is a pyramidal tract), along the upper 

motor neuron [145]. The upper motor neuron decussates (i.e., crosses-over) within the 

medulla and continues along the CST within the spinal cord, where it synapses with the 
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lower motor neuron, located at the ventral horn of the spinal [145]. The neural signal is 

then carried from the spinal cord via the lower motor neuron to the skeletal muscles of 

the corresponding area of the motor homunculus [145]. Put simply, the lower motor 

neuron (i.e., α-motor neurons) activates skeletal muscle fibres to generate ECC or CON 

muscles contractions and voluntary movement. 

 

Figure 2.3. A. M1 location on the brain and B) Motor homunculus is a somatotopical 

representation of the M1 and the respective motor locations of body regions. Adapted 

from Penfield and Rasmussen (1950) [149]. 

 

2.6.2 Investigating Neuromotor Mechanisms 

 Several non-invasive methods, including TMS and PNS, have been used to 

examine the neurophysiological characteristics of the CNS. The use of TMS and PNS – 

the focus of this section – has provided critical understanding of the neurophysiology 

underlying voluntary muscle contractions [38, 46], coordination of movement [150] and 

neurological disorders [151]. Such findings have been used to identify neuromotor 

changes in response to exercise [40, 152-154] and have provided beneficial rehabilitative 

implications for stroke [155, 156], spinal cord injury [157], Parkinson’s [158, 159] and 

post-operative patients [160]. 

Transcranial Magnetic Stimulation, originally defined by Barker et al. (1985) 
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[161], is a relatively safe and painless means to assess the efficacy of neural signalling 

travelling from the M1 to skeletal musculature, via the CST [162, 163]. During TMS, an 

electrical current is applied over the scalp, using a stimulation coil, producing a magnetic 

field [34, 150]. This rapidly changing magnetic field induces a secondary electrical 

current that activates targeted cortical neurons within the M1, and evokes an 

electrophysical response at the muscle site [164, 165]. The evoked muscle response, 

derived by TMS (i.e., TMS-derived) and recorded using surface EMG, is referred to as a 

motor-evoked potential (MEP) (Fig. 2.4). Characteristics of TMS-derived MEPs provide 

insight into modulation of CST excitability (CSE) [31, 35]. More specifically, the size of 

the MEP amplitude is indicative of the magnitude of CSE [35]. Several operational factors 

including stimulus intensity and coil positioning affect the size of TMS-derived MEPs 

[166]. Both these factors affect the number of motor neurons recruited and discharged, 

that in turn affects the variability of MEP size [166]. To minimise MEP variability due to 

positioning, TMS coils are positioned using neuronavigational software or manually 

using the international 10-20 EEG system coordinate placements to identify the 

designated ‘hotspot’ (i.e., stimulus area along the M1 that provides the largest MEP 

amplitude at a set stimulation output) [167, 168]. 

There are two types of TMS coils used to elicit a MEP – circular coil or figure-

of-eight (i.e., ‘butterfly’ coil) [163]. The figure-of-eight coil is more commonly used in 

clinical and research settings due to its relatively greater focality [163]; that is its ability 

to evoke a more precise and therefore, more local MEP [164]. Two variations of the 

figure-of-eight coil exist – flat and concave double cone – that are used to target different 

cortical areas, depending on depth of cortical neurons [169]. For example, the flat figure-

of-eight coil is commonly used to stimulate cortical areas corresponding with intrinsic 

hand muscles, whereas the concave coil is typically used to stimulate MEPs in the lower 
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limb [164]. 

TMS is delivered as either a single pulse or paired pulse technique, both of which 

can be administered in a resting or tonically contracting (i.e., isometric or 

lengthening/shortening) state. Single pulse TMS is used to determine motor threshold 

(MT, including resting MT – rMT) and to elicit recruitment curves (i.e., input-output or 

stimulus-response curves) [163]. Motor threshold MEPs are considered to reflect 

membrane excitability of corticospinal and spinal motoneurons [163, 170]. During 

recruitment curve stimulation, output intensities are gradually increased from sub-

threshold to supra-threshold levels. The size of MEPs (i.e., MEP amplitudes) elicited 

during recruitment curves are largely influenced by I-waves (indirect-waves) [150, 171] 

and provide insight into the strength of corticospinal motoneurons projections [163, 170], 

upregulation of M1 excitability [150, 172] and neuroplasticity changes within the CST 

[169]. 

 Paired pulse TMS protocols are used to probe modulation of cortical excitability 

and in particular, facilitatory and inhibitory effects of neural circuits within the M1 [173]. 

Modulation of cortical excitability, as indicated by changes to the conditioned MEP 

response, is determined by specific combinations of the paired pulse paradigms: the 

conditioning stimulus (CS), interstimulus interval (ISI) and the second test stimulus (TS) 

[163, 173]. The most commonly applied paired pulse techniques are short interval 

intracortical inhibition (SICI) and intracortical facilitation (ICF).  

First described by Kujirai et al. (1993) [174], SICI is characterised by a sub-

threshold CS and supra-threshold TS, separated by an ISI of 1-6 ms [163, 174]. The 

conditioned SICI MEP is expressed as a ratio between the CS and TS, where ratios <1 

and >1 represent inhibition and facilitation, respectively [163]. Indeed, SICI likely has 

intracortical origins, at the level of the M1, and is related to activity of local GABAA 
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inhibitory interneurons [163, 169]. Meanwhile, ICF is characterised by a sub-threshold 

CS and supra-threshold TS, separated by an ISI of 8-30 ms [163, 174]. Intracortical 

facilitation also originates in the M1 [163, 173, 175] and may reflect excitability of 

excitatory intraneuronal circuits in the M1 [173] however,  this is not abundantly clear 

[163, 173]. An additional paired pulse facilitatory protocol is short interval intracortical 

facilitation (SICF), defined by supra-threshold (or MT) CS and sub-threshold TS, with 

specifically discrete ISIs of 1.0-1.5 ms, 2.5-3.0 ms and 4.1-4.5 ms [42, 163, 173, 176]. 

Evidence suggests SICF also has cortical origins due to a known facilitatory effect 

inducing hyper-excitation of the I-wave interactions of descending corticospinal signals, 

measured in target muscles of the arms and legs [163, 173, 176].  

TMS paradigms have been extensively used to investigate neuromotor excitability 

of the CST, cortical connectivity and the functionality of neuroplastic changes. However, 

TMS and its respective protocols are not without limitations and are sensitive to 

operational (i.e., coil positioning and orientation) physiological (i.e., muscle contraction 

levels, fatigue) and morphological (i.e., participant populations) changes. A substantial 

amount of literature has been produced looking at addressing these and other nuances of 

TMS [31, 34, 163, 177-180], including reliability and repeatability of TMS measures 

[165, 181, 182]. Currently, TMS-derived MEPs provide the most available means of 

investigating state-changes within the corticomotor system [35]. These changes offer 

important information regarding the modulation of neuromotor excitability with human 

participants and subsequent findings are beneficial for clinicians and researchers. 



 
 

 45 

 

Figure 2.4. Presented is a representation of the process of TMS. A figure-of-eight coil stimulates magnetic 

fields creating an electrical impulse at the target area (H, hand and L, leg) located on the M1 (represented 

by the motor homunculus), eliciting a neural signal. The neural signal travels through the brainstem and 

decussates within the medulla and descends the CST, synapsing with the ventral horn of the spinal cord 

before radiating to the target muscle along peripheral spinal nerves. Using EMG, a MEP response is 

recorded from the target muscle. Analysis of MEP characteristics reveals information neuromotor 

excitability. 

  

In addition to TMS, PNS is a technique used to evoke potentials through direct 

electrical stimulation of a motor nerve (Fig. 2.5). Extensively used in research and clinical 

setting to quantify motor control properties [36, 183], PNS is often collected alongside 
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TMS measures to provide an overall insight into the integrity of the voluntary motor 

pathway [32, 36]. The electrical stimulus applied during PNS can be used to evoke several 

different potentials, such as M-waves, Hoffmann reflexes (H-reflex) and V-waves. Each 

of these potentials is recorded at the muscle site (i.e., the muscle innervated by the 

stimulated nerve) and interpretation of the measured responses provides specific 

information about different aspects of neuromotor control [32]. 

The most common PNS response is the M-wave (Fig. 2.5), also referred to as the 

compound muscle action potential (CMAP). The most regularly evoked M-wave 

potential is the maximal M-wave (Mmax). The Mmax is produced by applying supra-

threshold electrical stimulation to a peripheral motor nerve (i.e., median, femoral or tibial 

nerves) and recording the evoke potential, using EMG, at the muscle site. During Mmax 

stimulation, spinal motor neurons of the muscle, are maximally stimulated and provide a 

measure of the maximal producible activity of that muscle [32]. The subsequent 

magnitude of the peak-to-peak Mmax amplitude is most commonly measured and is 

influenced by muscle size, stimulation intensity and importantly, exercise [32]. Indeed, 

during or following exercise, peak-to-peak Mmax amplitude has been used to determine 

the fatiguing effects of exercise [184] and the effects of specific muscle actions performed 

within exercise [185]. Given its representation of the maximal producible electrical 

capacity of a muscle [32], the peak-to-peak Mmax amplitude is regularly used to normalise 

the size of MEPs and H-reflexes of the target muscle to provide a reliable means to 

quantify neuromotor change [42, 186-188]. 

The Hoffmann or H-reflex (Fig. 2.5) is a reliable measure of spinal excitability 

(Fig. 2.5) [32, 181, 189-191]. To evoke a H-reflex, sub-threshold PNS is applied to a 

motor nerve and recorded, at the muscle, using EMG. The recorded H-reflex characterises 

the activation of α-motor neurons via Ia afferent synaptic impulses [32]. For this to occur, 
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afferent (i.e., sensory information travelling from stimulation site to spinal cord) and 

efferent (i.e., motor information travelling from α-motor neurons to the neuromuscular 

junction) feedback, as well as direct efferent motor activity (i.e., M-wave) are involved 

[36], thus providing a comprehensive assessment of spinal circuitry integrity [192]. Size 

(i.e., peak-to-peak amplitude) of the H-reflex is the most readily measured characteristic 

and is typically normalised to Mmax, to produce a H-reflex/Mmax ratio. H-reflex size is 

directly influenced by PNS intensity and the size of the activated motor neurons [36, 183]. 

Specifically, recruitment of motor units by Ia afferent inputs, during H-reflex stimulation, 

conforms to the Hennemann ‘size principle’ in that motor unit recruitment occurs from 

smallest to largest in size [36]. Given that H-reflexes are elicited by sub-threshold PNS 

intensities and are washed-out at higher PNS intensities, smaller motor neurons are likely 

preferentially recruited and therefore, constitute the majority of the H-reflex response 

[36].  

Measured in vivo, H-reflexes are modulated when performing motor tasks [32, 

36]. In fact, H-reflex size is reduced in response to single-joint ECC exercise [33, 38, 46] 

and rhythmic CON cycling exercise [44, 45, 193]. The reduction or depression of H-

reflex size is due to presynaptic inhibition of Ia afferent inputs [32, 44, 193] and is 

discussed in section 2.6.3. 

 The V-wave is a neurophysiological variation of the H-reflex [194] and is 

stimulated by eliciting a supra-threshold stimulus during a MVC of the target muscle (Fig. 

2.5). Similar to the H-reflex, the peak-to-peak amplitude of V-waves are normalised to 

Mmax and represents the magnitude of descending central drive to spinal motor neurons, 

specifically α-motor neurons [32, 33, 42]. Modulation of V-wave magnitude occurs 

following resistance exercise [33, 194]. However, V-wave magnitudes appear unaffected 

by contraction type (i.e., ECC versus CON) or rhythmic locomotion [42]. 
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 Overall, techniques of PNS provide an effective means to explore human 

neuromuscular function and are therefore, consistently used to evaluate modulatory 

changes to neuromotor mechanisms involved in the coordination of human movement 

[44]. The following section will discuss such changes in relation to single-joint ECC and 

CON cycling exercise. 

 

 

Figure 2.5. Presented is a representation of the process of PNS. In all circumstances an electrical stimulus 

is elicited from a stimulator to stimulus apparatus (i.e., stimulator electrode, bar or probe) fixed over the 

target motor nerve. An afferent (i.e., sensory) is relayed from the stimulation site to the spinal cord creating 

an excitatory potential that travels along α-motor neurons to the muscle site, where the PNS potential (i.e., 

M-wave/Mmax, H-reflex or V-wave) is recorded using EMG electrodes. H and V denote H-reflex and V-

wave, respectively. Adapted from Aagaard et al., (2002) [194].  

 

2.6.3 Neuromotor Characteristics of Single-Joint Eccentric Exercise and Concentric 

Cycling 

Much has been written about the unique neuromotor control strategy differences 
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between ECC and CON muscle contractions and how these strategies underlie the ability 

of ECC contractions to produce comparatively greater forces at lower physiological and 

neuromuscular cost [52, 102, 195, 196]. This unique strategy has enabled the beneficial 

application of ECC exercise in rehabilitation settings [12, 13], [14-19]. Additionally, a 

considerable amount of research has investigated the modulation of neuromotor 

mechanisms during and following rhythmic locomotion and, in particular CON cycling 

[37-42]. Such studies have shown beneficial impacts of CON cycling on neuromotor 

function [43-45] and along with those accompanying single-joint ECC exercise, will be 

discussed in this section. 

 

The size of TMS-derived MEPs is reduced during ECC muscle contractions, often 

regardless of intensity (i.e., submaximal or maximal contractions) or muscle group (i.e., 

upper limb or lower limb muscles) [33, 102]. Indeed, MEP amplitude decreases by up to 

70% during submaximal ECC contractions of upper limb muscles, compared with similar 

CON contractions [37]. Reductions in MEP size have also been reported during 

submaximal and maximal ECC contractions of soleus and quadriceps, compared to 

similar CON contractions [38, 46, 197]. Interestingly, submaximal and maximal ECC 

contractions of soleus had a similar reductive effect on MEP size [38, 46]. The reduction 

in MEP size, during ECC contractions, signifies a decrease in CSE [52, 65, 102, 195, 197, 

198]. A simultaneous shortening of the MEP silent period is reported alongside reduced 

MEP amplitudes during ECC contractions of soleus [46]. Interestingly, a shortened MEP 

silent period is an indicator of reduced intracortical inhibition [102]. Therefore, despite 

an overall decreased in CSE, as indicated by reduced MEP size, intracortical inhibition 

may also be reduced during ECC contractions. Indeed, using paired pulse TMS paradigms 

(i.e., SICI and ICF), intracortical inhibition is decreased and intracortical facilitation 
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increased in active muscles during ECC, compared to CON contractions [199]. 

Consequently, cortical excitability increases during ECC contractions, compared to CON 

and isometric contractions [200, 201]. Increased cortical excitability during ECC 

contractions is consistent with greater movement-related cortical potentials recorded 

during the ECC phase of a lifting movement [202, 203] and also parallels an elevation in 

cortical activity during ECC exercise [6, 204], suggesting a larger brain area is required 

to control ECC contractions [102]. 

Inhibitory mechanisms at the spinal level are considered to reduced motor neuron 

excitability and therefore, reduce CSE during ECC contractions [102, 198, 205]. As 

mentioned previously, spinal excitation and by extension spinal inhibition can be 

measured using PNS to elicit a H-reflex. Similar to MEP amplitude, H-reflex amplitudes 

recorded from active muscles during submaximal and maximal ECC contractions are 

reduced, indicating a decrease in spinal excitability [37, 38, 46, 185]. The overall decrease 

in spinal excitability has been attributed to spinal inhibition and specifically, presynaptic 

inhibition of Ia afferents [37, 38, 46, 185, 206]. However, other forms of inhibition 

including postsynaptic and recurrent inhibition, may also contribute to the reduction in 

spinal excitability during ECC contractions [102, 207, 208]. Regardless, spinal 

excitability is reduced, due to increased spinal inhibition, during ECC contractions. The 

increased spinal inhibition likely functions to moderate increased descending cortical 

excitability during ECC contraction [102, 198, 209], offering a protective mechanism to 

reduce injury risk [62, 210].  

Overall, neuromotor mechanisms are differentially modulation during ECC, CON 

and isometric contractions. For ECC contractions, increase cortical excitability is 

countered by an even greater increase in spinal inhibition, which accounts for reduced 

CSE reported in active muscles during ECC contractions. 
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Regarding CON cycling, modulation of neuromotor excitability varies based on 

duration and intensity of the cycling task [40, 188, 211, 212]. However, modulation of 

CSE is not confined to exercising muscles, as evidenced by changes in non-exercising 

muscles [51]. For example, TMS assessment of CSE in exercised quadricep muscles 

increases following prolonged (i.e., 40-240 minutes) submaximal CON cycling [213, 

214]. Conversely, when CON cycling is submaximal (low-moderate intensity) and <30 

min, CSE remains unchanged in exercised quadricep muscles [211]. However, SICI is 

reduced immediately post submaximal CON cycling [215, 216], indicating a level of 

enhanced neuromotor excitability. Indeed, previous studies have shown reductions in 

cortical inhibition [39, 42, 153] and facilitation [42, 153, 217] when measured in a non-

exercised upper limb muscle following CON cycling. These findings explicate increased 

CSE measured in non-exercised muscle after CON cycling [44, 218] further suggesting 

that CON cycling enhances neuromotor excitability. However, others have reported no 

change in CSE of non-exercised muscle following submaximal CON cycling [39, 42, 

153]. 

Interestingly, Zehr and colleagues have previously reported that CON leg and arm 

cycling differentially modulates neural excitability [44, 193, 219, 220]. Specifically, 

neural drive to muscles of the non-exercised limbs (i.e., arms or legs) is facilitated by 

CON arm or leg cycling. For example, CSE and spinal excitability (i.e., increased H-

reflex amplitude) of the arms or legs is increased by CON leg or arm cycling, respectively 

[221] [44, 45]. Coordination of rhythmic locomotion, including cycling, is presumably 

regulated by neural networks in the spinal cord [220, 222] and it is likely that the arms 

and legs share common aspects of these neural networks through interlimb coupling 

[222]. The ‘common core hypothesis’ suggests that neuromotor control of rhythmic 
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locomotion is regulated by interlimb coupling of neural networks between the arms and 

legs [219, 222, 223]. Indeed, Zhou et al. (2016) [45] provided demonstrable evidence of 

the ‘common core hypothesis’ when reporting that arm cycling facilitates CSE in the non-

active lower limb. This information provides valuable justification for the use of rhythmic 

locomotion, especially cycling, in neurorehabilitation. 

Whilst varied, CON cycling appears to induce neuromotor excitability that is 

reflected by reciprocal increases in CSE and spinal excitability by CON arm or leg cycling 

and indicative of a neural coupling between the limbs. Alternatively, where cortical 

excitability is likely increased by CON cycling, CSE measured in the exercised muscle is 

variable and may be similarly affected by spinal inhibition during single-joint ECC 

contractions. 

 

2.7 NEUROMOTOR CHARACTERISTICS OF ECCENTRIC CYCLING   

There is comparatively (to CON) less understanding of the neuromotor 

characteristics and control of ECC cycling. To our knowledge, only a single study has 

investigated this area [50] and only three studies have investigated neuromotor 

characteristics of ECC locomotion, in general [48, 49, 224]. The lack of knowledge is 

contrary to that of single-joint ECC and CON cycling studies that have garnered 

significantly more attention and will be evaluated in this section. 

 

2.7.1 Influence of Eccentric Cycling on Neuromotor Mechanisms 

Clos et al. (2022) [50] examined CSE during ECC cycling and compared it to 

workload-matched CON cycling. Thirteen healthy participants performed single bouts of 

ECC and CON cycling for 30 min, on separate days, both at 60% peak CON cycling 

power output. TMS was used to elicit MEPs in RF and VL muscles during the 3rd and 
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25th minutes of cycling. Motor-evoked potentials were normalised to corresponding Mmax 

elicited from the femoral using PNS. The results showed that MEP amplitude was 

significantly greater in VL, but not in RF, during CON cycling compared to ECC cycling 

(p = 0.008 vs p = 0.051, respectively). Time (i.e., 3rd and 25th minutes) did not affect MEP 

amplitudes or MEP/EMG ratios for either muscle during CON or ECC cycling (p > 0.23).  

However, relative silent periods were comparatively larger during ECC cycling (p < 

0.033). Although, relative silent periods did not change between the 3rd and 25th minutes 

of ECC cycling. The authors concluded that lower CSE and increased relative silent 

period observed in VL during ECC cycling was dependent on neural drive to the 

exercising muscles. Indeed, MEP amplitude, representing CSE, is associated with the 

magnitude of muscle activity (i.e., EMG amplitudes) [162, 225]. Interestingly, Clos et al. 

(2022) [50] did report higher background levels of EMG in VL during CON versus ECC 

cycling. This finding reflects a reduction in neuromuscular activity during ECC muscle 

contractions [52, 102, 195] and is associated with increased presence of presynaptic 

inhibition, compared to CON muscle contractions [38, 46, 185, 207]. Given the increased 

relative silent periods during ECC cycling, increased inhibition is likely evident during 

ECC cycling [50] and therefore, reducing CSE of the exercising muscle. 

  

2.7.2 Influence of Eccentric Locomotion on Neuromotor Mechanisms 

Other studies investigating the influence of ECC locomotion on neuromotor 

modulation used downhill treadmill exercise [48, 49, 224]. The first of these studies 

compared changes in global (i.e., non-exercised muscle) CSE pre- and post- 30 min of 

uphill (+10% incline) and downhill (+10% decline) running [49]. Participants completed 

each bout of treadmill running at 60% of their maximal heart rate, determined during an 

incremental treadmill step test to exhaustion. Single pulse TMS was used to elicit a MEP 
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in a non-exercised hand muscle – abductor pollicis brevis (APB) – pre- and 5-, 15- and 

30-min post-exercise, respectively. The authors also combined TMS and PNS techniques 

using a paired associative stimulus (PAS) protocol to increase CSE [49, 226]. Results 

showed no difference in MEP amplitudes between uphill and downhill running pre-, 5- 

or 15-min post-exercise. However, MEP amplitude, elicited by single pulse TMS and 

PAS, significantly increased post 30 min for uphill and downhill running conditions, with 

no differences between treadmill conditions. Importantly, PAS-induced MEP amplitudes 

were significantly increased 30 min post downhill running, compared to pre-, 5- or 15-

min measures. Moreover, PAS-induced MEP amplitudes were significantly greater 5-min 

post downhill versus uphill running. Here, locomotor exercise imposed a delayed (i.e., 

post 30 min) excitatory effect on global CST, regardless of running mode. However, when 

PAS was applied post-exercise, only downhill running induced a significant, yet delayed, 

increase in global CSE. It was concluded that spinal inhibition does not appear to 

influence global CSE following ECC locomotion [49]. However, spinal measures, 

including Mmax or H-reflex, were not recorded pre- or post- exercise therefore, changes 

to spinal excitability (via spinal inhibition) are not definitive. 

 A similar study investigated changes to local (i.e., exercised muscle) CSE 

following 45 min of uphill (+15% incline) and downhill (-15% decline) treadmill walking 

[48]. Treadmill walking speed and therefore, intensity was maintained at a fixed velocity 

corresponding to 75% of heart rate reserve. Changes to CSE, SICI and peripheral nerve 

excitability (i.e., M-wave amplitude) were evaluated in VL and RF, during submaximal 

(20% MVC) contractions, using single and paired pulse TMS and PNS, respectively. 

These measures were recorded pre-, immediately post and 30 min post-exercise. The main 

finding was a sustained increase in MEP area recorded from VL post-downhill (both 

immediately and 30 min), compared to pre-downhill measures. While difficult to explain, 
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based on no fatigue-related changes in muscle EMG activity, the authors suggested that 

increased MEP area in VL could be related to CST changes between synergistic muscles; 

RF and VL is this circumstance. Indeed, the proposed greater contribution of RF to 

downhill walking and reduced spinal excitability [227], possibly disguised any increased 

in CSE in VL [48]. Importantly, no other changes in SICI or M-wave amplitudes were 

observed following downhill walking.  

 Each of the previous studies suggested that inhibitory mechanisms contributed to 

the modulation of CSE by ECC locomotion. This suggestion supports the findings of 

Sabatier and colleagues [224] who showed a significant reduction in soleus H-reflex 

amplitude following 20 min of downslope treadmill walking, compared with level and 

upslope walking. Reduced H-reflex amplitude recovered 45 min post-exercise suggesting 

a transient change in spinal excitability, possibly due to an increase in motor cortical 

activity [228], reflective of the higher motor complexity of ECC exercise [102]. 

 

2.7.3 Summary of Neuromotor Mechanisms and Eccentric Locomotion 

 The four aforementioned studies provide novel information about the influence of 

ECC locomotion on neuromotor modulation. Based on this limited information, ECC 

locomotion exercise appears to specifically modulate neuromotor mechanisms, including 

CSE and spinal excitability, that may elicit beneficial neuromotor changes [48, 51] as 

previously hypothesised [3, 11, 51]. However, considerably more research is required to 

confirm these findings.  

It is interesting as to why such little attention has been paid to investigating this 

area. Several reasons may account for this however, including: 1) adequately controlling 

ECC locomotion intensity through specific workload prescription, 2) an inability to 

isolate ECC contractions during locomotor exercise and, 3) adequately familiarising 
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participants with novel ECC locomotion. Therefore, it is important to acknowledge these 

methodological complications within ECC locomotion studies. However, these 

limitations do provide opportunity for future researchers to address them and thus, aid in 

improving the understanding of how ECC locomotion and more specifically ECC 

cycling, influences neuromotor modulation. 

 

2.8 CONCLUSION  

This literature review has described the physiological, neuromuscular, metabolic 

and perceptual characteristics of ECC cycling and the subsequent adaptations that have 

predicated its (i.e., ECC cycling) preferred application (compared to CON cycling) 

among clinical populations. Methodological limitations of ECC cycling studies, that are 

likely to affect neuromotor characteristics, have also been identified. Lastly, the review 

has established the limited amount of understanding about the neuromotor characteristics 

of ECC cycling, compared with single-joint ECC and CON cycling studies. This absence 

of knowledge is despite previous recommendations to investigate the neurological 

benefits of ECC cycling. The following gaps in the knowledge of ECC cycling have 

therefore, been identified: 

1. There is a lack of fundamental knowledge of the effects of ECC cycling on cortical, 

corticospinal and spinal modulation, measured in both exercised and non-exercised 

muscles, 

2. There is no current means to prescribed ECC cycling workloads based on a maximal test 

specific to ECC cycling, 

3. There is no adequate familiarisation protocol for ECC cycling, despite acknowledgement 

of its effect on coordination of ECC cycling, and 
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4. There is no practical system that limits the occurrence of non-ECC muscle contractions 

during ECC cycling  

 

These gaps in the knowledge justify the need to investigate the influence of ECC 

cycling on neuromotor modulation using more controlled protocols. The findings are 

likely to have beneficial implications for researchers and clinicians and, will potentially 

improve the use case for ECC cycling in clinical rehabilitation settings. 

 

2.9 AIMS OF THIS THESIS 

 The purpose of this thesis was therefore to investigate and quantify how ECC 

cycling influences the modulation of the underlying neuromotor mechanisms, and this 

will be addressed through the following aims: 

1. To determine how submaximal intensity ECC and CON cycling affects global CSE, as 

measured in a non-exercising hand muscle, 

2. To design and construct a semi-recumbent ECC cycle ergometer to isolate ECC 

contractions during ECC cycling, 

3. To develop a reliable maximal (i.e., peak) ECC resistance test of the lower limb, specific 

to the ECC cycling position, 

4. To determine parameters of familiarisation to ECC cycling among naïve participants, and 

5. To determine the modulatory influence of ECC cycling on global and local neuromotor 

mechanisms using the parameters set in aims 2-4. 

  



 
 

 58 

Chapter 3  

Experimental Study One – Global Corticospinal Excitability as 

Assessed in a Non-Exercised Upper Limb Muscle Compared Between 

Concentric and Eccentric Modes of Leg Cycling 

Publication 

Walsh, J. A., Stapley, P. J., Shemmell, J. B. H., Lepers, R., and McAndrew, D. J. (2019). Global 

Corticospinal Excitability as Assessed in a Non-Exercised Upper Limb Muscle Compared 

Between Concentric and Eccentric Modes of Leg Cycling. Scientific Reports, 9:19212, doi: 

10.1038/s41598-019-55858-5 

 

Abstract  

This study investigated the effects of ECC and CON recumbent cycling on global CSE, 

assessed through the activity of a non-exercised hand muscle. Thirteen healthy male 

adults completed two 30-min bouts of moderate intensity ECC and CON recumbent 

cycling on separate days. Power output (POutput), heart rate (HR) and cadence were 

monitored during cycling. Global CSE was assessed using transcranial magnetic 

stimulation to elicit MEP in the right first dorsal interosseous muscle before (‘Pre’), 

during (at 10 and 20 mins, D10 and D20, respectively), immediately after (post, P0), and 

30-min post exercise (P30). Participants briefly stopped pedalling (no more than 60 s) 

while stimulation was applied at the D10 and D20 min timepoints during cycling. Mean 

POutput, and RPE did not differ between ECC, and CON cycling and HR was 

significantly lower during ECC cycling (P = 0.01). Group mean MEP amplitudes were 

not significantly different between ECC and CON cycling at P0, D10, D20, and P30 and 

CON (at P>0.05). Stimulus-response curves compared between ‘Pre’ and P0 were highly 
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correlated for ECC (r = 0.98, P = 0.01) and CON (r = 0.99, P = 0.01), respectively. 

Individual participant ratios of POutput and MEP amplitude showed large variability 

across the two modes of cycling, as did changes in slope of stimulus-response curves. 

These results suggest that compared to ‘Pre’ values, group mean CSE is not significantly 

affected during or following low-moderate intensity cycling in both modes. However, 

POutput and CSE show wide inter-participant variability which has implications for 

individual neural responses to CON and ECC cycling and rates of adaptation to a novel 

(ECC) mode. The study of CSE should therefore be analysed for each participant 

individually in relation to relevant physiological variables and account for habituation to 

ECC cycling. 

 

3.1 INTRODUCTION 

 

It is known that both regular and single bouts of exercise can enhance cortical 

plasticity and excitability [40, 229, 230]. In particular, stationary leg cycling involving 

CON or shortening muscle contractions, is known not only to enhance intracortical 

excitability in the muscles involved in the exercise, but also in the muscles not directly 

involved in pedalling, such as wrist muscles [41]. This is supported by the work of Zehr 

and colleagues, who showed that MEPs elicited in non-exercising arm muscles are 

facilitated during submaximal leg cycling [44]. Similarly, during low-intensity cycling 

using the arms, MEPs measured in the non-exercising vastus lateralis (leg) muscle also 

increased [45]. Taken together, these findings indicate that as facilitation was observed 

in non-exercising muscles, exercise contributes to increasing a state of global CSE. These 

results also suggest a neural coupling between the upper and lower limbs. Moreover, 

Zehr’s work suggests that as well as descending (cortical) commands, spinal mechanisms 

(e.g., central pattern generators; CPGs) also contribute to the control of rhythmic arm or 

leg movements [44, 222]. Furthermore, Carroll et al., (2006) [231] recorded greater CSE 
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in non-exercised wrist muscles after cycling with the legs when compared to static 

contractions of the same leg muscles. Moreover, these authors also showed that sub-

threshold TMS facilitated H-reflex amplitudes during cycling and static contractions to 

the same extent, suggesting that sub-cortical sites likely contribute to the increase in 

global CSE seen in the non-exercised muscle. 

Cycling exercise is known to reduce cardiovascular risk factors [2], improve 

functional muscle performance [232] and enhance cognitive function [41]. Two modes 

of cycling have been increasingly used in rehabilitation settings: (1) the regular, CON 

mode, in which active muscles shorten during contractions, or (2) an ECC mode, during 

which participants contract active leg muscles while they lengthen under a load applied 

by the pedals being driven in a backwards direction. Differences in neuromuscular 

activity have been reported between submaximal single-leg CON and ECC cycling 

exercise [3, 27]. For a given workload, ECC cycling increases muscle strength and mass 

at a significantly reduced cardiovascular cost compared to CON cycling [8, 9, 23, 233]. 

This benefit has led to ECC cycling being adopted as a form of clinical rehabilitation 

among patients to minimise cardiovascular stress [14, 17, 137]. 

While there are clear advantages of using ECC cycling with clinical populations 

(improving strength at lower cardiovascular loads), whether this mode of cycling is 

associated with neural plasticity, and more specifically changes in global CSE, is 

unknown. What evidence is there that ECC cycling would result in quantitatively 

different measures of global CSE during or after cycling, compared to CON cycling? 

Singh et al., (2014) [41] quantified global CSE (stimulus response curves of MEPs) using 

a non-exercised hand muscle before, immediately after and 30 min post CON cycling in 

a recumbent position. In addition, they measured short and long intracortical inhibition 

(SICI and LICI, respectively) and intracortical facilitation (ICF). Although they found no 
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differences in CSE at different stimulus intensities before, immediately after or 30 min 

post exercise, they did find that CON cycling for 20 min led to increased ICF and 

decreased SICI. Their results therefore contrast somewhat with those of Carroll et al., 

(2006) [231] who recorded greater global CSE in non-exercised muscles after regular 

CON leg cycling than static contractions of the same muscles as those used during 

cycling. On the contrary, ECC muscle contractions have been associated with reduced 

CSE due to the inhibition of Ia afferents, as well as recurrent inhibition to regulate gain 

at the spinal level [102, 207]. Moreover, H-reflex activity has been shown to be depressed 

during ECC muscle contraction, suggesting that spinal mechanisms are modulated by 

supra-spinal structures [46]. Greater cortical motor control is required to execute ECC 

muscle contractions [202-204] suggesting that ECC exercise, including ECC cycling is 

modulated by different supra-spinal neural control strategies, compared to CON cycling. 

Therefore, the aim of the current study was to determine how low-intensity ECC, and 

CON leg cycling affects global CSE as measured in a non-exercising hand muscle. Our 

study adopted an exercise intensity of cycling ergometry (low-moderate) previously used 

to study muscle strength in with clinical populations [137]. We predicted that, CON 

cycling would show facilitation of CSE, whereas ECC cycling (associated with spinal 

inhibition) would not show such facilitation. 

3.2 METHODS 

 

Participants 

 

Thirteen healthy male participants (n = 13: age: 24.3 ± 3.5 years, weight: 82.2 ± 

10.5 kg, height: 180.1 ± 6.6 cm, mean ± SD) with no history of medical or neurological 

disorders volunteered to participate in the study. An estimated sample size of six 

participants calculated using an α-level of 0.05, power (1 – β) of 0.80 and an effect size 

of (Cohen’s d) 0.76 [49]. Participants completed a Sports Medicine Australia pre-exercise 
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screening questionnaire to determine exercise readiness. Self-reported physical activity 

levels were calculated using the Long Format International Physical Activity 

Questionnaire [234]. Eleven of 13 participants were right-handed based on Edinburgh 

Handedness Inventory scores (mean LQ = 83.6 ± 24.7%). All participants provided 

informed consent prior to participation, with the study being approved by the University’s 

Human Research Ethics Committee (ethics number HE16/129) and carried out in 

accordance with the Declaration of Helsinki. 

 

Experimental design 

 

Participants were randomly allocated to two intervention orders (ECC then CON 

or CON then ECC, Fig. 3.1), separated by 24–96 hours, in a cross-over design. Prior to 

ECC cycling only, participants performed 5-min of ECC cycling at a workload of 1 W/kg 

to become familiarised with the reverse (i.e., backwards) motion of ECC leg cycling [39, 

89, 104]. Participants completed 30 min of low-intensity CON or ECC leg cycling (3 × 

10 min bouts). Power output (POutput) and HR were collected throughout the full 

duration of the experiments. Ratings of perceived exertion and TMS-derived MEPs were 

measured before leg cycling and at 10 min intervals during the 30 min (times hereon 

referred to as ‘interleaved’) and post exercise. Heart rate is reported in 7/13 participants 

as the remaining 5 participants demonstrated interference in the HR signal and did not 

have complete datasets. Participants remained seated for the duration of testing and all 

non-cycling movement was minimised by asking participants to hold their arm crossed in 

their laps. Participants were instructed to use the first 30 s of cycling to stabilize their 

self-perceived intensity at a set cadence (60 rpm). Cycle ergometer. All cycling exercises 

were carried out on a custom-built recumbent cycle ergometer that restricted muscle 

contraction of the lower limb to either ECC or CON within a closed-chain loop (Fig. 3.2). 

For CON cycling, an existing magnetic braked regulation box (Siemens, CAmed, 
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Germany) provided resistance, while for ECC cycling; a 0.75 kW asynchronous electric 

motor drove the cranks backwards with participants resisting the pedal movements. 

Participants were seated to achieve an extended knee angle of 130° (relative angle) [27]. 

A voltage control dial connected to the magnet and motor-controlled resistance that could 

be adjusted in 10 or 20 W increments. Power output was measured using a Schoberer Rad 

Meßtechnik (SRM) PowerCrank system (Julich, Germany). Zero offset of the SRM 

PowerCrank system was carried out prior to each testing session. Participants were 

instructed to maintain a cadence (rpm) of 60 rpm by watching the SRM head unit (SRM 

PowerControl V7) and adjusting the voltage control dial to maintain a self-perceived level 

of cycling resistance. Heart rate data was collected continuously throughout each CON 

and ECC cycling session using a Suunto Dual Comfort Belt (Suunto Oy, Vantaa, 

Finland). 
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Figure 3.1. Cycling protocol and timeline of TMS measurements for ECC and CON experimental sessions 

(2 sessions per participant). Resting motor threshold (rMT) was collected at ‘Pre’, D10, D20, P0 and P30. 

Stimulus response curves were collected at ‘Pre’ and P0. Participants stopped cycling (referred to as 

interleaved periods in the text) for a short period not exceeding 60 s after 10 min during each 30 min cycling 

bout. 
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Figure 3.2. Experimental set-up. Participants (n = 13) were seated in a semi-recumbent cycle able to 

function under two modes: CON and ECC. The right forearm was placed on an adjustable arm rest such 

that the forearm was immobilised with a fixed elbow joint angle of 90° (palm pronated) on an armrest. 

 

Exercise intensity 

Participants were required to maintain a low-moderate intensity cycling workload, 

similar to that adopted in a previous study (moderate; RPE 10-12 or CR-10 of 3; 

MacMillan, 2017) using the Borg 6–20 RPE scale [131]. All participants had prior 

experience using the Borg scale. Participants reported their RPE every two minutes to 

confirm the stability of perceived cycling intensity and it was recorded every 10th min 

(i.e., D10, D20 and P0; Fig. 3.1). 

 

Electromyography 

 

Surface EMG was recorded from the right (dominant) first dorsal interosseous 

(FDI) muscle using 10 mm diameter Ag/AgCl bipolar electrodes fixed in a belly-tendon 

montage. Prior to electrode placement the skin was prepared by shaving, mildly abrading 

and cleansing with isopropyl alcohol. The location of the EMG electrode was traced onto 
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the skin of each participant so that it could be replaced in the same position during the 

following visit. EMG signals were sampled at 1 kHz (Power1401, Cambridge Electronic 

Design, Cambridge, UK) gain amplified (Å~1000) and bandpass filtered (20 Hz–1000 

Hz). Offline analysis of EMG data was performed using Spike software version 6.02 

(Cambridge Electronic Design, Cambridge, UK). 

 

Ulnar nerve stimulation 

 

Five Mmax recordings were taken from the FDI prior to pre-exercise TMS 

measures. To evoke Mmax in FDI, single square-wave stimulation currents of 200 μs 

duration were delivered to the ulnar nerve using a bar electrode (MLADDF30 stimulating 

bar electrode, ADInstruments, Bella Vista, Australia) placed 3 cm proximal to the wrist 

[40, 235]. Stimulator output (DS7AH, Welwyn, Garden City, UK) was incrementally 

increased until M-wave plateaued [235]. Stimulator output where the M-wave plateaued 

was considered as the plateau intensity (100%; mean stimulator intensity; 44.5 ± 9.6 mA). 

Supramaximal stimulations equating to 120% of an individual’s plateau intensity were 

delivered to evoke Mmax (mean stimulator intensity; 53.4 ± 11.5 mA). 

 

Transcranial magnetic stimulation 

 

Single pulse TMS was delivered over the M1 region using a Magstim 200 

(Magstim Co. Ltd, UK) and a figure-8 coil (70 mm diameter). The coil was aligned 

tangentially to the sagittal plane at a 45° angle over the hand region of the left M1 to 

induce a posterior to anterior current flow within the motor cortex. Optimal coil position 

(hotspot) was determined as the location and orientation that evoked the largest MEPs in 

the relaxed right FDI. Optimal coil position was marked directly on a fitted cap for 

accurate repositioning throughout each testing session. 
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Motor-evoked potentials 

 

Resting motor threshold (rMT) was determined as the lowest stimulus intensity 

that would elicit at least 5/10 MEPs [165] with a peak-to-peak amplitude >50 V [179] in 

the relaxed right FDI. Hand and finger position were demarcated on the armrest to allow 

for accurate repositioning of the hand and fingers in order to maintain consistent FDI 

muscle length and orientation. Each participant had their right arm positioned at an elbow 

joint angle of 90° (palm pronated) on an armrest, while TMS was administered (Fig. 3.2). 

Ten MEPs (ISI = 4–5 s; RMT = ECC; 48.1 ± 5.9, CON; 48.5 ± 6.9% MSO) were elicited 

in the right FDI pre-exercise (‘Pre’), interleaved (D10, D20), immediately post exercise 

(P0) and 30 min post-exercise (P30). For rMT measurements of the right FDI taken at 10 

and 20, participants briefly stopped cycling on the ergometer (no longer than 60 s). 

Stimulus-response curves (SRC) were generated using single pulse TMS to elicit MEPs 

in the resting FDI muscle at four intensities based on motor threshold (five stimuli per 

intensity): 90%, 100%, 110% and 120% rMT. Intensities were randomised across 

participants in a blocked order at ‘Pre’ and P0 times, remaining consistent within the 

testing session. Peak-to-peak MEP amplitudes were calculated from the region of EMG 

activity as per procedures of [209]. All MEP amplitudes were normalised to Mmax in 

order to provide an indication of the percentage of the motoneuron pool recruited during 

MEPs and minimise inter-participant variability due to differences in impedance, 

electrode placement relative to innervation points, muscle architecture, etc, between 

subjects. 

 

Statistical analysis 

The IBM SPSS Statistics for Windows, version 21 (IBM Corp., Armonk, N.Y., 

USA) software was used for all statistical analyses. Paired t tests were used to compare 
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ECC and CON RPE, relative power (W/kg1), cadence and HR. Data are presented as 

mean ± standard deviation (SD). All MEP data were tested for normality using a Shapiro-

Wilk analysis and sphericity using Mauchly’s sphericity test prior to statistical analysis. 

Where sphericity was violated (significant, P > 0.05; F-ratio invalid) Greenhouse-Geisser 

corrections (ε< 0.75) were used. Effect size for post-hoc tests and analysis of variance are 

reported using Cohen’s d and partial ETA squared values (ηp2). Peak-to-peak mean rMT 

MEP amplitudes were analysed using a two-way repeated analysis of variance (rM-

ANOVA) using TIME (Pre, D10, D20, P0 and P30) and EXERCISE (ECC and CON) as 

within-subject factors. Mean peak-to-peak amplitudes of SRC MEPs were analysed using 

a three-way rM-ANOVA with TIME (Pre, P0 and P30), EXERCISE (ECC and CON) 

and STIMULUS INTENSITY (90, 100, 110 and 120% rMT) as within-subject factors. 

Post-hoc analysis of parametric data was carried out using Bonferroni adjustments. Mean 

MEP amplitude responses at 90%, 100%, 110% and 120% of rMT were correlated using 

Pearson’s coefficient (r) between ECC and CON cycling and reported alongside the mean 

slope of the SRC. Individual peak-to-peak SRC MEP amplitudes were compared to 

respective ‘Pre’, using one-way ANOVA. Relative difference between individual slopes 

of the SRC were calculated for CON and ECC cycling modes by dividing the MEP 

amplitude by the stimulus intensity and subtracting ‘Pre’ and P0 slope values. Post Hoc 

analysis of homogenous individual MEP amplitude data was carried out using Tukey’s 

HSD test, Welch test with Games-Howell post-hoc analysis was carried out on non-

homogenous data. All MEP data were normalised to pre-exercise Mmax amplitude [42, 

188] and presented as mean ± standard deviation (SD) or mean ± standard error of the 

mean (SEM) with significance set at P ≤ 0.05. 
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3.3 RESULTS 

 

All participants achieved physical activity levels greater than 600 metabolic 

equivalents (METs) and were therefore deemed to be moderately physically active. No 

significant differences in mean relative POutput (ECC; 0.97 ± 0.2, CON; 1.00 ± 0.3 

W/kg−1, P = 0.49, d = 0.16), cadence (ECC; 57.2 ± 6.6, CON; 61.3 ± 7.2 rpm, P = 0.06, 

d = 0.60) or RPE (ECC; 11.21 ± 0.76, CON; 11.31 ± 0.75, P = 0.70, d = 0.14) were 

observed between ECC and CON modes of cycling. However, for the same POutput and 

RPE, HR was significantly lower during ECC cycling compared to CON cycling (ECC; 

72.5 ± 6.7, CON; 96 ± 4.3 bpm, P = 0.01, d = 4.21).  

 

Cycling power output 

 

Mean POutput was not different between CON and ECC cycling for the entire 

period or at each timepoint (D10, D20 and P0; Fig. 3.3A). Even though the range of mean 

POutput was smaller at 10, 20, and P0 and for the entire bout for ECC compared to CON 

cycling at a set cadence of 60 rpm (cohort mean across modes were 59 ± 3.7 rpm), 

participants showed higher power profiles in CON or ECC conditions. For example, 

figure 3.3B shows a participant who produced constant and higher CON POutput and a 

lower, more stochastic ECC POutput profile. Alternatively, figure 3.3C shows a 

participant who produced consistently higher POutput in ECC compared to CON cycling.  
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Figure 3.3. Cycling power output profiles. A) Mean (±Standard error) power output profiles for 30 min of 

low intensity ECC (dotted) and CON (bold) cycling completed at an average cadence of 57 rpm. B) A 

participant representing that where POutput was higher during CON than ECC cycling (n = 8). C) A 

participant in which POutput was higher during ECC compared to CON cycling (n = 5). Cessation periods 

(i.e., interleaved) of cycling at D10 and D20 (<90 s) have been removed from power profiles to display 

continuous POutput for 30 min of recumbent cycling. 
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Motor-evoked potentials 

 

Figure 3.4 shows group mean (normalised to ‘Pre’ values) and individual MEP 

amplitudes at all time points. No significant difference existed between pre-exercise 

group mean rMT (P = 0.80, d = 0.06) values prior to ECC and CON cycling. Mean MEP 

amplitudes, normalised to pre-exercise Mmax amplitudes (mean Mmax amplitude: 9.8 ± 0.2 

mV; range 9.2–10.1), did not differ at any time points for CON (range of P values = 0.15–

0.1, ηp2 = 0.62) and ECC (P = 0.93–1, ηp2 = 0.17) cycling compared to respective ‘Pre’ 

values. However, notable intra-individual variations in MEP amplitudes were evident 

when interleaved and after cycling exercise for both modes (CON and ECC). Figure 3.4A 

shows that CON cycling resulted in a trend towards increases in MEP amplitudes at 20 

and P0. However, only one (10), four (20), two (P0) participant’s values were 

significantly different (P < 0.05) from ‘Pre’ values at those times. The ECC cycling mode 

resulted in MEP values that could be greater or lower than ‘Pre’ values; six (at D10), eight 

(at D20) and six (at P0) participant’s values were significantly different (P < 0.05) from 

their ‘Pre’ values at those time periods, respectively. For both CON and ECC cycling, 

4/13 participants had MEP values that were greater (two) or lower (two) than ‘Pre’ values 

at P30 (P < 0.05), the other nine participants showing no significant differences. 

 

Stimulus-response curve 

 

Cohort means showed that SRC were not significantly different between CON 

and ECC cycling before (‘Pre’, Fig. 3.4C) or immediately after the exercise bout (‘P0’, 

Fig. 3.4D). Within each cycling mode, there was also no significant difference between 

Pre and P0 measures (Fig. 3.4E and F).  
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Figure 3.4. Measurements of CSE. A) CON and, B) ECC mean and individual (n = 13) MEP amplitudes 

at all time points. Inset in (B) shows mean MEP amplitudes of CON and ECC conditions plotted separately 

for further clarity. Mean SRC comparing C) CON versus ECC at ‘Pre’; D) CON versus ECC at P0; E) ‘Pre’ 

versus P0 values for CON leg cycling; and F) ‘Pre’ versus P0 for ECC leg cycling. In (A and B), Individual 

values (in brackets) indicate the number of participants in which MEP amplitude were significantly 
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different from ‘Pre’ values at each time point (P < 0.05) with arrows indicating if those numbers of 

participants increased (⇑) or decreased (⇓) significantly with respect to Pre MEP amplitudes. 

 

Change in slope of stimulus-response curves 

Figure 3.5 shows relative changes in slope of the SRC between ‘Pre’ and P0 

measures in the two exercise modes for all participants. In this figure participants have 

been ordered from the participant that showed the largest positive difference (relationship 

between stimulus intensity and MEP amplitude) in the ECC condition. Despite the mean 

slope of the entire cohort showing very little change in ECC and CON conditions, it is 

clear that some participants (i.e., 2, 9, 12) showed positive increases in the slope of the 

regression of the SRC in ECC conditions, others (i.e., 3, 6, 13) in CON conditions with a 

decrease in ECC conditions. These results would suggest that changes to CSE for both 

modes of exercise vary greatly across participants. 
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Figure 3.5. Relative changes in slope of the SRC for each participant (n = 13) before (‘Pre’) and 

immediately after (P0) exercise in each mode (CON and ECC). Values of the difference in slope of the 

relationship between stimulus intensity and MEP amplitude could be positive (+ ‘ve) or negative (− ‘ve), 

(see inset). 

 

Individual participant trends: power output ratios and MEP ratios 

 

Our results show that MEP amplitudes in all participants were different across 

ECC and CON cycling modes. To explore the relationship (if any) between the level of 

POutput produced in both mode and MEP amplitude, we plotted ratios of POutput and 
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MEP change (CON: ECC ratio > 1.0 indicated greater POutput and MEP amplitudes 

following CON cycling, and <1.0 indicated greater for ECC cycling) for each participant 

at D10, D20 and P0 (Fig. 3.6A–C). Generally, two clusters of individuals (i.e., 

participants 4 and 11; 6 and 7) appear to be in contrast to the general trends. When plotting 

individual mean ratios of POutput (D10, D20 and P0) and MEP (10, 20, P30) amplitudes 

(Fig. 3.6), CSE appears to more responsive to CON cycling, despite two individuals 

showing consistently larger MEP responses to ECC cycling, despite producing higher 

POutput during CON cycling (i.e., participants 4 and 11), at each sampling time. 

Alternatively, others produced greater POutput during ECC cycling, however, show 

larger MEP responses for CON cycling (i.e., participants 6 and 7), while some 

participants (i.e., participants 13 and 12, respectively) showed adaptive changes in 

POutput or MEP during cycling bouts. For example, participant 13 shifted from 

generating greater POutput during CON cycling at D10 to generating more POutput 

during ECC cycling at P0.  
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Figure 3.6. Individual (n = 13) ratios of MEP amplitudes (x axis) plotted against POutput (y axis) at A) 

D10, B) D20 and C) P0. Axis values express ‘fold-change’; the difference between cycling modes CON 

and ECC in either direction (e.g., CON MEP amplitude is about 4-fold that of ECC MEP amplitude for 

participant 1 at D10). 
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3.4 DISCUSSION 

 

This study aimed to determine how ECC, and CON leg cycling affects global CSE 

as measured in a non-exercised hand muscle. We predicted that CSE would be facilitated 

by CON cycling and not facilitated by ECC cycling. Our findings show that group mean 

global CSE as measured in the non-exercised muscle was not statistically different when 

interleaved and after low-intensity ECC and CON leg cycling compared to ‘Pre’ exercise 

values. Mean stimulus-response curves compared ‘Pre’ and post (P0), showed no 

significant differences between CON and ECC cycling, suggesting that low-moderate 

intensity leg cycling may not significantly influence global CSE as assessed in a non-

exercised muscle in either mode. When global CSE was plotted individually however, 

each participant responded differently depending on the mode of cycling, the power 

output produced, and the time at which the measurements were taken. 

The current findings are in contrast to a previous study investigating the effect of 

ECC muscle contractions on global CSE assessed in a non-exercised muscle [49]. These 

authors measured CSE in the abductor pollicis brevis muscle pre- and post-uphill (CON) 

and downhill (ECC) treadmill running with workloads matched using heart rate. They 

reported a significant increase in MEP amplitude 30 min after CON and ECC treadmill 

running, compared to respective pre-exercise values but no differences between the two 

modes during exercise. Similarly, the authors reported no change in CSE measured at 5 

and 15 min post-ECC treadmill running, which is in agreement with previous studies 

citing a lack of change in mean CSE of the resting, non-exercised muscle [39, 40]. 

Interestingly, this group has recently shown differences in CSE assessed between mono- 

and biarticular exercising muscles [48]. It should be noted however, that comparisons 

between CSE induced during downhill treadmill running and semi-recumbent leg cycling 

take place under very different conditions. Running typically involves upper and lower 
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limb muscles which may ultimately contribute to CON activation of arm and shoulder 

muscles, contributing perhaps to changes in CSE. Therefore, movement of the arms and 

legs during downhill treadmill running may greatly influence the neural coupling of the 

supra-spinal and spinal mechanisms compared with ECC leg cycling that isolates ECC 

contractions to the leg muscles. As such, ECC cycling provides a means of determining 

the neural control mechanisms governing rhythmic ECC movement. Eccentric cycling 

may involve greater supra-spinal control [204] requiring less spinal CPG activation to 

non-exercised muscles therefore reducing the strength of the neural coupling between the 

upper and lower limbs. This may explain why no change in global CSE was evident at 

interleaved times and following ECC leg cycling in the current study. However, given 

that CSE did not differ for CON cycling, the low intensity of the exercise may have had 

a substantially greater contribution to the lack of exercise induced CSE. 

As indicated by MEP amplitudes measured pre and post ECC and CON leg 

cycling, the results of the present study show that, regardless of mode of contraction (i.e., 

CON/ECC cycling) low-moderate intensity semi- recumbent cycling exercise does not 

appear to significantly alter group mean values of global CSE. Our findings support those 

previously reported [40] but differ from a number of studies that have observed increased 

CSE as seen through the activity of non-exercised upper limb muscles following low-

intensity CON leg cycling [39, 41, 153]. However, among certain individuals we did 

observe significant increases in MEP amplitude for low-intensity CON cycling (Fig. 

3.4A). Also, in our experiments, global CSE did return to near pre-exercising (resting) 

values by at least 30 min post-ECC and CON cycling, confirming the relatively rapid 

decay of CSE after the cessation of exercise [47, 236]. Nevertheless, despite similarities 

in group mean responses, select individuals varied with respect to global CSE assessed 

for ECC and CON leg cycling (Figs. 3.4 and 3.5). A number of participants did show 
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unexpected increases in MEP amplitudes interleaved for ECC leg cycling, suggesting 

submaximal ECC cycling may increase CSE in a resting, non-exercised muscle in at least 

some persons. Furthermore, some participants showed increased CSE of the resting, non-

exercised muscle in the ECC cycling condition, in the form of increased slope of SRCs 

(Fig. 3.5) and MEP ratios (Fig. 3.6), the latter despite power output ratios favouring CON 

cycling. Such a change in slope of the SRC after either mode of exercise may indicate 

plasticity of the corticospinal pathway induced by the respective mode of exercise [172]. 

Alternatively, other participants produced fluctuating power outputs across the 30 min of 

cycling, varying between ECC and CON cycling at D10, D20 and P0 (Fig. 3.6). However, 

these participants showed MEP ratios favouring CON cycling, further indicating that 

CON muscle actions may have had greater excitatory influence on global CSE. These 

results suggest that an individual approach to determining the effects of ECC exercise on 

CSE is likely to produce the most meaningful outcomes. We should not rule out the 

possibility however, that the variations in individual values may have been due to the 

inherent variability of MEPs produced using TMS, therefore any conclusions made from 

single participant data, especially using 5 MEPs at each measurement time should be 

interpreted with caution. Ideally, repeated experiments in the same cohort and a greater 

number of MEPs in each condition would attenuate this. 

The obvious inter-individual differences seen across the cohort may in fact have 

been a result of the most obvious shorter period of familiarisation in ECC cycling (5 min) 

of the participants compared to their evidently already familiarised CON cycling pattern. 

This is particularly evident in participant 1 (Fig. 3.3B) who showed significant variability 

in, and lower overall values of ECC POutput even after 30 min of cycling. Indeed, this 

participant became more concentrically dominant in terms of both MEP and POutput 

ratios as the experiment progressed (compare Fig. 3.6A–C). On the contrary, participant 
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5 (Fig. 3C) was able to maintain a more uniform and less variable POutput throughout 

the experiment, albeit slightly lower than CON POutput. Interestingly, this participant 

moved further into quadrant 4 of figure 6 (greater MEPs after CON cycling, but with a 

PO that was greater for ECC cycling). It may be therefore, that certain persons are able 

to familiarise more quickly to ECC cycling than others. This might involve adopting 

strategies directly from learned motor patterns of CON cycling, particularly anticipating 

the movement of the pedals backwards and producing motor activity that anticipates the 

application of force at the limb. In other words, in order to eliminate the contamination 

of an ECC dataset by learned CON motor patterns, eccentric cycles should incorporate a 

trip system whereby any anticipation of backward pedal movement using concentric 

muscle contractions cannot occur. The addition of a trip system would be useful for 

researchers interested in reducing CON actions during ECC cycling. However, where the 

aim of ECC cycling is to complete continuous, uninterrupted backward pedalling, a trip 

system ergometer is not necessary. A robust measure of familiarisation to ECC cycling 

should also be incorporated into a study before any neurophysiological measures are 

taken. An example of this would be to calculate the minimal detectable change [237] that 

involves determining the difference between true changes with motor learning of a task 

and random error.  

To a certain extent therefore, our results that certain individuals increased 

(significantly so) in global CSE within the ECC cycling condition would not support the 

premise in the Introduction that eccentric muscle contractions are not associated with a 

facilitation of CSE. This may have occurred through the known inhibition of Ia afferents, 

as well as recurrent inhibition to regulate gain at the spinal level [102, 198, 207]. 

However, the lack of measurement techniques employed in the present study that may 

have alluded to sub-cortical or spinal mechanisms at play limits any interpretation of the 
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mechanisms that may have contributed to changes in global CSE following ECC cycling 

in the current study. Furthermore, the prescribed moderate intensity of exercise adopted 

may have failed to induce acute changes in the neural response governing rhythmic 

muscle contractions resulting in minimal effects on CSE [33, 238]. As a result, group 

mean corticospinal responsiveness may be influenced by exercising intensity, therefore 

the precise cortical, sub-cortical and spinal mechanisms underlying ECC muscular 

contractions, particularly for ECC cycling require further investigation using higher 

intensity exercise protocols, as potential benefits of ECC exercise may be useful for 

neurological rehabilitation [56].  

As with any TMS study, the current one would have benefited from the use of 

neuro-navigation to more accurately reproduce MEPs from the originally determined 

hotspot, particularly when using a cross-over study design. However, several previous 

studies looking at MEP responses following aerobic exercise have reported significant 

findings without using specific neuro-navigation equipment [39, 40, 47]. Additionally, 

this study would have been better served using a consistent ISI, a single pulse stimulus 

intensity of 120% rMT and a SRC protocol that included stimulus intensities at 130 and 

140% rMT. It could be that potential changes to CSE in a non-exercised muscle, resulting 

from ECC and/or CON, were missed by not sampling MEPs at higher stimulation 

intensities. Finally, measuring Mmax pre- and post-exercise would have provided a more 

consistent indication of relative changes to CSE of the resting, non-exercised muscle 

following ECC and CON cycling. However, previous studies have reported conflicting 

findings when measuring Mmax amplitude pre and post CON cycling in a non-exercised 

upper limb muscle at low-moderate [40, 42] and high intensities [188, 239] indicating 

variability for Mmax amplitude, at least in response to CON exercise. Furthermore, when 

measured in an exercised muscle, no change in Mmax amplitude was cited following 
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lengthening contractions of the peroneal muscle [240]. Therefore, it is reasonable to 

normalise MEPs collected interleaved and following ECC and CON cycling to pre-

exercise Mmax in the current study. However, we do acknowledge that Mmax is a measure 

that is sensitive to changes in temperature and conductance of electrodes that alter Mmax 

recordings with a session [241, 242]. 

 

3.5 CONCLUSION 

In conclusion therefore, despite the increasing use of ECC leg cycling within 

rehabilitation, the influence of ECC leg cycling on the excitability of the corticospinal 

pathway remains largely unknown. We have shown that group mean values of global 

CSE, measured from a non-exercising hand muscle, are not significantly different 

between ECC and CON cycling interleaved or following the exercise executed at 

comparable perceived workloads. Based on our findings, continued investigation of the 

influence of ECC leg cycling on CSE measured in both exercising and non-exercising 

muscles and sub-cortical or spinal mechanisms involved are required to more fully 

understand the neural control strategies underlying this mode of contraction, as well as 

any potential neuromuscular benefits accompanying continued adaptation to ECC 

cycling. Most importantly, the findings of this study suggest that any future studies need 

to consider neurophysiological measures in relation to physiological variables produced 

during the exercise, such as power output, on an individual basis as likely both evolve 

with experience of the exercise, most notably during the novel ECC mode. However, they 

can only do so after experimenters are sure of a familiarised motor pattern of ECC leg 

cycling.  
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Chapter 4 

Experimental Study Two – A Semi-Recumbent Eccentric Cycle 

Ergometer Instrumented to Isolate Lower Limb Muscle Contractions 

to the Appropriate Phase of the Pedal Cycle 

Publication 

Walsh, J. A., McAndrew, D. J., Henness, D. J., Shemmell, J., Cuicuri, D., and Stapley, P. J. (2021). 

A semi-recumbent eccentric cycle ergometer instrumented to isolate lower limb muscle 

contractions to the appropriate phase of the pedal cycle. Frontiers in Physiology, 12 (2154): doi: 

10.3389/fphys.2021.756805 

Abstract 

Eccentric cycling is used in rehabilitation and sports conditioning settings. We present 

the construction and mode of operation of a custom-built semi-recumbent ECC cycle 

designed to limit the production of lower limb muscle activity to the phase of the pedal 

cycle known to produce ECC contractions. A commercially available semi-recumbent 

frame and seat (Monarch, 837E Semi-recumbent Bike, Sweden) were used to assemble 

the ergometer. An electrical drive train system was constructed using individual direct 

drive servo motors. To avoid active muscle activation occurring during the non-ECC 

pedalling phase of cycling, a ‘trip’ mechanism was integrated into the drivetrain system 

using a servo-driven regenerative braking mechanism based on the monitoring of the 

voltage produced over and above a predetermined threshold produced by the motors. The 

servo-drive internal (DC bus) voltage is recorded and internally monitored during 

opposing (OPP) and non-opposing (N-OPP) phases of the pedal cycle. To demonstrate 

that the cycle functions as desired and stops or ‘trips’ when it is supposed to, we present 

average (of 5 trials) muscle activation patterns of the principal lower limb muscles for 
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regular ECC pedal cycles in comparison to one pedal cycle during which the muscles 

activated outside the desired phase of the cycle for a sample participant. This semi-

recumbent ECC cycle ergometer has the capacity to limit the occurrence of muscle 

contraction only to the ECC phase of cycling. It can be used to target that mode of muscle 

contraction more precisely in rehabilitation or training studies. 

 

4.1 INTRODUCTION 

Eccentric cycling is frequently used in rehabilitation primarily due to the 

significantly reduced cardiorespiratory demand at a given workload, compared to 

traditional CON cycling [8, 11]. Previous ECC cycling studies have shown significant 

neuromuscular and musculoskeletal improvements among clinical populations [17, 27, 

137, 243-246]. Additional studies have also investigated whether ECC cycling-induced 

lower limb strength adaptations translate into improved exercise performance including 

cycling power outputs and squat and countermovement jump height [20, 23, 28]. 

Eccentric contractions involve the active lengthening of a muscle when an applied 

force exceeds the force produced by the muscle [22, 55]. During ECC cycling (either 

upright or semi-recumbent), participants perform repetitive ECC muscle contractions by 

repeatedly applying resistive force against backward-rotating motor-driven pedals [1, 

104]. Primarily, the knee extensor muscles (i.e., quadriceps) act as a braking force by 

absorbing the load from the motor-driven pedals of an ECC cycle ergometer [27, 30]. 

More specifically, ECC contraction of the knee extensors occur within the ‘pushing’ or 

‘eccentric extension’ phase of ECC cycling [27, 108], as the motor-driven pedals move 

from bottom dead centre (BDC) to top dead centre (TDC) [104]. Therefore, during ECC 

cycling ECC muscle contractions can only occur when the backward-rotating pedal 

becomes opposable (as the backward pedal moves from slightly beyond BDC to TDC; 
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opposing phase, OPP) thus, allowing the rider to apply an opposing, braking force. 

Alternatively, muscle contractions that occur when the pedal is not an opposing force 

(from TDC to slightly beyond BDC; non-opposing phase (N-OPP) cannot be considered 

ECC, as the knee extensors would be shortening in length (i.e., CON contraction).  

It has been suggested that ECC cycle ergometers allow ECC muscle contractions 

to be completed with limited CON contractions [104]. However, where ECC cycle 

ergometers operate using a motorized chain drive system consisting of a dual-sprocket 

and chain configuration, similar to a regular bicycle [246, 247], this cannot be guaranteed. 

A limitation of a chain drive system is that power transferred from the pedals to the chain 

is not retained by the system and lost, for example, as frictional heat [248]. This may be 

considered non-critical during CON cycling, where power transfer is generated wholly 

by CON muscle contractions. During ECC cycling however, to ensure that force is not 

applied during the N-OPP phase of an ECC pedal cycle, such a transfer of power into the 

system can be used to establish a threshold above which power to the motor-driven pedals 

is cut. Such a system (described here) would ensure that muscular contractions are 

concentrated to the OPP phase of an ECC pedal cycle only, and any conclusions about 

the clinical or training implications of ECC work assume that the activity of the major 

contributing muscle groups is in fact, ECC in nature.  

Therefore, the purpose of this special communication is to outline the design and 

control mechanisms of a novel semi-recumbent ECC cycle ergometer that minimizes N-

OPP pedal phase activity by using the power transferred through the pedals to the drive 

system as a regenerative ‘trip’ mechanism to arrest the motor-driven pedals. We describe 

the construction from a commercially available recumbent cycle, the basic circuitry 

involved in controlling the ‘trip’ mechanism and illustrate RMSEMG of major muscle 

groups during pedalling that would activate such a mechanism. 
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4.2 METHODS 

Conversion from the original cycle ergometer 

A commercially available semi-recumbent bike frame (Monark, 837E Semi-

recumbent Bike, Sweden; Fig. 4.1A) was used as the basis for construction of the semi-

recumbent ECC cycle ergometer (Fig. 4.1B). The flywheel, drivetrain (including cranks) 

and display unit were removed from the original ergometer and the frame, seat, adjustable 

back support and supporting handles were preserved. The chassis was modified so that it 

can be moved along the frame and locked in place at 50 mm intervals to accommodate 

subject height and leg length (adjustable difference between pedals and seat is 490–890 

mm). The mechanical contents, including servo motors, servo drive controllers and 

motion control coordinators are housed in the new chassis (Fig. 4.1C).
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Figure 4.1. A) The original Monark 837E recumbent ergometer. B) The modified semi-recumbent ECC 

cycle ergometer with the replacement chassis was installed on to the original frame. Start and stop buttons, 

locking system, HMI display screen and pedal direction are all shown. C)  The mechanical contents housed 

in the new chassis (motion controllers, left and right servo drives). The insert shows the independent closed 

loop system, tension idlers, electric motor and belt drive attached to the crank pulley (left side only, 

replicated on right side not shown). 

 

Motor and transmission system 

Two direct drive servo motors (Hans type FI3-015-S-A-1, Motion Technologies, 

Caringbah, NSW, Australia), of 300 rpm and 50 N·m peak torque capacity, 600W peak 

power output, control left-hand side (LHS) and right-hand side (RHS) drivetrain systems 

so that the pedals can be driven separately (Figs. 4.1C and 4.2). Each servo motor has a 

small rotor size (Ø 25 mm) and low inertia (0.0049 kg·m2). This combination enables fast 

and accurate acceleration/deceleration and almost instantaneous stopping. Each motor 

was factory calibrated with a reported repeatability and positioning accuracy of ±2° and 

±30 arc·s-1, respectively. Timing belts (Gates 825-5M-15 PowerGrip HTD Belt, Denver, 

CO, USA) form independent, closed loop LHS and RHS drivetrain systems between the 
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respective left and right-side crank pulley and servo motors (Fig. 4.1C), with a gearbox 

ratio of 4:1. Tension idlers (Fig. 4.1C, insert) were fitted to each system to accommodate 

belt tension allowing a smooth rotation of the drivetrain, as well as achieving the desired 

belt routing during cycling. Each independent crank pulley axle was fitted with a 175 mm 

length crank and flat-surface steel pedal. Power is supplied to the ergometer through an 

Australian/New Zealand AC power plug (AS/NZS 3112 Type I, 230 V, 50 Hz) and 

operated through the start/emergency stop circuit (Figs. 4.1B and 4.2) of an internal 

electrical relay.  

Laptop-based software (Motion Perfect v4.3, Trio Motion Technology, 

Gloucestershire, UK) is used to configure and program the motion control coordinator 

via a standard EtherCAT connection. The cycle ergometer can be manually operated as a 

‘standalone’ system using the colour touch screen interface (TRIO UNIPLAY HMI 7”, 

Trio motion technology, Gloucestershire, UK). Electrical command signalling from the 

two-axis motion control coordinator (TRIO MC4N EtherCAT Controller, Trio motion 

technology, Gloucestershire, UK) is relayed to independent 120/240 V DC – 1/3 phase, 

2000 W continuous power output servo drives (AKD, Kollmorgen, Radford, VA, USA) 

that govern the LHS and RHS drivetrain systems. Each servo-drive provides accurate 

drive-direction, speed, acceleration, torque, and power data in real-time at a maximal 

sampling rate of 8 kHz resolution (×128) or 1515520 positions/revolution. The motion 

control coordinator has eight in-built 24V inputs and eight bi-directional I/O channels. A 

watchdog circuit is embedded into the transmission system to safeguard, detect and 

recover the motion control coordinators from malfunctions. A hard-wired emergency stop 

circuit is housed between the servo drives and motors of each side and when pressed, 

immediately halts power to the entire transmission system. The emergency stop can easily 

be accessed by the rider or a supervising researcher. To further safeguard the rider from 
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any sudden acceleration, the first 20 s of all ECC cycling exercise is used to gradually 

accelerate to the pre-selected motor speed (rpm). 

 

Manual control system, start-up and data export 

The cycle ergometer is operated using a colour touch screen interface (TRIO 

UNIPLAY HMI 7”, Trio motion technology, Gloucestershire, UK) and commanded by a 

Windows operating system (Microsoft Corporation, Redmond, WA, USA). Screen 

interfaces are created and configured on a laptop PC using the Motion Perfect v4.3 

software. Interfaces are then stored on to the motion control coordinator and displayed on 

the HMI touch screen while running.  

After starting up the ECC cycle ergometer, HMI interfaces are used to perform a 

system initialization sequence (i.e., initializing the EtherCAT connection and homing 

each motor position), set motor speed (i.e., isokinetic - cadence/rpm) and zero the LHS 

and RHS motor positions. A ‘home’ HMI interface is used to operate the LHS and RHS 

motors, display real-time data and to save and export data files. Ride data containing 

torque (N·m), power output (W), position (˚), angular velocity (rad/s), cadence (rpm) and 

time for each motor can be saved to and stored on a 4 Gb FAT32 format SD card 

(element14, Transcend Information Inc., Santa Clara, CA, USA). Saved data is exported 

in a text file format.  

 

Regenerative braking – ‘Trip’ mechanism 

The servo motors are controlled by their respective servo-drives and are 

electrically powered with the capacity to act as electric generators that recover kinetic 

energy to slow or provide braking force to a moving part. This is commonly referred to 

as regenerative braking. In the current ergometer, kinetic energy that is generated through 
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power transferred to the drive system from muscular activity is retained as increased 

voltage on the internal DC bus and used in comparison to a manufacturer-determined 

threshold of >425V (see Fig. 4.2A). If the threshold is exceeded, the servo motors are 

deactivated. 

 

Figure 4.2. A)  The cycle control schema. For a detailed explanation, see ‘Methods’. For both left and right 

sides, a non-opposed (N-OPP) and opposed (OPP) state of the ECC pedal cycle is set whereby the voltage 

produced by the motor is summed with that exerted back to the system and compared to a predetermined 
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threshold. When rider output is added to the motor output voltage (N-OPP), the system trips or stops. When 

rider output is opposite to pedal rotation (OPP) the system does not trip. B)  Theoretical illustration of 

voltage changes associated with a tripped pedal cycle. For a detailed explanation, see ‘Materials and 

Methods’. High effort represents a situation in which the rider exerts muscle force to the pedal during the 

N-OPP (non-eccentric) phase. Low effort represents the change in voltage induced by the weight of the 

limb which would not trip the cycle. 

 

During ECC pedalling, force is typically applied when the backwards moving pedal 

[249] provides an opposable force. To define where the pedal is opposable within an ECC 

pedal revolution (Fig. 4.2A), we have considered an ECC pedal revolution as: 1) a 

complete 360˚ revolution of the left or right pedal as rotating from TDC (0˚), beyond 

BDC (180˚) and returning to TDC [250]; 2) where crank angle increases as the 

pedal/crank moves backwards and; 3) the opposable phase (OPP phase, i.e., where the 

pedal is an opposable force) occurring at a crank angle range from 260-360˚ (see Fig. 

4.2A and B ‘OPP - eccentric state’). The OPP phase crank angle range (i.e., 260-360˚) 

corresponds to the absolute knee angle range (20-90˚) where ECC torque and muscle 

recruitment activity, in vastus lateralis, are greatest (peak at 70˚) during ECC cycling 

[251]. Beyond this range, any applied force would occur in the N-OPP phase and 

therefore assist the direction of the motor-driven pedals. Since the servo-drive aims to 

maintain the pedal speed at the desired value, this results in regeneration (‘regen’). This 

captured energy (from muscle activity) which attempts to increase pedal speed results in 

an increase of the DC bus voltage described above (see N-OPP, left side Fig. 2A and B). 

This would theoretically involve non-ECC activity of lower limb muscles. The aim of 

this cycle was to use the power transferred to the electrical system during the OPP phase 

and compare it to the factory set threshold of 425V. If the voltage exceeds that threshold 

during the N-OPP phase (see theoretical ‘Tripped state’, bottom Fig. 4.2A and B), the 
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system will stop the cycle (‘trip’) and ECC cycling will cease until the ergometer is reset 

to its start position. We have therefore incorporated ‘regenerative braking’ into the cycle 

to prevent it being driven during the N-OPP phase when rider output (effort) adds to the 

voltage threshold, thus reducing or eliminating CON contractions of the lower limb 

muscles. Alternatively, kinetic energy (excess voltage) generated during the OPP phase 

of the ECC pedal cycle is directed to resistors that temporarily store that voltage, rather 

than tripping the cycle (Fig. 4.2). Alternatively, muscle activity applied between 260-360º 

during the OPP phase produces a retardation force to the pedalling direction. The servo-

drive applies effort against the muscle action, and the resultant motoring action (Fig. 4.2A 

and B) does not invoke regeneration, thus the internal DV bus voltage remains at 330VDC 

(rectified value of 240VAC supply). It should be noted that the collective weight of the 

rider’s lower limb is not sufficient to breach the 425 V threshold at any phase of the pedal 

cycle (see ‘low effort’ representation in Fig. 4.2B).  

 

Illustrative participant riding the cycle 

To illustrate typical muscular contractions of the lower limb muscles and activity 

associated with a ‘trip’ of the system, representative data was obtained from a healthy 

participant (aged 33 years, mass = 98.0 kg, height = 183.3 cm, BMI = 29.26 kg/m2). The 

participant completed a Sports Medicine Australia questionnaire to determine exercise 

readiness. Procedures were approved by the University’s Human Research Ethics 

Committee (ethics number 2018/347) and carried out in accordance with the Declaration 

of Helsinki. Written informed consent was obtained from the participant, prior to data 

collection. 

 

Electromyography 
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Muscle activation patterns were recorded using surface electromyography (EMG) 

from seven muscles (biceps femoris [long head], BF; rectus femoris, RF; vastus lateralis, 

VL; vastus medialis, VM; soleus, S; medial gastrocnemius, MG; tibialis anterior, TA;) of 

the dominant leg [252], based on their primary involvement in semi-recumbent cycling 

[253]. Prior to electrode placement, skin sites were prepared by shaving, mildly abrading 

and cleansing with isopropyl alcohol to improve electrode-skin contact. A single 10 mm 

diameter Ag/AgCl bipolar rectangular bar electrode (Bagnoli™, Delsys Incorporated, 

Natick, MA, USA) was positioned over the muscle belly and parallel to the direction of 

the respective muscle fibres, by the same researcher, in accordance with the 

recommendations by Surface Electromyography for Non-Invasive Assessment of 

Muscles (SENIAM guidelines). The reference electrode was fixed over the right clavicle. 

EMG signals were sampled at 2,000 Hz, gain amplified (1000×), digitised using a 16-bit 

analogue-to-digital converter (Power1401, Cambridge Electronic Design, Cambridge, 

UK) and exported for offline analysis. Offline analysis was performed using Spike 

software version 6.02 (Cambridge Electronic Design, Cambridge, UK). Processing of 

EMG data involved full-wave rectification, DC removal and band pass filtering between 

10 and 500 Hz using a 4th order low-pass Butterworth filter (high pass 0.5 dB and low 

pass 20 dB) in accordance with procedures [254, 255] outlined by the International 

Society of Electromyography and Kinesiology [256]. Crank positions were determined 

using trigger pulses at 0/360˚ and 180˚ based on the aforementioned considerations of an 

ECC pedal revolution. Processed EMG signals were segmented using this method in 

order to define muscle activation patterns over a single pedal revolution. 

 

Semi-recumbent eccentric cycling workload  

The participant performed 15 min of isokinetic ECC cycling at an individually 
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prescribed power output (328 W, fixed cadence of 60 rpm). The prescribed power output 

was a summation of 10% of the participant’s peak power output value (3013 W), recorded 

during a peak test (PETP) specific to the semi-recumbent position [257], and the zero-

offset value (27 W). In line with industry procedure, zero offsetting defines a zero ‘0’ 

baseline value for recording torque and power output values. For this ergometer, zero 

offsetting accounts for the torque exerted on the motor by the additional combined weight 

of the cranks and pedals. Zero offsetting is conducted over a 60 s period prior to ECC 

cycling, in an unloaded (no weight) state. The average power output recorded during the 

zero offset procedure is added to the rider’s peak PETP value, as the zero offset value 

was not considered during the factory calibration of the servo motors. 

4.3 RESULTS 

Typical electromyographic activity recorded during pedalling the ergometer 

The participant maintained an average ECC power output of 332 W, at 60 rpm, for 

the 15 min of cycling. The averaged ECC power output differed by 1.24% from the 

prescribed power output of 328 W. Muscle activation patterns for the representative 

participant are presented in figure 4.3 (average of five trials). Average (± SD) non-trip 

EMG waveforms for five pedal cycles are displayed in figure 4.3. Rectus femoris, VM, 

VL and TA (and to a lesser extent MG) showed increases in activity between 

approximately 260º and 340-360º in line with known ECC muscle activation patterns 

[104, 108]. It should be noted that activity was also recorded in the SOL muscle outside 

the area of ECC activity (OPP phase), probably to control pedal position around BDC. 
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Figure 4.3. Mean (± SD) EMG traces for a single participant for regular (i.e., non-tripped) ECC cycling 

(mean=blue, ± SD=light blue envelope) for BF, RF, VM, VL, TA, MG, and SOL muscles. The mean (± 

SD) of five ECC pedal cycles are shown. The red traces for each muscle represent one single pedal cycle 

that ‘tripped’ the cycle. In all pedal cycles, ECC cycling was performed at 60 rpm and at 332 W (prescribed 

workload was 328 W. The vertical dashed line represents the time that the cycle was ‘tripped’ (red traces). 
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The grey area represents the documented range of the ECC pedal cycle that ECC muscle activity is 

produced [108]. 

 

Illustrative electromyographic activity of a ‘trip’ cycle 

The participant ‘tripped’ the ergometer once, at 13:47 min (808th s) during the 15 

min of ECC cycling. A typical trial during which the cycle ‘tripped’ or stopped is shown 

on figure 4.3 (red traces). In this pedal cycle the ‘trip’ occurred at around 225˚. The 

greatest muscle activity during the phase between 0-225º which did not correspond to the 

regular (averaged) activity when the cycle did not trip, could be seen in the VM, VL and 

to a lesser extent, the BF, RF and TA. Therefore, it is highly likely that this muscle activity 

produced over and above the regular activity during a preferred ‘eccentric state’ and 

resulted in power being transferred to the drive system and exceeding the regenerative 

threshold, triggering the DC link and stopping the motors. After the cycle ‘tripped’ 

(vertical dashed line for the red traces in Fig. 4.3) there was general co-contraction of all 

muscles to control the limb as it was suspended due to no support being provided by the 

pedal. 

4.4 DISCUSSION 

We have outlined the construction of a novel semi-recumbent ECC cycle 

ergometer, specifically designed to limit ECC cycling to only ECC muscle contractions 

during a phase where participants opposed the direction of the pedals. To our knowledge, 

this is the first ECC cycle ergometer that has been purposely built with an integrated 

mechanism designed to minimize the potential for non-ECC muscle activations occurring 

during the non-OPP phase of ECC cycling.  

As previously mentioned, researchers often custom-build ergometers using a 

motorized chain drive system [246, 247]. For example, Elmer et al. (2013) [247] 
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described the construction of an isokinetic ECC cycle ergometer for research and training 

purposes. As in the ECC cycle ergometer described in this report, these authors used a 

commercially available frame and seat, and an electric motor. However, a single electric 

motor was used to operate a chain drive system, as opposed to the dual-sided electric 

servo motors, with regenerative braking capacity, used in the current ergometer. Indeed, 

most studies have used semi-recumbent ECC cycle ergometers fitted with a single electric 

motor and chain drive system that rotate the cranks and pedals backwards, without 

controlling how participants apply force during an ECC pedal cycle [23, 28, 247]. It may 

be that muscle activation patterns are completely in line with what would be regarded as 

purely ECC, when using chain driven ECC cycle ergometers. However, given the 

previous reports of incoordination and difficulty in completing ECC cycling [17, 30, 97], 

this cannot be guaranteed, hence our motivation to design the cycle presented here. 

Furthermore, that the participant in this current study ‘tripped’ the ergometer once, late 

(13:47 min) into the prescribed 15 min of ECC cycling, suggests that incoordination and 

difficulty completing ECC cycling likely persists for longer than what would be 

reasonably hypothesised, based on familiarisation times (three to five minutes) among 

naïve participants in previous studies [17, 30, 97]. Reasons why the participant in this 

current study ‘tripped’ the cycle in the latter stages of cycling are unclear and will be 

considered in a future study using a larger cohort. 

 

4.5 PRACTICAL APPLICATIONS 

Eccentric cycling requires a rider to resist a backward rotating pedal, in order to 

generate a lengthening contraction of the knee extensor muscles [1, 104]. This can only 

occur when the pedal is an opposing force (Fig. 4.2, OPP phase). Outside the OPP phase 

(Fig. 4.2, non-OPP phase) any contraction of the knee extensors would be non-ECC (i.e., 
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CON), as the contraction would move the lower limb in the direction of travel of the 

rotating pedal (i.e., knee extension via CON contraction of the quadriceps). As such, ECC 

cycle ergometers that lack the capacity to minimize the occurrence of non-ECC muscle 

contractions, during ECC cycling, are likely limited in their controllability and therefore, 

efficacy in producing purely ECC muscle contractions. In contrast, the current semi-

recumbent ECC cycle ergometer has the capacity to limit muscle contractions to the OPP 

phase of ECC cycling and thereby, ensures that participants are more likely to produce 

only ECC muscle contractions during ECC cycling. In the future, we would explore using 

biofeedback from the contracting muscles, for example the VM muscle, to trigger a 

cessation of the backward pedal rotation perhaps in place of the voltage generation. It will 

also be essential across a large cohort of participants, to quantify which erroneous muscle 

activation in tripped trials compared to non-tripped trials actually stopped the cycle, 

perhaps by correlating time of erroneous muscle ‘bursts’ that deviate from a non-tripped 

pattern to the time that the motor stopped (tripped trials). 

 

4.6 CONCLUSION 

In conclusion, we have designed and built a semi-recumbent ECC cycle 

ergometer, using dual-sided electric servo motors with regenerative braking capacity, that 

uses the kinetic energy generated when a rider applies an assistive force to the pedal, 

during the non-OPP phase, to ‘trip’ and arrest the motor-driven pedals (Fig. 4.2.). With 

this ergometer, we suggest that the controllability of ECC muscle contractions during 

ECC cycling4 may be improved and could be better used in place of other semi-recumbent 

ECC cycle ergometers that operate using a chain drive system. Improved controllability 

                                                           
4 All continued mentioning of the term ‘ECC cycling’ will account for ECC cycling performed on the 
custom modified ECC ‘trip’ cycle ergometer and non-trip ECC cycle ergometers. It will be specifically 
mentioned where the custom modified ECC ‘trip’ cycle ergometer was used in subsequent chapters. 
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of ECC muscle contractions would allow for more reliable conclusions to be drawn about 

the effectiveness of semi-recumbent ECC cycling in clinical and training studies. This 

study does not quantify the processes of familiarisation that may occur given the 

constraints imposed by the design. However, our physiological data clearly demonstrates 

that activity produced in the lower limb during a N-OPP phase stops the cycle despite 

some activity in the dorsi- and plantar flexors being recorded before 260º likely to control 

pedal position. Extensive testing is required to determine: 1) how lower limb ECC muscle 

activation compares to that previously documented using cycles that do not have such a 

trip mechanism, and 2) how our cycle determines familiarization to ECC cycle in a large 

cohort of participants. However, this cycle represents an important methodological 

advancement with respect to an attempt to isolate ECC muscle contractions during what 

is claimed to be ECC cycling exercise.  
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Chapter 5 

Experimental Study Three – Reliability of a Protocol to Elicit Peak 

Measures Generated by the Lower Limb for Semi-Recumbent 

Eccentric Cycling 

Publication 

Walsh, J. A., Stapley, P. J., Shemmell, J., and McAndrew, D. J. (2021). Reliability of a protocol 

to elicit peak measures generated by the lower limb for semi-recumbent eccentric cycling. 

Frontiers in Sport and Active Living, 3(81): doi: 10.3389/fspor.2021.653699  

Abstract 

Eccentric cycling is increasingly used in studies of exercise with healthy and clinical 

populations. However, workloads are generally prescribed using measures obtained 

during regular, concentric cycling. Therefore, the purpose of the study was to quantify 

the reliability of measures derived from a protocol that elicited peak ECC torque produced 

by the lower limb in a semi-recumbent position. Experiments were carried out on a 

dynamometer in a seated, semi-recumbent position identical to that of a custom-built 

eccentric cycle, a modified Monark recumbent cycle. Thirty healthy participants 

completed two testing sessions. Each session comprised three series of six-repetitions of 

a peak ECC torque protocol (PETP) on an isokinetic dynamometer.  Absolute and relative 

reliability of peak torque, power, angle of peak torque and work (recorded for each 

repetition) was determined using coefficient of variation (CV) and intra-class correlation 

coefficients (ICC), respectively.  Ratings of perceived exertion (RPE), muscle soreness 

and perceived effort (PE) were recorded pre-, immediately post and 1-min post each 

PETP. The protocol showed absolute reliability values <15% for mean peak (CV = 10.6-

12.1) torque, power (CV = 10.4-12.3), angle of peak torque (CV = 1.2-1.4) and work (CV 
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= 9.7-12.1). Moderate to high between-test relative reliability is reported for mean and 

highest torque (ICC = 0.84-0.95; ICC = 0.88-0.98), power (ICC = 0.84-0.94; ICC = 0.89-

0.98) and work (ICC = 0.84-0.93; ICC = 0.88-0.98), respectively. Within-session peak 

torque, peak power and peak work showed high relative reliability for mean (ICC = 0.92-

0.95) and highest (ICC = 0.92-0.97) values. Overall, the PETP test provides a reliable 

way of determining peak ECC torque specific to semi-recumbent ECC cycling that may 

be used to prescribe workloads for this form of exercise. 

 

5.1 INTRODUCTION 

 

Eccentric cycling is becoming increasingly common as a form of exercise in 

healthy and clinical populations and is the subject of an ever-growing number of 

fundamental and clinical research studies [258]. Indeed, at equivalent absolute workloads, 

cardiovascular stress is lower during ECC cycling, compared to traditional CON cycling 

[8, 11]. Furthermore, increased muscle size and strength can be achieved at significantly 

lower cardiovascular cost [3], making ECC cycling highly beneficial for patients with 

respiratory and cardiovascular complications [16, 17, 137, 259]. However, among healthy 

populations, the benefits of ECC cycling are less convincing and could be related to 

workload prescription [80, 260]. For example, workloads (intensity) for ECC cycling are 

commonly prescribed using measures obtained during CON cycling exercise [258]. These 

include maximal aerobic power output [7], ventilatory threshold [6], subjective ratings of 

perceived exertion [129] or maximal aerobic heart rate [100], as well as percentages of 

age-predicted maximal heart rates [261]. 

For CON cycling training regimens, intensity is prescribed using measures 

obtained during activities involving muscle contractions occurring in the CON mode 

[262]. However, no such metric exists that is specific to ECC cycling based on ECC 
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muscle contractions. Therefore, ECC workloads are often prescribed from concentrically-

derived measures [6, 7, 100, 129, 258, 261], despite previous studies having shown 

differences in neural control strategies between ECC and CON muscle contractions [65]. 

Specifically, differences in motor unit recruitment patterns and discharge rates contribute 

to the significantly greater mechanical loading capacity of ECC contractions, compared 

to CON contractions [65, 102]. These neuromuscular differences likely contribute to the 

substantially greater mechanical loading during ECC cycling, compared to CON cycling, 

at fixed heart rate values [7-9, 99]. 

As such, a strong argument can be made that prescribing ECC cycling workloads, 

based on non-specific concentrically derived measures, is likely to underestimate peak 

ECC capacity and reduce the efficacy of performing ECC cycling exercise [80]. 

Subsequently, there is a need to develop testing protocols specific to ECC cycling [80, 

260]. Addressing the discrepancy of workload prescription could result in producing 

more convincing beneficial applications of ECC cycling among healthy populations by 

maximising ECC-induced adaptations and improving the efficacy and application of ECC 

cycling exercise [80, 260]. Consequently, the prescription of ECC cycling, particularly 

among a heterogeneous healthy population, may be best served using a mechanical value 

derived from an ECC isokinetic test specific to semi-recumbent ECC cycling. Such a test 

would potentially allow for more accurate prescription of intensities specific to ECC 

cycling. Therefore, this study aimed to determine the reliability of a protocol that 

measures peak ECC torque generated by the lower limb in a body position directly 

comparable to that during ECC cycling. Relative and absolute measures of reliability 

were quantified for peak torque, peak power, angle of peak torque and peak work 

recorded during the protocol. 
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5.2 METHODS 

 

Participants 

 

Thirty (22 male, eight female) healthy participants (mean ± SD; age = 33.3 ± 11.4 

years; mass = 75.1 ± 12.6 kg; height = 179.9 ± 8.8 cm; BMI = 23.0 ± 3.0 kg·m2) with no 

history of neurological, orthopaedic or cognitive impairment, volunteered to participate 

in this study.  Our sample size was comparable to, or greater than studies investigating 

the reliability of peak ECC knee extensor torque [263] and power output during ECC 

cycling [138].  All participants were right leg dominant and were moderately physically 

active (mean score: 11,506 METS) according to the International Physical Activity 

Questionnaire [264].  The University of Wollongong Human Research Ethics Committee 

(ethics number 2018/347) approved all experiments which were carried out in accordance 

with the Declaration of Helsinki [265]. 

 

Procedures 

 

This study used a repeated measures experimental design to quantify the test-retest 

reliability of a novel PETP test. A six-repetition protocol (see Fig. 5.1B) was used to 

assess muscle strength as it is highly reliable and predictive of one repetition strength 

[266]. Participants performed three voluntary PETP tests on two separate testing days, 

completing a total of six individual tests over two days (i.e., two sessions, three tests per 

session, six repetitions per test, totalling 36 repetitions, Fig. 5.1B). The two experimental 

sessions were separated by 48 hours and the sessions occurred at the same time on both 

days. Participants refrained from ingesting caffeine, or alcohol and intense physical 

activity 12 and 24 hours respectively, prior to their tests. Testing was carried out under 

standard laboratory conditions (20-22° C; ~50% relative humidity) [267]. 

Each session began with participants completing a warm-up consisting of 10 min 

of CON cycling at a low-intensity (between 40-50% of age-predicted maximal heart rate) 
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at 60 rpm. Participants were then seated on the dynamometer and a Velcro strap was 

fastened around the chest of each subject to minimize upper body movement. Each 

subject performed four tests to familiarize themselves with the movement. In the first two 

of the familiarisation tests, the subject provided no resistance to the pedal movement 

(passive experience of the test) and during the second test, resisted to ~50% of their self-

predicted maximal effort. After one minute of rest, three PETP tests (one test = six 

repetitions) were completed, with each test separated by 2.5-min rest. Participants were 

instructed to cross their arms over their chest while performing the test and maximally 

resist against the CCW movement of the pedal arm using the visual feedback of torque 

and verbal encouragement from the researchers to improve subsequent repetitions if 

possible. 

 

Equipment 

The experimental set-up is shown in figure 5.1A. An isokinetic dynamometer 

(Humac, Computer Sports Medicine Inc., Stoughton, MA, USA) measured the combined 

torque exerted around the hip, knee and ankle joints (Fig. 5.1A, right side).  The 

dynamometer reproduced a seat angle of 100˚, a seat width of 300 mm at its widest point 

and a bottom bracket drop of 200 mm, which corresponded to the dimensions of a Monark 

AB837E semi-recumbent cycle ergometer (Monark Exercise AB, Vansbro, Sweden, Fig. 

5.1A, left side), that has been modified as an eccentric cycle ergometer (see Chapter 4). 

Briefly, the Monark semi-recumbent cycle was fitted with two direct drive servo motors 

(Hans type FI3-015-S-A-1, Motion Technologies, Caringbah, NSW, Australia) that could 

drive the pedals in a counter-clockwise (CCW) direction. 

The dynamometer was programmed to move through a 180˚ range of motion in a 

CCW direction (see shaded area of inset, Fig 5.1A, right side) at an angular velocity () 

of 6.283 rad·s-1 (60 rpm; 360˚·s-1 velocity) and reset in its initial position every six 
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seconds. The dynamometer recorded numerical data for torque, position and time. Power 

(W) data was calculated by the dynamometer using the following equation (Computer 

Sports Medicine, Inc. HUMAC2009®/Norm™, Application Program – User’s Guide):  

𝑃𝑜𝑤𝑒𝑟 (𝑊) =
Work (ft − lbs)

Time (s)
× 1.3558179 

Equation 5.1 

Torque data, corrected for gravity, was collected continuously throughout each 

test. The 180-360º range of motion was used to assess peak ECC torque as peak torque 

during ECC cycling has been reported to occur at ~300-325˚ [104]. The inset of figure 

5.1C shows the mean occurrence of peak ECC torque in the representative participant. 

Seat position was identical between the ECC cycle and dynamometer when the 

foot was at its furthest extended point (not shown in Fig. 5.1). For both the cycle and 

dynamometer, in this position the hip angle was 105-110˚ and the knee angle was 130-

170˚, which corresponded to the configuration of Elmer [107]. Hip, knee and ankle angles 

at ‘bottom dead centre’ (the foot at the bottom of the crank cycle, or BDC) and at ‘top 

dead centre’ (the foot at the top of the crank cycle, or TDC) for the ECC cycle and the 

dynamometer are shown in figure 5.1A (left and right panels, respectively). Mean joint 

angles (from six ECC pedal movements and six trials on the dynamometer) for one 

representative participant at the hip, knee and ankle are shown in figure 5.1C. Angles 

were very similar between the dynamometer and the semi-recumbent ECC cycle. 
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Figure 5.1.  A) A subject seated on the custom-built eccentric cycle (left) and isokinetic dynamometer 

(right). Hip, knee and ankle angles are illustrated at BDC (yellow line) and TDC (red dashed line). Inset 

(right side) illustrates the approximate area in which eccentric torque was exerted on the dynamometer 

(shaded area).  B) Outline of the experimental protocol (see Methods). C. Mean hip, knee and ankle angles 

for one subject between 180º (BDC) and 0/360º (TDC) for both the semi-recumbent cycle (black lines) and 

Humac dynamometer (grey lines). Inset (bottom right) represents the mean torque recorded by the 

isokinetic dynamometer for one PETP (6 repetitions). 
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Data recording 

 

Performance variables including torque (N·m), power (W), work (joules – J) and 

angle of peak torque (˚) were recorded for each test and exported for offline analysis.  For 

clarity, a representative trace of dynamometer torque as a function of crank angle is 

shown in figure 5.1C.  Muscle soreness and PE were explained to participants as the level 

of pain within the quadriceps and ‘the amount of mental or physical energy being given 

to a task’ [24] and measured pre-, immediately-post and 1-min post each test using a 100 

mm visual analogue scale (VAS scale; zero represented no soreness/effort and 10 

represented maximal soreness/effort). Perceived exertion was explained to participants as 

the ‘degree of heaviness and strain experienced during physical work’ [24] and recorded 

immediately after, and one minute after each test using the Borg’s RPE 6-20 scale [131].  

 

Statistical analysis 

A 2x6 repeated measures ANOVA (two days/sessions and six tests (each six 

repetitions) was used to test for differences in peak torque, power, angle of peak torque 

and work between-tests and within-sessions. Absolute and relative reliability of peak 

performance variables (torque, power, angle of peak torque and work) were assessed 

using coefficient of variation (CV), and intra-class correlation coefficients (ICC), 

respectively. Intra-subject, within-test absolute reliability (i.e., CV) was calculated as the 

SD of the six repetitions (within tests) divided by the mean of those six repetitions. Intra-

subject, within-session absolute reliability (also CV) was calculated as the SD of all 18 

repetitions (within each session/day) divided by the means of all 18 repetitions. Each was 

expressed as a percentage.  

Intra-class correlation coefficients (ICC) were used to determine intra-subject 

between-test, within-session and between-session relative reliability of performance 
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measures. Values <0.80, between 0.80-0.90 and >0.90 were considered to have 

questionable, moderate and high reliability [263], respectively.  ICCs were performed on 

the highest and mean values of each set of 6 repetitions. Minimal detectable change 

(MDC) values were calculated using the following equation:  

𝑀𝐷𝐶 = 𝑆𝐸𝑀 × 1.96 ×  √2 

Equation 5.2 

According to this equation, the standard error of measurement (SEM) was 

calculated as SD × √(1-ICC) and 1.96 is the z-score for the 95 % confidence interval 

[268]. Minimal detectable change values were used as an indication of the minimal 

amount change in values that represent meaningful change [268]. Data are presented as 

mean ± SD or ranges and presented as CV and ICC with 95% confidence intervals (CI) 

in tables and figures. SPSS Statistics for Windows (IBM, Version 23.0, IBM Corp, 

Armonk, NY, USA) was used for all ANOVA and ICC statistical analyses. Microsoft 

Excel 2016 (Microsoft Corp., Redmond, WA) was used to calculate SEM and MDC 

values. Statistical significance was set at p<0.05. 

5.3 RESULTS 

 

Rating of perceived exertion, muscle soreness and perceived effort 

 

Subjective mean measures (all participants) of RPE, muscle soreness and PE 

collected immediately post each of the 6 tests ranged from 9.1-10, 1.4-1.8, and 1.9-2.8, 

respectively. Mean values across each of the 6 tests for all participants were 9.5 ±2.5, 1.5 

±1.3, and 2.3 ±1.8 (RPE, muscle soreness and PE, respectively). 

 

Torque, work and power within and between tests 

 

All Mean and individual max torque, power, angle of max torque and work data 

recorded during each PETP for all participants are shown in figure 5.2A-D, respectively. 



 
 

 111 

Across all 6 tests, peak torque ranged from 263.4 ±71.4 N·m to 292.7 ±81.7 N·m (mean 

of the 6 tests: 278.8 ±82.2 N·m), the angle of peak torque from 340.5 ±5.6º to 342.3 ±6.1º 

(mean: 341.2 ±5.6) º, peak power from 1617.7 ±415.8 W to 1777.5 ±443 W (mean: 1690.5 

±448.4 W), and peak work from 255.3 ±62.0 J to 276.2 ±64 J (mean: 268.5 ±67.3 J). 

ANOVA revealed that there were no within test or between session differences for any 

of the variables (F and p values are shown in Fig. 5.2). 
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Figure 5.2.  Mean peak (of six repetitions) data for all participants (n = 30) plotted for each PETP for; A) 

Peak Torque, B) Peak Power, C) Angle of Peak Torque and D) Peak Work. The population mean for each 

test is represented by the grey circle. 

 

 

Absolute reliability of torque, work and power 

Mean CV values for within-test peak torque, power, angle of peak torque and 

work are shown in Table 5.1. Coefficient of variation values for mean within-test 

reliability showed levels of absolute reliability of <15%. Mean peak torque CV values 

ranged from 10.6-12.7, power from 10.4-12.3, angle of peak torque from 1.2-1.4 and 

work from 9.7-12.1. In fact, the CV values for mean within-test peak torque, power and 

work generally increased their absolute reliability by test five. Mean CV values for the 

angle of peak torque showed very high absolute reliability (<2%) from test one to six. 

Between-session mean and peak CV values for all performance variables showed 

acceptable (<15%) to high (<10%) absolute reliability (Fig. 5.3A-C). 
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Table 5.1: Mean CV (%) values with their respective lower and upper limits (95% confidence interval) 

representing within-test absolute reliability of the PETP. Subscript number denotes the respective PETP 

test. 

Mean within-test absolute reliability 

  Peak Torque  Peak Power  Angle of 

Peak Torque  

Peak Work  

CV1 12.7 (11.1-14.2) 12.3 (10.7-13.8) 1.4 (1.4-1.6) 11.0 (9.2-12.8) 

CV2 12.6 (11.1-14.0) 11.8 (10.3-13.3) 1.3 (1.1-1.5) 12.1 (9.8-14.4) 

CV3 12.0 (10.9-13.2) 11.7 (10.5-12.8) 1.2 (1.0-1.4) 11.7 (10.3-13.1) 

CV4 11.1 (9.7-12.4) 11.0 (9.7-12.4) 1.2 (1.1-1.4) 11.0 (9.2-12.7) 

CV5 10.6 (9.6-11.6) 10.4 (9.2-11.6) 1.2 (1.1-1.3) 9.7 (8.4-10.9) 

CV6 11.1 (9.7-12.4) 10.7 (9.3-12.1) 1.2 (1.0-1.3) 10.4 (9.2-11.7) 

Mean CV 11.7 (10.4-13.0) 11.3 (9.9-12.7) 1.3 (1.1-1.4) 11.0 (9.4-12.6) 
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Relative reliability of torque, work and power 

 

Intra-class correlation coefficient for mean and peak between-test torque, power, 

angle of peak torque and work are presented in Table 5.2. Between-test ICC values for 

mean torque (MDC = 72.1 ±52.0-95.6 N·m) power (MDC = 404.5 ±301.5-509.5 W) and 

work (MDC = 64.4 ±53.0-77.1 J) showed moderate (0.80-0.90) to high (>0.90) test-retest 

reliability. Moreover, between-test ICC values for highest peak torque (MDC = 57.3 

±32.9-82.8 N·m), peak power (MDC = 300.8 ±169.8-402.2 W) and peak work (MDC = 

37.2 ±35.1-40.1 J) values also showed moderate-high (ICC>0.90) test-retest reliability in 

most cases from the first to the sixth test. Within-session mean and highest ICC values 

for peak torque, peak power and peak work (Fig. 5.3A-C) showed high reliability ranging 

from 0.92 to 0.95 for mean values and between 0.92 and 0.97 for highest values. Between-

session ICC values for mean and highest torque, power and work showed moderate (range 

= 0.84 to 0.87) to high reliability (range = 0.90 to 0.92, Fig. 5.3E, F and G), respectively. 

From Table 5.2, it can be seen that, generally angle of highest (MDC = 8.8 ±6.9-10.1º) 

and mean (MDC = 7.9 ±6.5-10.7º) angles of peak torque had questionable reliability (on 

average 0.66 and 0.73, respectively).  
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Figure 5.3. Between-session CV ± 95% CI (A, B and C) and ICC ± 95% CI (E, F, G and H) values are 

presented for mean and highest torque, power and work (i.e., session one represents PETP one to three and 

session two, PETP four to six). 
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Table 5.2: Between-test relative reliability (ICC values with lower and upper limit 95% CI) for highest and mean peak torque, peak power, angle of peak torque and 

peak work. ICC1-2 denotes test one v. test two) and ICC1-6 denotes first v. last (i.e., one v. six). 

 Highest and mean between-test relative reliability 

 Peak Torque Peak Power Angle of peak torque Peak Work 

 Highest Mean Highest Mean Highest Mean Highest Mean 

ICC1-2 0.92 (0.84-

0.96) 

0.90 (0.86-

0.93) 

0.93 (0.86-

0.97) 

0.89 (0.85-

0.92) 

0.78 (0.54-

0.89) 

0.76 (0.68-

0.82) 

0.96 (0.91-

0.98) 

0.87 (0.82-

0.91) 

ICC2-3 0.98 (0.95-

0.99) 

0.95 (0.93-

0.96) 

0.98 (0.94-

0.99) 

0.94 (0.92-

0.96) 

0.83 (0.64-

0.92) 

0.84 (0.79-

0.89) 

0.98 (0.95-

0.99) 

0.91 (0.88-

0.93) 

ICC3-4 0.89 (0.66-

0.96) 

0.86 (0.72-

0.91) 

0.90 (0.68-

0.96) 

0.85 (0.74-

0.91) 

0.62 (0.21-

0.82) 

0.74 (0.65-

0.81) 

0.88 (0.70-

0.95) 

0.84 (0.76-

0.89) 

ICC4-5 0.95 (0.89-

0.97) 

0.91 (0.88-

0.93) 

0.94 (0.88-

0.97) 

0.91 (0.87-

0.93) 

0.53 (0.01-

0.78) 

0.71 (0.61-

0.78) 

0.92 (0.83-

0.96) 

0.88 (0.83-

0.91) 

ICC5-6 0.96 (0.92-

0.98) 

0.92 (0.88-

0.94) 

0.96 (0.93-

0.98) 

0.92 (0.88-

0.94) 

0.61 (0.18-

0.81) 

0.80 (0.74-

0.85) 

0.97 (0.95-

0.99) 

0.93 (0.90-

0.95) 

ICC1-6 0.88 (0.75- 0.84 (0.78- 0.89 (0.77- 0.84 (0.78- 0.61 (0.21- 0.56 (0.41- 0.90 (0.79- 0.84 (0.79-
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0.94) 0.88) 0.95) 0.88) 0.81) 0.67) 0.95) 0.89) 

Mean ICC 0.93 (0.83-

0.97) 

0.89 (0.84-

0.93) 

0.93 (0.84-

0.97) 

0.89 (0.84-

0.92) 

0.66 (0.30-

0.84) 

0.73 (0.70-

0.80) 

0.93 (0.84-

0.97) 

0.88 (0.83-

0.91) 
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5.4 DISCUSSION 

 

This study presents an isokinetic test developed to determine peak ECC torque 

through a range of motion directly comparable to that experienced during ECC cycling. 

The findings show that the protocol is a reliable way of determining peak isokinetic ECC 

torque and hence, power. High reliability was achieved with minimal perceived exertion, 

muscle soreness and perceived effort. Overall, the PETP test is a reliable and 

straightforward protocol with which to determine peak ECC torque obtained under 

conditions that exactly replicate a semi-recumbent ECC cycling position and from which 

ECC-specific workloads can be prescribed.  

Our results show similar levels of reliability of extensor torque recorded on an 

isokinetic dynamometer during a traditional maximal isokinetic ECC strength test [263]. 

These authors reported moderate to high relative reliability (ICC = 0.97-0.99) for peak 

torque and power during maximal isokinetic ECC contractions. Despite differences in 

movement velocity (60˚·s-1 in their study v. 360˚·s-1 in the present study) and number of 

repetitions (three in Maffiuletti et al. [263] vs six in ours) the findings of both studies 

show comparable levels of reliability for peak torque, power and work. This would 

suggest that the PETP produces comparable outcomes to a traditional isokinetic ECC 

strength test of the knee extensors, in an experimental set-up that is adapted to the actual 

semi-recumbent ECC cycling position. However, it is important to note differences in 

ECC cycling movement velocity impacts force production and muscle damage [115]. In 

their study, participants performed 5 min of ECC cycling at fast (210˚·s-1) and slow (30˚·s-

1) velocities, with fast velocity ECC cycling significantly impairing muscle strength and 

increasing muscle soreness, compared to slow velocity ECC cycling. In contrast, the 

PETP test, performed at a velocity of 360˚·s-1 ( = 6.283 rad·s-1, equivalent to cycling at 

60 rpm, resulted in minimal muscle soreness and did not adversely affect the reliability 
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of peak torque and power measures and therefore, muscle strength. Muscle strength and 

soreness difference between the PETP test and fast velocity ECC cycling could be due to 

the duration of the tasks (i.e., 6 s for the PETP test versus five minutes or 300 s-1 for fast 

velocity ECC cycling) and the subsequent differences in their cumulative loads. It is not 

unexpected that the 6 s duration PETP test does not negatively affect muscle strength or 

induce substantial muscle soreness given that ECC exercise is often performed in low 

repetition sets [67] to likely minimize the impact of exercise induced muscle damage [68]. 

Additionally, high within-test absolute reliability for raw angle of peak torque (mean CV 

= 1.3; 1.1-1.4 %) data (Fig. 5.2C) obtained across the six PETP tests in our study would 

suggest minimal change in the population average, given that the mean range of angle of 

peak torque (340-342˚) fell within the ECC pedalling phase (see Methods, and Fig. 5.1). 

Furthermore, averaged MDC values reported for between-test highest and mean peak 

torque, power and work could be interpreted as the minimum resistance (i.e., torque, 

power) and work required to signify real change within a group [237], performing the 

PETP test. However, given there is no published criteria for interpretation, care should be 

exercised when analysing MDC values [268-270] reported for the PETP test. 

In the current study participants performed six repetitions during a PETP at an 

angular velocity of 360˚·s-1 that equated to an approximate total test time of 6 s: analogous 

to the 6 s maximal sprint cycling test [271]. The reliability of the six repetition PETP is 

in agreement with the findings of the aforementioned studies (see Methods) that used six 

repetition and six second testing protocols [17, 138]. Indeed, Chasland et al. [17] showed 

acceptable levels of variation in peak (CV = 8-9%) and average (CV = 4-5%) power 

output when performing maximal ECC cycling at 60 rpm, which are comparable to the 

variances reported in the current study for mean within-test power (mean CV = 11.3; 9.9-

12.7 %). Additionally, Brughelli and Van Leemputte, [138] assessed the reliability of 
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power output during upright ECC sprint cycling, reporting moderate to high levels of 

reliability for mean (ICC = 0.83) and peak (ICC = 0.96) power outputs after two 

familiarization tests, similar to our findings (Tables 1 and 2). These authors suggested a 

learning effect was responsible for the improved reliability during consecutive ECC sprint 

tests. Given the novelty of our PETP, it is also likely that a learning effect occurred that 

may explain the reduced absolute reliability of mean torque (CV = 12.7% to 10.6%), 

power (12.3% to 10.4%) and work (11% to 9.7%) between tests one to five (Table 1). 

Despite any small differences, the highly acceptable levels of absolute and relative 

reliability for torque, power and work were evident from the first PETP. Of note however, 

was the lower reliability of the highest and mean values of the angle of peak torque. This 

may have been due to no specific instruction being given to exert a peak torque at a 

particular time during the backward movement, rather only to produce peak force against 

it. Nevertheless, angular values showed a tight range (~ 2º) and occurred within the ECC 

phase. 

However, while the benefits of submaximal ECC cycling exercise for clinical 

populations are well-understood any potential benefits among healthy and athletic 

populations are as yet unconvincing [28]. It has been recently suggested that prescribing 

semi-recumbent ECC cycling intensity based on CON-derived measures likely results in 

an under-estimation of workload and potentially limits the efficacy of ECC-induced 

adaptations in healthy populations [80]. From measures of mean peak power calculated 

from the entire cohort of the present study, we quantified the wattages adopted by a total 

of 21 studies (see Appendix One). The reviewed prescribed workloads of studies based 

the following criteria: 1) healthy participants (under 50 years) free of impairment or 

clinical condition, 2) adoption of a ECC training or single-visit protocol, and 3) 

prescription of ECC workload (quantified in Watts) based on RPE, maximal aerobic 
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power output (derived from incremental step test), maximal cycling power, age-predicted 

maximal heart rate, peak oxygen consumption or peak heart rate all obtained in CON 

conditions. The purpose of comparing ECC cycling workloads, among a range of 

populations, determined based on a maximal ECC test (i.e., PETP test) and maximal CON 

tests was to demonstrate the substantial differences between prescribed workloads and, 

subsequently the likelihood of  under-estimating ECC workloads, if using maximal CON 

tests [80]. 

 

 

Figure 5.4.  A relative comparison of the group means for peak PETP test power (1691  448 W) 

with previous studies (n = 21) that have used non-ECC measures to prescribe semi-recumbent 

ECC cycling intensities (i.e., power outputs as wattages; n = 34). Overall, 23.5% of studies were 

between 0-10% peak PETP power, 55.9% between 10.1-20% peak PETP power, 14.7% between 

20.1-30% peak PETP power and 5.9% between 50.1-60% peak PETP power.  *Denotes that the 
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study has multiple reported power output values that fall into different PETP test percentage 

categories.  **denotes that the study has multiple reported power output values that fall into the 

same PETP percentage category. 

 

Figure 5.4 quantifies the workloads in watts (including any first or final session, 

or beginning/end test values, hence n = 34) from the 21 studies (different group workloads 

in some studies) expressed as a percentage of mean peak PETP power output (mean = 

1690.5  448.4 W) obtained in the present study. A total of 94.1% of studies prescribed 

ECC cycling workloads at <30% of the peak PETP power obtained in the present study. 

As such, if participants from our study were prescribed ECC cycling workloads utilized 

in the reviewed studies they would be cycling at workloads <30% of the mean peak PETP 

power and in some cases <10% that could be interpreted as low intensity. Studies that 

used lower intensities (<10%), relative to the PETP test, often reported mixed results 

ranging from reduced maximal power output [107] and decreased or no change in 

maximal voluntary contraction and CMJ and muscle soreness [29, 108, 127]. Two studies 

(5.9% of the 21 studies) reported ECC cycling power output >30 % peak PETP power 

output (the 50.1-60% of mean peak PETP power output). These training studies reported 

increases in quadriceps hypertrophy, CMJ and squat jump height and power [20, 21]. 

Comparatively, these findings would suggest that training adaptations, among healthy 

populations, are greater for studies that used higher ECC cycling workloads, relative to 

the PETP test (i.e., >50 % PETP). Muscle strength and size adaptations in these studies 

are not unexpected as ECC resistance training protocols typically adopt high load/low 

repetition protocols in order to improve neuromuscular adaptations and muscle strength 

gains [67, 68]. However, it is important to consider the differences in experimental 

protocols used in the 21 studies, namely training versus single visit studies. Furthermore, 

when interpreting the normalisation of power output values with mean peak PETP values, 
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consideration should be given to the range of the participants (i.e., athletes, sedentary 

males) and their physical capabilities (i.e., power output) that may affect the 

translatability of PETP normalised values. Nonetheless, given the specific physiological, 

neuromuscular and muscle force contractile differences between ECC and CON cycling 

outlined previously [3, 65, 68], prescribing ECC cycling intensities based on CON 

measures may not be task-specific and may limit possible conclusions of studies and 

effectiveness of interventions. 

5.5 PRACTICAL APPLICATIONS 

 

The PETP test could be used to more practically and accurately used to prescribe 

fixed ECC cycling workloads based on peak torque and/or power output values recorded 

by the dynamometer. Given that semi-recumbent ECC cycling ergometers typically 

display and record power output, the translational of the mechanical measures of the 

PETP test are high. This would likely minimize ambiguity of prescribing workloads using 

other measures of intensity [260]. As such, the PETP test would better enable researchers, 

coaches and sports practitioners to plan, periodise, track and measure ECC cycling 

training and performance outcomes. Improving the application of ECC cycling, by more 

specifically prescribing workloads, could better improve strength and power adaptations 

and therefore, functional performance among healthy and athletic populations. It is 

important to note that participants would be unlikely to perform ECC cycling at intensities 

nearing their peak PETP values, for risk of injury or muscle damage. Therefore, where 

the capacity to perform the PETP test is limited, CON tests could be performed instead. 

However, for periodised training studies where workload (i.e., power production) is 

gradually increased over time, the PETP test likely serves as a superior measure, 

compared with CON measures. Here, peak PETP values allow measured scaling of 

workload (similar to one repetition maximum – 1RM), thereby affording coaches and 
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sports practitioners the capacity to set percentage-based workloads and more accurately 

control training progress. 

5.6 CONCLUSION 

 

In conclusion, this study aimed to develop a testing protocol that reliably measures 

peak isokinetic ECC torque and power specific to semi-recumbent ECC cycling. Our 

findings suggest that acceptable absolute and relative reliability can be achieved within 

one session with as little as six repetitions or less. This indicates that the PETP requires 

minimal learning and can therefore be easily applied by researchers and practitioners who 

use ECC cycling in clinical or laboratory settings and have access to an easily modifiable 

isokinetic dynamometer. Taking into account the well-documented differences when 

comparing CON and ECC exercise, including cycling [3, 272], previous studies using 

CON methods to determine ECC cycling workloads may have underestimated specific 

intensities needed to induce training adaptations that would translate into improved 

performance outcomes, particularly in healthy populations [28]. Future studies should 

investigate the validity of using the PETP test to prescribe ECC cycling workloads, 

ranging from low to high intensities. If valid, the PETP test could be used to prescribe 

more specific and less variable ECC cycling intensities at comparatively lower levels of 

perceived exertion, effort and muscle soreness.  
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Chapter 6 

Experimental Study Four – Reliability and Variability of Lower Limb 

Muscle Activation as Indicators of Familiarity to Submaximal 

Eccentric cycling 

Publication 

Walsh, J. A., McAndrew, D. J., Shemmell, J., and Stapley, P. J. (2022). Reliability and Variability 

of Lower Limb Muscle Activation as Indicators of Familiarity to Submaximal Eccentric cycling. 

Frontiers in Physiology, 13(953517): doi: 10.3389/fphys.2022.953517 

Abstract 

Submaximal eccentric cycling exercise is commonly used in research studies. No 

previous study has specified the required time naïve participants take to familiarise with 

submaximal ECC cycling. Therefore, we designed this study to determine whether critical 

indicators of cycling reliability and variability stabilise during 15 min of submaximal, 

semi-recumbent ECC cycling (ECC cycling). Twenty-two participants, aged between 18-

51 years, volunteered to complete a single experimental session. Each participant 

completed three peak ECC torque protocol (PETP) tests, nine countermovement jumps 

and 15 min of submaximal (i.e., 10% peak power output produced during the PETP tests) 

ECC cycling. Muscle activation patterns were recorded from six muscles (rectus femoris, 

RF; vastus lateralis, VL; vastus medialis, VM; soleus, SOL; medial gastrocnemius, GM; 

tibialis anterior, TA), during prescribed-intensity ECC cycling, using EMG. Minute-to-

minute changes in the reliability and variability of EMG patterns were examined using 

intra-class correlation coefficient (ICC) and variance ratios (VR). Differences between 

target and actual power output were also used as an indicator of familiarisation. 
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Activation patterns for 4/6 muscles (RF, VL, VM and GM) became more consistent over 

the session, the RF, VL and VM increasing from moderate (ICC = 0.5-0.75) to good (ICC 

= 0.75-0.9) reliability by the 11th minute of cycling and the GM good reliability from the 

1st minute (ICC = 0.79, ICC range = 0.70-0.88). Low variability (VR≤0.40) was 

maintained for VL, VM and GM from the 8th, 8th and 1st minutes, respectively. We also 

observed a significant decrease in the difference between actual and target power output 

(𝜒2
14 = 30.895, p = 0.006, W = 0.105), expressed primarily between the 2nd and 3rd minute 

of cycling (Z = -2.677, p = 0.007). Indicators of familiarisation during ECC cycling, 

including deviations from target power output levels and the reliability and variability of 

muscle activation patterns stabilised within 15 min of cycling. Based upon this data, it 

would be reasonable for future studies to allocate ~15 min to familiarise naïve participants 

with a submaximal ECC cycling protocol. 

 

6.1 INTRODUCTION 

Eccentric cycling is a novel task that involves applying an opposing resistance to 

backward-rotating motor-driven pedals [273] and, compared to concentric cycling, 

requires distinctly different muscle activation patterns [29, 105, 140]. To overcome the 

novelty of ECC cycling participants require a period of practice or familiarisation [30, 97, 

135, 274]. 

Previous suggestions of unfamiliarity impacting ECC cycling coordination [89, 

135] are not unexpected given that unfamiliarity of a novel task adversely affects 

neuromuscular control [141, 142, 275]. Subsequently, it is reasonable to hypothesize that 

any learning effect, associated with novel ECC cycling [97, 138, 276, 277], would 

similarly affect neuromuscular control of muscle activation patterns recorded from naïve 

participants, during ECC cycling. Indeed, variable muscle activation patterns recorded 
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during cycling correlates with increased physiological cost and reduced efficiency [144]. 

Reducing variability of muscle activation patterns by familiarising participants with a 

novel task (i.e., ECC cycling) [143, 144, 278], would improve the reliability of 

physiological (i.e., metabolic cost and efficiency) [144, 279] and neuromuscular control 

[141, 142] measures recorded during ECC cycling and thereby, improving interpretation 

of findings. Therefore, it would seem essential to understand if ECC cycling requires a 

defined period of familiarisation to achieve consistent muscle activation patterns. 

Previously reported familiarisation protocols varied considerably in length. For 

example, studies have used single, short-duration (5 min) periods of practice to familiarise 

participants with ECC cycling at low intensity (~50 W or 10-15% peak concentric torque) 

[30, 97, 100, 108]. Alternatively, others have assumed familiarisation occurs following 

up to 15 min of ECC cycling [50, 139]. However, it is unknown whether the 

aforementioned protocols adequately familiarise naïve participants with ECC cycling. 

Moreover, to our knowledge, only two studies have investigated familiarisation to ECC 

cycling. These studies have focused on familiarisation to maximal [135] and submaximal 

[140] ECC cycling across multiple, short-duration sessions (i.e., 10-90 s). These protocols 

are applicable to maximal ECC cycling or ECC cycling training studies. However, there 

is no current protocol for determining familiarisation to submaximal, longer-duration 

(i.e., >10 min) ECC cycling, despite being commonly used in research studies [89, 97, 

100, 108].  

Developing a single session familiarisation protocol of adequate duration (>10 

min) [252] and intensity [257] could be better used to familiarise participants with ECC 

cycling. Furthermore, single session protocols, as opposed to multiple visit protocols, 

reduce time constraints that could affect participation [280, 281]. Therefore, this study 

aimed to determine if naïve participants familiarise with submaximal, ECC cycling within 
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a single 15 min session. A 15 min cycling duration was considered sufficient to determine 

single-session familiarisation to ECC cycling based on 1) previous findings suggesting 

that at least 10 min of cycling is required to adapt to novel cycling (asynchronous cycling) 

[252], 2) similar ECC cycling durations (10-20 min) adopted in past studies [89, 97, 108] 

and, 3) that ECC exercise protocols lasting between 5-30 min are considered moderate 

load (i.e., submaximal intensity) [11, 282]. Reliability and variability of lower limb 

muscle recruitment patterns, measured using surface EMG, were interpreted as indicators 

of familiarity, given that increased reliability and decreased variability of measured 

variables are consistent with improved task execution following repeated performance 

and familiarisation [138, 283-285]. It was hypothesised that naïve participants will 

adequately familiarise with ECC cycling during a single 15 min session by producing 

reliable muscle activation patterns of low variability, while maintaining a controlled 

workload.  

 

6.2 METHODS 

Participants 

Twenty-two healthy participants aged between 18-51 years (age = 32 ± 9 years; 

height = 180.1 ± 7.9 cm; mass = 75.5 ± 12.2 kg-1) volunteered to participate in this study. 

Participants had no previous ECC cycling experience and completed a pre-screening 

questionnaire to determine exercise readiness [286]. All experimental procedures 

described in this study were granted ethical approval by the University’s Human Research 

Ethics Committee (ethics number 2019/438) and carried out in accordance with the 

Declaration of Helsinki [265]. Written informed consent was obtained from each 

participant. Participants were asked to refrain from consuming caffeine (12 hours), 

alcohol (24 hours) prior to testing and strenuous physical activity, on the day, prior to 
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testing. 

Procedures 

Participants completed a single experimental visit designed to determine within-

session familiarisation, based on variability and reliability of muscle EMG patterns, to 

ECC cycling. Participants performed three PETP tests [257], nine countermovement 

jumps (CMJ) and 15 min of ECC cycling (Fig. 6.1A). Prior to ECC cycling, each 

participant performed one minute of non-resisted ECC pedalling (i.e., freewheeling) to 

become aware of the motion induced by the cycle ergometer. 

Eccentric cycling was conducted on a custom-modified semi-recumbent ECC cycle 

ergometer [273]. Participants were instructed to perform ECC cycling by only resisting 

the backwards rotating pedals when opposable (i.e., 260-360˚) and to passively follow the 

pedals when non-opposable [273]. This angle – 260-360˚ – corresponds to the opposable 

phase of an ECC pedal cycle, where participants are able to apply an opposable resistive 

force to the pedal, resulting in an ECC contraction of the exercising muscles [273]. Power 

output, cadence and cycling time were continuously recorded during ECC cycling and 

displayed on a touchscreen monitor. Cadence was fixed at 60 rpm. Eccentric cycling 

intensity was prescribed at 10% of peak power output obtained during the PETP tests 

[257]. The prescribed ECC cycling intensity was calculated from peak power output 

values recorded during the PETP test. The PETP test is a recently developed test where 

participants apply a maximal ECC resistive force to a backwards moving pedal arm, fixed 

to an isokinetic dynamometer [257].  

The PETP test replicates the position (i.e., semi-recumbent), speed (60 rpm) and 

phase of an ECC pedal cycle [257]. Participants were instructed to closely match their 

real-time power output with that prescribed (i.e., target) using their 10% peak PETP test 

value. Heart rate (HRM-dual™, Garmin Ltd, Schaffhausen, Switzerland) was measured 
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continuously during ECC cycling and RPE, PE and muscle soreness scores recorded per 

minute. Age-predicted maximal heart rate (HRmax) was calculated using a previously 

validated equation (HRmax = 208 – (0.7 × age) [287]. RPE as recorded using a Borg 6-20 

scale and indicated as the ‘degree of heaviness and strain experienced during physical 

work’ [24] relating to whole-body exertion. Perceived exertion and muscle soreness were 

recorded using a 100 mm visual analogue scale and indicated ‘the amount of mental or 

physical energy being given to a task’ and level of pain within the quadriceps during ECC 

cycling, respectively [24]. Heart rate, RPE, PE and muscle soreness data were used as 

secondary measures of ECC cycling intensity. 
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Figure 6.1: A) Experimental protocol; B) group mean (± 95% CI, n=22) %HRmax (squares) and absolute 

HR (bpm, circles) values; C) group mean (± 95% CI) relative power output recorded from 21 participants 

(due to the power file of one participant not saving post ECC cycling); D) group mean (± SD) and individual 

mean (greyscale lines) CMJ height values recorded pre- (Pre), immediately post (Pi) and 30-min post (P30) 

ECC cycling. Broken lines represent the overall mean %HRmax, absolute HR and relative power output 

recorded during ECC cycling. ns denotes no significant difference.  
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Countermovement jump 

Countermovement jump tests (3 × 3 repetitions) were conducted pre-, immediately 

post (Pi) and 30-min post ECC cycling (Fig. 6.1A) to monitor neuromuscular status [288], 

as an objective measure of lower limb fatigue [111, 112]. Frontal video footage of all 

CMJ tests were recorded on an iPad Air 2 (Version 13.3.1, Apple Inc., USA) using a 

mobile application (My Jump 2, Version 4.2 iOS application for Mac, Apple Inc., USA) 

[289]. Flight time between the take-off and landing frames was used to determine CMJ 

jump height [289]. Maximal jump height was calculated for each CMJ and averaged per 

collection time for analysis of neuromuscular status. 

Electromyography  

Surface EMG was recorded from six muscles (rectus femoris, RF; vastus lateralis, 

VL; vastus medialis, VM; soleus, SOL; medial gastrocnemius, GM; tibialis anterior, TA;) 

of the dominant leg [252] using 10 mm diameter Ag/AgCl bipolar electrodes (Bagnoli™, 

Delsys Incorporated, Natick, MA, USA). These muscles were selected based on their 

involvement in semi-recumbent cycling [253]. More specifically, RF, VL, VM and GM 

were considered as the primary active muscles, used during ECC cycling, due to the 

majority of power absorption occurring at the knee (58%) and ankle (10%) joints through 

knee extension (i.e., RF, VL and VM) and plantar flexion (i.e., GM) [27, 30, 89, 135]. 

Electrode sites were prepared by shaving, mildly abrading, and cleansing the skin with 

isopropyl alcohol to improve electrode-skin contact [256]. Electrodes were positioned 

over the muscle belly and parallel to the direction of the respective muscle fibres, by the 

same researcher, in accordance with the recommendations by Surface Electromyography 

for Non-Invasive Assessment of Muscles (SENIAM guidelines) [290]. The reference 

electrode was fixed over the right clavicle.  

Raw EMG signals were sampled at 2,000 Hz, gain amplified (×1000), digitized 
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using a 16-bit analogue-to-digital converter (Power1401, Cambridge Electronic Design, 

Cambridge, UK) and exported for offline analysis. Offline analysis was performed using 

Spike software version 6.02 (Cambridge Electronic Design, Cambridge, UK). EMG 

signals were full-wave rectified, DC-offset and band pass filtered between 10 (high pass) 

and 500 (low pass) Hz using a 4th order low-pass Butterworth filter (high pass 0.5 dB and 

low pass 20 dB) [254, 255]. EMG data were smoothed using a root mean square 

(RMSEMG) algorithm calculated over consecutive pedal cycles using a 25-millisecond 

moving average window for each muscle activation pattern [255]. 

Processing EMG muscle activation patterns  

Processed RMSEMG data were binned into 16 time series of 10 s duration, every 

minute after the 30th s of ECC cycling and during the final 10 s of cycling (Fig. 6.2 

caption). Ten RMSEMG data points (i.e., crank position every 36°) were calculated for 

each revolution per time series. Crank positions within a pedal revolution were indicated 

by trigger pulses at 0/360˚ and 180˚ based on a pedal revolution being defined as a 

complete 360˚ backward revolution of the right pedal, rotating from TDC (0˚), beyond 

BDC (180˚) and returning to TDC [273, 291]. Data during the first 30 s of cycling was 

not analysed due to the cycle ergometer ramping up to 60 rpm. 

Reliability of RMSEMG patterns  

Within-subject (intra-individual) reliability of RMSEMG patterns between 

consecutive time series (i.e., 1v2 = 1st; 2v3 = 2nd; 3v4 = 3rd, etc.) were assessed using 

intraclass correlation coefficients (ICC), calculated based on mean-measures (k = 2), 

absolute agreement and two-way mixed-effects model. ICC values <0.50, between 0.50-

0.75 and 0.75-0.90 and >0.90 were considered to represent low, moderate, good and 

excellent reliability, respectively [292]. Standard error of measurement (SEM) and 
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minimal detectable change (MDC) values were calculated, based on ICC values (MDC = 

SEM ✕ 1.96 ✕ √2) [268]. Small SEM values represent better absolute reliability [269] 

and MDC represent the smallest amount of change that indicates meaningful change 

[268]. 

Variability of RMSEMG patterns  

Variance ratio (VR) was calculated (as per Equation 6.1), as a measure of within-

subject variability [293] for all muscles at each time series [294], using RMSEMG values 

where, k represents the number of RMSEMG values per revolution (i.e., 10), n represents 

the number of revolutions per interval (i.e., 10), Xij is the RMSEMG value at the ith interval 

for the jth time series, and 𝑋𝑖 represents the mean of the RMSEMG values at the ith interval 

over the j time series [294]. A VR value of 0.40 was set as a practical upper limit [295], 

with lower VR values indicating low variability of RMSEMG [255]. 

𝑉𝑅 =  
∑𝑘

𝑖=1 ∑𝑛
𝑗=1 (𝑋𝑖𝑗− 𝑋𝑖)

2
/ 𝑘(𝑛−1)

∑𝑘
𝑖=1 ∑𝑛

𝑗=1 (𝑋𝑖𝑗− 𝑋)
2

/ 𝑘(𝑛−1)
  with  𝑋 =  

1

𝑘
∑𝑘

𝑖=1 𝑋𝑖 

Equation 6.1 

Coefficient of variation (CV) was also used to assess within-subject variability 

[293]. For all muscles at each time series, CV was calculated (Equation 6.2) with  𝜒𝑖 

representing the mean of the RMSEMG values at ith time series and 𝜎𝑖 is the SD of the 

RMSEMG values about 𝜒𝑖. 

𝐶𝑉𝑖 =
𝜎𝑖

𝜒𝑖
 × 100 

Equation 6.2 

Eccentric muscle coordination during eccentric cycling 

Eccentric muscle coordination reflects the quality of muscle force modulation 

during ECC cycling [22, 97] and was evaluated for each participant. Magnitude of error 
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was calculated per time series (~60 ECC pedal revolutions at 60 rpm) and for the duration 

of ECC cycling (~900 ECC pedal revolutions at 60 rpm). Magnitude of error (%) = 

((produced power output － prescribed power output) ∕ prescribed power output) [97]. A 

small or decreasing (over time) error indicates good or improving ECC muscle 

coordination. 

Determination of familiarisation 

Previous studies have used reliability (i.e., ICC) and variability (i.e., CV) of 

RMSEMG measures, as well as performance error, to determine familiarisation to novel 

exercise tasks [135, 141, 144, 296]. Therefore, participants were considered familiarised 

with ECC cycling when: 1) ICC values for the primary active primary active muscles(s) 

(RF, VL, VM and GM) achieved good reliability (ICC >0.75) and consistently maintained 

at least moderate reliability (ICC >0.50), 2) VR values for the primary active muscle(s) 

achieved and were consistently ≤0.40 and 3) the mean error from target power output 

were not significantly different. 

Statistical analysis  

All non-EMG data were tested for normality using Shapiro-Wilk tests and 

assumptions of sphericity. Where sphericity was violated Greenhouse-Geisser values are 

reported. A one-way (1 factor, time) repeated measures ANOVA was used to determine 

differences for group mean power output (relative and absolute), magnitude of error per 

time series, HR (absolute), %HRmax (as a percentage HRmax) and CMJ heights. Main 

effects were compared using Bonferroni adjustments. Partial ETA squared values (ηp
2) 

were used to indicate effect size. Where data were non-normally distributed Friedman’s 

test with Wilcoxon signed rank used for pairwise comparisons. Kendall’s coefficient of 

concordance (W) represents effect size with interpretation based on Cohen’s 
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interpretation guidelines (0.1 = small, 0.3 = moderate and 0.5 = large). Non-RMSEMG data 

are presented in text as mean ± standard deviation (SD) and where specified, with ranges. 

All RMSEMG data are presented as mean ± 95% confidence intervals (CI). Data analysis 

was conducted using IBM SPSS Statistics for Mac, version 27 (IBM Corp., Armonk, 

N.Y., USA). SEM, MDC, VR and CV values were calculated using Microsoft Excel for 

Mac, version 16.43 (Microsoft Corp., Redmond, WA). Significance was set at p < 0.05. 

6.3 RESULTS  

RPE, PE and muscle soreness  

Group mean RPE, PE and muscle soreness scores showed no change during ECC 

cycling. Overall group mean (± SD) RPE, PE and muscle soreness scores were 7.9 ± 1.5 

(range, 6-15), 4.6 ± 2.3 (range, 1-10) and 1.2 ± 1.3 (range, 0-5), respectively. These values 

indicate that ECC cycling was performed at a submaximal intensity. 

Power output, HR, CMJ and eccentric muscle coordination 

No differences in group mean HR (F3.210, 64.191 = 1.824, p = 0.148, ηp
2 = 0.084) or 

%HRmax (F3.273, 65.463 = 1.874, p = 0.138, ηp
2 = 0.086; Fig. 6.1B) arose during the 15 min 

period of ECC cycling. Similarly, mean relative (F4.471, 89.429 = 1.031, p = 0.400, ηp
2 = 

0.049, Figure 1c) and absolute (F3.854, 77.083 = 1.024, p = 0.398, ηp
2 = 0.049, Fig. 6.1C) 

power output values did not significantly differ during ECC cycling. Group mean (± SD) 

CMJ heights were also not significantly different between Pre (29.08 ± 6.85 cm), Pi (29.05 

± 6.75 cm) and P30 (29.08 ± 6.66 cm) conditions (F2, 42 = 0.007, p = 0.993, ηp
2 = 0.001, 

Fig. 6.1D).  

Overall, mean magnitude of error from target power output, per time series, was 

4.58 ± 1.12% (mean range of error per time series = 2.06-6.29%). Friedman’s test showed 

a significant difference for mean error per time series (𝜒2
14 = 30.895, p = 0.006, W = 



 
 

 138 

0.105). Wilcoxon signed-rank test showed a significant difference (Z = -2.677, p = 0.007) 

between the 2nd (mean = 6.01%) and 3rd (mean = 3.85%) times series (i.e., between 

minutes 2 and 3). No further differences in mean error from target power output were 

shown. These data indicate that HR and power output remained constant during the 

familiarisation period, and the exercise did not affect neuromuscular status. 

Reliability of RMSEMG patterns 

Mean RMSEMG patterns (mean of 5 pedal cycles ± 1SD) for RF, VL, VM, TA, 

GM and SOL are shown for a representative participant in figure 6.2. Group mean (± 95% 

CI) ICC values for RF, VM, VL, GM, SOL and TA show moderate (ICC = 0.50-0.75), 

good (ICC = 0.75-0.90) and excellent (ICC >0.90) reliability (Fig. 6.3A-F; see Appendix 

Two). The muscles primarily involved in ECC cycling (RF, VL and VM) showed an 

evolution in reliability over time whereas the GM, SOL and TA, despite showing 

moderate-excellent reliability, remained largely constant. Specifically, mean ± 95% CI 

ICC values for the primary active muscles (RF, VL, VM) achieved good reliability (ICC 

= 0.75-0.90) and consistently maintained moderate reliability (ICC > 0.50) from the 

11v12 (~12th minute), 8v9 (~9th minute), and 2v3 (~3rd minute) consecutive time series, 

respectively (Fig. 6.3A-C; see Appendix Two). Decreases in group mean SEM and MDC 

values (see Appendix Two), from the first to last consecutive time series (except RF), 

suggests absolute reliability of mean RMSEMG traces improves throughout 15 min of ECC 

cycling. 

Variability of RMSEMG patterns 

The variability of RF, VL and VM also evolved over time (as with reliability) 

whereas GM, SOL and TA remained constant over time. Group mean (± 95% CI) VR 

values for RF, VL, VM, GM and TA showed acceptably low (VR ≤0.40) variability, with 
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VL, VM and GM consistently maintaining mean VR values below 0.40 from the 8th, 8th 

and 1st time series, respectively (Fig. 6A-D F; Table 6.1) Mean VR values for SOL (mean 

VR range = 0.37-0.49) showed higher mean variability (Fig. 6E; Table 6.1). Coefficient 

of variation values for RMSEMG remained consistently stable for all muscles at each time 

series, except for mean TA, where CV values slightly increased during ECC cycling 

(Table 6.1). 

 

Figure 6.2: Displayed are mean (± 1SD) EMG patterns from RF, VL, VM, TA, GM and SOL for a 

representative participant. The presented mean RMSEMG trace data were binned into the following 10 s time 

series; (30-40 [1], 90-100 [2], 150-160 [3], 210-220 [4], 270-280 [5], 330-340 [6], 390-400 [7], 450-460 
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[8], 510-520 [9], 570-580 [10], 630-640 [11], 690-700 [12], 750-760 [13], 810-820 [14], 870-880 [15] s, 

920-930 s [16]; [...] denotes time series number).   

 

Figure 6.3A-F: Group mean (± 95% CI) ICC (squares) and VR (circles) values are presented for each 

consecutive time series (ICC) and time (VR). Broken lines represent ICC of 0.75 (i.e., good reliability) and 

VR of 0.40 (i.e., acceptable upper limit of variability), respectively. Gray shading of icons indicates the 

point at which the mean ICC and VR familiarization criteria were achieved for the respective muscle. n 

values (i.e., n=16) represents the number of individual participants that satisfied the familiarization criteria 

(i.e., achieved and maintained an ICC>0.50 and VR ≤0.40) for the respective muscle. 
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Table 6.1. Group mean data for VR (95% CI range), VR ranges and CV (95% CI ranges) for time series are presented for all analysed muscles. Bolded text represents 

the time series when mean VR values satisfied the familiarization criteria (achieved and maintained a VR ≤0.40) for the respective muscles. 

  

Time series 

  

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

RF 

  

VR 

(95%

CI) 

0.48 

(0.38

-

0.58) 

0.45 

(0.37

-

0.53) 

0.38 

(0.30

-

0.46) 

0.40 

(0.31

-

0.50) 

0.34 

(0.26

-

0.41) 

0.37 

(0.28

-

0.46) 

0.44 

(0.33

-

0.56) 

0.40 

(0.30

-

0.49) 

0.41 

(0.32

-

0.51) 

0.36 

(0.27

-

0.44) 

0.31 

(0.24

-

0.39) 

0.33 

(0.24

-

0.41) 

0.40 

(0.32

-

0.48) 

0.32 

(0.24

-

0.40) 

0.39 

(0.29

-

0.49) 

0.35 

(0.26

-

0.44) 

VR 

range 

0.13-

0.90 

0.16-

0.82 

0.14-

0.92 

0.15-

0.85 

0.09-

0.93 

0.08-

0.99 

0.12-

0.96 

0.07-

0.96 

0.09-

0.85) 

0.11-

0.82 

0.09-

0.83 

0.10-

0.91 

0.09-

0.71 

0.07-

0.76 

0.06-

0.91 

0.06-

0.83 

CV 

(95%

CI) 

27.56 

(24.1

2-

31.01

) 

30.18 

(25.9

3-

34.42

) 

27.87 

(23.9

7-

31.76

) 

31.06 

(24.5

8-

37.54

) 

27.86 

(24.5

3-

31.18

) 

28.96 

(24.8

7-

33.04

) 

30.92 

(26.6

4-

35.21

) 

30.42 

(26.1

4-

34.69

) 

31.47 

(26.8

4-

36.09

) 

31.13 

(25.8

1-

36.46

) 

28.87 

(24.3

6-

33.37

) 

30.35 

(24.9

9-

35.71

) 

33.76 

(28.6

0-

38.91

) 

29.45 

(24.2

5-

34.65

) 

33.57 

(28.8

2-

38.33

) 

31.54 

(25.1

7-

37.90

) 

VL VR  0.42 0.33 0.29 0.35 0.36 0.31 0.33 0.24 0.28 0.28 0.26 0.25 0.24 0.24 0.26 0.24 
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  (0.30

-

0.54) 

(0.23

-

0.43) 

(0.21

-

0.37) 

(0.26

-

0.45) 

(0.26

-

0.46) 

(0.22

-

0.40) 

(0.24

-

0.42) 

(0.17

-

0.30) 

(0.18

-

0.38) 

(0.18

-

0.38) 

(0.17

-

0.34) 

(0.18

-

0.32) 

(0.18

-

0.31) 

(0.16

-

0.32) 

(0.17

-

0.36) 

(0.17

-

0.31) 

VR 

range 

0.06-

1.00 

0.08-

0.93 

0.13-

0.85 

0.06-

0.86 

0.08-

0.99 

0.05-

0.91 

0.08-

0.83 

0.06-

0.68 

0.09-

1.09 

0.09-

1.01 

0.06-

0.91 

0.07-

0.76 

0.11-

0.80 

0.07-

0.80 

0.07-

0.81 

0.06-

0.60 

CV 

33.98 

(26.2

6-

41.71

) 

29.60 

(24.6

1-

34.59

) 

27.70 

(23.5

0-

31.90

) 

29.04 

(24.1

1-

33.97

) 

30.86 

(25.7

3-

35.99

) 

28.38 

(23.3

8-

33.37

) 

30.25 

(24.5

7-

35.94

) 

28.52 

(23.9

0-

33.14

) 

30.19 

(25.5

4-

34.85

) 

28.89 

(24.0

2-

33.76

) 

28.46 

(23.4

9-

33.42

) 

26.92 

(22.8

2-

31.02

) 

27.96 

(23.9

8-

31.93

) 

27.07 

(23.0

2-

31.13

) 

28.90 

(23.4

2-

34.38

) 

28.65 

(23.8

1-

33.48

) 

V

M 

  

VR  

0.39 

(0.29

-

0.50) 

0.32 

(0.22

-

0.41) 

0.29 

(0.21

-

0.37) 

0.33 

(0.24

-

0.43) 

0.30 

(0.22

-

0.39) 

0.32 

(0.21

-

0.42) 

0.32 

(0.22

-

0.42) 

0.25 

(0.17

-

0.33) 

0.26 

(0.18

-

0.33) 

0.26 

(0.18

-

0.34) 

0.26 

(0.19

-

0.33) 

0.26 

(0.17

-

0.34) 

0.24 

(0.18

-

0.30) 

0.22 

(0.17

-

0.27) 

0.25 

(0.15

-

0.35) 

0.26 

(0.17

-

0.34) 

VR 

range 

0.12-

0.99 

0.07-

0.89 

0.07-

0.82 

0.07-

0.93 

0.08-

0.88 

0.10-

0.98 

0.09-

1.01 

0.06-

0.91 

0.10-

0.78 

0.09-

0.79 

0.09-

0.73 

0.07-

0.89 

0.09-

0.64 

0.08-

0.44 

0.09-

0.95 

0.08-

0.77 
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CV 

32.08 

(27.0

5-

37.12

) 

29.61 

(24.3

6-

34.86

) 

27.48 

(23.3

9-

31.58

) 

31.25 

(26.0

7-

36.43

) 

30.93 

(24.6

3-

37.22

) 

30.23 

(25.7

6-

34.70

) 

30.55 

(24.9

7-

36.12

) 

28.37 

(24.1

3-

32.61

) 

29.35 

(24.6

6-

34.04

) 

28.56 

(23.6

7-

33.45

) 

28.23 

(23.7

1-

32.76

) 

28.16 

(23.0

5-

33.26

) 

26.48 

(22.0

9-

30.88

) 

24.83 

(21.3

2-

28.34

) 

26.34 

(22.8

6-

29.82

) 

27.10 

(22.0

3-

32.17

) 

SO

L 

  

VR  

0.37 

(0.30

-

0.45) 

0.46 

(0.36

-

0.56) 

0.44 

(0.34

-

0.53) 

0.40 

(0.31

-

0.50) 

0.49 

(0.39

-

0.59) 

0.49 

(0.37

-

0.61) 

0.44 

(0.34

-

0.54) 

0.44 

(0.34

-

0.54) 

0.45 

(0.36

-

0.55) 

0.44 

(0.36

-

0.53) 

0.43 

(0.35

-

0.51) 

0.45 

(0.35

-

0.54) 

0.47 

(0.36

-

0.57) 

0.46 

(0.37

-

0.55) 

0.43 

(0.35

-

0.52) 

0.45 

(0.35

-

0.55) 

VR 

range 

0.07-

0.69 

0.08-

1.00 

0.09-

1.01 

0.13-

0.97 

0.09-

0.96 

0.08-

1.03 

0.07-

0.94 

0.07-

0.86 

0.09-

0.92 

0.13-

0.82 

0.09-

0.85 

0.11-

0.93 

0.09-

0.96 

0.08-

0.85 

0.16-

0.75 

0.10-

0.97 

CV 

22.24 

(18.3

8-

26.11

) 

22.14 

(17.9

6-

26.32

) 

21.06 

(17.7

7-

24.34

) 

20.68 

(17.5

7-

23.78

) 

23.19 

(18.8

1-

27.57

) 

22.62 

(18.6

3-

26.61

) 

22.38 

(18.0

5-

26.71

) 

22.72 

(18.4

7-

26.97

) 

23.09 

(18.7

6-

27.42

) 

22.78 

(18.1

1-

27.44

) 

20.03 

(16.2

7-

23.80

) 

21.56 

(17.8

7-

25.25

) 

21.58 

(18.2

2-

24.94

) 

20.94 

(16.9

8-

24.91

) 

21.32 

(18.1

4-

24.50

) 

20.94 

(17.5

2-

24.37

) 



 
 

 144 

G

M 

  

VR  

0.23 

(0.15

-

0.31) 

0.24 

(0.17

-

0.32) 

0.20 

(0.14

-

0.26) 

0.22 

(0.15

-

0.30) 

0.23 

(0.18

-

0.28) 

0.24 

(0.18

-

0.29) 

0.22 

(0.17

-

0.27) 

0.25 

(0.18

-

0.33) 

0.20 

(0.13

-

0.28) 

0.22 

(0.16

-

0.28) 

0.21 

(0.16

-

0.26) 

0.24 

(0.19

-

0.30) 

0.26 

(0.20

-

0.33) 

0.22 

(0.16

-

0.27) 

0.28 

(0.19

-

0.36) 

0.27 

(0.20

-

0.34) 

VR 

range 

0.05-

0.97) 

0.08-

0.94 

0.06-

0.59 

0.07-

0.92 

0.09-

0.55 

0.05-

0.59 

0.07-

0.53 

0.06-

0.74 

0.06-

0.83 

0.09-

0.58 

0.07-

0.55 

0.06-

0.59 

0.05-

0.77 

0.06-

0.55 

0.08-

0.71 

0.06-

0.63 

CV 

27.38 

(23.3

2-

31.43

) 

29.83 

(25.8

7-

33.79

) 

29.29 

(23.9

3-

34.65

) 

31.54 

(26.8

9-

36.20

) 

32.33 

(28.4

2-

36.25

) 

33.61 

(28.2

0-

39.01

) 

33.02 

(27.6

9-

38.35

) 

35.74 

(29.9

7-

41.51

) 

30.24 

(25.5

0-

34.98

) 

35.32 

(28.5

2-

42.12

) 

29.53 

(25.8

3-

33.23

) 

33.11 

(28.6

7-

37.56

) 

33.65 

(28.6

5-

38.65

) 

31.91 

(26.1

2-

37.70

) 

34.79 

(28.8

8-

40.70

) 

33.86 

(27.6

9-

40.03

) 

TA 

  

  VR  

0.45 

(0.31

-

0.58) 

0.41 

(0.28

-

0.54) 

0.37 

(0.24

-

0.50) 

0.40 

(0.28

-

0.51) 

0.39 

(0.26

-

0.51) 

0.39 

(0.27

-

0.52) 

0.40 

(0.28

-

0.52) 

0.41 

(0.27

-

0.55) 

0.38 

(0.26

-

0.51) 

0.41 

(0.28

-

0.54) 

0.39 

(0.26

-

0.51) 

0.37 

(0.26

-

0.48) 

0.45 

(0.32

-

0.58) 

0.45 

(0.30

-

0.59) 

0.40 

(0.28

-

0.53) 

0.39 

(0.26

-

0.52) 

VR 0.07- 0.08- 0.06- 0.06- 0.09- 0.07- 0.05- 0.10- 0.08- 0.07- 0.06- 0.11- 0.06- 0.11- 0.11- 0.08-
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range 1.03 1.01 0.97 0.91 0.99 0.98 0.89 1.01 1.02 0.96 0.95 0.85 1.02 0.98 1.00 0.95 

CV 

24.15 

(19.2

1-

29.09

) 

27.17 

(21.2

4-

33.11

) 

26.44 

(20.8

7-

32.01

) 

29.06 

(22.1

5-

35.96

) 

31.13 

(23.6

8-

38.58

) 

27.63 

(22.4

3-

32.83

) 

26.90 

(22.1

4-

31.66

) 

30.50 

(23.4

8-

37.52

) 

32.31 

(25.7

8-

38.84

) 

28.12 

(22.8

9-

33.35

) 

29.07 

(23.8

9-

34.25

) 

28.82 

(23.3

6-

34.27

) 

35.29 

(26.7

1-

43.87

) 

30.48 

(25.3

7-

35.58

) 

34.10 

(26.2

5-

41.95

) 

29.88 

(24.5

4-

35.22

) 

Abbreviations: CI = Confidence interval, CV = Coefficient of variation, GM = Medial gastrocnemius, RF = Rectus Femoris, SOL = Soleus, TA = Tibialis Anterior, VL 

= Vastus Lateralis, VM = Vastus Medialis, VR   = Variance ratio
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In order to pair measures of reliability and variability, we added the difference 

between ICC values and 1.0 (measure of the difference from ICC values of 1.0) and VR 

measures. A trend towards a lowering of values would indicate increased reliability and 

decreased variability. These values are shown in figure 6.4 for RF, VM and VL (Fig. 

6.4A) and SOL, GM and TA (Fig. 6.4B). There was a clear trend in RF, VM and VL 

towards much lower values after the 12th time series or 690-700 s. No clear trend could 

be seen in SOL, GM or TA over the period, despite GM showing acceptable reliability 

and variability (see above). Overall, all participants were considered familiarised with 

ECC cycling by the 15th time series (870-880 s) or 14:30-14:40 min of ECC cycling (Fig. 

6.4).  
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Figure 6.4: Plots the summation of group mean ICC (difference from 1.0) and VR values, based on joint 

articulation (hip/knee and ankle) during 15 min of ECC cycling, to contextualise the mean time to 

familiarisation. RF, VL and VM muscles (hip/knee joint) show a descending trend, representing improved 

reliability with decreased variability. 

6.4 DISCUSSION 

To our knowledge, this is the first study to determine single-session 

familiarisation to ECC cycling, using reliability and variability of lower limb muscle 

activation patterns, among naïve participants. In support of the hypotheses, all 

participants produced reliable muscle activation patterns, of acceptably low variability, 

while accurately maintaining their prescribed target power output. These findings indicate 

that all 22 naïve participants were able to familiarise with ECC cycling, based on 

satisfying the familiarisation criteria, within a 15 min duration. Specifically, by the 15th 

time series (i.e., 870-880 s) RMSEMG patterns for the primary active muscles 1) achieved 

good reliability (ICC >0.75) and consistently maintained at least moderate reliability (ICC 

>0.50), 2) achieved and consistently maintained a VR ≤0.40 for most of the primary active 

muscles and lastly, that 3) mean error from target power output was not significantly 

different after the 3rd minute of ECC cycling. Moreover, there was a clear difference in 

the evolution of reliability and variability for VL and VM, compared to GM (Fig. 6.4). 

The current findings complement previous studies suggesting that familiarisation 

to maximal recumbent ECC cycling requires a single practice session [135]. These 

authors [135], suggest that pedalling technique improves as participants familiarized with 

maximal ECC cycling. This reflects improved reliability of RF and VL muscle activation 

patterns achieved following a single familiarisation session [135] and coincides with the 

significant absorption of power by the knee extensors during ECC cycling [27]. Similarly, 

reductions in RMSEMG activity of RF, VL and SOL reportedly occurred following four 
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variable-intensity, short-duration (2 × 1-1.5 min) submaximal ECC cycling sessions 

[140]. Reduced lower leg muscle activity in RF, VL and SOL has been linked to 

adaptations occurring from the repeated bout effect [140] that selectively reduces specific 

motor unit activity [52, 62], possibly through increased spinal inhibition during ECC 

contractions [198]. This explanation may well account for the improved muscle activation 

patterns observed in the current study. Additionally, muscle control strategies of the lower 

limb appear to adapt to a novel cycling task (i.e., asymmetrical cycling) within 10 min, 

due to feedforward and feedback modifications [252], further supporting the longer 

familiarisation duration used in this study. Indeed, the current muscle activations patterns 

likely refine due to continual biofeedback afforded when completing a rhythmic cycling 

task, over an extended timeframe [297]. Therefore, the current findings support the 

assumption that familiarisation occurs during 15 min of ECC cycling at the prescribed 

experimental workload [50].  

Previous studies have reported decreased RMSEMG activity, both within and across 

several ECC cycling sessions for VL [7, 29, 30, 63, 95, 140, 276], VM [7] and RF [7, 30, 

140] despite differing from the current study with respect to cycling intensity [7, 95, 276], 

time (< or > 15 min) [29, 30, 95, 140, 276], number of sessions (>1) [29, 30, 63, 95, 140, 

276] or when comparing modalities (CON vs ECC) [7, 30, 63, 140]. These findings 

corroborate our measures of low variability (i.e., VR) in RMSEMG for RF, VL, VM, GM 

and SOL in the current study. This low variability also corresponded to high mean 

reliability (i.e., ICC, SEM, MDC) for RF, VL, VM, GM and SOL across consecutive time 

series. Interestingly, our low VR values for VL, VM, and GM are comparable to those 

reported among trained cyclists performing submaximal CON cycling [255]. 

Furthermore, variability of RF and TA is substantially lower in the current study. Taken 

together, 15 min of novel ECC cycling enables naïve participants to produce lowly 
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variable muscle activation patterns, comparable to that of trained cyclists performing 

submaximal concentric cycling.  

It is worth noting, however, the respective difference in the evolution of how these 

muscles achieve acceptable reliability and variability. Figure 6.4 demonstrates a clear 

pattern of improvement (i.e., increasing reliability and decreasing variability) in RF, VL 

and VM during 15 min of ECC cycling. In comparison, GM, SOL and TA show no such 

improvement. This difference may relate to the actions of the specific muscle groups and 

their respective joint articulation. Indeed, RF, VL and VM (i.e., knee extensors) work to 

primarily absorb and transfer power during cycling, including ECC cycling [27, 255, 

291]. Comparatively, muscles articulating about the ankle (i.e., plantar and dorsiflexors) 

absorb less power (10% at ankle versus 58% at knee) during ECC cycling [27, 30, 89, 

135]. Therefore, GM, SOL and TA more likely act, through co-contraction, to stabilise 

the pedal to allow for absorption and transfer of power during ECC cycling. Furthermore, 

it should be noted that this study was conducted using an ECC cycle ergometer 

instrumented to ensure muscle contraction was isolated to the opposing phase of ECC 

cycling [273]. Subsequently, familiarisation, based on stabilisation of muscle activations 

patterns, may require more time when ECC contractions are not specifically controlled 

during ECC cycling.  

Consistent reliability and low variability of RMSEMG for RF, VL, VM, GM and 

SOL are analogous with consistently low error from target power output after the 3rd time 

series (150-160 s) of ECC cycling. Furthermore, RPE, PE, muscle soreness and %HRmax 

values (participant range 29-76%) suggest that ECC cycling, at 10% PETP, was of low-

moderate intensity (i.e., submaximal) and comparable with power outputs prescribed in 

previous ECC cycling studies [257]. Moreover, neuromuscular status and objective lower 

limb fatigue [111, 112, 288] were unaffected, based on no difference in CMJ heights Pre 
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or Post ECC cycling. Compared to these findings, previously reported magnitudes of error 

from target torque, across two bouts of semi-recumbent ECC cycling, were substantially 

greater (mean range of error = 19.4-26.1%) [97]. These authors [97] suggested that an 

inability to maintain a target output relates to the complexity of ECC cycling that requires 

more sustained concentration to perform, compared to concentric cycling [78, 298]. 

However, current participants were able to consistently match prescribed target outputs 

by the 3rd time series (150-160 s), despite no previous familiarisation. This could be due 

to differences between ECC cycle ergometers used in these studies. Of note is the 

difference in target outputs between the current study, being power output (W, W/kg-1) 

and that of Kan et al. (2019) [97], being torque (N·m). However, given that power output 

is derived from torque, comparison between the studies is considered valid.  

There are two main limitations of this study. Firstly, the current study would have 

benefitted from recording muscle activation patterns from gluteus maximus, a primary 

hip extensor, given that the hip joint, along with the knee and ankle joints, absorbs power 

during semi-recumbent ECC cycling [27]. RMSEMG data recorded from gluteus maximus 

would have provided additional insight into the neuromuscular adaptations occurring at 

the hip during familiarization to ECC cycling. Secondly, the current study did not 

examine between-session repeatability. Investigating between-session repeatability 

would have provided further insight into participant familiarisation and should be 

considered in further studies.  

 

6.5 PRACTICAL APPLICATIONS 

Based on these findings, researchers and clinicians applying submaximal ECC 

cycling protocols can familiarise naïve participants within a single 15 min session. 

Providing naïve participants sufficient time (i.e., 15 min) to familiarise with novel ECC 
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cycling will likely minimise variability and subsequently, improve the reliability of 

recorded measures [141, 142] particularly during ECC cycling [89, 135]. Furthermore, a 

single-session familiarisation protocol reduces time constraints associated with multi-

visit familiarisation protocols. 

 

6.6 CONCLUSION 

In conclusion, the current study confirms that naïve participants familiarise with 

ECC cycling, during a single 15 min session. The currently proposed familiarisation 

protocol is arguably more robust than previous protocols that assume familiarisation [30, 

50, 89, 97, 100, 108, 139] and could be easily implemented by future studies in lieu of 

previous, less-specific procedures used to infer familiarity among naïve participants. 

Therefore, it is recommended that future studies, implementing similar submaximal ECC 

cycling protocols, familiarise naïve participants for 15 min at the prescribed experimental 

workload. On-going studies that adequately familiarise participants with submaximal 

ECC cycling, are likely to produce more reliable measurements and therefore, better 

realise the application of subsequent findings [135]. Lastly, the current findings are 

relative to healthy participants performing submaximal ECC cycling. Whether other 

cohorts, including clinical and elderly populations, can familiarise with submaximal ECC 

cycling during a single session, is unknown and requires future investigation. 
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Chapter 7 

Experimental Study Five – Cortical, sub-cortical and spinal 

contributions to the control of eccentric cycling 

 

7.1 INTRODUCTION 

Eccentric or lengthening contractions require unique neural control mechanisms, 

compared to CON contractions, that reflect differences in motor unit discharge rates and 

muscle recruitment strategies between the contraction types [52, 102]. This thesis began 

by demonstrating that without careful experimental controls conclusions regarding global 

CSE, as measured from a non-exercising upper limb muscle pre- and post ECC cycling 

or between CON and ECC cycling protocols, were unable to be determined (Chapter 3). 

In this chapter, we suggested that the low-intensity nature of the cycling protocol, as well 

as unfamiliarity with ECC cycling, may have contributed to the lack of change in global 

CSE following ECC cycling [275, 299]. Moreover, we proposed that spinal inhibition, 

present during ECC muscle contractions [38, 207], may also have contributed to the lack 

of change in global CSE following ECC cycling.  

Spinal inhibition, has previously been identified to explain a lack of change in 

CSE, measured in an exercised muscle, immediately post rhythmic ECC locomotion (i.e., 

downhill treadmill exercise) [48]. It is known that during ECC muscle contractions, of 

submaximal or maximal intensity, spinal excitability (as represented by Hoffman reflex 

[H-reflex amplitudes] decreases due to increased spinal inhibition [38, 46]. Several 

mechanisms, including Ia afferents [102, 208] and Renshaw cells (i.e., recurrent 

inhibition) [207, 208], have been proposed to contribute to increased spinal inhibition and 
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therefore, reduction of spinal excitability during ECC muscle actions [197, 198]. It has 

been hypothesised that increased spinal inhibition is likely responsible for the decrease 

or unchanging CSE reported during single-joint ECC contractions [197, 198] and ECC 

cycling [50].  

Despite reports of unchanged CSE in quadriceps during strenuous ECC cycling 

[50], it is unknown if the neuromotor mechanisms observed during single-joint ECC 

contractions are similarly active in exercised muscles during, and sustained after, 

rhythmic ECC locomotion, including ECC cycling. However, any similarity cannot be 

assumed given the need to analyse single-joint contractions and locomotion exercise, 

separately [47]. Furthermore, it is also unknown if spinal inhibition, as indicated by 

decreased spinal excitability, observed in exercised muscles, during ECC contractions 

[38, 46, 197], extends to non-exercised muscles. Although, a delayed (post 30 min) 

increase in CSE of the non-exercised muscle, following downhill treadmill walking, was 

thought to occur in the absence of spinal inhibition [49]. Such a finding suggests that 

spinal inhibition is localised to the exercised muscle, or short-lived in its effect, and does 

not influence CSE in a non-exercised muscle [49]. Therefore, it is possible that 

neuromotor mechanisms within the exercised and non-exercised muscles are 

differentially modulated during rhythmic ECC locomotion. 

Compared to rhythmic ECC locomotion, rhythmic CON locomotion (i.e., cycling) 

appears to minimally influence CSE within non-exercised (i.e., global) [39, 40, 42, 153, 

275] or exercised (i.e., local) [211, 236] muscles. Alternatively, others have shown that 

leg cycling increases CSE and suppresses H-reflex amplitude (i.e., reduced spinal 

excitability) in a non-exercised upper limb muscle [44]. Interestingly, a reciprocal effect 

is observed in non-exercised lower limb muscles following arm cycling [45, 193]. That 

is, CSE is facilitated, and H-reflex amplitude suppressed in non-exercised lower limb 
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muscles following arm cycling [45, 193]. Sub-cortical sites were considered responsible 

for these reciprocal responses [44]. More specifically, presynaptic inhibition of Ia 

afferents likely suppressed H-reflex amplitude during cycling [44, 193]. Meanwhile, 

intracortical mechanisms likely facilitated CSE during cycling [45]. Overall, these 

findings suggest that corticospinal and reflex activity are regulated differently during 

rhythmic locomotion [44, 45]. However, they do support the ‘common core hypothesis’ 

that proposes a neural coupling between the upper descending supraspinal (i.e., cortical) 

commands from the brain and central patterns generators (CPGs) within the spinal cord 

[222]. This hypothesis rationalises how cycling facilitates neuromotor excitability within 

the entire neuromuscular system [44, 45] and could explain the modulation of CSE in 

exercised and non-exercised muscles following rhythmic ECC locomotion [48-50]. 

Hypothetically, modulation of neuromotor excitability, in an exercised and non-exercised 

muscle, following ECC cycling may suggest that the ‘common core hypothesis’, by way 

of neural coupling, exists during rhythmic ECC locomotion. Combined, evidence of 

neural coupling and the potential neuroplastic benefits of ECC cycling [50, 51], would 

provide a strong case for the use of ECC cycling as a substitute for CON cycling in 

neurorehabilitation [50]. 

Based on the findings, the combined effect of ECC muscle contractions and 

rhythmic motor patterns of ECC cycling are expected to significantly affect cortical, 

corticospinal and spinal excitability in an exercised and non-exercised muscle. Building 

on the aims of Chapter three and implementing the methods developed in Chapters four, 

five and six to better control for workload and specificity of muscle contraction, this final 

experimental study recorded cortical, sub-cortical and spinal measures following 

submaximal ECC cycling. Therefore, this study aimed to determine the modulatory 

influence of ECC cycling on global and local neuromotor mechanisms. Specifically, 
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changes in cortical, corticospinal, and spinal excitability, within an exercised (i.e., local) 

and non-exercised (i.e., global) muscle, were investigated following a single 15 min bout 

of ECC cycling. It was hypothesised that, following a single 15 min bout of ECC cycling, 

1) CSE in the exercised muscle would remain unchanged immediately following ECC 

cycling, while CSE in the non-exercised muscle would increase immediately following 

ECC cycling, 2) spinal excitability of the exercised and non-exercised muscles would 

decrease immediately following ECC cycling and, 3) cortical facilitation of the exercised 

and non-exercised muscles would increase immediately following ECC cycling. Findings 

of this study will provide insight into the modulation of neuromotor mechanisms, of an 

exercised and non-exercised muscle, following rhythmic ECC cycling. In addition, these 

findings may also provide evidence that the ‘common core hypothesis’ is applicable to 

rhythmic ECC locomotion. 

 

7.2 METHODS 

Participants 

Nine healthy, male participants aged between 26 and 51 years (age = 38.4 ± 9.4 

years) volunteered to participate in this study. An estimated sample size of seven (n = 7) 

participants was calculated using G*Power 3.1.9.2 [300] with α level of 0.05, a  β of 0.80 

and an effect size of 0.55 (t= >2.0) from a previous study that investigated changes in 

short-interval intracortical inhibition in the vastus lateralis muscle during leg cycling 

[301]. Prior to experimental testing, participants completed a Sports Medicine Australia 

(SMA) questionnaire to determine exercise readiness and an International Physical 

Activity Questionnaire (IPAQ) to determine physical activity levels (mean METS = 

4796.6). Participants with current or previous neurological, orthopaedic, or cognitive 
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impairments were excluded from the experiment. All participants were right hand (mean 

LQ = 93  9) and right leg dominant as determined by the Edinburgh Handedness 

Inventory [302] and their kicking leg [252], respectively. All experimental procedures 

described in this study were granted ethical approval by the University’s Human Research 

Ethics Committee (2019/438) and carried out in accordance with the Declaration of 

Helsinki [265]. Written informed consent was obtained from each participant, prior to 

experimental testing.  

Experimental protocol 

Each participant completed three experimental testing separate sessions. The first 

session involved adequately familiarising participants with 15 min of ECC cycling (Fig. 

7.1, as per findings of Chapter 6 – Experimental Study Four) [303]. During the second 

and third visits, participants completed a single 15 min bout of ECC cycling, with single 

and paired pulse TMS and PNS measures collected pre- (Pre), immediately post (Pi) and 

30-min post (P30) exercise (Fig. 7.1). Participants were randomly allocated to either the 

exercised (vastus medialis – VM) or non-exercised (abductor pollicis brevis – APB) 

stimulation protocol at the beginning of the second experimental session (i.e., VM or 

APB; Fig. 7.1). During the third session, the alternate stimulation protocol (Fig. 7.1) was 

completed. For example, if a participant was allocated to the non-exercised (APB) 

stimulation protocol for session two, they would be allocated to the exercised (VM) 

stimulation protocol for session three or vice versa. Power output, heart rate and 

subjective measures of cycling intensity were recorded during each cycling bout. All tests 

were carried out at the same time-of-day to minimise any diurnal effects [267]. 

Participants were asked to refrain from caffeine (12 h prior) and alcohol (24 h prior) to 

experimental testing. Participants were instructed to continue their regular exercise 

routines in the days leading up to and between testings. However, they were asked to 
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refrain from intense physical activity on the day of testing. Time between a participant’s 

testing sessions one and two was, on average 16 days (range = 2-40 days). 

Semi-recumbent eccentric cycle ergometer 

Eccentric cycling was conducted on a custom modified Monark (837 E, Monark 

Exercise AB, Vansbro, Sweden) semi-recumbent cycle ergometer [273]. This ECC cycle 

ergometer was purposely constructed to limit the potential for non-ECC muscle 

activations occurring during ECC cycling (see Chapter 4 – Experimental Study Two) 

[273]. Motor torque (N·m), motor speed (rad·s-1), power output (W), cycling time (s) and 

crank angle position (˚) were continuously recorded during ECC cycling. Realtime 

feedback of motor torque (N·m), cadence (rpm) and power output (W) were visually 

displayed to the participant on a colour touchscreen. Power output was calculated from 

motor torque and speed (rad·s-1) using the below equation [104]: 

Power (W) = Torque (N · m) × Speed (rad · s−1) 

        Where;  Speed (rad · s−1) = Cadence (rpm) ×  
2π

60
 

Equation 7.1 

Zero-offset of each servo motor was carried out before each bout of ECC cycling 

by calculating the mean residual torque during 60 s of unweighted pedal revolutions at 

60 rpm (n = 60 revolutions). Realtime power output values were adjusted by summing 

(+) the mean residual torque with the individually prescribed power output (see below, 

Semi-recumbent eccentric cycling intensity). Participant ergometer setup was adjusted to 

ensure relative hip and knee angles were between 100-110˚ and 130-160˚, respectively 

[27, 107]. Prior to commencing ECC cycling, participants were reminded to resist the 

backwards motion of the ergometer only when the pedals were an opposable force and to 
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keep their foot on the pedal during when not opposable by passively following the 

crank/pedal motion. Participants were provided the same instructions during the first 

familiarisation session. 

Eccentric cycling  

A submaximal intensity ECC cycling protocol was chosen for this experiment, 

based on similar ECC cycling protocols commonly used in previous studies, among 

healthy [23, 30, 89, 275] and clinical populations [17, 304]. Each participant completed 

three, single 15 min bouts of ECC cycling, at 10% PETP, across the three sessions. 

Cadence at fixed at 60 rpm. A 15 min ECC cycling duration was considered submaximal 

or ‘moderate load’, based on lasting between five and 30 min [11, 78]. All ECC cycling 

bouts were performed at a prescribed target of 10% of each participant’s PETP power 

output (W) value [257], determined during session one (Fig. 7.1). We have recently 

shown that naïve participants can successfully perform a single 15 min bout of ECC 

cycling, at 10% PETP, at a submaximal physiological effort and without causing undue 

muscle soreness (Chapter 6 – Experimental study four) [303]. Furthermore, prescribing 

ECC cycling intensity using 10% PETP was preferred compared to using peak measures 

derived from CON cycle tests, due to its specificity to ECC cycling [80, 257]. Heart rate 

(HR) was recorded continuously during each 15 min bout of ECC cycling using a chest 

strap (Garmin HRM-Dual, Olathe, KS, USA). Heart rate was used as a secondary measure 

to clamp workload at a submaximal, moderate intensity, considered < 76% of age-

predicted maximal HR (HRmax) [287, 305]. Age-predicted HRmax was calculated using a 

previously validated equation (HRmax = 208 – (0.7 × age) [287]. 

Familiarisation to eccentric cycling 
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Each participant was familiarised with 15 min of ECC cycling at the prescribed 

experimental target power output of 10% PETP, during session one (Fig. 7.1, as 

determined in Chapter 6 – Experimental study four) [303]. All participants were 

considered familiar with ECC cycling having achieved consistent, highly reliable muscle 

activation patterns of low variability and at low magnitude of error for target power output 

(Chapter 6 – Experimental study four) [303]. To minimise upper limb movement during 

ECC cycling, participants were instructed to rest their arms across their lap.  

Subjective measures of cycling intensity 

Ratings of perceived exertion and PE were recorded each minute during ECC 

cycling. A Borg RPE 6 – 20 scale was used to record RPE scores, that were explained to 

each participant as the ‘degree of heaviness and strain experienced during physical work’ 

[24] relating to whole-body exertion. Perceived effort was explained as the level of pain 

within the quadriceps and ‘the amount of mental or physical energy being given to a task’ 

[24]. Participants were asked to mark their level of PE along a 100 mm visual analogue 

scale (VAS), where 0 represents no pain or effort and a score of 100 represents maximal 

effort. 
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Figure 7.1. Experimental protocol. During the first testing session participants were randomly allocated to 

either the VM or APB stimulation protocol. During the second testing session, the alternative stimulation 

protocol was completed. See Chapter 6 – Experimental study four for description of the familiarisation 

protocol conducted during session one.    

 

Maximal voluntary isometric contractions 

Abductor pollicis brevis 
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Maximal voluntary isometric contractions (MVIC) of APB were performed by 

holding maximal opposition of the thumb and little finger [36]. During the MVIC, the 

arm was abducted at 45°, elbow flexed to 90˚ and the forearm neutral. The forearm was 

stabilised on a resting board to minimise contraction of assistant muscles. Each 

participant performed three, six second ramped MVICs of APB, separated by two minutes 

of rest. Verbal encouragement was provided during each MVIC. Muscle activity was 

recorded during each MVIC with peak muscle activity considered as the highest values 

recorded across the three trials. MVICs for APB were determined at each data collection 

time. Peak muscle activity values for APB were used during peripheral nerve stimulation 

to evoke Hoffman reflex (H-reflex) and V-wave responses. 

Vastus medialis  

All participants performed three, five second MVICs (two seconds ramp up and 

three seconds maximal contraction) [181], while seated on the ECC cycle ergometer. 

Each MVIC was separated by two minutes of rest. MVICs of VM required participants 

to extend their leg, place their heel on the ground and maintain this position. Heel contact 

point was marked on the ground to ensure accurate repositioning prior to each MVIC. 

Verbal encouragement was provided throughout each MVIC. Visual feedback of muscle 

activity for the right VM was displayed on a monitor (LabVIEW 19.0, National 

Instruments, Austin, TX, USA). MVICs for APB were determined at each data collection 

time. Peak EMG amplitude recorded from VM across the three MVICs was used to 

calculate the contraction force required during active PNS (H-reflex and V-wave) and 

TMS conditions. 
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Electromyography 

Muscle activation patterns were recorded from the right VM (exercised) and APB 

(non-exercised) muscles using Ag/AgCl bipolar EMG rectangular bar electrodes 

(Bagnoli™, Delsys Incorporated, Natick, MA, USA) with an inter-electrode distance of 

10 mm and contact dimensions of 10.0 × 1.0 mm. Prior to electrode placement the skin 

was prepared by shaving, mildly abrading and cleansing with isopropyl alcohol to 

improve electrode-skin contact. Conductive gel (Medical Equipment Services, 

Melbourne, VIC, Australia) was applied to each electrode prior to being positioned over 

the muscle belly and parallel to the direction of the respective muscle fibres, by the same 

researcher, in accordance with the recommendations by Surface Electromyography for 

Non-Invasive Assessment of Muscles (SENIAM guidelines). The reference electrode was 

fixed over the right clavicle. EMG signals were sampled at 5000 Hz (Power1401, 

Cambridge Electronic Design, Cambridge, UK) pre-amplified (1000×) and bandpass 

filtered (10 – 500 Hz). Data was recorded in 300 ms sweeps – 100 ms pre- and 200 ms 

post-stimulation. Offline analysis of EMG data was performed using Spike software 

version 6.02 (Cambridge Electronic Design, Cambridge, UK). 

Peripheral nerve stimulation 

Single, square-wave stimulations (400 V) were delivered to the right femoral (for 

VM) and median (for APB) nerves at rest, Pre, Pi and P30 ECC cycling. Peripheral nerve 

stimulation was administered using an electrical stimulator (DS7AH, Welwyn, Garden 

City, UK). The right arm and leg were positioned as described in the ‘Maximal voluntary 

isometric contractions’, during PNS. The positions were outlined to re-position the arm 

and leg prior to each stimulation. 

M-wave 
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M-wave recordings in VM (200 µs duration) were evoked during stimulation of 

the right femoral nerve. The cathode, a 20 mm diameter surface electrode (Red Dot™, 

3M Company, St. Paul, MN, USA), was placed inferior to the inguinal crease, over the 

femoral nerve in the femoral triangle, with the anode (75 × 50 mm) placed at the mid-

point of the line between the greater trochanter and iliac crest [306, 307]. Location of the 

cathode was identified as the area where the highest M-wave was evoked when applying 

low intensity (40 mA) stimulation along the femoral nerve, using a 10 mm diameter ball-

point stimulating rod (MLA2650 stimulator rod, ADInstruments, Bella Vista, Australia) 

[306]. M-wave recordings for APB (200 µs duration) were recorded from the right 

median. Bipolar stimulation was conducted by positioning the cathode (20 mm diameter; 

Red Dot™, 3M Company, St. Paul, MN, USA) over the median nerve at the wrist [42] 

and the anode (20 mm diameter) ~30 mm proximal to the wrist [308, 309]. M-wave 

thresholds were determined by incrementally increasing the stimulator output until the 

peak-to-peak amplitude of the M-wave plateaued [310]. Five supramaximal stimulations 

were delivered (inter-stimulus interval [ISI] ~ 20 seconds) to the median and femoral 

nerves at 150% of stimulator output to evoke Mmax recordings [306, 310]. Mmax was 

considered as the largest peak-to-peak M-wave amplitude [311] recorded from these 

stimuli at the respective sampling time (i.e., Pre, Pi and P30).  

Hoffman reflex 

Hoffman reflex (H-reflex) values were recorded from the median and femoral 

nerves for APB and VM while participants held a steady contraction of 10% MVIC [42, 

306]. H-reflex is an indirect measure of quantifying changes in motoneuron excitation 

(i.e., spinal excitability) [32] and is susceptible to minute changes in stimulus intensity 

[42]. Subsequently, it is advantageous, when collecting repeated H-reflex measures, to 

use a constant stimulus intensity that recruits a fixed number of motor axons per trial 
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[194, 312]. Therefore, effective stimulus of H-reflexes evoked in VM, and APB were 

controlled by adjusting the stimulator output to maintain a peak-to-peak M-wave 

amplitude of ~20 ± 3 % Mmax [42, 194, 312]. Ten H-reflexes were evoked in APB and 

VM per sampling time. Post-activation depression of the H-reflex was mitigated by using 

an ISI of 6 seconds for APB [42] and an ISI of 20 seconds for VM [313].  

V-wave 

V-waves, considered a measure of spinal α-motoneuron activity [32, 42], were 

elicited in VM and APB while participants held a six and five second ramp MVIC, 

respectively [42, 306]. For VM, five single stimulations of 150% Mmax were applied at 

the point of plateau (~4-5 s), during the MVIC. Five V-waves were recorded, with 120 s 

rest between stimulations [314]. Six V-waves were recorded from APB during three six-

second MVICs of APB. Two stimulations of 150% Mmax were applied during the plateau 

of each six-second MVIC [42]. Two minutes of rest was provided between each stimulus 

for APB and VM [42, 314]. 

Transcranial magnetic stimulation 

Single and paired pulse TMS was delivered under relaxed and active conditions 

over regions of the M1 using a BiStim 200 stimulator (Magstim Co. Ltd, UK) at Pre, Pi 

and P30 sampling times. A figure-8 (70 mm diameter) and concave double-cone (110 cm 

diameter) coils connected to the stimulator were used to elicit TMS-derived MEPs from 

APB and VM, respectively. The right arm and leg were positioned as described in the 

‘Maximal voluntary isometric contractions’ during TMS. The positions were outlined to 

re-position the arm and leg prior to each stimulation. ‘Hotspot’ for the right APB was 

determined by aligning the figure-8 coil at ~45° to the sagittal plane over the contralateral 

hand region of M1 to induce a posterior to anterior current flow within the motor cortex 
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[42]. For VM hotspot, the double concave coil was orientated over the apex of the skull, 

corresponding to Cz (10-20 system). The optimal stimulation site was considered as the 

location on left M1 that evoked the greatest TMS-derived MEP in the target muscle. The 

respective location was marked directly on a fitted cap using a coloured marker to ensure 

consistent coil placement. Resting motor threshold (rMT) was considered as the stimulus 

intensity required to evoke a peak-to-peak MEP response in APB of >50 µV in at least 

5/10 trials [179]. Active motor threshold (AMT) for VM was considered as the stimulus 

intensity required to elicit a peak-to-peak MEP response of >200 µV [315] in at least 5/10 

trials, respectfully, while participants held a constant 10% MVIC. Real-time visual 

feedback of RMSEMG activity was displayed on a monitor using LabVIEW software (19.0, 

National Instruments, Austin, TX, USA) to assist participants in maintaining a steady 

contraction of 10% MVIC in VM.  

Corticospinal excitability 

Global and local corticospinal excitability were assessed through stimulus 

response curves (SRC) recorded from APB (global) and VM (local). Single pulse 

stimulations, with an ISI of 6 s, were delivered in a random-random order [182] to APB 

and VM under relaxed and active conditions, respectively. For APB, SRC intensities were 

delivered at 90, 100, 110, 120, 130, and 140% RMT. Alternatively, SRC intensities for 

VM were delivered at 90, 100, 110, 120, 130, and 140% AMT while participants held a 

voluntary contraction of ~10% MVIC. Stimulations were applied to VM in an active state 

to improve the consistency of eliciting a TMS-derived MEPs [45]. For both muscles, 10 

stimulations were applied per SRC intensity, totalling 60 stimulations per sampling time 

and 180 stimulations overall. To limit any effect of contraction on the APB, participants 

were required to keep their hands relaxed and folded across their lap during ECC cycling.   
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Cortical facilitation 

Intracortical facilitation (ICF) was elicited in VM, while participants held a 

constant of 10% MVIC. An ICF response was evoked using a conditioning stimulus (CS) 

of 80% AMT and a test stimulus (TS) of 120% AMT, with an ISI of 15 ms [174, 316, 

317]. Short interval intracortical facilitation (SICF) was evoked in the right APB at rest. 

Stimulator intensity for CS was set as the output required to elicit a MEP amplitude of ~1 

mV in APB. S2 intensity was set at 90% RMT, with an ISI of 1.5 ms between S1 and S2 

[42, 176]. Paired pulse stimulations were delivered in blocks of 10 stimuli (total 

stimulations = 30 per muscle), with 5 s separating paired pulse stimulations [318]. Prior 

to eliciting SICF, S1 intensities were calculated by delivering thirty single pulse 

stimulations to induce a MEP amplitude of ~1 mV in APB at rMT [42]. Stimulator output 

was adjusted at each collection period to produce an accurate S1 MEP in APB.  

Data analysis 

All PNS and TMS-derived MEP data were exported for offline analysis using 

Signal software (v6.04a, Cambridge Electronic Design, Cambridge, UK). Mean peak-to-

peak amplitudes for Mmax, H-reflexes and V-waves for APB and VM were computed per 

sampling time. For each participant, H-reflexes were normalised to the corresponding 

Mmax to produce H-reflex/Mmax ratio [186, 187], whereas V-wave/ Mmax ratios were 

calculated using the Mmax evoked with each V-wave [42]. 

Peak-to-peak amplitudes of TMS-derived MEPs for each stimulus intensity 

(%AMT or %rMT) of the SRC were expressed relative to Mmax per sampling time and 

slope of the SRC was determined by plotting the normalised MEP amplitudes by stimulus 

intensity [42, 188]. For VM, ICF MEP amplitudes were expressed as a percentage of the 

mean single pulse MEP amplitude at 120% AMT [34, 179], where increased values per 
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sampling time would indicate increased cortical facilitation [42]. For APB, SICF was 

calculated as the ratio of the paired pulse stimulus (S1 + S2) over the single pulse stimulus 

S1 MEP amplitude [42, 176]. Additionally, sampling time (Pre, Pi and P30) comparison 

of ICF and SICF for each participant was reported as a weighted difference (Equation 

two.), where values <0 indicate less SICF and values >0 indicate more SICF [176]. 

(P𝑖−Pre)

(P𝑖+Pre)
  ;  

(P30−Pre)

(P30+Pre)
  ; 

(P30−P𝑖)

(P30+P𝑖)
 

Equation 7.2 

Statistical analysis 

Visual inspection of distribution histograms and Q-Q plots were conducted to 

determine sufficient symmetry of skewness and kurtosis, with respective z-scores 

required to be between -1.96 and +1.96 [319]. All data were then objectively tested for 

normality using the Shapiro-Wilk test with significance set at P < 0.001 [42, 320]. Non-

normally distributed data were log-transformed prior to parametric analysis. 

Alternatively, where the recorded data was continuous or non-normally distributed 

following log-transformation, non-parametric analysis was used. Sphericity of data was 

analysed using Mauchly’s test. Greenhouse-Geisser corrections (Ɛ < 0.75) were used 

where sphericity was violated (significant, p > 0.05; F-ratio invalid).  

One-way repeated measures ANOVA (within-subjects factor, time; Pre, Pi and 

P30) were used to determine differences between stimulation measures including S1 for 

SICF (%MSO and mV), stimulation output values or M-wave for H-reflex and V-wave 

values. Similarly, one-way repeated measures ANOVA (within-subjects factor, time; Pre, 

Pi and P30) or Friedman’s tests (non-parametric) were used to determine difference 

corticospinal (SRC) cortical (SICF, ICF) and spinal (Mmax, H-reflex, V-wave) responses 
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[42]. Where significant differences were identified, pairwise comparisons were 

performed using Bonferroni corrections or Wilcoxon signed rank tests (non-parametric). 

Effect sizes are reported and interpreted using partial ETA squared (p
2) or Kendall’s 

coefficient of concordance (W) values [321]. Pearson’s correlation coefficient (r) or 

Spearman’s rho (ρ) was used to determine the strength of the effect of ECC cycling on 

mean peak-to-peak MEP amplitudes for CSE (SRC).  

Between-session differences for group mean power output, magnitude of error 

from target power and HR were determined using paired t-tests (two-tailed). Individual 

between-session differences in mean power output and HR were similarly calculated 

using paired t-tests (two-tailed). Effect sizes are reported and interpreted using Cohen’s 

d [321]. Differences in group mean scores for RPE and PE (ordinal data) were tested 

using Wilcoxon signed-rank tests [322]. Relative between-session differences for 

individual and group mean RPE and PE scores are provided using absolute mean 

difference (MD) values [323]. Absolute MD values were also calculated for magnitude 

of error from target power and HRmax values. 

Data are presented as mean  standard deviation (SD) or 95% confidence intervals 

(CI) and ranges. Data analysis was conducted using IBM SPSS Statistics for Windows, 

version 21 (IBM Corp., Armonk, N.Y., USA). Significance was set at p  0.05. Absolute 

MD (i.e., change in mean) and typical error values were calculated using Microsoft Excel 

for Mac, version 16.43 (Microsoft Corp., Redmond, WA). Significance was set at p ≤ 

0.05. 

7.3 RESULTS 

Subjective measures, power output and heart rate 
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Group mean ( SD) and individual RPE and PE scores are displayed in figure 

7.2A and B. Wilcoxon signed-rank tests showed significant decreases in group mean RPE 

(Z = -5.399, p = <0.001) and PE (Z = -6.051, p = <0.001) scores between session one 

(7.93  1.52 and 3.18  1.74, respectively) and two (7.37  1.57 and 2.58  1.68), 

respectively. Individual RPE and PE scores for six (Z = -2.236 to -3.873, p = <0.001 – 

0.025) and four (Z = -2.333 to -3.771, p = <0.001 – 0.020) participants, respectively, 

showed significant between-sessions decreases. Group MD in RPE and PE scores 

between sessions were 0.76  0.48 (typical error = 0.54) and 0.60  0.58 (typical error = 

0.42), respectively. On average, MD values indicate less than one-unit difference across 

all RPE and PE values among the nine participants. 

 

Figure 7.2. A) individual and group mean ( SD) RPE scores for session one and session two and B) 

individual and group mean ( SD) PE scores for session one and session two. Broken lines denote 

significant between-sessions differences for individual RPE and PE scores. Six and four participants, 

respectively, showed a significant difference in average RPE and PE scores between sessions one and two. 

* Denotes a significant between-sessions difference for group mean scores. 

 

Group mean ( SD) and individual power output and HR values are presented in 

figures 7.3A – D. All power output and HR values were normally distributed (p >0.001). 
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Paired t-tests showed no significant differences (p = 0.797, d = 0.089, Fig. 7.3A) in group 

mean absolute power output (W) between session one (219.91  16.63 W, range = 52.16 

W) and session two (219.34  18.72 W, range = 50.23 W) or for magnitude of error in 

power output (p = 0.986, d = -0.006, Fig. 7.3B) between session one (1.60  1.32 W, 

range = 4.21 W) and session two (1.61  0.79 W, range = 2.69 W). However, individual 

mean power output values were significantly different for eight out of nine participants 

between sessions one and two (p < 0.001 – 0.147, d = -5.276 – 0.508, Fig. 7.3A). Absolute 

MD values for individual mean power output suggest relatively small differences between 

these mean values (4.44  4.47 W, range = 15.02 W, Fig. 7.3A). Furthermore, MD values 

for magnitude of error from mean target output were also minimal (1.06  0.64 %, range 

= 1.41 %, Fig. 7.3B).  

Heart rate values for one participant, during session one, were lost post ECC 

cycling. Therefore, mean HR values for session one was calculated from eight 

participants. No significant differences were calculated in mean HR values (p = 0.418, d 

= -0.304, Fig. 7.3C) between sessions one (66  10 bpm, range = 31 bpm) and two (69  

10 bpm, range = 35 bpm) or HRmax values (p = 0.423, d = -0.301, Fig. 7.3D) between 

sessions one (36.51  5.63 %, range = 17.63 %) and two (37.93  5.32 %, range = 17.59 

%). Absolute MD for mean individual HR (6.75  7.46 bpm, range = 23 bpm) and HRmax 

(3.69  3.93 %, range = 12 %) were typically minimal (Fig. 7.3C and D). 
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Figure 7.3. A – D) shows mean  SD and average individual values for power output, magnitude of error 

from target power output, HR and % HRmax, respectively. Broken lines in Fig. 7.3A) represent the eight 

participants (n = 8) whose mean power outputs differed significantly (p < 0.05) between sessions one and 

two. 

 

Stimulation measures for peripheral and transcranial magnetic stimulation  

Mean ( SD) stimulus output to evoke rMT and AMT values for APB and VM 

were 53  9 %MSO and 46  9 %MSO, respectively. Mean %MSO for the ICF CS (80% 

AMT) and TS (120% AMT) in VM were 37  7 and 55  11, respectively. For APB, 

mean S2 SICF (90% rMT) was 48  8 %MSO. Presented in table 7.1 are the mean ( SD) 

values for S1 SICF, stimulus output for maximal M-wave plateau and 20% Mmax output 

for H-reflex response, and M-wave for H-reflex and M-wave for V-wave. One-way 
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repeated measures ANOVA showed no significant difference between mean Pre, Pi and 

P30 values for S1 intensity (%MSO = F2, 16 = 0.549, p = 0.588, p
2 = 0.064) or amplitude 

(mV = F2, 16 = 0.090, p = 0.915, p
2 = 0.011) for SICF. Similarly, no differences were 

evident for mean stimulus output to evoke maximal M-wave in APB (F2, 16 = 1.767, p = 

0.203, p
2 = 0.181) and VM (F2, 16 = 1.567, p = 0.239, p

2 = 0.164). Mean stimulus output 

to evoke ~20% Mmax for H-reflex responses showed no significant differences between 

sampling times for APB (F1.115,8.921 = 1.114, p = 0.328, p
2 = 0.122) and VM (F2, 16 = 

0.406, p = 0.673, p
2 = 0.048). Non-parametric analysis of M-wave for H-reflex, using 

Friedman’s test, showed no significant difference between sampling times for APB (𝛸2
[2] 

= 0.023, p = 0.989, W < 0.001) or VM (𝛸2
[2] = 1.754, p = 0.416, W = 0.013). A significant 

difference was found in mean APB M-wave for V-wave (F2,104 = 3.759, p = 0.027, p
2 = 

0.067). However, Bonferroni adjustments showed no significant main effects between 

mean Pre, Pi and P30 M-wave for V-wave values in APB (p = 0.081-1.000).  

Spinal excitability  

Mmax data for APB and VM were log-transformed for statistical analysis following 

Shapiro-Wilk’s testing (p < 0.001), visual inspection of their histograms and normal Q-Q 

plots. Sphericity was assumed for VM (𝛸2
[2] = 1.801, p = 0.406, Ɛ = 0.961) and violated 

for APB (𝛸2
[2] = 27.341, p = <0.001, Ɛ = 0.680). Therefore, Greenhouse-Geisser 

corrections are reported for APB Mmax values. No significant differences (F1.360, 59.843 = 

0.376, p = 0.607, p
2 = 0.008) were found between mean Pre, Pi, and P30 APB Mmax values 

(Table 7.1, Fig. 7.4A). However, a significant difference (F2, 88 = 12.663, p = <0.001, p
2 

= 0.223) in mean VM Mmax values (Table 7.1, Fig. 7.4B) was evident. Pairwise 

comparison shows significant decreases in mean VM Mmax amplitudes for Pre vs. Pi (p 
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<0.001) and Pre vs. P30 (p <0.001). No difference was shown between Pi and P30 mean 

VM Mmax amplitudes (p = 1.00). 

 

Figure 7.4. A) Displays mean  95% CI log-transformed APB Mmax values and B) displays mean  95% 

CI log-transformed VM Mmax values. * Denotes a significant difference (p < 0.05) between Mmax values Pre 

and Pi ECC cycling and ** denotes a significant difference (p < 0.05) between Mmax values Pre and P30 

ECC cycling.  

 

Data for APB H/Mmax and V/Mmax ratios were log-transformed for statistical 

analysis following Shapiro-Wilk’s testing (p < 0.001). The log-transformed values were 

approximately normally distributed (p> 0.001), and sphericity assumed for H/Mmax (𝛸2
[2] 

= 2.424, p = 0.298, Ɛ = 0.956) and V/Mmax (𝛸2
[2] = 0.536, p = 0.765, Ɛ = 0.990) ratios. A 

significant difference between mean APB H/Mmax ratios was found (F2, 104 = 26.229, p 

<0.001, p
2 = 0.335, Fig. 7.5A). Pairwise comparisons showed significant main effects 

increase for Pre vs. Pi (, p <0.001) and Pre vs. P30 (p <0.001). No difference was identified 

for mean Pi vs. P30 APB H/Mmax ratios (p = 0.405). No significant differences were 

identified between mean APB V/Mmax ratios (F2, 104 = 1.367, p = 0.259, p
2 = 0.026, Fig. 

7.5B). 
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Figure 7.5. A) Displays mean  95% CI log-transformed APB H/M ratio values and B) displays mean  

95% CI log-transformed APB H/M ratio values. * Denotes a significant difference (p < 0.05) between H/M 

ratio values Pre and Pi ECC cycling and ** denotes a significant difference (p < 0.05) between H/M ratio 

values Pre and P30 ECC cycling. 

 

For VM H/Mmax ratios, one participant was removed from the data analysis due 

to M-wave for H-reflex amplitude at the ‘Pre’ falling outside of the defined 20 ± 3 % 

Mmax collection parameters. Data for VM H/Mmax ratios were approximately normally 

distributed. However, sphericity was violated for VM H/Mmax (𝛸2
[2] = 32.485, p < 0.001, 

Ɛ = 0.713) and Greenhouse-Geisser corrections are reported. A significant difference 

between mean VM H/Mmax ratios was identified (F1.426,91.241 = 18.510, p <0.001, p
2 = 

0.224, Fig. 7.6A). Bonferroni adjustment for pairwise comparison showed significant 

decreases in VM H/Mmax ratio between Pre vs. Pi (p <0.001) and Pre vs. P30 (p = 0.003). 

Alternatively, the VM H/Mmax ratio significantly increased from Pi to P30 (p = 0.03).  

V-wave responses evoked in the exercised VM were inconsistent and highly 

variable among most participants, with few participants demonstrating a noticeable V-

wave (Fig. 7.6B). As a result, calculating a mean V-wave response for most participants, 
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Table 7.1. Stimulation characteristics for APB and VM muscles. 

Muscle Stimulation measure Pre Pi P30 

APB S1 for SICF (mV) 0.97  0.05 0.97  0.08 0.98  0.07 

S1 for SICF (%MSO) 67  16 66  16 66  17 

M-wave plateau (mA) 20.81  6.20 20.34  5.62 18.61  5.02 

20% Mmax output for H-reflex (mA) 11.02  3.14 10.64  3.25 10.62  3.08 

Mmax (mV) 3.99 ± 1.80 4.26 ± 2.07 4.13 ± 2.01 

M-wave for H-reflex (mV) 0.81 ± 0.37 0.87 ± 0.42 0.84 ± 0.41 

M-wave for V-wave (mV) 4.39 ± 2.28 3.76 ± 1.92 3.68 ± 2.06 

VM M-wave plateau (mA) 144.44 ± 54.64 130.67 ± 49.29 138.67 ± 48.15 

20% Mmax output for H-reflex (mA) 96.49 ± 26.46 95.11 ± 30.29 93.22 ± 32.33 

Mmax (mV) 4.79 ± 2.12 4.50 ± 2.15* 4.44 ± 2.10** 

M-wave for H-reflex (mV) 1.07 ± 0.47 1.02 ± 0.47 1.02 ± 0.52 
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Corticospinal excitability  

Mean (± 95% CI) SRC MEP amplitudes for APB and VM, normalised to Mmax 

(Fig. 7.7) were non-normally distributed following log-transformation (p < 0.001) 

therefore, non-parametric analysis was conducted. Friedman’s test showed significant 

differences for mean APB (𝛸2
[2] = 18.045, p <0.001, W = 0.017) and VM (𝛸2

[2] = 23.550, 

p <0.001, W = 0.022) SRC amplitudes. Wilcoxon signed rank test identified significant 

increases in mean APB SRC MEP amplitudes were identified for Pre vs. Pi (Z = -4.426, 

p <0.001, Fig. 7.7A) and Pre vs. P30 (Z = -3.191, p = 0.001, Fig. 7.7A). No difference in 

mean SRC amplitudes for APB were observed for Pi vs. P30 (Z = -0.984, p = 0.325). No 

difference was evident for mean SRC amplitudes for VM comparing Pre vs. Pi (Z = -

0.321, p = 0.748, Fig. 7.7B). However, mean SRC amplitudes for VM significantly 

increased at P30 compared with Pre (Z =-3.296, p = 0.001) and Pi (Z = -3.419, p <0.001) 

sampling times.  

Normally distributed mean values (p >0.001) for the slope of the SRC at Pre, Pi 

and P30 were not significantly different for APB (F2, 16 = 0.445, p = 0.648, p
2 = 0.053, 

Fig. 7.7A inset) or VM (F2, 16 = 0.568, p = 0.578, p
2 = 0.066, Fig. 7.7B inset). Moreover, 

spearman’s rho correlations showed significantly good (ρ = 0.40-0.69 [324]) relationships 

between mean VM SRC MEP amplitudes at Pre vs. Pi (ρ = 0.642, p <0.001), Pre vs. P30 

(ρ = 0.670, p <0.001), and Pi vs. P30 (ρ = 0.689, p <0.001). Significantly strong (ρ = 0.40-

0.69) relationships were also identified between mean APB SRC at Pre vs. Pi (ρ = 0.644, 

p <0.001) and Pi vs. P30 (ρ = 0.615, p <0.001). Meanwhile, a very strong (≥0.70) 

relationship was found between mean APB SRC MEP amplitudes at Pre vs. P30 (ρ = 

0.702, p <0.001).  
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Cortical facilitation  

Figure 7.8A and B shows the mean (± 95% CI) for APB SICF and VM ICF at Pre, 

Pi and P30 sampling times. Values for APB SICF and VM ICF ratios were non-normally 

distributed following Shapiro-Wilk’s testing (p < 0.001) and visual inspection of their 

histograms and normal Q-Q plots. Ratio values were log-transformed (p> 0.001) and 

sphericity assumed for APB (p = 0.121) and VM (p = 0.091) prior to statistical analysis. 

Weighted difference values for SICF and ICF ratios were normally distributed (p> 0.001) 

and spherical (SICF p = 0.074; ICF p = 0.130). A significant difference was observed 

between mean SICF values for APB (F2, 178 = 4.224, p = 0.016, p
2 = 0.045, Fig. 7.8A). 

Bonferroni adjustment showed a significant decrease in SICF between the Pi and P30 

sampling times (p = 0.030). No other significant main effects were found between mean 

SICF ratios (p = 0.242-0.631) or weighted difference values (F2, 16 = 2.309, p = 0.132, p
2 

= 0.224) for APB. Furthermore, no significant differences were evident for mean log 

transformed VM ICF (F2, 178 = 2.757, p = 0.066, p
2 = 0.030, Fi. 7.8B) or weighted 

difference values (F2, 16 = 0.548, p = 0.589, p
2 = 0.064), between sampling times.  
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Figure 7.8. A) Displays log-transformed mean  95% CI values for SICF evoked in APB Pre, Pi and P30 

ECC cycling and B) displays mean  95% CI mean for ICF evoked in VM Pre, Pi and P30 ECC cycling. † 

Denotes a significant difference between Pi and P30 SICF values evoked in APB. 

 

7.4 DISCUSSION 

The aim of this study was to quantify the changes in cortical, sub-cortical (i.e., 

CSE) and spinal excitability, measured in exercised (VM – local) and non-exercised 

(APB – global) muscles, following a single 15 min bout of ECC cycling. Supporting 

hypotheses one and two, the main findings show that, 1) CSE in the exercised VM muscle 

was unchanged Pi ECC cycling, 2) CSE in the non-exercised APB muscle increased post 

(Pre vs. Pi and P30) ECC cycling and 3) spinal excitability (H-reflex) decreased in the 

exercised VM muscle post (Pre vs. Pi and P30). Contrary however, to hypothesis two 

(spinal excitability of the non-exercised muscles would decrease immediately following 

ECC cycling), H-reflex amplitudes in the non-exercised APB muscle increased 

significantly post (Pre vs. Pi and P30) ECC cycling. Furthermore, ICF in the exercised VM 

muscle remained unaffected Pi ECC cycling however, a delayed increase in CSE was 

shown P30 ECC cycling. Similarly, SICF in the non-exercised APB muscle remained 

unaffected Pi ECC cycling. An unexpected decrease in SICF was observed ECC cycling 

from Pi to P30.  

To our knowledge, this is the first study that has investigated changes to cortical 

(i.e., ICF, SICF) and spinal (i.e., H-reflex, V-wave) excitability, of an exercised (i.e., VM) 

and non-exercised muscle (i.e., APB), before and after ECC cycling using protocols that 

controlled for mode of muscle contraction and workload. The current study has addressed 

previously cited methodological limitations [80, 257, 273, 275] of ECC cycling studies 
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by performing ECC cycling: 1) on a custom-built semi-recumbent ECC cycle ergometer 

that limits non-ECC muscle contractions [273]; 2) at an intensity prescribed based on an 

ECC-specific lower limb test [257] and 3) among participants that were considered 

familiarised with ECC cycling, based on within-session reliability of EMG patterns [303]. 

Having addressed these methodological limitations, the subsequent findings likely 

provide a strong indication of the acute changes to local (i.e., VM; exercised muscle) and 

global (i.e., APB; non-exercised muscle) cortical, spinal, and corticospinal activity, 

following ECC cycling. That said, the main findings are comparable to studies that have 

previously reported increased CSE in non-exercised and exercised muscles following 

decline treadmill walking (i.e., ECC locomotion) and ECC cycling [44, 48, 49] and 

decreased spinal excitability in exercised lower limb muscles during submaximal and 

maximal ECC muscle contractions [38, 46, 185, 206]. 

Corticospinal excitability 

Increased global CSE, as measured in the non-exercised APB muscle, presented 

here compliments previous reports of increased CSE in non-exercised upper limb muscles 

during CON cycling [44], after high-intensity CON cycling [218] and following downhill 

treadmill running (rhythmic ECC locomotion) [49]. Furthermore, these findings also 

agree with reports that arm cycling facilitates CSE measured in VL during cycling [45]. 

Overall, this finding suggests that rhythmic ECC leg cycling modulates CSE in a non-

exercised upper limb muscle. 

Zehr and colleagues [44] suggested that subcortical mechanisms were likely 

responsible for increased CSE during cycling based on TMS-facilitated H-reflex 

amplitudes being similar during cycling and static trials. However, these authors did not 

rule out cortical locations contributing to the increase [44]. Indeed, ICF increases during 
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and following ECC contractions [199, 201], indicating that cortical responsiveness is 

greater for ECC, compared to CON contractions [102]. Elevated cortical facilitation, due 

to increased cortical activity, has been considered to account for a delayed (i.e., P30) 

increase in CSE following downhill treadmill running [49]. Although, any potential 

elevation of cortical facilitation did not affect SRC amplitudes recorded in APB five 

minutes post downhill treadmill running [49]. This latter finding is contrary to the 

increased SRC MEP amplitudes reported in the current study for APB and may relate to 

upper limb movements influencing neuromotor mechanisms during downhill treadmill 

running [50, 275]. In the present study, upper limb movement was minimised, and non-

ECC muscle actions were controlled during ECC cycling. Therefore, the current findings 

may better indicate modulation of CSE in the non-exercised muscle, following rhythmic 

ECC locomotion. Furthermore, spinal inhibition, that has been reported during ECC 

contractions [38, 46], likely has less effect on non-exercised muscles, as the current 

increase in spinal excitability (i.e., H-reflex) of APB would suggest (Fig 7.5A). Indeed, 

spinal inhibition is likely differentially modulated between the exercised and non-

exercised limbs due to the different medullary levels of the respective upper and lower 

limb muscle projections [49]. As such, increased global CSE, reported here, is likely due 

to a combined effect of cortical and subcortical mechanisms. More specifically, increased 

cortical activity during ECC cycling and the absence of spinal inhibition (i.e., increased 

spinal excitability) could plausibly explain the increase in CSE recorded in the non-

exercised APB muscle, post ECC cycling. However, the increase in global CSE may also 

reflect a generalised influence of rhythmic locomotion on neuromotor excitability [44, 

153].  

The current increase in CSE of the non-exercised APB is contrary to previous 

reports that CSE, assessed using SRC, remains unchanged following CON [39, 41, 42, 
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188, 275, 325] and ECC cycling [275]. Differences in the mode (i.e., CON vs. ECC), 

intensity and duration of cycling may explain differences in CSE between these previous 

studies and the current study. Specifically, familiarity with ECC cycling, or lack thereof, 

has likely influenced global CSE between the current and previous findings [275]. Indeed, 

unfamiliarity is associated with impaired coordination reported during ECC cycling and 

likely has a substantial effect on the variability of neuromuscular measurements recorded 

during ECC cycling [303]. 

As with previous ECC contraction studies [46, 205, 326], CSE of the exercised 

VM muscle was expected to decrease post ECC cycling. This was not the case however, 

as local CSE of the exercised VM muscle did not change following ECC cycling and 

therefore, supports previous work citing unchanged CSE in the exercised muscle (i.e., 

quadriceps) following varied forms (i.e., exhaustive/non-exhaustive, repeated sprints) of 

CON cycling [327, 328] and during fatiguing ECC contractions [329]. Furthermore, our 

finding supports that of unchanged CSE recorded in RF and VL during submaximal CON 

[211] and ECC cycling [50]. Sidhu and colleagues suggested that forms of intracortical 

inhibition are potentially responsible for the lack of corticospinal responsiveness during 

sustained cycling [211]. However, unchanged CSE during submaximal ECC cycling, 

compared with CON cycling, may result from lower neural drive due to more apparent 

inhibition along the corticospinal pathway [50]. Indeed, spinal inhibition reportedly 

increases to match increased intracortical facilitation during ECC contractions [46, 102, 

205]. This combined effect often reduces, or nullifies, CSE in the exercised muscle during 

ECC contractions [46, 205, 326]. Additionally, as ICF increases, intracortical inhibition 

decreases in the exercised muscle, following ECC contractions [201]. Therefore, in the 

current study it is more conceivable that increased spinal inhibition, as opposed to 

increased intracortical inhibition, is responsible for CSE of the exercised VM remaining 
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unchanged Pi ECC cycling, particularly given the justified increase in CSE of APB post 

ECC cycling, explained above. Indeed, this explanation compliments the current decrease 

in spinal excitability (i.e., H-reflex amplitude) and the absence of change in ICF recorded 

from the exercised VM muscle post ECC cycling. 

It is worth noting that unchanged local CSE Pi ECC cycling may reflect the short-

lived nature of TMS-evoked corticospinal responses [330]. As such, post-exercise 

responses may be limited in their representation of neuromotor excitatory changes taking 

place during locomotor exercise [47], including ECC cycling. However, this is unlikely 

given the current delayed increase in local CSE 30 min post ECC cycling. Similar delayed 

increases or post-exercise facilitation of MEP amplitudes have been previously reported 

[48, 201, 331]. While the primary cause(s) of the delayed increase or facilitation of CSE 

remains ambiguous [48, 201], intracortical synaptic reorganisation was suggested to 

contribute to delayed facilitation, observed between 15-30 min, following non-fatiguing, 

repetitive movements of an intrinsic hand muscle [331]. Indeed, the repetitive 

performance of the motor task may have induced potentiation of the CNS and facilitated 

intracortical synaptic reorganisation as a process of motor learning [331]. Interestingly, 

Latella and colleagues [201] proposed that cortical demand, due to the novelty of ECC 

contractions, could evoke a contraction-specific neuroplastic response. Considering that 

ECC cycling is a novel motor task [135, 303] requiring repetitive ECC contractions, 

similar neuroplastic adaptation could explain the delayed (i.e., P30) increase in CSE of the 

exercised VM muscle in the current study. Therefore, the current delayed increase in local 

CSE could be a combined effect of withdrawn spinal inhibition and potentially, specific 

neuroplastic responses evoked by repetitive ECC muscle contractions, performed during 

ECC cycling. 

Spinal excitability  
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In agreement with the second hypothesis, modulation of CSE recorded in VM post 

ECC cycling (i.e., unchanged CSE Pi and increased CSE P30) corresponds with a decrease 

in spinal excitability (H/Mmax ratios) Pi ECC cycling. However, spinal excitability of the 

exercised VM muscle did increase between Pi and P30 ECC cycling, although spinal 

excitability P30 was still reduced compared to Pre values. Together, these findings suggest 

that spinal excitability is reduced post ECC cycling however, the reduction appears to be 

reasonably short-lived.  

As previously mentioned, decreased H-reflex amplitudes of exercised muscles, 

particularly during maximal and submaximal ECC muscle contractions, are reportedly 

due to increase spinal inhibition [38, 46, 185]. Furthermore, comparable findings have 

been shown following rhythmic ECC locomotion (i.e., downslope walking) [224] and 

cycling [332-334]. Sabatier and colleagues [224] showed that downslope walking 

significantly decreased post-exercise (10 min) spinal excitability, evidenced by a 

reduction in Hmax/Mmax ratios of the exercised SOL muscle, but not at 45 min post-

exercise. The authors implied that reduction of Hmax/Mmax ratios may relate to motor task 

complexity of downslope walking. Similarly, depressed SOL H-reflex amplitudes are 

reported following complex (i.e., constant speed – 60 rpm, with varying resist), compared 

with simple (i.e., constant resistance) semi-recumbent cycling modes [332]. The 

depression of SOL H-reflex amplitudes was linked to a decrease in synaptic efficiency 

between Ia afferents and SOL motoneuron, due to increased homosynaptic depression 

associated with task complexity [332]. However, reduced H-reflex amplitudes in the 

exercised SOL muscle, due to inhibitory-related impacts on afferent mechanoreceptors, 

have been consistently reported following relatively simple submaximal cycling [333, 

334].  
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Given the similarities between ECC cycling and the exercise protocols of the 

studies (i.e., rhythmic locomotion and ECC muscle contractions), it can be reasoned that 

the current decrease in spinal excitability of the exercised VM muscle is related to the 

motor complexity of ECC cycling. Indeed, cognitive load is greater during ECC, 

compared to CON cycling [97], reflecting greater cortical activity [202, 203] and 

substantiating increased cortical excitability during ECC exercise [102]. However, 

subsequent increases in pre- and postsynaptic inhibition at the spinal level, including 

inhibition of Ia afferents [102, 208] and Renshaw cells (i.e., recurrent inhibition) [207, 

208], act to attenuate increased cortical activity stimulated by ECC exercise [102, 228]. 

This increased spinal inhibition, and ensuing reduction of spinal motoneuron excitability, 

appears to persist post ECC exercise, as evidenced by the current reduced H-reflex 

amplitudes post ECC cycling. Therefore, the decrease in post-exercise VM H/Mmax ratios 

reported here, are likely associated with increased spinal inhibition of Ia afferents or 

Renshaw cells (i.e., recurrent inhibition), due increased cortical activity during ECC 

exercise, associated with the greater task complexity of ECC cycling [78, 298].  

Interestingly, spinal excitability recovered 30 min after ECC cycling, suggesting 

that decreased VM H/Mmax ratios was transient. However, recovery of decreased spinal 

excitability (i.e., withdrawal of increased spinal inhibition), potentially induced by 

elevated cortical activity, may also indicate participant familiarisation with ECC cycling. 

Indeed, cognitive demand decreases between repeated bouts of ECC cycling [97], likely 

due to motor learning during familiarisation [303, 335]. Subsequently, cortical activity 

would decrease [336] and possibly spinal inhibition, with it. These decreases could, 

foreseeably, have less effect on spinal excitability among familiarised participants and 

therefore, explain the transient change in and/or recovery of VM H/Mmax ratios in the 

current study.  
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In contrast to the decrease in spinal excitability of the exercised VM Pi ECC 

cycling and our hypothesis, mean H/Mmax ratios in APB significantly increased post ECC 

cycling. This finding differs from previous studies reporting unchanged or reduced H-

reflex in non-exercised upper limb muscles during or post cycling [42, 44, 333]. Where 

upper limb H-reflex amplitudes were unaffected post CON cycling, the authors inferred 

that spinal motoneurons of the upper limb are not influenced by lower limb rhythmic 

locomotion [42, 333]. These authors concluded that changes in spinal excitability are 

specific to the spinal segment of the exercised limb and could not be generalised to the 

non-exercised limb. The current result, however, suggests that spinal excitability is not 

limited to muscles of the exercised limb, indicating that ECC cycling has a distinctive 

influence on global spinal excitability. Here, the increase in H/Mmax ratios of APB may 

reflect an absence of spinal inhibition (as discussed above) or that spinal inhibition is 

confined to the exercising or exercised limb. Alternatively, others have shown that H-

reflex is suppressed in a wrist flexor muscle during leg cycling [44]. This finding 

reciprocates previously reported suppression of H-reflex amplitudes in SOL during arm 

cycling [193, 337]. While these and the current findings do differ, together they suggest 

that neural projections to exercised and non-exercised muscles are differentially 

modulated during rhythmic locomotion [44]. This outcome is consistent with the 

‘common core hypothesis’ suggesting a neural coupling between the upper and lower 

limbs during rhythmic locomotion [44, 222]. Novel differences in spinal excitability 

recorded from the exercised and non-exercised muscles, in the current study, provide 

evidence that neural projections to the arms and legs are similarly differentially 

modulated during ECC cycling. Therefore, the ‘common core hypothesis’ may also 

extend to rhythmic ECC locomotion. 
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Cortical excitability 

The only change in ICF was a decrease in APB between Pi and P30 sampling times. 

No other changes in SICF (for APB) or ICF (for VM) were shown. These findings are 

contrary to the hypotheses and the changes in corticospinal and spinal excitability in the 

non-exercised APB and exercised VM muscles, post ECC cycling. While the exact 

mechanisms behind these findings are ambiguous, the absence of intracortical facilitation 

post ECC cycling many relate to the low-to-moderate intensity of the cycling protocol, 

which appears to only have a modest facilitatory affect [42]. However, high-intensity 

interval cycling affects no change to ICF, despite increasing CSE in a non-exercised 

muscle [218], suggesting that cycling intensity may have a limited or potentially, transient 

impact on cortical facilitation. Subsequently, the low-to-moderate intensity of ECC 

cycling was likely insufficient to evoke a sustained cortical response [299, 338] or any 

transient response may have dissipated upon cessation of exercise or in the time between 

cessation of ECC cycling and intracortical measurements [42]. Although, a non-

significant yet noticeable increase in SICF (Fig. 7.8A) may provide some alternate 

insight. It is conceivable that increased intracortical facilitation was present, at least in 

the non-exercised APB, following ECC cycling. This would support the current increase 

in corticospinal and spinal excitability. As previously cited, ECC exercise increases 

cortical activity [102, 204], while SICF is modestly increased in APB following CON 

cycling [42]. The combined effect of performing ECC contractions during rhythmic 

cycling could possibly increase cortical activity and enhance intracortical facilitation, 

which may have contributed to the non-significant increase in SICF Pi ECC cycling. This 

concept may, therefore, explain the decrease in SICF, as facilitation returned to Pre levels, 

following ECC cycling.  

Exercise intensity 



 
 

 190 

No differences in subjective measures of RPE or PE, power output, magnitude of 

error or HR were shown between the two ECC cycling sessions. Mean RPE and PE values 

suggest ECC cycling performed at 10% PETP is of low (i.e., light) to moderate intensity 

[131]. Individual HR values, as a percent of HRmax, support this notion [339]. 

Furthermore, participants were able to consistently maintain their prescribed power 

output, with minimal error (i.e., <4%) across both ECC cycling sessions. Therefore, 

modulation of cortical, corticospinal, and spinal excitability reported in the current study, 

was done so following minimally variable ECC cycling.  

Limitations 

When interpreting the findings of the current study, it is important to acknowledge 

the following limitations. Firstly, the current study did not use a control (i.e., rest) or sham 

condition. However, most variables measured P30 ECC cycling indicate a return to Pre 

(or near to Pre) levels, suggesting that rhythmic ECC leg cycling transiently modulates 

cortical, corticospinal and spinal excitability [42]. Therefore, we contend that the addition 

of a control or sham condition would not have improved interpretation of the current 

findings. Furthermore, a comparative CON exercise protocol could have been 

implemented, as is typical [48, 49, 89, 275]. However, we would suggest that the well-

documented physiological [6, 8, 29], metabolic [29, 89], biomechanical [107], 

neuromuscular [107], perceptual [107, 108, 127] and cognitive demand [97] differences 

between ECC and CON cycling, within the literature, renders this point somewhat moot, 

given the principle of specificity [340] and the use of the custom modified ECC cycle 

ergometer. Type I and II errors should also be considered based on the relatively small 

sample size (n = 9). These errors (i.e., type I and II) could be addressed by increasing the 

sample size. Finally, using neuro-navigation to reproduce responses from the precise 

stimulation location, especially when recording repeated measures, would have benefitted 
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the current study. However, previous studies have effectively used TMS to report 

significant findings following rhythmic CON and ECC locomotion without the use of 

neuro-navigation equipment [39, 40, 45, 48, 49]. 

 

7.5 CONCLUSION 

The current study demonstrates that cortical, corticospinal, and spinal excitability, 

measured from an exercised quadricep muscle and a non-exercised hand muscle are 

differentially modulated following ECC cycling. Importantly, distinct changes in 

corticospinal and spinal excitability, measured in APB compared to VM, suggests that 

spinal inhibition is specific to muscles of the exercised limb (i.e., VM during ECC 

cycling). Therefore, transient inhibitory mechanisms likely operate at the spinal level 

during ECC cycling and persist following cessation. However, these changes appear 

without any significant alteration to ICF. The lack of change in ICF may be a result of 

exercise intensity or that transient changes to cortical responsiveness had dissipated after 

exercise cessation. Overall, these findings suggest the presence of neural coupling 

between the upper and lower limbs during ECC cycling and thereby, provide early 

evidence that the ‘common core hypothesis’ may be applicable to ECC locomotion. 

Based on the current findings, future research should investigate spinal excitability and 

inhibition in exercising and non-exercising muscles during ECC cycling, at varied 

exercise intensities. Such findings would help to understand the selective modulation and 

importance of spinal modulation during rhythmic ECC locomotion. Lastly, to further 

examine the application of the ‘common core hypothesis’ and therefore, neural coupling 

between the upper and lower limb during ECC leg cycling, future studies should examine 
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reciprocal modulation of cortical, corticospinal, and spinal excitability in lower limb 

muscles following ECC arm cycling.  
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CHAPTER 8 

SUMMARY AND CONCLUSIONS 

 

8.1 DISCUSSION 

This thesis has its foundations in the idea that previous studies focused on 

investigating the cardiopulmonary, musculoskeletal, metabolic and perceptual 

adaptations to ECC cycling, with limited interest having been given to the underlying 

neuromotor mechanisms that regulate these adaptations [51, 260]. Therefore, a resultant 

lack of knowledge surrounded the influence of ECC cycling on neuromotor modulation. 

The purpose therefore of this thesis was to investigate and quantify how ECC cycling 

influences the modulation of these underlying neuromotor mechanisms.  

This final chapter highlights the main findings of each experimental study, 

provides practical implications for those findings, and suggests directions for future 

research pertaining to ECC cycling. 

 

8.2 SUMMARY OF FINDINGS  

The major findings reported in this thesis were: 

1. A custom-built semi-recumbent ECC cycle ergometer can limit the presence of non-

ECC muscle actions that may occur when naïve participants perform novel ECC 

cycling, 

2. The PETP test provides a reliable indication of peak ECC torque and power output in 

a position analogous to semi-recumbent ECC cycling and can be used to prescribe 

ECC cycling workloads, 

3. Healthy naïve participants familiarise to novel ECC cycling, performed at a fixed 

submaximal intensity, within a single 15 min bout, and 
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4. Neuromotor excitability – being cortical, CSE and spinal excitability – recorded from 

an exercised and non-exercised muscle, are differentially modulated following 

controlled (i.e., muscle contractions, workload prescription and familiarised) ECC 

cycling  

 

Experimental study one 

Experimental study one compared the post-exercise effects of CON and ECC 

cycling on global CSE. Specifically, alterations to global CSE were quantified by evoking 

TMS-MEPs in a non-exercised upper limb muscle Pre, D10, D20, Pi and P30 ECC and 

CON cycling. The main finding was that low-intensity ECC cycling had no significant 

effect on mean global CSE. Furthermore, there was no significant difference in mean 

global CSE between ECC and CON cycling. However, individual responses of global 

CSE demonstrated variability across modes of cycling, power output produced and 

measurement time (i.e., Pre, D10, D20, Pi and P30). Several factors likely contributed to 

the main finding, including cycling intensity (i.e., low intensity) and variability of 

produced power output. These factors were attributed to naïve participant’s lack of 

familiarisation with novel ECC cycling. Furthermore, unfamiliarity likely fostered the 

presence of non-ECC muscle contractions during ECC cycling, when non-ECC muscle 

actions were not controlled during ECC cycling. Therefore, the presence of any non-ECC 

muscle contractions during ECC cycling may have contributed to the absence of changed 

in global CSE during and following ECC cycling. Indeed, a participant’s lack of 

familiarisation likely exacerbated variability in power output and possibly influenced 

corticospinal measures. Additionally, workload prescription resulted in participants 

performing low-intensity ECC cycling that may not have been sufficient to stimulate a 

global corticospinal response. Together, these factors made interpreting the findings 
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somewhat difficult. As a result, the Experimental studies two, three and four addressed 

methodological considerations so that the neuromotor influence of ECC cycling could be 

more precisely studied (Chapter 7).  

 

Experimental study two 

Experimental study two detailed the modification of a commercially available 

semi-recumbent cycle ergometer into a semi-recumbent ECC cycle ergometer, 

specifically designed to minimise non-ECC muscle actions during ECC cycling. The 

modified ergometer was successful in limiting the presence of non-ECC muscle actions 

during ECC cycling and isolating ECC muscle actions to the OPP phase of ECC cycling. 

Indeed, when a rider applied a non-OPP or non-resistive force to the pedal (occurring 

during the non-OPP phase) the regenerative braking mechanism would ‘trip’ the 

ergometer thus, isolating ECC muscle actions to the OPP phase of an ECC pedal cycle. 

The demonstrated practical use of the ‘trip’ mechanisms indicates that naïve participants 

are likely to produce non-OPP or non-resistive forces to the pedal during ECC cycling. 

Producing such a force would require shortening or CON muscle contractions that are the 

opposite of ECC muscle contractions. Therefore, among unfamiliar (i.e., naïve) 

participants performing novel ECC cycling, it can be expected that non-ECC muscle 

actions are likely to occur during ECC cycling. It might be that performing ECC cycling 

on a standard ergometer are not truly ECC as both ECC and CON muscle actions likely 

occur together during the pedal cycle. 

 

Experimental study three 

Further aiming to improve the controllability and efficacy of measurements 

recorded during and following ECC cycling, experimental study three addressed the issue 



 
 

 196 

of ECC cycling workload prescription. As detailed previously, past ECC cycling studies 

typically use maximal CON tests or non-ECC specific maximal tests to prescribe or set 

ECC cycling workloads and thereby, control ECC cycling intensity [257]. These methods 

are non-specific to ECC cycling and likely do not reflect maximal ECC resistance. 

Therefore, this study aimed to determine the reliability of a novel ECC resistance test 

(i.e., PETP test) that measures peak ECC torque and power output, in a position analogous 

to semi-recumbent ECC cycling. The main finding was that the PETP test can be used to 

reliably measure peak ECC torque (ICC > 0.90) and power output (ICC > 0.90), in a 

position that reflects semi-recumbent ECC cycling, within a single session. To our 

knowledge no previous study has developed an ECC-specific peak or maximal test with 

the purpose of prescribing ECC cycling workloads. Therefore, developing a peak test 

specific to semi-recumbent ECC cycling and confirming the reliability of its 

measurements is a substantial contribution to the field.  

 

Experimental study four 

The final step to improving the controllability and efficacy of measurements 

recorded during and following ECC cycling, was to determine familiarisation to novel 

ECC cycling among naïve participants. The main finding revealed that healthy naïve 

participants (n = 22) were able to familiarise to novel ECC cycling within a 15 min period, 

by producing reliable (ICC > 0.50) muscle activation patterns, with low variability (VR 

≤ 0.40, MDCV < 10%), for the primary active muscles (i.e., RF, VL, VM and GM). 

Importantly, participants achieved familiarisation while consistently maintaining their 

prescribed ECC cycling workload (i.e., 10% PETP test). Despite being a novel task, naïve 

participants were able to familiarise with novel ECC cycling relatively quickly, taking 

between 90-880 seconds and did so on average, by the 8th minute. Participants likely 
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become familiar with ECC cycling through refining their muscle activation patterns due 

to continual feedback provided when performing a repetitive rhythmic locomotion task, 

over an extended period [138, 204, 252, 284]. This finding demonstrates the need for 

researchers and clinicians to adequately familiarise naïve participants with ECC cycling 

prior to recording experimental measures. Providing naïve participants 15 min to 

familiarisation with novel ECC cycling appears to improve the consistency and reliability 

of neuromuscular (i.e., EMG) patterns and subsequently, minimises variability of EMG 

patterns, associated with performing a new movement task [141, 142]. This process 

would improve the efficacy of the results recorded during ECC cycling and therefore, it 

is recommended that naïve participants be provided with a 15 min familiarisation period, 

prior to experimental testing, when the ECC cycling intervention is of submaximal 

intensity. To note, participants familiarised with ECC cycling on the current ECC 

ergometer, fitted with the ‘trip’ mechanism. Whether similar familiarisation to ECC 

cycling would occur on a standard ECC cycle ergometer (i.e., non-trip ergometer) is 

unknown.  

 

Experimental study five 

The final experimental study of this thesis greatly extended on experimental study 

one by applying the methods developed in experimental study’s two, three and four to 

better investigate modulation of cortical, corticospinal, and spinal excitability in an 

exercised and non-exercised muscle following ECC cycling. This study’s main outcome 

showed that neuromotor mechanisms (i.e., cortical, corticospinal, and spinal excitability) 

are likely differentially modulated during ECC cycling, based on divergent responses 

measured post ECC cycling. Specifically, corticospinal, and spinal excitability, measured 

in a non-exercised hand muscle, increase post ECC cycling. Alternatively, corticospinal, 
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and spinal excitability, measured in an exercised leg muscle, remain unchanged and 

decreased respectively, post ECC cycling. A combined effect of increased cortical 

responsiveness and selective spinal inhibition was considered to be responsible for these 

findings. Spinal inhibition is likely confined to the muscles of the exercising limb, in this 

case, VM. This selective spinal inhibition supports the observed decreased spinal 

excitability recorded in VM and increased corticospinal and spinal excitability recorded 

in APB, post ECC cycling. As previously suggested, neuromotor mechanisms are likely 

differentially modulated during ECC cycling. However, these findings also indicate the 

presence of neural coupling between the upper and lower limbs, evidenced through ECC 

cycling influencing changes in both local and global neuromotor excitability. This neural 

coupling provides evidence that the ‘common core hypothesis’ [222] is potentially 

relevant to rhythmic ECC locomotion. To our knowledge, this is the first study to explore 

modulation of local and global neuromotor mechanisms following ECC cycling. The 

subsequent findings provide novel insight into how neuromotor mechanisms are 

differentially modulated following ECC cycling. Furthermore, these novel findings 

indicated that ECC cycling could be effectively used to increase neural excitability to 

non-exercised muscles due to a potential neural coupling between connections of the 

upper and lower limbs. As such, ECC cycling could serve as a future exercise modality 

in neurorehabilitation settings.   

 

8.3 PRACTICAL IMPLICATIONS  

The main findings of this thesis contribute substantially to the body of literature 

focused on ECC cycling. For researchers, these findings provide a novel insight into the 

excitatory responses of neuromotor mechanisms following ECC cycling, as well as 

providing methodological recommendations to improve the controllability and efficacy 
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of measurements recorded during and following ECC cycling. Furthermore, the new 

methodologies developed as part of this thesis provide researchers with practical solutions 

to issues highlighted in the ECC cycling literature [80, 260].  

Firstly, the modified semi-recumbent ECC cycle ergometer provides researchers 

with a practical solution to minimise non-ECC muscle actions occurring during ECC 

cycling, especially where participants are naïve to ECC cycling. Limiting the presence of 

non-ECC muscle actions occurring during ECC cycling [273], due to incoordination 

experience by naïve participants during ECC cycling [17, 30, 89, 97], improves the 

controllability of ECC cycling and overall efficacy of conclusions drawn from ECC 

cycling studies. Therefore, it is recommended that researchers aim to minimise the 

presence of non-ECC muscle actions occurring during ECC cycling by using a similarly 

modified semi-recumbent ECC cycle ergometer. Alternatively, researchers should 

acknowledge the limitation of not minimising the presence of non-ECC muscle actions 

during ECC cycling. 

Secondly, compared to other less-specific peak/maximal testing methods (i.e., 

maximal aerobic power CON cycling test) the PETP test provides researchers and 

clinicians with a reliable means of determining a participant’s peak ECC torque and 

power output in a position replicable to ECC cycling. Currently, the PETP test provides 

the most position- and contraction-specific measurement of peak ECC torque and power 

output and has since been used to effectively prescribe ECC cycling workloads [273, 

303]. It is recommended that researchers aiming to use testing methods specific to ECC 

cycling employ the PETP test, where capable, to reliably determine peak ECC power 

output, from which to potentially prescribe ECC cycling workloads. Furthermore, using 

the PETP test likely minimises the potential of under-prescribing ECC cycling workloads 

[80, 257] and may therefore, improve ECC cycling-related performance outcomes [80]. 
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Thirdly, healthy naïve participants can familiarise with novel ECC cycling within 

a single, 15 min session. Compared to previous protocols that have arbitrarily assumed 

familiarisation among naïve participants [303], the current protocol provides researchers 

and clinicians with a definitive timeframe to familiarisation, based on stabilisation of 

muscle EMG patterns. Using this protocol researchers and clinicians can adequately 

familiarise naïve participants with novel ECC cycling and mitigate variability of muscle 

EMG patterns, exacerbated by incoordination and any learning effect experienced by 

naïve participants performing ECC cycling for the first time [30, 89, 135]. Furthermore, 

the current familiarisation protocol can be carried out over a single session and therefore, 

adds less burden to the participant and experimental timeframe, compared with other 

multi-visit familiarisation protocols [50, 139]. It is recommended that researchers and 

clinicians include a familiarisation period of 15 min ECC cycling, as part of their 

experimental design. This would allow naïve participants to adapt to the novelty of ECC 

cycling that would improve the reliability of recorded measurements during subsequent 

testing session and efficacy of conclusions. 

Finally, differential modulation of neuromotor mechanism excitability measured 

following ECC cycling, provides researchers and clinicians with an insight into its (i.e., 

ECC cycling) potential application as a complimentary therapy in neurorehabilitation 

settings. More specifically, ECC cycling appears to increase neuromotor excitability of 

the voluntary motor pathways projecting to the non-exercised limb (i.e., APB muscle). 

This finding provides early evidence that neural coupling between the upper and lower 

limbs is stimulated by ECC cycling. Recognition of the ‘common core hypothesis’ [222], 

through neural coupling between the limbs, would suggest that coordinated movement of 

the legs during ECC cycling, affects neuromotor mechanisms in the arms. Therefore, 

ECC leg cycling may have practical implications for assisting the recovery of coordinated 
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arm movements following neurotrauma. Additionally, the repetitive cyclical movement 

patterns performed during ECC leg cycling may improve the afferent feedback of spinal 

mechanisms (i.e., central pattern generators and motoneurons of reflex pathways) 

projecting to the leg muscles. Combined with preserving lower limb muscle strength at 

substantially lower metabolic cost compared to CON cycling [11, 233], the potential 

neuromotor benefits of ECC leg cycling could be more practically used to improve 

neuroplastic adaptations required for locomotion. This could be beneficial for recovery 

of locomotion movements, including walking, among patients with neurological 

disorders. 

 

8.4 FUTURE RESEARCH DIRECTIONS 

This thesis presents novel findings due to limited research having previously been 

done on this topic. Despite potential clinical implications, it is likely that on-going 

investigations are necessary to confirm the implications of such novel findings.  

Firstly, building on the findings presented in experimental study five, future 

research should investigate the influence of ECC cycling at different intensities (i.e., high 

intensity) and durations on the modulation of neuromotor mechanisms. Such research 

would require a longitudinal crossover study, among healthy participants, to categorise 

the differing neuromotor modulation evoked by ECC cycling, performed at varied 

intensities and durations. As important, is investigating how neuromotor mechanisms 

projecting to non-exercised upper limb and exercised lower limb muscles are modulated 

during ECC cycling. Corroboration of current and future findings would provide 

substantive evidence of beneficial neuroplastic adaptations associated with ECC cycling. 

This would be especially complimentary for rehabilitative practises given the established 

physiological and metabolic benefits of ECC cycling, within clinical populations [25, 
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137, 243, 244, 246]. Additionally, investigating reciprocal modulation of inter-limb 

neuromotor mechanisms during and following ECC arm cycling would further the case 

for the application of the ‘common core hypothesis’ during ECC cycling. This could have 

substantial implications for researchers and clinicians working with patients following 

neurotrauma. For example, ECC leg cycling could be used post stroke or neurological 

injury to assist with locomotor recovery, at low cardiovascular and metabolic cost.  

Experimental study three addressed the need for developing a peak test specific 

to ECC cycling, from which to prescribe workloads more practically applicable to a semi-

recumbent ECC cycling position. As a result, the newly developed PETP test can reliably 

measure peak ECC power output in a semi-recumbent ECC cycling position. However, 

performing the PETP test requires access to an isokinetic dynamometer and where 

researchers and clinicians lack access to an isokinetic dynamometer, practical application 

of the PETP test is restricted. To improve the practical application of the PETP test, future 

research should investigate equivalent tests, (e.g., CMJ test), that could be more easily 

conducted in research, clinical and training settings. Development of more practically 

usable equivalent tests would likely afford similar benefits to ECC cycling workload 

prescription, as the PETP test.  

Along with the clinically focused research directions described above, 

experimental studies within the thesis have made clear the lack of foundational research 

pertaining to ECC cycling. To our knowledge, no universal definition of ECC cycling, or 

characteristics of an ECC pedal revolution, exists. Previous studies have cited comparable 

definitions of ECC cycling [27, 89, 104, 108] however, a consensus on the definition is 

lacking. A similar problem exists for the characteristics of an ECC pedal revolution. A 

universal definition of ECC cycling should account for: a) controlling the mode of 

contraction during the pedal cycle; b) whether the task is self-driven (i.e., backwards 
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pedalling) or motor-driven; c) direction of the pedal revolution and d) where the applied 

force can only be opposable, resulting in a forcible lengthening of the active muscle. 

Therefore, the following definition of ECC cycling is proposed; where a participant can 

only apply a resistive force, during the opposable phase, to the motor-driven backward 

rotating pedals resulting in the forcible lengthening of the active knee and hip extensor 

muscles. Furthermore, it is recommended that future studies refer to the orientation 

characteristics of a traditional pedal revolution (i.e., TDC, 0/360º and BDC, 180º; Fig. 

4.2, Chapter 4 – Experimental study two), and the rotational (i.e., backwards/reverse) and 

phase (i.e., OPP and N-OPP) characteristics of an ECC pedal revolution (Fig. 4.2, Chapter 

4 – Experimental study two) when describing ECC cycling. Using this definition and 

these characteristics would improve the consistency and interpretation of future ECC 

cycling studies. 

In support of previous recommendations [260] future studies should aim to 

determine general training zones, specific to ECC cycling. Training zones should be 

established based on peak values recorded during a universal peak test specific to ECC 

cycling, such as the PETP test. Determining general training zones would improve 

workload prescription, quantification and periodisation of ECC cycling training programs 

[260]. Improving these fundamental training principles would allow researchers, 

clinicians, sports practitioners and the like, to better induce targeted ECC cycling 

adaptations, particularly among healthy and athletic populations, where beneficial 

adaptations are relatively unknown [28].  

There is a noticeable knowledge gap regarding the organisation and execution of 

movement patterns used to control and coordinate ECC cycling. This could be due to 

several factors including, researchers using different ECC cycle ergometers with varying 

degrees of semi-recumbent or recumbent positioning. Regardless of potential limiting 
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factors, future research is well placed to develop functional kinematic modelling methods 

to better understand the neuromotor mechanisms used by the CNS to construct and 

coordinate movement patterns during ECC cycling. Future findings would likely have 

implications for guiding ECC cycling-based rehabilitation practises. Furthermore, 

quantification of muscle-tendon unit lengthening and joint angle changes during ECC 

cycling are recommended for future studies. This was not the focus of this thesis, per se, 

however it is reasonable to assume that muscle-tendon units lengthening during ECC 

cycling, based on muscle fascicle behaviours [23, 108], joint angle velocities [27] and 

rates of force development [127] previously reported during ECC cycling at similar 

intensities. However, it is important to determination whether muscle-tendon unit 

lengthening occurs during ECC cycling, particularly at lower intensities and not merely 

isometric contractions. This information would allow future researchers the capacity to 

infer muscle-tendon unit lengthening, in relation to joint angle changes, during lower 

intensity ECC cycling. 

Lastly, despite ECC and CON cycling both being cycling modalities, there are 

substantial differences between the pair [3]. Therefore, it is recommended that researchers 

be more discretionary when designing future studies that compare CON and ECC cycling. 

For foundation and exploratory studies, analysing ECC cycling separately may be more 

appropriate, than comparing it with CON cycling. Alternatively, there is scope for 

comparing ECC and CON cycling when investigating clinical applicability, particularly 

where the aim is to determine the most effective and efficient rehabilitation protocol.  

 

8.5 CONCLUSIONS 

This thesis sought to investigate and quantify the modulation of neuromotor 

control mechanisms following ECC cycling. The experimental studies in this thesis have 
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explored this concept, as well as having addressed three methodological limitations by: 

a) comparing CSE following submaximal ECC and CON cycling, b) constructing a semi-

recumbent ECC cycling ergometer that minimises non-ECC muscle actions, c) 

successfully developing a maximal testing protocol (i.e., PETP test) to determine peak 

ECC torque for ECC cycling workload prescription, d) developing a protocol to 

determine familiarisation to novel ECC cycling and, e) providing novel insight into the 

differential modulation of neuromotor mechanisms (i.e., cortical, corticospinal and spinal 

mechanisms), projecting to muscles of the non-exercised and exercised limbs, following 

ECC cycling. As stated previously, these studies contribute substantially to the ECC 

cycling literature and provide future research directions for researchers and clinicians 

investigating the applications of ECC cycling. This thesis concludes that: 

1. Excitability of neuromotor mechanisms projecting to muscles of the arms (i.e., 

non-exercised) and legs (i.e., exercised) are differentially modulated following 

ECC cycling. 

2. Naïve participants adequately familiarise with novel ECC cycling following a 

single 15 min session. 

3. The current modified semi-recumbent ECC cycle ergometer minimises the 

likelihood of non-ECC muscle actions occurring during ECC cycling.  

4. The PETP test can reliably determine peak ECC torque and power output, specific 

to semi-recumbent ECC cycling, and can be used to prescribe submaximal ECC 

cycling workloads. 
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APPENDICES 

APPENDIX ONE 

The reviewed 21 studies training or single-visit studies that report semi-recumbent ECC cycling power output values (n = 34) prescribed using non-ECC measures. The 

first five studies (i.e., Gross et al., 2010 to Lewis et al., 2018) are training studies. Citations (Scopus index) are current as of 12/2019. 

Study, year Population Protocol Method of 

prescribing 

ECC cycling 

intensity 

Prescribed 

power (W, 

mean  SD) 

Number of 

ECC power 

(order 

number) 

values 

reported in 

study 

Power 

relative 

(%) to 

mean PET 

test (1691 

 448 W) 

Study outcomes Citations 

(Scopus 

index) 

Gross et al. [20], 

2010 

‘Effects of 

eccentric cycle 

ergometry…’ 

n=15 junior 

male skiers, 

18  1 years, 

74  8 kg, 

allocated to 

ECC (8) or 

control (7) 

groups 

6-weeks 

(duration), 

3/week, 20 

min 

intervals, 

60-80 rpm 

Constant or 

variable 

ECC cycling 

workload, 

progressed 

to a 

perceived 

exertion of 

“hard”  

First session 

= 213  23 

W 

Final 

session = 

850  71 W  

2 (1,2) First 

session = 

12.6  1.4 

%  

Final 

session = 

50.3  4.2 

% 

 quadriceps 

hypertrophy 

 CMJ and SJ 

No  ISO leg strength 

 

30 

Vogt and Hoppeler 

[21], 2012 

‘Competitive alpine 

skiing: 

combining…’ 

n=5 world-

class alpine 

skiers 

5-weeks, 1-

2/week, 5 

min 

intervals 

None 

reported 

First session 

= 404 W 

Final 

session = 

965 W 

2 (3,4) First 

session = 

23.9 % 

Final 

session 

=57.1 % 

 CMJ and SJ power 

 CMJ and SJ 

 ISO leg strength 

 

2 

Elmer et al. [261], 

2012 

‘Improvements in 

multi-joint leg…’ 

n=12, 25  6 

years, 77  23 

kg, allocated 

to ECC (6) or 

7-weeks, 

3/week, 

10-30 min 

intervals, 60 

rpm 

Percentage 

of age-

predicted 

maximal 

heart rate 

54-77% 

MHR 

Power 

progressed 

from 210  

2 (5,6) 

 
12.4 1.5 

% and 

24.1  3.1 

% 

 CMJ Pmax 

 leg stiffness 

No  Pmax 

 

23 
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CON (6) 

groups 

(MHR) 25 W to 408 

 53 W 

 

Leong et al. [23], 

2014 

‘Chronic eccentric 

cycling 

improves…’ 

n=8, 22  2 

years, 69  13 

kg 

8-weeks, 

2/week, 5-

10.5 min 

intervals, 60 

rpm 

Maximal 

CON 

cycling 

power 

output (Pmax) 

20-55% of 

Pmax; Power 

progressed 

from 157  

24 W to 442 

 56 W 

2 (7,8) 9.3  1.4 

and 26.1 

 3.3 % 

 quadriceps 

hypertrophy/thickness 

 Pmax 

 

12 

Lewis, Peoples, 

Groeller & Brown 

[246], 2018 

‘Eccentric cycling 

emphasising a 

low…’ 

n =17 

sedentary 

males 

allocated to 

ECC (9) or 

CON (8) cycle 

training   

8-weeks, 

2/week, 

10-30 min 

ECC 

cycling.  

Incremental 

step-test on 

semi-

recumbent 

ergometer 

(in CON 

mode). ECC 

cycling at 

60% Pmax   

ECC 

Pre 301  

15 W 

Post 303  

15 W 

 

 

2 (9,10) ECC 

Pre 17.8  

0.9 % 

Post 17.9 

 0.9 % 

No  VO2peak following 

ECC training 

 incline leg press 

(6RM) and MVIC 

following CON and 

ECC (>following 

ECC training) 

2 

Perrey et al.[6], 

2001 

‘Comparison of 

oxygen uptake 

kinetics…’ 

n=6 men, 25  

1 years 

CON 

incremental 

step test to 

determine 

VT and 

VO2peak 

3 x 6-min 

bouts of 

CON and 

ECC cycling 

at low, 

moderate 

and heavy 

intensities, 

60 rpm. 

ECC cycling 

work rates 

were 

determined 

based on 

CON 

cycling 

measures. 

Low = 

steady-state 

VO2 

Moderate = 

~90% VT 

Heavy = VT 

+ 0.7 

ECC and 

CON 

Low = 62 ± 

7 W 

Moderate = 

207 ± 11 W 

Heavy = 

317 ± 14 W 

3 (11,12,13) ECC and 

CON 

Low = 3.7 

± 0.4 % 

Moderate 

= 12.2 ± 

0.7 % 

Heavy = 

18.7 ± 0.8 

% 

No  rate VO2 increase 

for ECC v low CON  

 VO2 kinetics for ECC 

and low CON v high 

CON. 

 

105 

Dufour et al.[8], 

2004 

‘Eccentric cycle 

n=8 males, 28 

 2 years 

Participants 

cycled ECC 

for 10-min 

CON 

incremental 

cycle test. 

ECC = 287 

 16 W   

1 (14) ECC = 17 

 0.9 % 

No  SV at equivalent 

VO2  

 HR 17% during ECC, 

44 
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exercise: 

training…’ 

starting at 

100 W and 

progressing 

to 200 W by 

final session, 

80 rpm. 

ECC cycling 

intensity 

determined 

by peak 

CON 

aerobic 

power 

output. 

leading to 27%  Q̇, 

compared to CON 

cycling 

 

Dufour et al.[7], 

2007 

‘Deciphering the 

metabolic and 

mechanical…’ 

n=11 men, 

28±6 years 

Experiment 

= 3 x 6-min 

of heavy 

CON 

(270±13 W), 

heavy ECC 

(270±13 W) 

and light 

CON (70±9 

W) at 60 

rpm 

Incremental 

CON 

cycling step 

test to 

volitional 

exhaustion. 

60 rpm, 

increase of 

30 W/min, 

to determine 

VO2max and 

peak PO 

ECC cycling 

performed at 

a mean 

intensity of 

84% peak 

PO derived 

from CON 

incremental 

cycling test. 

Heavy CON 

= 270  13 

W 

Heavy 

ECC= 270 

 13 W 

Light CON 

= 70  9 W 

1 (15) Heavy 

ECC = 16 

 0.8 % 

 

 Q̇ (~threefold),  HR 

(~1.5x) and 13 %  SV 

for heavy CON v heavy 

ECC  

No  VO2 heavy ECC 

and light CON  

 

25 

Elmer et al.[27], 

2010 

‘Joint-specific 

power 

absorption…’ 

n=11 

recreationally 

active males, 

24±1 year 

Testing: 

1. 5-min 

CON warm 

up at self-

selected 

intensity 

Maximal 

CON test to 

determine 

CON Pmax 

ECC cycling 

intensity 

ECC = ~ 

256 W 

(single leg 

= 128  17 

W  

1 (16) ECC = 

~15.1 % 

(single leg 

= 7.6  

1.0 %) 

Ankle, knee and hip 

joints absorbed 10, 58 

and 29% of total ECC 

cycling power. 

Main absorption of 

ECC cycling power 

18 
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2. 3x 

maximal 

inertial load 

CON 

cycling test 

to 

determined 

Pmax 

3. 60 s semi-

recumbent 

ECC cycling 

trials @ 

20% Pmax 

based on 

20% of 

CON Pmax 

occurs within knee 

extensor muscles 

(quads), 

ECC cycling can be 

used to preferentially 

improve knee extensor 

function and hip flexor 

muscle cross-sectional 

area 

Elmer, McDaniel 

& Martin [107], 

2010 

‘Alterations in 

neuromuscular 

function…’ 

n=18 male, 

recreational 

cyclists, 31±7 

years 

Single leg. 

2 x maximal 

single-leg 

CON 

cycling to 

determine 

Pmax, test 

was ~4.5 s 

on an 

inertial-load 

ergometer - 

upright 

Monark 81B 

ergo 

Participants 

performed 

5-min 

single-leg 

ECC cycling 

@ 40% of 

CON Pmax 

Maximal 

single-leg 

CON 

cycling to 

determine 

Pmax, test 

was ~4.5 s. 

ECC 

recumbent 

cycling @ 

40% of 

CON Pmax 

ECC = 151 

 32 W 

CON = 148 

 21 W 

1 (17) ECC = 

8.9  1.9 

%  

 

 CON Pmax in 

ipsilateral leg 24 and 48 

h post 5-min ECC 

cycling 

 RPE during CON 

Pmax testing 24 and 48 h 

post ECC cycling  

19 

Laroche et al.[129], n=11, Three 20-min of ECC = 26.5 1 (18) ECC = CO during ECC v CON 8 
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2013 

‘Is it possible to 

individualize 

intensity of 

eccentric…’ 

including 

three females, 

22-37 years 

cycling 

bouts. 

1. 

Incremental 

CON cycle 

test to an 

RPE of 12.  

2. 20-min 

steady-state 

CON 

cycling  

3. 20-min 

ECC cycling 

ECC cycling 

at same 

CON power 

achieved at 

RPE of 12, 

15 rpm 

 9.1 W 

CON = 92.0 

 48.6 W 

1.6  0.5 

% 

 

cycling 

Compared to baseline 

VO2 only a twofold  

VO2 during ECC 

cycling compared to 

fivefold  during CON 

cycling at equitable 

power. 

Lechauve et 

al.[95], 2014 

‘Breathing patterns 

during eccentric 

exercise…’ 

n=8 active 

males, 28±6 

years 

2 x 

incremental 

cycling 

tests: 

1. CON 

2. ECC 

CON 

incremental 

test, used to 

terminate 

incremental 

ECC test at 

CON-

derived 

ventilatory 

threshold 

Same VO2 

CON = 

155.0  

14.1 W 

ECC = 420 

 30.2 W 

 

Same 

Power 

CON = 

262.5  

32.0 W 

ECC = 

262.5  

32.0 W   

2 (19,20) Same 

VO2 

ECC = 

24.8  1.8 

% 

 

Same 

Power 

ECC = 

15.5  1.8 

% 

 (5-fold) VO2 and VE 

during ECC v CON 

cycling at same power. 

 VL EMG during ECC 

v CON cycling at same 

power. 

 Vt during ECC v 

CON at the same VO2  

 Fb ECC v CON. 

7 

Penailillo, 

Blazevich, 

Numazawa & 

Nosaka [29], 2013‡ 

‘Metabolic and 

muscle damage 

profiles…’ 

n=10 males, 

28.4 ± 8.3 

years 

3 x 30-min 

CON and 

ECC (ECC1 

& ECC2) 

cycling  

Incremental 

step test on 

CON 

recumbent 

ergometer to 

determine 

VO2peak/ Pmax 

CON = 

158.5 ± 9.2 

W 

ECC1 = 

169.9 ± 

26.7 W 

ECC2 = 

2 (21,22) ECC1 = 

10.0 ± 1.6 

% 

ECC2 = 

10.6 ± 0.4 

% 

 mean HR, VO2, BLa, 

RPE and EMG lower 

during ECC1 v CON 

 MVC, CMJ and SJ 

ECC1 v CON  

 MS increased ECC1 

v CON 

37 
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 All CON 

and ECC 30-

min cycling 

at 60% CON 

Pmax  

179.3 ± 6.1 

W  
 HR and BLa ECC1 v 

ECC2 

No  in MVC, CMJ 

and SJ ECC2 v CON 

Penailillo, 

Blazevich & 

Nosaka [93], 2014‡ 

‘Energy 

expenditure and 

substrate 

oxidation…’ 

n=10 males, 

28.4 ± 8.3 

years 

3 x 30-min 

CON and 

ECC (ECC1 

& ECC2) 

cycling  

Incremental 

step test on 

CON 

recumbent 

ergometer to 

determine 

VO2peak/ Pmax 

 All CON 

and ECC 30-

min cycling 

at 60% CON 

Pmax  

CON = 

158.5 ± 9.2 

W 

ECC1 = 

169.9 ± 

26.7 W 

ECC2 = 

179.3 ± 6.1 

W  

 ECC1 = 

10.0 ± 1.6 

% 

ECC2 = 

10.6 ± 0.4 

% 

 Energy expenditure 

and carbohydrate for 

ECC1 and ECC2 v 

CON. 

 fat use during ECC1 

(72%) and ECC2 

(85%), v CON, and 

48% greater during 

ECC2 v ECC1. 

14 

Penailillo et 

al.[127], 2015a 

‘Rate of force 

development…’ 

n=10 males, 

28.4±8.3 years 

3 x 30-min 

cycling tasks 

at 60 rpm: 

1. CON 

2. ECC1 

3. ECC2 

ECC cycling 

was 

performed 

for 30-min 

at 60% CON 

Pmax derived 

from CON 

incremental 

step test 

CON = 

158.5 ± 9.2 

W 

ECC1 = 

169.9 ± 

26.7 W 

ECC2 = 

179.3 ± 6.1 

W 

 ECC1 = 

10.0 ± 1.6 

% 

ECC2 = 

10.6 ± 0.4 

% 

 MVIC peak torque 

for ECC1 v CON and 

ECC2 

 

40 

Penailillo, 

Blazevich & 

Nosaka [108], 

2015b 

‘Muscle fascicle 

n=11 males, 

27.1±7.0 years 

2 x 10-min 

ECC cycling 

@ 65% 

CON Pmax 

All 10-min 

CON and 

ECC cycling 

completed at 

65% Pmax 

ECC1 = 

189.7 ± 

43.2 W 

ECC2 = 

194.0 ± 

2 (23,24) ECC1 = 

11.2 ± 2.6 

% 

ECC2 = 

11.5 ± 2.9 

 MS ECC1 v ECC2  

No  MVIC, EMG, 

peak torque 

 16% Fascicle 

elongation for ECC2, v 

23 
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behaviour during 

eccentric…’ 

derived from 

CON 

incremental 

step test 

48.5 W % ECC1. 

Penailillo, 

Blazevich & 

Nosaka [89], 2017 

‘Factors 

contributing to 

lower metabolic 

demand…’ 

n=11 

untrained, but 

active men, 

27.1±7.0 years 

2 x 10-min 

CON and 

ECC cycling 

@ 65% 

CON Pmax 

 

All 10-min 

CON and 

ECC cycling 

completed at 

65% Pmax 

derived from 

CON 

incremental 

step test 

ECC = 

194.0 ± 

48.5 W 

CON = 

188.6 ± 

40.8 W 

2 (25) ECC = 

11.5 ± 2.9 

% 

 

 mean VO2 and HR 

for ECC v CON 

total oxidation index 

greater for ECC v CON 

 VL, VM, RF and BF 

peak EMG amplitude 

during ECC v CON. 

7 

Penailillo et al.[30], 

2017 

‘Metabolic demand 

and muscle damage 

induced…’ 

n=8 males, 

23.3±0.7 years 

2 x 30-min 

ECC cycling 

tasks at 60 

rpm: 

1. EXT 

2. FLEX 

  

ECC cycling 

was 

performed 

for 30-min 

at 60% CON 

Pmax derived 

from CON 

incremental 

step test 

ECC EXT = 

168.2 ± 

25.8 W 

ECC FLEX 

= 150.6 ± 

32.2 W 

2 (26,27) ECC EXT 

= 9.9 ± 

1.5 % 

ECC 

FLEX = 

8.9 ± 1.9 

% 

 VO2, HR, RPE FLEX 

v EXT 

 CMJ and SJ for 

FLEX and EXT 

 MS EXT v FLEX 

 

3 

Penailillo, Mackay 

& Abbiss [24], 

2018a 

‘Rating of 

perceived exertion 

during concentric 

and eccentric…’ 

n=10 males, 

29.8±2.3 years 

Two visits: 

1. CON 

incremental 

step test 

2.4x5-min 

bouts ECC 

cycling or 

CON 

cycling 

CON and 

ECC cycling 

visits 

performed at 

30, 60, 80 

and 100% 

CON Pmax, 

derived from 

step test 

ECC  

@ 30% = 

~100 W 

@ 60% = 

~200 W 

@ 90% = 

~250 W 

@ 100% = 

~450 W 

 

4 

(28,29,30,31) 

ECC  

@ 30% = 

~5.9 % 

@ 60% = 

~11.8 % 

@ 90% = 

~ 14.8 % 

@ 100% 

= ~26.6 % 

 RPE at 30, 60, 80 and 

100% for CON v ECC 

No  PE CON v ECC 

 HR and VO2 CON v 

ECC 

5 

Penailillo et 

al.[128], 2018b 

‘Effect of eccentric 

n=20 males, 

20-27 years 

separated in to 

Two visits: 

1. CON 

incremental 

ECC cycling 

was 

performed 

ECC LONG 

= 191.8 ± 

23.6 W 

2 (32,33) ECC 

LONG = 

11.3 ± 1.4 

 HR and RPE LONG 

v SHORT  

 MVIC LONG v 

2 



 
 

 233 

cycling performed 

at…’ 

two groups: 

1. LONG 

(n=10) 

2. SHORT 

(n=10) 

step test 

2.30-min 

ECC cycling 

at LONG or 

SHORT 

muscle 

length 

for 30-min 

at 80% CON 

Pmax derived 

from CON 

incremental 

step test 

ECC 

SHORT = 

211.8 ± 

23.4 W 

% 

ECC 

SHORT = 

12.5 ± 1.4 

% 

SHORT  

 VM pressure-pain 

threshold LONG v 

SHORT 

Rakobowchuk et 

al.[100], 2018 

‘Muscle 

Oxygenation 

Responses…’ 

n=12 males, 

29.26.6 years 

2 x 45-min 

CON and 

ECC cycling 

at CON, 30 

rpm 

 

CON 

incremental 

cycling test 

to determine 

VO2peak and 

peak HR 

ECC cycling 

intensity set 

at 54% peak 

HR 

CON = 82 ± 

16 W 

ECC = 210 

± 40 W 

1 (34) ECC = 

12.4 ± 2.4 

% 

 (2.5x) power output 

ECC v CON 

No  VO2, BLa, CO 

and systolic arterial 

pressure ECC v CON 

 Diastolic and mean 

blood pressures during 

ECC v CON 

No  muscle O2 

profiles 

3 

‡ Denotes that Penailillo et al. 2013, 2014 and 2015a used the same testing protocol and reported the same ECC cycling power output values. Abbreviations: BF 

Biceps femoris; Q̇ Blood flow; Fb Breathing frequency; BLa Blood lactate; CO Cardiac output;  change in; CON Concentric; CMJ Countermovement jump;  

Decrease(s); ECC Eccentric; VE expired volume; EXT Extension; FLEX Flexion;  Increase(s); HR Heart rate; ISO Isometric; Pmax Maximal CON cycling power 

output; MVIC Maximal voluntary isometric contraction; MS Muscle soreness; VO2peak Peak oxygen consumption; PE Perceived exertion; MHR Percentage of age-

predicted maximal heart rate; PO Power output; VO2/max Oxygen consumption; RF Rectus femoris; SJ Squat jump; SV Stroke volume; Vt Tidal volume; VM/L Vastus 

medialis/lateralis; VT Ventilatory threshold
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APPENDIX TWO 

Table. Group mean data for ICC (95% CI range), SEM and MDC for consecutive time series are presented for all analysed muscles. Bolded text represents the 

consecutive time series when mean ICC values satisfied the familiarization criteria (achieved good reliability [ICC = 0.75-0.90] and maintained at least moderate 

reliability [0.50-0.75]) for the respective muscles. 

  Consecutive Time Series 

  1v2 2v3 3v4 4v5 5v6 6v7 7v8 8v9 9v10 10v11 11v12 12v13 13v14 14v15 15v16 

RF 

ICC 

(95%CI) 

0.48 

(0.32-

0.63) 

0.60 

(0.50-

0.71) 

0.63 

(0.54-

0.73) 

0.67 

(0.58-

0.77) 

0.68 

(0.57-

0.79) 

0.65 

(0.53-

0.77) 

0.66 

(0.54-

0.78) 

0.63 

(0.52-

0.75) 

0.65 

(0.54-

0.75) 

0.74 

(0.66-

0.82) 

0.76 

(0.70-

0.83) 

0.70 

(0.59-

0.81) 

0.70 

(0.61-

0.78) 

0.67 

(0.55-

0.79) 

0.68 

(0.58-

0.78) 

SEM 5.83 4.68 4.82 5.73 4.33 4.79 4.99 5.67 5.13 4.86 4.54 4.97 5.19 4.27 5.11 

MDC 11.74 10.02 10.07 10.39 10.01 11.47 11.51 11.85 11.62 11.97 12.35 12.15 11.79 10.83 10.57 

VL ICC 

0.66 

(0.54-

0.78) 

0.74 

(0.65-

0.84) 

0.73 

(0.64-

0.82) 

0.72 

(0.64-

0.80) 

0.68 

(0.57-

0.79) 

0.71 

(0.62-

0.80) 

0.74 

(0.64-

0.84) 

0.81 

(0.72-

0.89) 

0.78 

(0.66-

0.87) 

0.80 

(0.70-

0.90) 

0.81 

(0.72-

0.90) 

0.82 

(0.72-

0.91) 

0.82 

(0.76-

0.89) 

0.80 

(0.73-

0.88) 

0.79 

(0.71-

0.88) 

SEM 3.53 2.95 2.99 3.19 3.28 3.24 3.53 3.60 3.84 2.93 3.12 2.82 2.69 3.26 3.26 

MDC 9.79 8.19 8.27 8.85 9.09 8.97 9.78 9.98 10.65 8.12 8.66 7.80 7.46 9.05 9.03 

VM ICC 

0.67 

(0.56-

0.79) 

0.78 

(0.69-

0.87) 

0.75 

(0.68-

0.82) 

0.76 

(0.67-

0.85) 

0.74 

(0.65-

0.83) 

0.74 

(0.65-

0.83) 

0.77 

(0.67-

0.87) 

0.82 

(0.75-

0.89) 

0.78 

(0.70-

0.86) 

0.80 

(0.71-

0.89) 

0.75 

(0.62-

0.89) 

0.83 

(0.76-

0.89) 

0.85 

(0.81-

0.89) 

0.80 

(0.71-

0.89) 

0.81 

(0.71-

0.91) 

SEM 6.24 4.85 4.65 5.14 5.01 4.65 5.25 5.43 5.15 4.21 4.64 4.31 3.84 3.73 3.22 

MDC 14.48 10.41 10.54 10.66 11.64 12.15 11.78 11.20 13.24 10.10 11.80 10.35 9.88 7.80 8.00 

SO

L 
ICC 

0.56 

(0.47-

0.66) 

0.64 

(0.56-

0.72) 

0.63 

(0.54-

0.73) 

0.56 

(0.44-

0.68) 

0.59 

(0.49-

0.69) 

0.53 

(0.39-

0.67) 

0.61 

(0.51-

0.71) 

0.62 

(0.51-

0.73) 

0.61 

(0.51-

0.71) 

0.64 

(0.56-

0.72) 

0.60 

(0.50-

0.70) 

0.60 

(0.49-

0.72) 

0.60 

(0.50-

0.71) 

0.64 

(0.57-

0.70) 

0.62 

(0.54-

0.71) 

SEM 1.91 1.61 1.39 1.65 1.50 1.59 1.91 1.64 1.70 1.70 1.58 1.29 1.39 1.39 1.29 

MDC 6.19 5.21 5.01 5.68 5.58 5.97 6.33 5.59 5.91 5.75 5.38 5.16 5.30 4.92 5.33 

GM 

ICC 

0.79 

(0.70-

0.88) 

0.84 

(0.78-

0.90) 

0.84 

(0.78-

0.89) 

0.82 

(0.76-

0.89) 

0.83 

(0.79-

0.87) 

0.83 

(0.77-

0.88) 

0.85 

(0.80-

0.89) 

0.83 

(0.76-

0.90) 

0.84 

(0.79-

0.90) 

0.87 

(0.84-

0.90) 

0.85 

(0.81-

0.88) 

0.83 

(0.78-

0.88) 

0.82 

(0.78-

0.87) 

0.82 

(0.76-

0.87) 

0.83 

(0.78-

0.87) 
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SEM 3.95 3.20 3.24 3.75 3.72 3.31 3.53 3.40 3.27 3.15 3.15 3.40 3.11 3.24 3.22 

MDC 11.26 10.06 8.80 10.51 11.58 10.33 10.32 9.81 9.73 10.66 9.22 10.59 9.95 9.82 10.30 

TA ICC 

0.57 

(0.43-

0.71) 

0.66 

(0.52-

0.80) 

0.62 

(0.49-

0.76) 

0.61 

(0.45-

0.76) 

0.64 

(0.52-

0.76) 

0.61 

(0.49-

0.74) 

0.62 

(0.47-

0.78) 

0.66 

(0.51-

0.80) 

0.60 

(0.42-

0.77) 

0.67 

(0.54-

0.80) 

0.70 

(0.59-

0.81) 

0.65 

(0.52-

0.79) 

0.57 

(0.41-

0.74) 

0.59 

(0.44-

0.74) 

0.63 

(0.49-

0.77) 

SEM 2.82 2.64 3.92 2.53 2.74 2.13 2.17 2.36 2.34 1.98 2.13 2.50 2.37 2.88 2.12 

MDC 7.59 6.34 7.07 8.00 7.91 6.28 6.51 6.83 7.02 6.02 6.74 6.75 7.59 8.10 6.24 
Abbreviations: CI = Confidence interval, GM = Medial gastrocnemius, ICC = Intra-class correlation coefficient, MDC = Minimal detectable change, RF = Rectus 

Femoris, SEM = Standard error of measurement, SOL = Soleus, TA = Tibialis Anterior, VL = Vastus Lateralis, VM = Vastus Medialis 
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