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ABSTRACT 

Following a review of the literature and using a prospective observational design delivered in an 

ecologically valid setting, this thesis enhances knowledge of sensorimotor (SM) and neuromuscular 

(NM) performance capabilities in elite young soccer players, culminating with a controlled cohort 

study to further investigate the influence of high intensity exercise stress on performance capabilities.  

Alterations in player perceived capabilities using the Borg Category-Ratio Scale (CR-10) and Perceived 

percentage of completed task duration (PTD), were also investigated.  Impaired NM performance as 

a symptom of fatigue has previously been demonstrated in elite soccer players.  However, the results 

from outcome measures offering such detailed and granular biological insights have not been 

documented previously.  In addition, this research project aimed to observe (Chapter 6) and then 

provoke (Chapter 7) turbulence, physiologically, to examine whether the SM system is similarly 

affected, thereby verifying this mechanism as operational for soccer players.  To objectify the 

conditioning dosage to which elite young soccer players are typically exposed to, Chapter 3 offered a 

season-long patterning of training and match-workload.  To further contextualise the backdrop of this 

research project, NM performance capabilities were benchmarked by comparison with senior 

professional players in Chapter 4. 

Performance capabilities of sixteen elite male soccer players (age: 19.2 ± 1.1 years; height: 183.3 ± 6.1 

cm; body mass: 76.1 ± 7.8 kg) were evaluated at weekly intervals over a 6-week in-season mesocycle 

(Chapter 5), and daily during a weekly competitive microcycle (Chapter 6).    Assessments of peak 

twitch force (PTFe) and electromechanical delay (EMD) demonstrated significant changes in NM 

performance capability (p < 0.05; 13.6% and 15.1% impairments, respectively) whereas SM 

performance capability was preserved (p > 0.05).  Congruence amongst fluctuating patterns of intra-

mesocycle training workloads and concomitant neuromuscular performance responses was noted 

over time for Acute Training Load (ATL) with PF (r = -0.59; p < 0.05) (Chapter 5). Corresponding analysis 

of training workloads and conditioning status as influencers of post-match strength resilience and 

recovery identified potential for aspects of NM performance to be altered by careful manipulation of 

antecedent training workloads (r = 0.59-0.62; p < 0.05) (Chapter 6).  Within routine aspects of the 

competitive season, greatest deficits in NM performance were observed immediately following 

match-play (p < 0.05; Cohen’s d: 0.32 [PF] and 0.89 [EMD]).  Subsequently, using a potent, controlled 

exposure to exercise stress, an intermittent isometric fatigue trial (IIFT) was deployed to examine 

concurrent SM and NM performance responses while exploring alterations in player perceived 

capabilities.  Declines in PF, rate of force development (RFD) and EMD performance following the IIFT 

reached statistical significance with effect magnitudes larger than observed within the ecologically 

relevant settings (p < 0.001; Cohen’s d: 0.58 [PF], 0.52 [RFD] and 2.34 [EMD]).  Interestingly, SM 
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performance capabilities remained intact following the IIFT (p > 0.05).  Additionally, although both CR-

10 and PTD ultimately demonstrated efficacy in predicting exercise cessation, a significant interaction 

effect (p < 0.01) was observed indicating a divergence between candidate explanatory paradigms of 

self-perception of capabilities for players within the task. 

This thesis has increased current knowledge and understanding by providing a novel exploratory 

evaluation of sensorimotor and neuromuscular performance capabilities in early career professional 

soccer players.  The findings presented in this thesis will better inform future studies on conditioning 

soccer players and allow more targeted prophylactic strategies to be implemented by performance 

support staff.   
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Chapter 1:  Introduction and literature review 
 
 

1.1 – Introduction 

Soccer is arguably the most popular sport in the world with participants and professional associations 

on every continent.  In the United Kingdom, a holistic, multi-disciplinary approach to player-

development has been adopted by governing bodies leading to the conception of elite performance 

models such as the Elite Player Performance Plan (EPPP) and Club Academy Scotland (CAS).  

Substantial funding is provided to professional clubs involved in these performance models, provided 

stringent compliance to the elite development criteria can be demonstrated.  As such, it is now 

compulsory for elite professional soccer clubs to utilise traditionally untapped disciplines such as sport 

science, performance nutrition and performance psychology to support the technical and tactical role 

of coaches with the goal of enhancing on-field performance (Read et al 2018).  Indeed, the onset of 

the EPPP has coincided with significant on-field success for the Football Association (FA) across the 

age-bands and in the senior squad as demonstrated by 4th place finish in the 2018 Federation 

Internationale de Football Association (FIFA) World Cup.  Equally, the conception of the Scottish 

Football Associations CAS performance model has coincided with qualification to major international 

tournament (Union of European Football Associations (UEFA) Euro 2020) for the first time in 22 years 

(men’s senior team). Given these successes, it is likely that continued investment will support these 

structures within professional soccer and research should continue to provide deeper understanding 

of key issues relating to performance optimisation and injury reduction. 

 

Sensorimotor (SM) and neuromuscular (NM) performance are crucial to the control and execution of 

human movement (Reimann and Lephart 2002).  The ability to accurately scale force in a timely 

manner ensures muscle activation following a threat to joint stability is sufficient in magnitude to offer 

protection without being wasteful of energy.  Functionally, the SM system is responsible for 

maintaining joint homeostasis during postural control or following an unexpected perturbation 

(Riemann and Myers 2002) and has been causally linked to reduced injury occurrence in soccer players 

(Caraffa et al 1996).  In essence, the sensorimotor system is a composite of afferent, central 

integration (central nervous system (CNS)) and efferent processes.  The latter is characterised by 

central and peripheral drivers of neuromuscular capability and regulates the limits of capacity for 

motor actions by the sensorimotor system.  Equally, NM performance capability underpins the ability 

to generate and apply force and in this sense is critical to the bio-motor qualities known to influence 

elite-level soccer performance, such as speed and agility (Zouhal et al 2019; Ramirez-Campillo et al 
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2015).  A full description the NM and SM performance systems are outlined in Section 1.4, Literature 

Review. 

 

Within elite soccer, there is a growing body of research examining the relationship between NM 

performance and fatigue (Ade et al 2020; Fitzpatrick et al 2018; Malone et al 2018).  Fatigue has been 

described as the inability to perform a task that was once achievable within a recent time frame 

(Halson et al 2014) and is characterised by both a reduction in the ability to produce force and an 

increase in the perceived effort to exert a desired force (Gandevia 2001).  Justification for this research 

area is provided by evidence that injury occurrence is of higher prevalence in the latter stages of 

match-play thus implying an association with fatigue (Ekstrand et al 2011).  Equally, a player’s 

continual availability for selection is a key determinant of a team’s relative success in professional 

soccer (Ekstrand et al 2011).  In a small sample of elite young soccer players (n = 10), small decrements 

in NM performance were reported following on-field conditioning sessions (Ade et al 2020).  Given 

that the professional soccer season is characterised by a repetitive cycle of physical stress and 

recovery (Owen et al 2017), physiologically, there is a balance between attaining positive NM 

adaptations from conditioning strategies and the potential for these intended adaptations to be 

masked by negative fatigue-related symptoms (Cormack et al 2008).  For example, current 

recommendations propose a minimum 72-hour recovery period following soccer match-play to re-

establish homeostasis of the NM system (Silva et al 2018).  Such guidelines follow consistent findings 

within a body of research examining restoration of NM performance capabilities in the days following 

match play (Rampinini et al 2011; Brownstein et al 2017; Goodall et al 2017; Thomas et al 2017).  

Practically, this research has been used to inform structuring of intra-week (microcycle) training 

content to facilitate optimal tapering strategies leading into match-play (Malone et al 2015).  

Unfortunately, congested fixture scheduling and the need for coaches to prepare their teams tactically 

for the next fixture may compromise adherence to this guidance and so further exploration of risk to 

players is warranted.  Consensus regarding the impact of match-play on SM performance is less 

aligned, with indications of both maintained (Gioftsidou et al 2011) and disrupted (Greig and Walker-

Johnson 2007) performance capability following match-play or simulated match-play, respectively.    A 

more comprehensive review of sensorimotor and neuromuscular fatigue in soccer is provided in 

Section 1.5.2, Literature Review.    

 

The physiological importance of these sub-systems to soccer performance has led to a wealth of 

research to establish best-practice interventions for performance enhancement (Zouhal et al 2019; 

Heleno et al 2016) and injury prevention (Silvers-Granelli et al 2017; Mohammadi 2007). 
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Nevertheless, despite the high efficacy of several intervention protocols within the literature, 

inconsistent terminology and exercise selection limit definite conclusions regarding the key 

contributors to enhancing SM performance which might establish a notional hierarchy of importance 

and advance time-efficient and effective practice.  Specifically, it remains unclear whether the 

potential for net enhancements in SM performance exist via targeting afferent mechanisms (i.e. 

greater precision of sensory input to the CNS) or on the efferent branch (i.e. increased capability to 

generate rapid force).  Equally, different assessment protocols and measurement instrumentation 

have been deployed within existing research designs (Mohammadi and Roozder 2010; Gleeson et al 

2013; Heleno et al 2016; Relph and Herrington et al 2016).  Given the casual linkage between SM 

performance and reduced injury rates alongside the perceived importance and widespread usage of 

sensorimotor conditioning by sport science and medicine practitioners (Read et al 2018), there is a 

pressing need for better understanding of SM adaptations in professional players. These issues are 

addressed in detail in Section 1.6.1-3, Literature Review. 

 

There is a current trend within performance support departments to monitor and attempt to prescribe 

optimum training doses using micro-technologies such as heart rate (HR) monitors and global 

positioning systems (GPS) (Akenhead and Nassis 2016).  Indeed, these practices are supported 

empirically by the association of training dose with fitness (Fitzpatrick et al 2019), impaired NM 

performance (Cormack et al 2008) and injury (Bowen et al 2019) (Section 1.7.1, Literature Review).  As 

such, there is potential for fluctuating patterns of training dosage across a competitive season to 

impact performance capabilities and injury vulnerability.  Equally, the ability of players to self-regulate 

exercise intensity has the potential to influence performance and injury through pacing strategies and 

the avoidance of critical interferences to homeostasis (Tucker 2009).  Although the capacity to scale 

exercise intensity subjectively has been widely explored in soccer players for its potential to quantify 

training stress in the absence of tracking technologies (HR and GPS) (Impellizzeri et al 2004; Gaudino 

et al 2015; Little and Williams 2007), from a self-regulatory perspective, the capacity to accurately 

perceive effort and the relationship with ‘time to exhaustion’ during high intensity exercise stress has 

not been well documented in soccer players and may offer an added perspective to the regulation of 

performance capabilities. 

 

There is a need for a comprehensive evaluation of sensorimotor and neuromuscular performance 

capabilities in early career professional soccer players to better inform future studies on conditioning 

soccer players and allow more targeted prophylactic strategies to be implemented by performance 

support staff.  Additionally, the concurrent evaluation of SM and NM performance capabilities during 
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ecologically relevant aspects of a professional season have not been documented.  An increased 

understanding of what changes during and following exposure to high intensity training stress may 

offer targeted insight into the vulnerability of players during the latter stages of match play and during 

periods of high workload such as during congested fixture scheduling.   

 

Therefore, this research project aims to address these pressing questions and advance knowledge and 

understanding.  It will be using detailed and sophisticated outcome measures to assess sensorimotor 

and neuromuscular capabilities over a range of ecologically and internally valid settings within a real-

world, contemporary elite soccer environment.  Although formal aims, objectives and hypotheses of 

this thesis are stated in Section 1.9, as a prior overview of the main thesis’ ambitions, and in the 

context of performance optimisation in elite young soccer players, this research project will address: 

   

1) The extent to which NM performance capability, as a fundamental component of SM 

performance, fluctuates over a typical in-season period (mesocycle) and the relationship with 

training and match workload in elite young soccer players.   

 

2) The extent of fluctuations in SM and NM performance capability during a 1-week training and 

match cycle (microcycle).  Within a typical in-season microcycle, players will experience a 

condensed exposure to high intensity exercise stress followed by immediate recovery 

strategies in preparation for the next fixture.  In this sense, an in-season microcycle provides 

a window of opportunity to capture the essence of stress and recovery in professional soccer 

and the impact on SM and NM performance capabilities. 

 

3) Finally, a culminating study deploying a controlled, internally valid design will examine SM and 

NM responses to a potent bout of high intensity exercise stress in the form of an intermittent 

isometric fatigue task to mimic the most demanding aspects of training and competition 

within elite soccer.  In addition, the experimental design will allow measures of self-perceived 

performance capability to be collected.  The latter will provide an additional layer of task-

specific exploratory analysis of candidate explanatory paradigms of self-perceived capabilities 

for professional players. 

 
 
1.2 - Literature Review Introduction 
 
The aim of this narrative literature review is to provide background information relevant to 

sensorimotor and neuromuscular performance in elite young soccer players.  The initial section will 
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aim to portray the landscape of modern-day soccer and review the physical demands imposed on 

players.  Following an assessment of the underpinning mechanisms of sensorimotor and 

neuromuscular performance, and in line with the key themes of this research project, this review will 

then evaluate fatigue and recovery in relation to these performance sub-systems and in the context 

of elite soccer.  This review will also critically assess current methodologies employed within 

conditioning interventions to enhance SM and NM performance capabilities.  Finally, this section will 

review current literature relating to injuries in soccer to explore current perceptions and practices 

within elite soccer.  An overview of the relevant factors addressed in this review and forming the 

conceptual framework for this research project is outlined in Figure 1.1. 

 
 
1.3 - Contemporary training practices and physical demands of soccer 

High-level soccer performance requires a blend of technical, tactical, and physical performance with 

the latter requiring endurance, speed, power, and strength (Hoff and Helgarud 2004).  Recent data 

shows that the physical demands of professional soccer have never been greater with high intensity 

running during match-play increasing by one third in the past decade (Bradley et al 2016).  The total 

distances covered and the number of high intensity actions in match-play has also increased 

progressively in recent years (Barnes et al 2014) with some top-level players competing in more than 

60 games during a season-long macrocycle (Bradley et al 2016).  The competitive season (in-season) 

is typically preceded by a shorter preparatory period (pre-season) with the goal of preparing players 

physically and tactically for the rigours of the upcoming season.  Accordingly, over the full season-long 

macrocycle, greatest training volumes have been identified during the pre-season mesocycle 

(extended block of training) (Jeong et al 2011).  The in-season phase is characterised by an overall 

reduction in training workload to maintain physical capacities while avoiding negative fatigue-related 

carry-over leading in to match-play (Owen et al 2017).  In essence, this period of the season is formed 

by a series of weekly microcycles (short blocks of training) blocked together within 6- to 10-week 

mesocycles designed to optimise training-stress, recovery and adaptation (Kelly et al 2020).   Within a 

weekly microcycle, daily variation in training workload has been identified and is most prominent on 

the day prior to match-play in the form of reduced training volumes (Garcia et al 2018; Clamente et al 

2019).   

 

It is commonplace for professional soccer clubs to carry up to fifty full-time players split between a 1st 

team and development squad(s).  The EPPP model is based on two development squads supporting 

the 1st team, divided chronologically into under-23 and under-18 age groups.  Development squad 

(DEV) players are essentially early career professional players and train and compete in a full-time 
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programme.  In Scotland, a single development squad, also referred to as the “reserve” squad, is more 

common although variation in structure exists amongst different clubs.  The DEV may be utilised by 

1st team coaching staff, often at short notice, to bolster training numbers during 1st team training 

sessions.  Development squad players are often subject to temporary secondment (“on loan”) to third 

party clubs in order to experience 1st team level competition, typically at a lower competitive level 

than their parent club.  As such, DEV players may routinely participate in a training- and games-

programmes at both their parent and loan club.  Such scenarios add to the complexities of delivering 

individualised physical conditioning that will both enhance long-term athletic development and allow 

adequate rest and adaptation in the short-term.  Despite unpredictability of scheduling occurring 

often, DEV players are not subject to the same external pressure (i.e., from media and supporters) to 

win matches as 1st team players.  As such, extending priorities beyond simply winning the next match 

is justified and facilitates more frequent opportunities to test and develop important physical 

capacities, without the fear of residual fatigue-related detriments interfering with match 

performance.  On this basis, conditioning strategies are introduced early into the elite development 

pathway, as part of long-term athletic development with the goal of producing young players of 

sufficient physical robustness to handle the rigors of senior professional soccer (Read et al 2016).  

Given the relative infancy of these performance models, longitudinal data to establish whether early 

adoption of strength and conditioning practices accelerates capabilities of DEV players in line with 

senior professionals is lacking.  Equally, research comparing performance capabilities between players 

at the final stages of the developmental pathway and at the professional level is sparce.  In one study, 

Jadczak et al (2018) identified superior sensorimotor performance in senior professional players 

compared with younger professional players.  However, there was no direct comparison of NM 

performance to allow a characterisation of force generating capabilities between squads.  

Nevertheless, current evidence demonstrates physical capacities can differentiate players of different 

competitive levels (Bangsbo et al 2008) and faster sprint times have been reported in elite Norwegian 

players when compared with players from a lower division (Haugan et al 2013).  In addition, the 

physical demands of match-play are greater at higher levels of competition indicating a need for 

enhanced physical capacities among senior players (Bradley et al 2010).   

 

Current training practices should consider the development of high intensity bio-motor qualities such 

as sprint and agility performance, as well as the underpinning mechanisms of NM capacity, within a 

programme that will optimise training stress and adaptation.  Variation in approaches to physical 

development exists depending on culture, tradition, and preferred coaching methodology (Delgado-

Bordonau & Medex-Viilanuava 2012).  The execution of defined tactical or ‘game’ models often dictate 
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the physical requirements imposed on players (Abbott et al 2019).  In recent years, a variety of playing 

styles such as “high-press”, “counter-attack” and “possession-based” have been adopted by successful 

teams with different tactical formations shown to elicit different running demands during match-play 

(Dellal et al 2011).  Equally, the peak demands of training and match-play have been shown to vary 

amongst positions (Abbott et al 2018).  For example, wide-attacking players routinely encounter 

sprinting demands 5-fold those of central defenders (Abbott et al 2019).  As such, there is potential 

for varying levels of imposed physical stress within-squads, positionally and between-teams, tactically, 

highlighting the necessity for tailored conditioning strategies to meet the to the positional and tactical 

requirements of each player.   

 

Due to the rapid turnaround, rescheduling and congestion amongst fixtures, there may be limited time 

to address all aspects of the training programme and so it is common for physical conditioning to be 

integrated in to the technical and tactical components of on-field training sessions (Lacome et al 2018).  

To this effect, there has been a wealth of research focusing on the use of small-sided games (SSGs) to 

optimise development of ‘football-fitness’ qualities such as endurance, speed and strength (Lacome 

et al 2018).  Developments in micro-technologies such as global positioning systems (GPS) and heart 

rate monitors have led to advancements in player workload tracking (Buchheit and Simpson 2017).  

This, alongside a growing body of work relating to the quantification and prescription of optimal 

workloads in team sports (Hulin et al 2017; Malone et al 2017), has provided comprehensive guidelines 

for physical development via the manipulation of on-field training variables such as pitch dimensions, 

SSG durations and player numbers (Owen et al 2014; Owen et al 2017).  In general, larger pitch 

dimensions during training drills elicit higher running distances and greater opportunity to reach high 

running velocities and develop speed qualities (Little 2009).  Smaller pitch dimensions, however, have 

been shown to provide players with more changes of direction and more contacts with the ball and 

opponents and are often used to develop aerobic capacities (Little 2009).   

 

Enhancements in physical qualities (aerobic and strength capacity) are associated with superior 

running distances during match-play (Hoff and Helgarud et al 2004) and more rapid NM recovery 

following match-play (Johnston et al 2016).  As such, in addition to soccer training and match-play, 

supplementary conditioning is routinely prescribed to provide additional physical adaptations and 

promote enhanced on-field performance (Little & Williams 2006).  For example, although SSGs 

successfully improve endurance related variables such as distance covered during match-play, they 

did not positively influence sprint and agility-related performance (McGawley and Andersson 2013).  

Similarly, speed endurance running drills were found to elicit greater high intensity running distances 
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than time matched SSGs (Ade et al 2013).  Impellizzeri et al (2004) reported players with a higher 

aerobic capacity exercised at a lower percentage of VO2max during SSGs, indicating that 

supplementary running drills may be necessary if continued adaptation is required in already well-

conditioned players.  Nevertheless, due to the high metabolic demands of soccer, players are regularly 

exposed to aerobic stimuli via training and match play.  It is therefore reasonable to assume, that 

barring injury, players are unlikely to avoid stimuli of this nature during the competitive season at a 

frequency that would lead to a significant de-training effect and a direct loss of aerobic fitness.  In 

contrast, elite players in certain positions have been reported to reach potentially only 85-94% of their 

maximal sprinting speed during matches (Haddad et al 2015).  To this effect, it could be argued that 

soccer training and match-play are not certain to provide the highest threshold of neuromuscular 

stimulation that might be required for the peak demands of the game and therefore may benefit from 

supplementary training of this nature.  Indeed, there is evidence that regular exposure to velocities 

greater than 95% of maximum speed may provide an inoculating effect on hamstring injuries (Malone 

et al 2019).   

 

The conditioning needs of soccer players are varied, physiologically, and complexities around fixture 

scheduling, squad selection, tactics and positional demands highlight the presence of significant non-

systematic training stress within the overall training milieu.  A better understanding of the effect of 

contemporary soccer training and match workloads on the SM and NM system would be of value to 

coaches and performance support practitioners as they strive to optimise conditioning strategies 

(Figure 1.1).   

 

 

1.4 - Sensorimotor and neuromuscular performance 

 

1.4.1 - Sensorimotor performance  

Functional joint stability is accomplished through a complementary relationship between the static 

(ligaments, joint capsule, cartilage) and dynamic (feedback and feedforward neuromotor control over 

skeletal muscle) components (Riemann and Lephart 2002).  The effectiveness of the sensorimotor 

system in maintaining functional joint stability is characterised by biomechanical and physical 

characteristics of the joint, such as, range of motion, strength and endurance (Riemann and Lephart 

2002).  The afferent or ‘sensory’ branch of the sensorimotor system commonly provides what is 

termed proprioception.  Proprioception refers to the conscious senses of position and force (tension) 

which provide feedback to the higher levels of motor command via neural transmission following 
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stimulation of mechanoreceptors located on the periphery (Hewett et al 1999).  Accurate information 

regarding position and tension around the joint is crucial for maintaining joint stability and protecting 

it from injury (Riemann and Lephart 2002).  Following the central integration and processing of the 

proprioceptive input, the CNS responds with an efferent signal leading to muscle activation and the 

onset of force (Riemann and Lephart 2002).  As such, sensorimotor performance is a composite of 

sensory and neuromuscular processes (Lephart and Fu 2000).   

 

Given the complexity of human motor control, terms such as proprioception, body awareness, 

kinaesthesia and sensorimotor performance have been used interchangeably within the literature.    

The inaccurate use of these terms synonymously has added confusion to the interpretation of 

experimental outcomes in this area, particularly with regards to interventions.  However, sensorimotor 

performance has been recognised as the preferred term to describe capabilities that are considered 

fundamental to the enhanced control of neuromuscular performance and efficient movement 

(Lephart and Fu 2000).  Within the literature, enhancing sensorimotor performance typically involves 

the use of unstable surfaces such as ‘wobble-boards’ or ‘BOSU-balls’ to challenge functional joint 

stability.  The perturbance offered by the unstable conditioning apparatus stimulates sensory 

receptors located on the periphery which triggers a neural signal, transmitted via afferent pathways, 

to the CNS where the input is calibrated into an appropriate motor response (Zech et al 2010).  It is 

this process that underpins the physiological rationale for sensorimotor conditioning.  Although 

unstable surface training may enhance the potency of the sensory challenge, all movement requires 

a degree of afferent input to maintain joint stability and postural control (Riemann and Lephart 2002).  

Coordinated movement during ‘real-world’ sporting activities, such as sprinting and jumping involve 

a constant loop of afferent and efferent mechanisms (Van Hooren and Bosch 2016).  Extrafusal muscle 

fibres, innervated by alpha motor neurons, fire under the command of the CNS to produce muscle 

action and force (Kuitunen et al 2002).  Concomitantly, the alpha motor neuron receives direct 1a 

afferent input from the muscle spindles which themselves are co-activated via gamma motor neuron 

innervation in order to remain taut and sensitive to precise changes in tension within the 

musculotendon unit (MTU) (Kuitunen et al 2002).  To this effect, the regulation of neuromuscular 

performance relies on feedback and feedforward mechanisms of control.  For example, pre-activation 

of musculature around the joint via co-activity of the agonist and antagonist during running has been 

demonstrated and attributed to feedforward mechanisms of control (pre-planned CNS activation of 

alpha motor neuron) (Kuitunen et al 2002).  However, the heightened sensitivity of the muscle spindles 

provided by gamma motor neuron activation allows a constant feedback loop via 1a afferent signalling 
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facilitating motor adjustments in response to task, internal and environmental constraints (Van 

Hooren and Bosch 2016).   

 

1.4.2 - Neuromuscular performance 

The force-generating capabilities of the active muscles will rely on the number of motor units 

available, alongside the frequency of action potential’ stimulation at the neuromuscular junction 

(Hakkinen and Komi 1983).  Morphological factors such as muscles’ cross-sectional area (CSA) and 

muscle architecture are also important factors in the ability to produce force (Stone et al 2002).  For 

example, increases in muscle CSA may improve force production via more cross-bridge interactions 

between actin and myosin within the sarcomeres (Suchomel et al 2018).  Similarly, favourable 

adaptations to muscle architecture, in the form of larger pennation angles, may follow muscular 

hypertrophy and the enhancement of force production capabilities (Kawakami et al 1993).  Motor 

units are recruited in a sequenced manner based on their size (smallest to largest) guided by the 

magnitude of force required to complete the task (Henneman et al 1965).  Smaller motor units (made 

up of slow twitch type I fibres) will be recruited when smaller forces are required, whereas larger 

motor units (containing fast twitch type IIa/IIx fibres) may be deployed to attain higher levels of force 

production (Suchomel et al 2018).  Rate coding refers to the frequency at which action potentials are 

discharged from the alpha motor neuron and can modify force capabilities following motor unit 

recruitment (Suchomel et al 2018).  For example, maximum rate coding (firing frequency) of recruited 

motor units can increase force magnitude by 1500% (Enoka 1995).  This may be facilitated further by 

favourable neuromuscular activation patterns such as motor unit synchronisation, where 2 or more 

motor units activated simultaneously (Suchomel et al 2018).   

 

Neuromuscular performance is subsumed within sensorimotor performance in that it refers only to 

the central and peripheral determinants of force production.  The ability to generate high levels of 

force is critical to absorbing mechanical loading and to maintaining joint integrity during sporting 

activities (Stone et al 2002).  In particular, dynamic aspects of soccer performance such as sprinting, 

jumping and changing direction produce huge joint moments and external forces greater than 5 x 

body mass (Beachle and Earle 2003).  Equally, potentially harmful dynamic forces within the knee joint 

must be overcome to maintain joint stability (Minshull et al 2007), with previous research identifying 

a critical 300 milliseconds (ms) time frame between the initiation of potentially harmful forces and 

rupture of the anterior cruciate ligament (Rees 1994).  In essence, neuromuscular performance is 

represented by peak force (PF) and force-time capacities such as rate of force development (RFD) and 

electromechanical delay (EMD) (Aagaard et al 2002) and these performance indices facilitate the 
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overall capacity of the neuromuscular system (Gissis et al 2006) and the effectiveness of the dynamic 

restraints (Riemann and Lephart 2002).  

 

The implementation of sophisticated dynamometry equipment is costly and not routinely available in 

professional soccer environments (Gleeson et al 2008).  However, this technique allows a detailed 

understanding of neuromuscular and sensorimotor performance capabilities of elite soccer players 

(Rampinini et al 2011). Additionally, electromyography is a non-invasive tool for monitoring the 

electrical activity of muscle tissue (Kollmitzer et al 1999) and has been successfully used in studies 

involving dynamometry to examine neuromuscular and sensorimotor performance capabilities 

(Gleeson et al 2008; Minshull et al 2007).  It is through the use of these techniques that this research 

project will strive to provide a comprehensive assessment of the following indices of NM performance 

in elite soccer players. 

 

1.4.2.1 - Peak force 

Peak force refers to the maximum amount of force generated by a muscular action and is an indicator 

of strength capability (Suchomel et al 2018).  Muscle strength is commonly used within clinical and 

sports performance literature to characterise skeletal muscle function (Peer and Gleeson 2018; 

Rampinini et al 2011).  Peak force is specific to type of muscle contraction with capability greatest 

during eccentric muscle actions (Beachle and Earle 2003).  However, isometric PF is regarded as a 

highly reliable measure with validity for assessing health and athletic performance and provides a 

broad indication of NM function (Oranchuk et al 2019).  Previously, impaired isometric PF of the 

quadriceps has been reported following match-play as evidence of fatigue (Rampinini et al 2011).  

Enhancing quadriceps strength is viewed as a key aspect of prehabilitation and rehabilitation practices 

(Staehli et al 2010).  

 

Isometric muscle strength testing has demonstrated excellent inter-rater reliability (Intra-class 

correlation coefficient (ICC) > 0.96) (Kean et al 2010).  Intra-day coefficient of variation (CV%) of knee 

extension PF has been reported between 3.5 and 4.1% (Viitasalo et al 1980; Gleeson and Mercer 

1996).  In addition, the precision of this measurement is characterised by an intra-day CV% of 3.5% 

(Minshull et al 2009).  Minshull et al (2009) concluded that two trials of peak force were sufficient to 

determine a person’s intra-day knee flexor performance change of ± 5 % (95 % confidence level (CI)).  

From a force-time perspective, it can take up to 900ms to reach PF whereas athletic movements such 

as sprinting involve contact-times of <150ms (Van Hooren and Bosch 2016).  To this effect, force-time 

aspects of NM performance may have greater relevance to sports performance. 
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1.4.2.2 - Rate of force development (RFD) 

Rate of force development is the term given to describe the capacity for rapid development of 

maximum force (Aagaard et al 2002).  Rate of force development is particularly important in athletic 

populations where the expression of force is time-critical and, alongside PF capability, offers a more 

specific assessment of NM performance.  Muscle actions with ‘explosive’ intent are superior for 

developing RFD (Oranchuk et al 2018).  Specifically, force at 50 and 100 ms was shown to improve 

following ‘ballistic’ isometric training (Balshaw et al 2016).   However, explosive measures of force 

production have been reported to be less reliable than forces produced over longer durations (force 

at 50 ms and 100 ms = CV% 16.6 and 6.4%, respectively) (Buckthorpe et al 2012).  As well as specific 

time-thresholds for determination of RFD, others have calculated this index as the average rate of 

force increase between 25% and 75% of peak force (Gleeson et al 2008; Minshull et al 2009).  As there 

is no ideal approach specified, in the interests of commonality for comparison, this thesis will apply 

the methods described by Gleeson et al (2008) and Minshull et al (2009). 

 

1.4.2.3 - Electromechanical delay (EMD) 

EMD refers to the delay between the onset of electrical stimulation of the motor unit and the 

subsequent onset of force (De Ste Croix et al 2015).  Electromechanical delay is influenced by several 

post-synaptic processes such as the transmission of force through the series elastic component (SEC), 

action potential propagation and alterations in the excitation contraction coupling process (Howatson 

et al 2010).  The timescale of the chemical processes which lead to contraction of the contractile 

element (CE), known as electrochemical delay (ECD), form a relatively small proportion of overall EMD 

(around 3-6 ms) (Hug et al 2011).  It is the subsequent uptake of slack within the MTU prior to force 

production that is more prolonged (up to 100 ms) and has been identified as crucial to high intensity 

muscle performance as it constitutes a significant portion of the overall time-frame available to 

express force (Van Hooren and Bosch 2016).  Factors influencing musculotendon stiffness, and 

therefore the potential for more rapid muscle performance via a faster transmission of force, include 

training induced adaptations (plyometrics) (Wilson and Flanagan 2008), passive tension from spring-

like structures within the sarcomeres (actin, myosin and titin) (Roberts 2016) and pre-

activation/antagonist co-contractions (Van Hooren and Bosch 2016).   

 

 

 

 

 



14 
 

1.5 – Sensorimotor and neuromuscular fatigue 

 

1.5.1 – Central and peripheral fatigue 

During strenuous exercise, there is a progressive reduction in force output from the active skeletal 

musculature (Amann et al 2011).  Fatigue has been described as the inability to perform a task that 

was once achievable within a recent time frame (Halson et al 2014).  This is characterised by both a 

reduction in the ability to produce force and an increase in the perceived effort to exert a desired 

force (Gandevia 2001).  Both central and peripheral mechanisms have been identified as factors 

influencing neuromuscular fatigue (Amann et al 2011; Goodall et al 2017).  At a motor unit level 

(peripheral), the accumulation of metabolites and alterations in transmembrane ionic concentrations 

lead to impairments in cross-bridge function and the excitation-coupling process (Potvin and 

Fuglevand 2017).  The fatigability of motor units is highly influenced by the fibres they innervate, with 

faster, stronger units associated with more rapid fatigue than slower, weaker units (Suchomel et al 

2016).  Therefore, given the sequencing of motor unit recruitment (i.e. from slow, weaker to fast, 

stronger units), activities with greater force demands will be associated with more rapid peripheral 

fatigue (Henneman et al 1957).  The examination of peripheral fatigue will seek to scrutinise 

disturbances distal to the neuromuscular junction such as exercise induced muscle damage and 

substrate depletion (Nedelec et al 2012).  Peripheral fatigue is detected by metabosensitive III and IV 

afferents located in the working muscle which relay inhibitory sensory input to the CNS which may 

contribute to central fatigue (Amann et al 2011).  Central fatigue refers to any decline in the capacity 

of the CNS to activate muscle (Gandevia 2001).  Central contributors can be examined through evoked 

responses to electrical or magnetic stimulation during voluntary contractions, thereby permitting 

greater insights into the determinants of NM performance and fatigue (Brownstein et al 2017).  During 

sustained activity, diminished CNS output lowers stimulation of the alpha motor neuron facilitating a 

progressive reduction in neural drive and activation of extrafusal muscle fibres (Potvin and Fuglevand 

2017).  Additionally, reduced activation of the gamma motor neuron may desensitise the 

proprioceptive capability of the muscle spindles causing a loss of movement control (Gandevia 2001).  

As such, an optimal movement strategy to execute a task may be altered in the presence of fatigue 

(Monjo et al 2015).  This process of reorganisation forms compensatory movement patterns to deal 

with the constraints imposed by muscle fatigue (McDonald et al 2016).  Despite changes in inter-joint 

and inter-muscular coordination, maintenance of performance outcomes has been demonstrated 

highlighting the adaptability of the sensorimotor system (Cowley et al 2014).   
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1.5.2 – Sensorimotor and neuromuscular fatigue in soccer 

During match-play, injuries occur more frequently in the latter stages of both halves implying a link 

with game-related fatigue (Ekstrand et al 2011).  Absolute distance and high intensity running distance 

has also been shown to decrease from 1st half to 2nd half and following the hardest 5-minute period of 

the game, implying the presence of in-game fatigue (Mohr et al 2003).  To this effect, poor muscular 

control has been postulated as a significant risk factor for non-contact injuries in soccer (Ekstrand et 

al 2011).  Experimental studies showing inhibited neuromuscular performance immediately following 

arduous exercise support this notion (Minshull et al 2007; Zhou et al 1996).  In soccer players, an 

arduous training session was found to elicit a substantial impairment to NM performance derived from 

jump performance (Cohen’s d: 0.43) 24 hours post-session (Fitzpatrick et al 2018).  Known risk factors, 

such as strength deficits between knee flexors and extensors and between ipsilateral limbs may be 

exacerbated at the onset of fatigue (Alentron-Geli et al 2009).  Decrements in neuromuscular 

performance have been reported in response to simulated match-play where knee extensor peak 

force in amateur players reduced by 11 and 20% at half-time and full-time, respectively (Goodall et al 

2017).  In professional players, indicators of both peripheral and central mechanisms of fatigue were 

found following match-play (Rampinini et al 2011).  Correlational analysis revealed central fatigue 

(reduced voluntary activation (VA)) was the most prominent contributor to the observed decline in 

maximum voluntary contraction (MVC), whereas peripheral fatigue was strongly associated with 

increased muscle soreness.  Similarly, Thomas et al (2017) demonstrated substantial reductions in VA 

for 72 hours following simulated match-play.  Brownstein et al (2017) used VA and electrically evoked 

twitch force performance to distinguish between central and peripheral mechanisms of fatigue 

following competitive match-play and identified impairments in both outcomes recovered within 48 

hours.  In young female players, a significant delay in EMD was observed following soccer-specific 

fatigue underlining the potential threat to dynamic joint stability (De Ste Croix et al 2015).  Although 

female players have demonstrated longer EMD than males, there is a lack of research investigating 

EMD in male professional soccer players.  Laboratory-induced fatigue was found to be detrimental to 

proprioceptive acuity in high-level soccer players during an ankle joint repositioning task (Mohammadi 

and Roozdar 2010).  Soccer match-play was found to decrease postural stability in elite young soccer 

players with the authors speculating muscle fatigue contributed to reduced peripheral proprioception 

(Brito et al 2011).  Nevertheless, Gioftsidou et al (2011) found no fatiguing effect of acute soccer 

training on postural control.  Furthermore, a 90-minute treadmill protocol, designed to replicate the 

physical demands of match-play, failed to alter single leg stability performance (Greig and Walker-

Johnson 2007) indicating that more research is justified to inform practitioners as they assess the 

vulnerability of players and the need for prophylactic conditioning interventions.   
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Although the impaired capacity to generate force has been consistently demonstrated during and 

following soccer training and match-play, evidence relating to specific indices, such as RFD and EMD, 

remains unexplored in elite young soccer players.  Equally, there is mixed consensus regarding the 

effect of arduous bouts of soccer training and match-play on SM performance.  On this basis, and as 

outlined in the thesis conceptual framework diagram (Figure 1.1), the there is a need for further 

examination of both detailed NM performance and SM capability in response to stressful, soccer-

related activities. 

 

1.5.3 – Sensorimotor and neuromuscular recovery following high intensity exercise stress 

Following an episode of high intensity exercise there is a short-term reduction in physical capacity 

(Nedelec et al 2012).  It has been reported that following match-play, motor abilities such as strength, 

flexibility, jump height and sprint performance may not return to pre-game levels for a period of 24-

72 hours (Nedelec et al 2012).  In addition, biomarkers such as creatine kinase (CK) and cortisol may 

last for up to 72 hours following match-play indicating prolonged muscle damage (Thorpe et al 2012).  

Strong correlations between change in pre- and post-match-play CK levels and number of sprints 

completed in the game have been reported (Aquino et al 2016).  In a recent systematic review, Silva 

et al (2018) concluded 72 hours was insufficient for full restoration of homeostatic balance (physical, 

psychometric status, muscle damage) following match-play.  Specifically, it was reported force 

production, physical performance, creatine kinase, well-being status, and muscle soreness remained 

impaired 72 hours post-match (effect sizes: 0.7, 0.4, 0.4, 0.3, 0.9, respectively).  However, effects on 

other aspects of NM performance, such as RFD and EMD were not reported.  Equally, no data was 

presented for sensorimotor performance and so Level 1 evidence of acute match-related fatigue 

remains elusive for this sub-system.  In recreational participants, Twist et al (2008) found that although 

NM and SM performance decreased following high intensity eccentric exercise, the time-course of 

recovery between systems was independent of one another.  Specifically, SM performance re-

established homeostasis more rapidly than peak torque capacity with the authors speculating a 

hierarchy of biological importance where restoring precision of movement control may be superior to 

the ability to generate force per se.   These gaps in the literature provide justification for further study 

to fulfil the ambitions of this research project relating to performance optimisation in elite young 

soccer players (Figure 1.1).   

 

Interestingly, Rampinini et al (2011) reported restoration of NM performance in high level professional 

players within 48 hours of match-play with the authors speculating elite players have a superior 

capacity to recover following match-play compared with sub-elite players.  A possible explanation for 
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this may be more frequent exposures to high intensity exercise stress in higher level athletes leading 

to superior physical capacities.  Indeed, this notion is supported elsewhere in the literature where 

Rugby League players demonstrating higher aerobic and strength capacities were shown to recovery 

faster and experience less match-induced fatigue than players with inferior physical qualities 

(Johnston et al 2016).  Similarly, immediately post-match and 24-hours post-match, elite soccer 

players demonstrated elevated physiological-markers of fatigue compared to elite youth players 

(Djaoui et 2016).  However, by 48-post match, all markers were comparable between groups, 

indicating more efficient recovery in professional players.  Although physical fitness was not 

documented, it may be speculated that the professional players possessed greater physical capacities 

which may have contributed to more rapid recovery post-match.  Equally, match workload and 

perceived recovery was greater in players with higher pre-determined aerobic fitness, indicating 

physical fitness level may be related to performance and recovery (Novack et al 2018).  The ability to 

accurately self-calibrate performance capability and recovery status may have important implications 

in the context of elite soccer players to offer adjunct perspective to objective conclusions derived from 

routine monitoring practices.   

 

1.5.4 - Self-perceived exercise capabilities  

Self-regulation of exercise intensity in professional soccer players may have implications for 

performance and injury.  Specifically, a grasp of performance capability may facilitate beneficial 

match-pacing or ‘game-management’ strategies.  Similarly, avoidance of critical interferences to 

homeostasis may be protective from injury (Tucker 2009).  Perception of exercise intensity has been 

widely utilised in professional soccer as a method to quantify internal training load (Impellizzeri et al 

2004).  However, from a self-regulatory perspective, the capacity to accurately perceive effort and the 

relationship with ‘time to exhaustion’ during high intensity exercise stress has not been well 

documented in soccer players.  Previous research has utilised methods such as The Borg Category-

Ratio Scale (CR-10) and Perceived percentage of completed task duration (PTD) to examine perceived 

performance capabilities during high intensity exercise (Shepherd et al 2013).  Perceived exertion has 

been shown to increase linearly in relation to task duration (Horstman et al 1979; Eston et al 2007).  

In recreationally active participants, both perceived exertion and perceived task duration were shown 

to be effective predictors of exhaustion during arduous exercise (Shephard et al 2013), however 

capabilities of this nature in soccer players have yet to be explored. 
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1.6 – Sensorimotor and neuromuscular conditioning in soccer 

 

1.6.1 – Sensorimotor conditioning in soccer 

Sensorimotor performance conditioning is deemed important by performance support staff in soccer 

(Read et al 2016) due to the potential impact on performance (Hammami et al 2016; Heleno et al 

2016) and injury prevention (Caraffa et al 1996; Mohammadi 2007).  In a prospective controlled study 

involving 600 semi-professional soccer players, sensorimotor training was found to reduce incidences 

of anterior cruciate ligament (ACL) injury by 7-fold compared to a control group (Caraffa et al 1996).  

More recently, a randomised controlled trial involving 396 high-level college soccer players found that 

a warm-up protocol incorporating sensorimotor exercises reduced ACL injuries by 4.25-fold compared 

to a control group (Silvers-Granelli et al 2017).    The rise in participation of soccer world-wide has led 

to the conception of several intervention protocols such as ‘The FIFA 11+’, ‘The 11’, and ‘HarmoKnee’ 

designed to integrate NM and SM conditioning into general warm-up practices (Sadigursky et al 2017).  

Indeed, such interventions deployed within general warm-up practices has been shown to have a 

positive effect on injury rates in amateur (Silvers-Granelli et al 2017), female (Soligard et al 2010; 

Soligard et al 2009) and youth players (Steffen et al 2013; Owoeye et al 2014).  It is important to note 

that interventions such as the ‘FIFA 11+’ incorporate mixed modalities which include strength, 

plyometric and sensorimotor exercises packaged together within a single protocol.  In this sense, 

despite strong empirical backing, it is impossible to determine the relative contribution of each facet 

of these protocols.  However, a specific sensorimotor intervention consisting of static and dynamic 

balance exercises was shown to improve balance and postural control in elite youth players (age: 14-

16 years) (Heleno et al 2016).  Specifically, post-intervention effect sizes (Eta Squared) were 1.2 (large), 

0.6 (moderate) and 1.3 (large) for the Modified Star Excursion Balance Test, Side Hop Test and Figure 

of 8 Test, respectively.  However, there appears is a paucity of research involving elite adult 

populations.  Equally, a wide-ranging participant demographic, methodological differences, and 

variation in outcome measurement within previous research designs are among other issues limiting 

the ability to fully scrutinise the impact sensorimotor conditioning in elite young soccer players.  To 

summarise the available evidence relating to sensorimotor conditioning in elite young soccer players, 

a literature search (key words: “sensorimotor training”, “balance training” and “soccer”) was 

performed and the following inclusion criteria was employed; Study quality: Randomised controlled 

trial (RCT) or controlled trial (CT); Participants: male soccer players (>17 years old); Intervention: 

Sensorimotor exercises or multi-component incorporating sensorimotor exercises.  Details are 

outlined in Table 1.1. 
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Table 1.1.  Summary of review of literature for sensorimotor conditioning in elite young soccer players. 

 

 

 

Study 

Sample description (n), 

competitive level), age: 

Development [17-22 

years]; senior [>22 

years] 

 

 

 

Design description 

Intervention description Type: 

[sensorimotor; multi-

component], Duration: 

[Longitudinal (>12-weeks); 

Moderate (7-12 weeks); Short 

(<7-weeks)] 

 

 

Outcome 

measurement and 

reported results 

 

 

 

Effect 

Caraffa et al (1996) n = 600 [intervention: 

300; control: 300] 

 

Age: Senior 

 

Competitive level: Semi-

professional/Amateur 

Prospective 

controlled study 

 

 

Sensorimotor (Wobble board 

conditioning) 

 

Duration: Longitudinal 

ACL injury incidence 

 

Significant group x 

time interaction (p < 

0.001) showing 

lower ACL incidence 

in intervention group 

Not calculated 

Silvers-Granelli et al 

(2017) 

n = 1625 [intervention: 

775; control: 850] 

 

Age: Development and 

Senior 

 

Competitive level: 

Amateur 

Prospective cluster 

randomised 

controlled trial 

 

 

Multi-component (FIFA 11+ 

Injury Prevention Programme) 

 

Duration: Longitudinal 

Total injuries 

 

Significant group x 

time interaction (p < 

0.001) showing 

lower injury rates in 

intervention group 

Not calculated 

van Beijsterveldt et 

al (2012) 

n = 456 [intervention: 

223; control: 233] 

 

Age: Development and 

Senior 

 

Cluster randomised 

controlled trial 

Multi-component (‘The 11’ 

injury prevention programme) 

 

Duration: Longitudinal 

Injury incidence 

 

No significant 

differences between 

groups (Intervention 

group: 9.6 injuries 

Not calculated 
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Competitive level:  

Amateur  

per 1000 sports 

hours; Control 

group: 9.7 injuries 

per 1000 sports 

hours) 

Manolopoulos et al 

(2016) 

n = 20 [intervention: 10; 

control: 10] 

 

Age: Development and 

Senior 

 

Competitive level:  

Amateur 

Prospective 

randomised cohort 

study 

Sensorimotor (wobble board 

conditioning) + leg strength vs. 

leg strength only control 

 

Duration: Short 

Balance test (centre 

of pressure); Vertical 

jump; Strength  

 

No significant 

interaction effect 

found between 

groups for any 

outcome 

measurements (p > 

0.05) 

Intervention group; 

Pre-post 

improvement in 

balance test: effect 

size 1.94 (large 

effect). 

Impellizzeri et al 

(2013) 

n = 81 [intervention: 42; 

control: 39] 

 

Age: Development and 

Senior 

 

Competitive level:  

Amateur 

Randomised 

controlled trial 

Multi-component (FIFA 11+ 

Injury Prevention Programme) 

 

Duration: Moderate 

Time to stabilisation 

from jump landing 

 

Significant group x 

time interaction 

effect (p = 0.011) 

showing enhanced 

‘time to stabilisation’ 

performance in 

intervention group 

Not calculated 

Daneshjoo et al 

(2012) 

n = 36 [intervention 1: 

12; intervention 2: 12; 

control: 12] 

Randomised 

controlled trial 

Intervention 1: Multi-

component (FIFA 11+ Injury 

Prevention Programme) 

Isokinetic 

dynamometer 

proprioception test 

FIFA 11 + Injury 

Prevention 

Programme; Pre-
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Age: Development 

 

Competitive Level: 

Professional 

 

Intervention 2: Multi-

component (Harmo Knee 

Protocol) 

 

Duration: Short 

 

 

No significant 

interaction between 

control and 

intervention groups 

 

Star Excursion 

Balance Test (SEBT) 

 

Significant group x 

time interaction 

effect (p = 0.034) 

post improvement 

in SEBT of 6.7% 

 

Harmo Knee 

Protocol: Pre-post 

improvement in 

SEBT of 5.6% 

 

Mohammadi (2007) n = 80 [intervention 1: 

20; intervention 2: 20; 

intervention 3: 20; 

control: 20] 

 

Age: Development and 

Senior 

 

Competitive level:  

Professional 

Randomised 

controlled trial 

Intervention 1: sensorimotor 

 

Intervention 2: strength 

 

Intervention 3: Orthoses 

 

Intervention 4: Control 

 

Duration: Longitudinal 

 

Injury (Ankle sprain) 

recurrence 

 

Significantly lower 

incidence of ankle 

sprain recurrence in 

sensorimotor group 

compared with 

control group (p = 

0.02) 

 

No significant 

differences between 

control group and 

strength group (p = 

0.27) or orthoses (p 

= 0.06) group. 

Not calculated 
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Only one study implementing a sensorimotor intervention was identified in professional players 

(Mohammadi 2007), with the findings indicating superior prophylactic benefit (reduced relative risk 

of ankle sprain) compared with a control group.  No effect sizes were calculated and so unfortunately, 

it is not possible to extrapolate minimally important thresholds for prophylactic benefit.  Equally, the 

research design was such that the intervention (consisting of “ankle disk” exercises) was delivered 

daily across a full season with analysis of injury recurrence performed at the seasons close.  Therefore, 

from a dose-response perspective, it was not possible to assess the effectiveness of the protocol.  

Although a large effect size was reported following a combined sensorimotor and strength 

intervention in amateur players, a strength training only control group demonstrated equally large 

improvements in balance performance (Cohen’s d: 1.94 vs. 1.64) (Manolopoulos et al 2016) (Table 

1.1).  This appears to indicate improved sensorimotor performance was facilitated via positive 

adaptations on the efferent branch, possibly relating to enhanced neural drive or intra-muscular 

adaptation (Suchomel et al 2018).    

 

In comparison to sedentary individuals, superior postural control was observed in sub-elite soccer 

players, suggesting that even in the absence of a specific intervention, simply playing soccer provided 

a sensorimotor conditioning stimulus (Cug et al 2016).  Similarly, joint position sense, considered a 

hallmark of proprioceptive acuity, was found to be greater in Olympic-level soccer players compared 

to non-athletes (Muaidi et al 2009) with the authors speculating that enhanced proprioceptive 

capabilities may develop following long-term athletic training.  Jakobsen et al (2013) found that 

recreational participation in soccer reduced postural sway compared to a control group.  A review of 

cross-sectional studies found positive associations between balance function and competition level in 

a range of sports but were unable to determine the direction of causality, if any (Hyromysomallis et al 

2011).  Physiologically, given the sensitivity of mechanoreceptors to changes in loading, tension and 

velocity it is possible that soccer performance in itself will enhance proprioceptive acuity.   

 

1.6.2 - Neuromuscular conditioning in soccer 

Research has demonstrated that players undertaking neuromuscular conditioning interventions 

alongside normal soccer training have outperformed ‘soccer only’ control groups in physical 

performance tests such as sprinting and agility (Ramirez-Campillo et al 2015).  A recent study assessing 

the impact of a NM conditioning on agility performance in elite 17-18 years old players reported 

enhanced performance following a 6-week intervention compared to an active control group (group 

x time interaction; p = 0.012) (Zouhal et al 2019).  Specifically, the 6-week intervention, which 

consisted of plyometric and agility movements (2 x 30 minutes per week), elicited improved 
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movement time during an agility test that was moderate, biostatistically (Cohen’s d: 0.97).  A 

systematic review examining the effect of short-term plyometric training (<8-weeks) on NM 

performance in elite team sport athletes reported relative effect sizes of 8-18% and 3-4% for improved 

jump and sprint performance, respectively (Slimani et al 2017).  Data within Slimani et al (2017) was 

mostly extracted from studies involving amateur soccer players and so whether performance 

fluctuations of this magnitude also characterise elite players performance capabilities is unclear.  It 

has been demonstrated that elite soccer players exhibit greater neuromuscular performance than 

sub-elite players (Gissis et al 2016; Wisloff et al 1998).  Specifically, it was found that maximal isometric 

strength, RFD, and sprint performance was greater in elite young players compared with players from 

a lower competitive level (Gissis et al 2006).  Strength training is now commonplace in elite level soccer 

(Read et al 2018).  The benefits of strength training have been well documented for enhancing athletic 

performance (Suchomel et al 2018; Stone et al 2008) with favourable adaptations underpinned by a 

combination of neural (motor unit recruitment, synchronisation and rate coding) and morphological 

(muscle architecture, cross-sectional area and musculotendon stiffness) adaptations (Suchomel et al 

2018; Aagaard et al 2002).  Equally, a recent systematic review of randomised controlled trials 

investigating strength training in athletic populations concluded the studies attained consistent 

positive results for reducing overuse and acute muscle injuries (Laursen et al 2018).  

 

1.6.3 - Specific adaptations to sensorimotor and neuromuscular conditioning 

As well as enhancing proprioceptive sensitivity on the afferent (sensory) branch, sensorimotor 

conditioning may also provoke efferent (motor) adaptations and the enhancement of neuromuscular 

components (Gruber et al 2006).  In a study investigating respective underlying adaptations it was 

concluded that sensorimotor conditioning mainly effected afferent input to the CNS whilst strength 

training (neuromuscular) optimises intramuscular coordination on the efferent branch (Bruhn et al 

2006).  Furthermore, it has been demonstrated that spinal reflex circuits respond differently to a 

sensorimotor or strength conditioning stimuli.  Specifically, spinal excitability decreased following 

sensorimotor conditioning, potentially to improve movement control via a shift to supraspinal 

command and enhanced precision of muscle activation (Taube et al 2007).  Conversely, strength 

training was shown to enhance spinal excitability to facilitate the requirement for greater force 

production (Taube et al 2007).  In a systematic review of balance training for athletic performance, 

Zech et al (2010), concluded that strength and plyometric training was superior for enhancing 

neuromuscular performance than sensorimotor conditioning in trained individuals.  Similarly, 

Manolopoulos et al (2016), found that 6-weeks of strength training produced the same improvements 

in sensorimotor performance as strength and sensorimotor combined training.  This may indicate that 



24 
 

net enhancements to sensorimotor performance occurred via adaptations on the efferent branch and 

is supported by prior research outlining correlations between strength and balance performance in 

professional soccer players (Booysen et al 2015).  Nevertheless, the large effect sizes reported for both 

groups (Cohen’s d: 1.94 [SM + strength group] vs. 1.64 [strength only]) highlight the potential for 

sensorimotor adaptations following a short intervention, albeit within  modest sample size of non-

elite soccer players.  It has been speculated performance changes corresponding to greater than a 

standardised effect size of 0.2 (Cohen’s d) may provide a notional threshold of minimally important 

change in elite soccer players (Buchheit 2018).    

 

 

1.7 - Injuries in soccer 

As well as high levels of physical fitness, a player’s continual availability for selection is a key 

determinant of a team’s relative success in professional soccer (Ekstrand 2011).  Historically, anterior 

cruciate ligament (ACL) injury rates have been a major problem in professional soccer although a 

recent 11-year follow-up study revealed a significant decline in all ligamentous injuries in European 

based soccer (Ekstrand et al 2013).  Despite this, overall injury risk (approximately 2.0 injuries per 

player per season) has largely unchanged over the same period due to rates of muscle and trauma 

injury remaining high (Ekstrand et al 2013).  It has been shown that, on average, a professional soccer 

player sustains 0.6 muscle injuries per season, equating to approximately 15 muscle injuries within a 

squad every year (Ekstrand et al 2011).  Most muscle injuries (92%) recorded in professional soccer 

occur within 4 muscle groups in the lower extremity (hamstring, hip adductors, quadriceps and calf 

muscles) with hamstring injuries being most prevalent (Ekstrand et al 2011).  

 

In a recent study on current practice in elite youth soccer, 51% of sports science and medicine 

practitioners deemed proprioception very important for injury rate reduction (Read et al 2018).  In 

the same study, 74% of practitioners also perceived lower limb strength training as very important for 

injury reduction.  This indicates there is a belief amongst those supporting elite soccer players that 

sensorimotor and neuromuscular conditioning is required as part of an overall injury reduction 

strategy. As outlined in section 2.5.1, there is a lack of consistent research supporting sensorimotor 

conditioning in elite male soccer players and therefore more research is required to validate these 

perceptions.  In particular, provoking instability to these key performance sub-systems through 

episodes of high intensity exercise stress may verify these systems as being operational for elite soccer 

players.  
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Injury aetiology in soccer has been extensively examined in the literature and has led to the 

identification of several non-modifiable (i.e. age, prior injury) and modifiable risk factors (strength, 

movement quality, fatigue, lumbo-pelvic stability) (Bengtsson et al 2018; Gabbett 2012; Freckleton et 

al 2013; Arnason et al 2004).  This research has led to evidence-based strategies to prevent injuries 

including the development of protocols such as the FIFA 11+ (see section 1.5.1, Literature Review) and 

the Nordic hamstring exercise (NHE) programme (Goode et al 2015).  Although the latter has been 

shown to effectively reduce hamstring injuries by 65-70%, recent surveys of elite clubs showed only 

11% chose to fully adopt the protocol (Bahr et al 2015).  Indeed, a disconnect between the available 

evidence and the acceptance of defined protocols within elite clubs has been discussed previously 

(Brukner et al 2014).  In a recent review of Hamstring injury prevention, Buckthorpe et al (2018) 

proposed a holistic approach to consider multiple risk factors and their interaction such as 

physiological capacities, player lifestyle factors, nutrition and workload.  Facilitated largely by 

advancements in technology for players’ workload-tracking, several research articles have identified 

a clear link between volume and intensity of training stimuli and injury rates in team sports (Malone 

et al 2017; Gabbett 2016).  As such, as well as traditional methods for reducing injury risk 

(supplementary injury prevention programmes), there is a growing trend within professional soccer 

to manage risk through the quantification and accurate prescription of training volume and intensity 

(Bowen et al 2019).  Indeed, a recent systematic review found evidence of workload-injury 

associations and concluded the monitoring of training prescription was a sensible strategy to help 

reduce non-contact injuries (Griffin et al 2019).  A review of some of these thresholds are reviewed in 

Section 1.6.1.3 and presented in Table 1.2.  

 

 

1.7.1 - Workload management in soccer 

The advancements in micro technologies such as GPS has afforded performance support practitioners 

the capability to quantify the acute and chronic training stress imposed on players over the yearly 

macro-cycle (Bowen et al 2019) and measure the response to this stimulus as part of a comprehensive 

monitoring system (Fitzpatrick et al 2018).  However, given the varied physiological and locomotor 

demands of elite soccer there is a need to continue to advance comprehensive, multivariate 

approaches to optimally characterise and quantify the physical stress imposed on players.  Through 

individualised planning and manipulation of the training content, coaches and practitioners seek to 

periodise weekly microcycles to develop physical capacities whilst minimising fatigue related 

symptoms prior to competition (Little 2009).  Specifically, arduous conditioning drills which supersede 

the physiological and locomotor demands of match-play are required, within a periodised model, for 
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training adaptation and optimal game-preparation (Abbott et al 2019).  Equally, there is potential for 

fatigue-related impairments in NM performance following daily (Fitzpatrick et al 2018) and weekly 

(Cormack et al 2008) high workloads.  In this regard, although exposure to high intensity conditioning 

is a requisite for athletic development and elite performance, there is potential where the training 

dose is not structured appropriately, for the intended positive adaptations to be masked by the 

negative effects of fatigue-related symptoms.  In this regard, evaluation of how a player is responding 

to training has commonly fallen under the remit of sport science practitioners (Foster et al 2017).  To 

assist with day-to-day decisions regarding the training content a variety of methods have been 

adopted to quantify training dose and response in professional soccer.  Short-term degradation of 

strength and power has provided definitions of fatigue and is implicit within the stress-recovery cycle 

which underpins positive training adaptation (Brownstein et al 2017; Shepherd et al 2013).  

Nevertheless, during periods of congested fixtures there is potential for the frequency of competition 

to encroach on optimally defined recovery periods (Thorpe et al 2015).  As such, there is a need to 

individually monitor the severity of fatigue-related markers in order to assess the risk of player 

inclusion or to optimise the training content and facilitate full capabilities leading into competition 

(Halson 2014).  To this effect, there is a growing body of research seeking to establish best practice 

for monitoring fatigue in elite soccer among challenges such as validity, reliability and responsiveness 

of potential measures, logistical constraints and athlete compliance (Fitzpatrick et al 2019; Carling et 

al 2018; Djaoui et al 2017; Thorpe et al 2015).  Studies have consistently used variables derived from 

jump performance as proxy measures of NM capability, largely owing to the logistical efficiency of 

data collection using jump-test instrumentation (Halson 2014).  Specifically, stretch-shortening cycle 

(SSC) performance capability (Reactive strength index (RSI)) was found to be responsive in elite soccer 

players following a high intensity training session as demonstrated by impaired performance at 24 

hours post-session (Cohen’s d: 0.43) (Fitzpatrick et al 2019).   

 

1.7.1.1- External workload 

External workload can be defined as the mechanical and locomotive work completed by a player, 

commonly expressed as a function of distance, time or speed (Fitzpatrick et al 2019).  GPS technology 

has facilitated huge advancements in the ability to quantify external workload as demonstrated by a 

vast body of research to this effect.  A survey of player monitoring practices within sport science and 

medicine departments in elite soccer in the United Kingdom revealed 100% usage within clubs (Nassis 

and Akenhead 2016).  Strong reliability and validity of GPS to assess instantaneous velocity, 

accelerations and decelerations has been demonstrated to support this widespread usage (Akenhead 

et al 2017).  Much of the research in this area has attempted to establish which external load metrics 
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are most related to physiological adaptations, fatigue-related symptoms and injury (Fitzpatrick et al 

2018; Thorpe et al 2017; Bowen et al 2019).  Essentially, for a workload metric to be worthy of regular 

monitoring and manipulating within a training regime, it must be in some way related to acute and 

chronic adaptations.  A strong dose-response relationship was reported between individualised high-

intensity running (time spent above maximal aerobic speed (MAS)) and improvements in 1500 metre 

time trial performance in elite youth soccer players (Fitzpatrick et al 2018).  Thorpe et al (2015) found 

relationships between high intensity running volume and markers of training-related fatigue.  Equally, 

perceived ratings of fatigue were shown to be sensitive to fluctuations in high intensity running 

distances (Thorpe et al 2015).  A systematic review concluded that high intensity running distance (all 

running above 19.8 kilometres per hour (km·h-1) as a monitoring variable was most sensitive to 

biochemical and neuromuscular responses during the initial 24-hour period following match-play 

(Hader et al 2019).  Specifically, for every 100 metres (m) run above 19.8km·h-1, CK activity measured 

24 hours post-match increased by 30% and peak power derived from a countermovement jump (CMJ) 

decreased by 0.5%.  In the same review it was noted that other variables, such as total distance 

covered (at all velocities), did not present any associations with fatigue-related markers and as such 

were not sensitive enough to inform the training process.  As such, although degraded performance 

capacity in the short-term may facilitate later inoculation against muscle degradation and the ability 

to accomplish more training in the long-term, an awareness of the time required to recover and adapt 

is critical to the planning and implementation of in-season micro and mesocycles.  

 

1.7.1.2 - Internal workload 

Despite strong dose-response relationships between external workload and fitness, the direct 

stimulus for training-induced adaptation is the internal physiological stress imposed on an athlete 

(Impellizzeri et al 2004).  Methods to quantify internal workload have largely centred around HR based 

methods.  Heart rate-based monitoring uses the concept of training intensity zones, related to discrete 

metabolic thresholds to monitor training in an individualised way (Foster et al 2017).  An alternative 

to HR-based internal workload monitoring is the use of perceived rate of exertion (RPE).  The most 

common method of recording RPE in soccer is Borgs CR10-scale which consists of a 10-rating scale 

with descriptors ranging from “Rest” (i.e. 0) to “Maximal” (i.e. 10).  The session-RPE is commonly 

determined by multiplying the training duration (minutes) by RPE score to provide an index of internal 

workload.  To this effect, from a self-regulatory perspective, the capacity to accurately perceive effort 

and the relationship with ‘time to exhaustion’ may have implications for individual player monitoring 

during high intensity exercise and rehabilitation and remains to be subject of investigation in soccer 

players. 
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1.7.1.3 – Acute and chronic training workload 

Bannister’s fitness-fatigue model (Banister 1991) describes athletic capability as a net consequence of 

short-term (negative or “fatigue”) and long-term (positive or “fitness”) after-responses following a 

bout of training stress.  As such, the training process requires strategic manipulation of training 

variables to manage the cycle of stress and recovery to achieve positive adaptation.  This paradigm 

has provided conceptual justification for the adoption of a new index of relative workload known as 

the Acute:Chronic workload ratio (A/C ratio) (Gabbett 2016).  This metric has grown in popularity, 

particularly in the area of “workload management” research, leading to editorial backing within high 

impact journals (Gabbett 2016) and within guidelines from prestigious organisations such as the 

International Olympic Committee (IOC).  Specifically, it expresses whether an imposed stress (acute 

workload; typically preceding 7-days) is proportionate to recent workloads (chronic workload; 

typically average workload of preceding 4-weeks) as a ratio thus providing a training workload derived 

index of training status (Malone et al 2018).  A high ratio is indicative of a rapid increase in workload 

whereas a low ratio represents a rapid deload.  Acute:Chronic workload ratios > 1.5 (denoting a 

relative increase in acute workload of 150%) have been associated with large increases in injury risk 

in elite rugby league players (Gabbett et al 2016).  In professional soccer A/C ratios between 1.0 and 

1.25 have been shown to be protective from injury (Malone et al 2018).  This implies the interaction 

between short and long-term training workload influences vulnerability to injury.  To date, research 

appears to have prioritised the workload-injury relationship while the interaction between training 

workload and sensorimotor and neuromuscular performance remains undetermined.  A systematic 

review of the association between the A/C ratio and injury in team sports athletes has been reported 

previously (Griffin et al 2019).  For the purposes of this narrative review, the data from the studies 

involving elite soccer players has been extracted and is presented in Table 1.2.   

 

 

 

 

 

 

 

 

 

 



29 
 

Table 1.2.  Summary of identified A/C ratio thresholds associated with injury (data for target 

population extracted from systematic review of Griffin et al (2019)) 

 

Study (Study design) 

 

Population (n, level, 

age) 

 

Injury definition and 

workload monitoring 

variable 

 

 

Main finding 

Fanchini et al (2018) 

(Prospective single 

cohort) 

34 elite soccer players, 

26 ± 5 years 

Non-contact injuries, 

internal workload 

Increased injury risk 

with A/C ratio > 1.2 

compared to < 0.8 (OR 

= 2.2 (95% CI; 1.03-

4.74)) 

Jaspers et al (2018) 

(Prospective single 

cohort) 

35 elite soccer players, 

23.2 ± 3.7 years 

Overuse injuries, 

external workload 

(high intensity running 

distance) 

Harmful effects of high 

A/C ratio for high 

intensity running 

distance reported 

Malone et al (2017) 

(Prospective cohort 

study (2 teams)) 

48 elite soccer players, 

25.3 ± 3.1 years 

All injuries, internal 

workload (RPE x 

session duration) 

A/C ratio > 1 < 1.25 

protective.  

Significantly less risk 

than A/C ratio < 0.85 

(OR = 0.28 (95% CI; 

0.08 – 1.26), p = 0.001) 

Malone et al (2018) 

(Prospective single 

cohort) 

37 elite soccer players, 

25.3 ± 3 years 

All injuries, external 

workload (high 

intensity running 

distance) 

A/C ratio > 1.25 

increased subsequent 

risk of injury 

McCall et al (2018) 

(Prospective cohort 

(5 teams)) 

171 elite soccer 

players, 25.1 ± 4.9 

All injuries, internal 

workload 

Increased injury risk 

with A/C ratio 0.97 – 

1.38 (RR = 1.68 (95% CI; 

1.01 – 2.78)) and > 1.35 

(RR = 2.13 (95% CI; 1.21 

– 3.77)) compared with 

A/C ratio 0.68 – 0.97 

Abbreviations: A/C ratio = Acute to chronic workload ratio; OR = Odds ratio; RR = Relative risk; CI = 

confidence intervals; RPE = rate of perceived exertion 

 

 

1.8 – Summary 

This chapter has provided a review of the literature relevant to the key issues and aims of this research 

project.  Despite wide-spread utility of conditioning and prophylactic strategies within soccer, best 

practice guidance, well-defined protocols, and gold-standard interventions for the enhancement of 

sensorimotor and neuromuscular performance are lacking for elite players.  Equally, factors including 
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inconsistent terminology and exercise selection within intervention protocols prevent clear 

conclusions relating to the drivers of sensorimotor and neuromuscular performance being drawn.   

Although associations between high training workloads, match-play and NM fatigue have been well 

documented there remains a lack of detail regarding the specific indices of performance which are 

most affected.  Equally, there is conflicting evidence on the impact on SM performance following 

arduous football-related activities.  As such, documenting concurrent SM and NM performance 

capabilities during ecologically relevant aspects of a professional season, using detailed and novel 

outcome measures would help address these gaps in current research and offer targeted insight to 

facilitate performance optimisation for conditioning strategies and injury prevention.   

From this narrative review, it is clear there are key issues outstanding relating to the enhancement of 

sensorimotor and neuromuscular performance capabilities in elite young soccer players within a 

contemporary professional soccer setting.  The key themes pertinent to the thesis ambitions, and 

which form the conceptual framework for this research project, are outlined in Figure 1.1.  To advance 

knowledge and provide practical guidance to performance support practitioners, the following section 

details this thesis’ aims, objectives and hypotheses. 
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Figure 1.1. Diagram of the conceptual framework for this thesis.
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1.9 - Thesis aims, objectives and hypotheses 

Chapter 3 - Season-long description of training and match workloads in elite young soccer players 

Aims:  The aim of this chapter was to document the season-long patterning of training and match 

workload in a cohort of elite young soccer players to objectify the conditioning dosage over a full 

macrocycle.   

Objectives:  Given that training stress, recovery, and adaptation are among the key themes of this 

research project, the objective of this chapter was to characterise the physiological training stress to 

which the cohort within this thesis were exposed. 

Specifically, this chapter examined the fluctuations in workload patterns during three separate aspects 

of the season. 

 Inter-season-phase (mesocycle) fluctuations in workload across the entire season. Intra-week 

fluctuations in daily workload across the entire season 

 Intra-week (microcycle) fluctuations in daily workload across the entire season. 

 Inter-week fluctuations in workload across the entire season. 

Hypotheses: Given the prevailing findings from current research on training periodisation over a 

season-long macrocycle (Chapter 1, Literature Review, Section 1.3), and alongside known drivers of 

workload heterogeneity such as fixture scheduling, team selection and positional demands, the 

following experimental hypotheses were formed.   

Significant variation in training workload amongst season mesocycles will be observed.  Significant 

intra-microcycle variation in training workload will be observed.  Inter-week fluctuations in training 

workload across the season will be observed. 

Null-hypotheses:  There will be no observed variation in training workload between season 

mesocycles.  There will be no observed intra-microcycle variation in training workload throughout the 

season.  There will be no observed inter-week fluctuations in training workload across the season. 

 

Chapter 4 - Comparison of neuromuscular performance capabilities between senior and elite young 

soccer players 

Aim:  The aim of this chapter was to benchmark the NM performance capabilities of the cohort of elite 

young soccer players against senior professional players. 
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Objective:  To compare detailed measures of NM performance between DEV and senior professional 

soccer players to provide a real-world perspective on NM performance capabilities.  

Hypothesis:  Within elite performance models, such as CAS and the EPPP, young soccer players are 

exposed to SM and NM conditioning regimes early in the developmental pathway.  Nevertheless, most 

of the current research indicates that NM performance increases with playing level concomitantly.  In 

addition, the demands of competition are greater and more frequent at higher levels indicating a 

requirement for superior physiological capacities.  It was therefore hypothesised that senior 

professional soccer players would demonstrate superior NM performance capabilities compared with 

DEV players.   

Null-hypothesIs:  There will be no observed difference between the NM performance capabilities of 

senior professional soccer players and DEV players. 

 

Chapter 5 - Neuromuscular performance capabilities and training workload during an in-season 

mesocycle in elite young soccer players 

Aim:  The aim of this study was to characterise player NM performance capabilities using detailed 

outcome measures over an in-season mesocycle and explore the influence of training and match 

workload. 

Objectives:  To fully characterise and observe the magnitude of weekly fluctuations in NM 

performance capabilities, detailed outcome measures were examined weekly over a 6-week 

mesocycle.  Concurrently, weekly training and match workload was quantified, and corresponding 

load-performance correlations were explored.   

Hypothesis:  There is potential for high workloads to provoke vulnerability to injury (Griffin et al 2019) 

and reduced NM capacity (Cormack et al 2008; Goodall et al 2017).  In addition, factors such as fixture 

scheduling, team selection and positional demands are likely to drive heterogeneity in training stimuli 

among players.  It was therefore hypothesised that NM performance capabilities would fluctuate over 

an in-season mesocycle.   

Null-hypothesis:  There will be no observed fluctuations in NM performance capabilities over an in-

season mesocycle. 
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Chapter 6 – Sensorimotor and neuromuscular performance capabilities during and in-season 

microcycle in elite young soccer players 

Aim:  The aim of this study was to examine the effect of a typical in-season training microcycle on SM 

and NM performance in elite young soccer players.   

Objectives:  Strength capabilities have been shown to diminish during (Goodall et al 2017) and 

following (Rampinini et al 2011) match-play.  However, a more detailed assessment of SM and NM 

performance capabilities has not been documented over a full microcycle, incorporating training and 

match-play.  Therefore, the objective of this study was to assess player performance capability daily 

over a competitive microcycle, including immediately post-match, to capture the essence of 

performance fluctuations in a highly ecologically valid setting. 

Hypothesis:  Given impaired NM performance has been reported for up to 72 hours post-match-play, 

it was hypothesised that there would be a concurrent reduction in SM and NM performance 

capabilities during the microcycle.  

Null-hypothesis:  There will be no observed reduction in SM and NM performance capabilities during 

the microcycle. 

 

Chapter 7 – Sensorimotor, neuromuscular, and player-perceived performance capabilities following 

an intermittent isometric fatigue task in elite young soccer players.   

Aims:  The aim of this study was to observe concurrent NM and SM performance responses to ultra-

acute high intensity exercise stress.  Additionally, alterations in player-perceived capabilities, which 

might influence injury and performance related behaviours, were explored. 

Objectives:  The objective of this study was to mimic the most intense aspects of training and match-

play by utilising an intermittent fatigue task to exhaustion and examining its impact on perceived and 

objectively measured SM and NM performance capabilities. 

Hypotheses:  Laboratory-induced fatigue has previously elicited reductions in SM performance 

capability (Mohammadi and Roozdar).  It was therefore hypothesised that there would be a 

concurrent reduction in force production and force acuity among early career soccer players following 

an intermittent isometric fatigue task (IIFT).  Specifically, the primary hypothesis was that the IIFT 

would impair all aspects of SM and NM performance capability.  The secondary hypothesis was that 

players would accurately calibrate their perceived performance capabilities in relation to time to 

exhaustion.  



35 
 

Null-hypotheses:  There will be no impairment in SM and NM performance capabilities following the 

IIFT.  Participants will be unable to accurately calibrate their perceived performance capabilities in 

relation to time to exhaustion. 
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Chapter 2 - General Methods 

This chapter will provide an overview of the instrumentation and methods used within this thesis.  

Specific information on their application within each study is detailed in the relevant chapters. 

 

2.1 - Study design 

The main focus for this thesis were prospective pragmatic cohort trials, with adjunct experimental 

investigations.  Season-long GPS-based monitoring of high intensity running distance and other 

metrics of training load (contributing to studies in Chapters 3, 5 and 6); and pragmatic focal monitoring 

of concomitant physiological strain responses associated with SM and NM performance during 

mesocycle (Chapter 5) and microcycle (Chapter 6) epochs of exercise-related training stress.  The 

results of the latter outcome measures were ‘blind’ to participants, until after the programme of 

research’s completion.  The cohort of development squad players were also subjected to a prospective 

intervention trial to exhaustion using relevant fatiguing exercise, repeated measures assessment of 

SM, NM performance and ratings of both perceptual exercise stress and time-to-task completion, with 

additional controls involving concomitant control (no exercise) periods and the performance of the 

contra-lateral leg (Chapter 7).  Antecedent comparative analyses of senior versus development squad’ 

players (Chapter 3) afforded contextualisation of training loads, selected NM performance capability, 

and functional capability of the latter players. 

The perspective for this scientific enquiry is pragmatism as the overarching approach, with post-

positivism as the perspective for the prospective cohort and experimental trials of the programme of 

research.  An emphasis on pragmatism arises out of action, situations and consequences rather than 

anecdotal conditions, with a focus placed more on the solution to problems (Patton 1990).  The 

programme of study is concerned with describing and understanding of the role of stresses imposed 

by within-season training interacting with requisite soccer match-play on players' SM and NM 

performance capabilities and their ability to withstand the rigours of the professional soccer 

environment.  While a positivistic approach would have incorporated full independence between 

investigator and the targets of the investigation, a post-positivistic approach attempts objectivity but 

recognises the potential intrusion of biases (Robson 2002).  The latter perspective was congruent with 

the necessary logistics of the educational research programme conducted within a professional soccer 

environment.  Similarly, post-positivism recognises both quantitative and qualitative methods (Taylor 

et al 2011) and this is relevant to the thesis' last experimental chapter, which incorporates primarily  

quantitative methods integrated with pseudo-qualitive self-perceptual ratings of physical capabilities.     
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2.2 - Ethical approval  

Ethical approval was granted by the Ethics Committee of Queen Margaret University (QMU), 

Edinburgh and all procedures were in accordance with the declaration of Helsinki.  Prior to any testing, 

participants were provided with information sheets outlining the purpose of each study.  Written 

informed consent was subsequently provided by all participants.  This research programme was 

carried out in conjunction with Hibernian Football Club, where I as lead researcher, also hold a 

professional position as Lead Sport Scientist.  All experimental procedures were carried out in line with 

the club’s code of conduct.  Underpinning the research aims was the Hibernian philosophy of 

developing technically excellent and physically robust professional soccer players.  To this effect, the 

research was conducted with the full backing of club management.  Finally, data collected during this 

research project was not used for selection or deselection purposes. 

 

2.3 - Sample size calculation 

Due to the novelty of the use of the primary outcome measure in professional soccer players, the raw 

and relative effect sizes was estimated based on evidence from elsewhere in the scientific literature.  

This was undertaken for each of experimental designs of the chapters, which, despite their differences 

in focus (responses to meso- and micro-cycle training stress in Chapters 5 & 6, respectively, versus 

those elicited by a fatiguing intervention task in Chapter 7), largely commanded similar estimated 

effect sizes.  Similarly, because of the commonality amongst the sample of professional soccer players 

who’d participated within each design, remained similar and also, statistically- and logistically-feasible 

given the repeated measures characteristics common within the designs.  Specifically, the most 

relevant example of evidence for a minimum clinically-important difference (MCID) in sensorimotor 

capability underpinning an estimate of effect size associated with necessary discrimination of within-

season and match-play changes in performance would be that offered by Relph and Herrington (2016).  

This estimate of effect size was relevant to both the meso- and micro-cycle training stress in Chapters 

5 & 6, respectively. Sensorimotor performance deficit between the injured and non-injured leg was 

observed at 5% during a blinded targeted knee re-positioning task, with a pooled standard deviation 

of a similar magnitude.  This data was used to calibrate the minimum raw effect size required to 

discriminate during both within-season and match-play assessments (i.e. using an experimental design 

capable of discriminating within-season changes of at least 5% in sensorimotor performance 

capability.  This criterion would potentially identify changes that exceed typical ipsi- versus contra-

lateral limb differences) and corresponds to a relative effect size of 1.0 (i.e. the raw effect expressed 

relative to the magnitude of the pooled standard deviation, and described in the biostatistical 
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literature as a large effect) (Gleeson et al 2013).  In conjunction with acceptable alpha and Type II error 

rates (0.05 and 0.20, respectively), an appropriate experimental design sensitivity demanded a 

minimum sample size of 16 players from the professional soccer team, but such a preliminary 

computation did not take into account that experimental trials in Chapters 5 and 6 involved serial 

assessments over time and repeated measures.  As such, relative effect size is ‘amplified’ by the 

strength of relationship between serial measurements according to the expression: Relative effect size 

· √(1 - r2)-1, where ‘r’ represents the Pearson-product moment correlation computed for bivariate serial 

scores.  Using exemplar correlations of 0.7 to 0.8, which have been observed previously in pilot work, 

the enhanced relative effect size associated with the repeated measures designs in Chapters 5 and 6, 

identified a revised minimum sample size of 8 participants to achieve the same experimental design 

sensitivity.  Similarly, the estimated statistically ‘large’ relative effect size underpinning the repeated 

measures assessments within Chapter 7 was derived from previous data (Shepherd et al., 2013) and 

identified the same necessary minimum sample size.   

The experimental cohort consisted of 16 early career professional soccer players which was a sufficient 

number to satisfy the requirements of the study design.  The proposed studies were in line with the 

professional soccer clubs normal training procedures and scheduling, and therefore, participant’ 

commitment to the study’s protocols was likely to be high, with drop-out rates minimal.  

 

2.4 - Participants 

Following ethical approval from QMU, sixteen volunteers were recruited from the men’s DEV of 

Hibernian Football Club.  Before inclusion in each study, players were passed free from injury and 

illness by the football club medical staff.  All participants were familiarised with the experimental 

instrumentation and procedures prior to any trials.  Participation in the study did not lead to any 

disruption of normal training duties nor current training practices at the club and so the studies 

outcomes reflect performance capabilities driven by a typical contemporary elite soccer programme.  

Table 2.1 outlines the participant characteristics.   
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Table 2.1.  Participant characteristics.  Data presented as mean (± standard deviation (SD)) 

Characteristic  Mean (±SD) 

Age (years) 19.2 (1.1) 

Height (cm) 183.3 (6.1) 

Weight (kg) 76.1 (7.8) 

7-Site Skinfold (mm) 64 (9.8) 

Position – Defender/Midfielder/Attackers (Number) 6/6/4 

Preferred Kicking Leg – Right/Left (Number) 14/2 

 

 

2.5 – Sensorimotor and neuromuscular performance outcome measurement and instrumentation  

2.5.1 - Participant and dynamometry orientation 

Participants were seated in a comfortable position on a custom-built dynamometer (Gleeson et al 

2008), incorporating a load cell (range: 3000 Newton (N); Tedea-Huntleigh, Cardiff, UK; technical error, 

recorded:  ± 0.95 N, 95% confidence limits).  The raw force voltage signal of the load cell was passed 

through a differential amplifier, input impedance 10,000 MΩ, CMMR 100 dB, and a gain of 1000 

(Cambridge Electronic Design,UK) and analogue-to-digitally converted at 2.5 kHz sampling rate.  

Compensation procedures for gravitational errors in forces recorded in the vertical plane were 

undertaken immediately prior to testing.  A padded ankle cuff, proximal to the lateral malleolus 

secured the lower leg to the lever arm of the dynamometer.  A thigh strap, proximal to the knee 

secured the upper leg to the seat of the dynamometer.  In addition, a seat belt around the waist 

minimised pelvis’ movements and ensured localised action of the involved musculature.  The 

dynamometer was adjusted for each individual’s anatomy to align the centre of rotation of the knee 

joint with that of the dynamometer.  A knee flexion position of 30° (0° is full extension) (Gleeson et al 

2003) and a hip angle of 110° (Vahtrik et al 2012) between the seat back and the seat pad of the 

dynamometer apparatus was maintained throughout testing.  A manual goniometer was used to 

determine the knee angle of each participant.  The dynamometry set-up for the participants is 

illustrated in Figure 2.1. 
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Figure 2.1. Isometric dynamometry set-up. 

 

2.5.2 - Electromyography recordings 

Electromyography (EMG) recordings were obtained to assess muscle function and derive indices of 

neuromuscular performance.  Electromyography is a non-invasive tool for monitoring the electrical 

activity of muscle tissue (Kollmitzer et al 1999) and has been successfully used in studies involving 

dynamometry to examine neuromuscular and sensorimotor performance capabilities (Gleeson et al 

2008; Minshull et al 2007).  Electromyographic activity was recorded from the vastus lateralis during 

estimation of volitional and magnetically evoked indices of neuromuscular performance.  For the EMG 

recording, bipolar surface electrodes (ECG electrodes, self-adhesive, Ag/AgCl, gelled, 15 millimetre 

(mm) x 30 mm (10 mm diameter centre circular electrode); Ambu, Denmark) were placed long side 

parallel to the orientation of the muscle fibres over the belly of the vastus lateralis (at two thirds 

distance along the line between the palpable anatomic landmarks of the spina iliaca anterior superior 

and lateral side of the patella).  The distance between each electrode was 30 mm, and the reference 

electrode was applied 30 mm laterally (Minshull et al 2011).  Due to the time-pressured environment 

in which the experimental trials were held, it was not possible to follow the gold-standard skin 

preparation recommendations of SENIAM (Surface ElectroMyoGraphy for the Non-Invasive 

Assessment of Muscles) (www.seniam.org) prior to applying the electrodes.  Instead, skin was 

cleansed using alcohol wipes, with abrasion during localised drying and this technique produced an 

inter-electrode impedance of less than 5kΩ in this sample of professional athletes. 
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The conditioning of the EMG signals was consistent with observations from previous studies (Minshull 

et al 2007; Minshull et al 2009).  The “raw unfiltered EMG signals were passed through a differential 

amplifier (1902 Mk IV; Cambridge Electronic Design, UK), input impedance 10,000 MΩ, CMRR 100Db, 

gain 1000, and filtered (Butterworth [2nd order]; 1 kHz cut-off frequency).  The signals, which 

incorporated minimal intrusion from induced currents associated with external electrical and 

electromagnetic sources and noise inherent in the remainder of the recording instrumentation, were 

analogue-to-digitally converted at 2.5kHz sample rate, ensuring a significant margin of reserve 

between the highest frequency expected in the EMG signal and the Nyquist frequency.” (Minshull et 

al 2009). 

 

2.5.3 - Assessment of neuromuscular performance 

Indices of neuromuscular performance of the knee extensors in both dominant (Chapter 4-7) and non-

dominant limbs (Chapter 4, only) (as defined by the players preferred kicking leg) were assessed.  Once 

participants were securely positioned on the dynamometer a standardised warm-up, consisting of 

progressive sub-maximal efforts (perceived 50%, 75%, 95% of maximum voluntary contraction) was 

administered.  During the warm-up, each voluntary contraction was maintained for three seconds 

with 10 seconds between muscle contractions.  Following warm-up, participants were instructed to 

prepare to activate their quadriceps muscle as rapidly and forcefully as possible by extending the knee 

joint against the pad of the lever arm.  Maximum activations were initiated on the command of the 

lead researcher following a verbal three second countdown (“3-2-1; Go”).  Activation was ceased after 

three seconds on the command of “relax”.  This procedure was repeated two times for each limb.  Ten 

seconds rest between the trials ensured neuromuscular recovery (Moore and Kukulka 1991).  

Participants received verbal encouragement during all three trials.  The consistency of the testing 

procedures was maintained by employing the same observer and by the use of standardised 

commands.   

Superimposed magnetic stimulation of the nervus femoralis (L1 - L4) and subsequent activation of the 

knee extensors was achieved using a double wound coil (120 mm) powered by a Magstim 200 

stimulator (Magstim, Whitland, UK) (Figure 2.2). The protocol used for the evaluation of 

superimposition was similar to previously published methodologies (Minshull et al 2011; Gleeson et 

al 2013).  The coil head was positioned high in the femoral triangle just lateral to the femoral artery.  

The optimum position was defined as the position that generates the greatest twitch tension by using 

submaximal stimuli (Polkey et al 1996; Hamnegard et al 2004).  Superimposed magnetic stimulation 

was delivered while participants were positioned on the dynamometer in a relaxed state immediately 



43 
 

following maximal activation of their quadriceps muscle. Two superimposed magnetic stimulations (at 

100 %) were delivered to obtain magnetically evoked peak twitch force capability.   

 

 

Figure 2.2. Double wound coil for superimposed magnetic stimulation 

 

2.5.4 - Indices of neuromuscular performance; peak force, rate of force development, 

electromechanical delay, and magnetically evoked peak twitch force 

All neuromuscular performance indices were recorded twice within each assessment and the best 

response was subsequently derived for final statistical analyses.  Peak force was recorded as the 

highest force response during intra-trial replicates and was documented in N.  Rate of force 

development was calculated as the average rate of force increase between 25% and 75% of PF.  Rate 

of force development was recorded in Newtons per second (N·s-1).  Electromechanical delay was 

defined as the time delay between the onset of electrical activity (as determined by the onset of EMG 

activity) and the onset of force.  Electromechanical delay was recorded in milliseconds (ms).  The onset 

of electrical activity and muscle force was defined as the first point in time where the recording signals 

consistently exceeded the 95% confidence limits of background electrical noise amplitude (Minshull 

et al 2009) (Figure 2.3). 
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Figure 2.3.  Example of raw force and EMG data 

 

2.5.5 - Assessment of sensorimotor performance (force error) 

Sensorimotor performance was measured through a force replication protocol as described by 

Gleeson et al (2013).  Each testing session included two familiarisation trials, whereby participants 

were acquainted with 50% of their daily PF (blinded) during self-paced muscular contractions 

(approximately 2-3 seconds in duration) (Gleeson et al 2013; Bailey et al 2014).  Specifically, 50 % of 

peak force was chosen to reflect on-field peak power (Zatsiorsky and Kraemer 2006).  Following 

familiarisation, no verbal feedback was provided during the test.  The best response of two trials was 

used for subsequent analyses.  Equation 2.1 was used to compute force error (FE), a constant error 

around a target force, where lower values reflect better sensorimotor performance.  

 

Equation 2.1.  Force Error. 

𝐹𝐸 =  [
(𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝑠𝑐𝑜𝑟𝑒 − 𝑡𝑎𝑟𝑔𝑒𝑡 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝑠𝑐𝑜𝑟𝑒)

𝑡𝑎𝑟𝑔𝑒𝑡 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝑠𝑐𝑜𝑟𝑒
] ×  100 % 
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2.6 - Intermittent isometric fatigue task 

In Chapter 7, an intermittent isometric fatigue trial (IIFT) was conducted similar to the methodology 

of Shepherd et al (2013).  Participants were required to hold 70% of their daily PF for 15 seconds.  

Participants were blinded to the magnitude of the target force.  Two pre-assessment familiarisation 

trials acquainted players with the required level of force via verbal guidance (i.e., higher, lower, hold 

it there, remember that force).  Verbal encouragement and guidance were provided during the IIFT to 

assist participants maintain the target force.  An audible interval timer was used to cue activation and 

relaxation of the quadriceps muscle (15 seconds muscle activation and 5 seconds relaxation).  

Measures of perceived exertion, namely, the Borg Category-Ratio Scale (CR-10) (Appendix I a) and 

perceived task duration (PTD) (Appendix I b) were recorded during each IIFT inter-set rest period (5 

seconds duration).  For the CR-10 scale the following question was asked: ‘Think about the feelings in 

your quadriceps during your last effort, please rate those feelings’.  The perceptual task duration was 

recorded by asking each participant: ‘How many more of these sets are you able to perform?’.  The 

IIFT was completed when participants i) reported they could no longer maintain the target force for 

another set or ii) the researcher observed a failure to maintain the target force despite verbal 

prompting (i.e., ‘higher’ and ‘a little more’) for three consecutive seconds.  Assessment of NM and SM 

performance capability were recorded immediately pre- and post-IIFT.  Additionally, an antecedent, 

time-matched control period was incorporated in the study design and accordingly, NM and SM 

performance was assessed prior to this period. 

 

2.7 - Quantification of training and match workload 

2.7.1 - Global positioning system 

Training workload was calculated for every field training session and match played over the research 

period using a global positioning system (GPS) (Catapult Sports, Melbourne, Australia) sampling at a 

frequency of 10 Hz.  GPS devices were turned on a minimum of 15 minutes prior to the onset of 

locomotor activity within the training session to ensure a full satellite signal.  Participants were each 

given the same device for every session to avoid inter-unit error (Jennings et al 2010).  Each participant 

wore the GPS device between the scapulae in a tight-fitting vest to reduce movement artefact.  Post-

session, data were downloaded using the manufacturer’s software and then exported and stored on 

a custom-built spreadsheet.  This GPS system has been found to have high levels of validity and 

reliability (Akenhead et al 2014).  A description of the training load variables used to monitor player 

workload are shown in Table 2.2.   
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Table 2.2.  Description of training load variables provided via global positioning system technology  

Training load 

metric 

Description 

TD Total distance covered in training or match play in metres 

HID All distance covered above 19.5 km·h-1 in metres 

Note: TD: total distance, HID: high intensity distance. 

 

2.8 - Anthropometric measurement 

Anthropometric data such as height (centimetres [cm]), body mass (kilogram [kg]) and body 

composition (8-site sum of skinfolds [bicep, tricep, subscapular, iliac crest, mid-thigh, abdomen, 

suprespinale, calf (millimetres [mm]) were collected prior to each study.  These data were routinely 

recorded by International Society for the Advancement of Kinanthropometry (ISAK) accredited 

practitioners within football club’s science and medicine department. 

 

2.9 - Statistical analysis 

Comparative statistical analysis using quantitative data was performed using IBM Statistical Package 

for the Social Science (IBM SPSS, Illinois, USA), version 21.0 for Windows software.  Unless specified, 

data are presented as group mean and SD.  Statistical significance level was set at p < 0.05. 

Where appropriate within the study chapters, changes in outcome measures were compared via 

standardised changes in the mean (effect size; ES) using a custom spreadsheet (Hopkins et al 2017).  

The following criteria were adopted to interpret the magnitude of the change; >0.2-0.6, small; 0.6-1.2, 

moderate; >1.2-2, large; >2, very large (Hopkins et al 2009).  Following pilot reliability trials, standard 

error of measurement (SEM) values for PF, PTFe, RFD, EMD and FE were calculated as 16.6 N, 10.5 N, 

547 N·s-1, 2.9 ms and 6.3 %, respectively.   

Detailed statistical analysis for each study is outlined in the relevant chapter.  Many of the approaches 

to testing the thesis’ hypotheses involved analysis of variance (ANOVA).  In conjunction with the latter, 

the thesis selected to use planned pairwise comparisons to best match with the research 

circumstances within the thesis:  Namely, even without the ‘omnibus’ F-test, such planned 

comparisons offer more statistical power than the equivalent set of contrasts that are conducted to 

follow a significant omnibus F-test.  The omnibus F-test is considered to be a relatively conservative 
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instrument in a two-stage ‘ANOVA’ first, then ‘post-hoc’ approach raising the possibility of further 

blunted capabilities of post-hoc testing in the face of yielding a nonsignificant omnibus F.  In contrast, 

comparison(s) of interest may still be declared statistically significant by means of corresponding 

planned comparisons.  The approach of using planned comparisons, and especially those with an 

orthogonal basis and thus distinct partitioning of variances, was congruent with there being prior 

expectations of patterning of outcome responses.  The latter were derived from previous studies and 

pilot work involving provocation of responses by the type of exercise stress and training considered 

within this thesis, and which fitted within its conceptual framework. 

Scatter plots associated with bivariate relationships amongst outcome measures were interrogated 

visually for ‘outliers’ and for linearity before computation of relevant coefficients of correlation. 
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Chapter 3 - Season-long description of training and match workloads in elite young soccer players 

3.1 - Introduction 

It is commonplace for performance support practitioners working in professional soccer to monitor 

training and match-related physical stress, commonly referred to as workload, as they strive to 

maximise player performance and reduce the likelihood of over/under-training and injury (Akenhead 

and Nassis 2016).  This practice is justified given the evidence of increased locomotor demands during 

match-play at the elite level with some top-level players competing in more than 60 games during a 

season-long macrocycle (Bradley et al 2016).  Equally, hamstring injury occurrence has been shown to 

be associated with inappropriately structured training workload demonstrating the importance of this 

process (Buckthorpe et al 2018).  Specifically, rapidly increasing volumes of high intensity actions such 

as high-speed running, sprinting, and explosive changes of direction, may leave players especially 

vulnerable (Bowen et al 2019).  Similarly, arduous training sessions and match-play have been shown 

to elicit reduced neuromuscular (NM) performance for up to 72 hours subsequently highlighting the 

potential for critical disruption to homeostasis among soccer players (Silva et al 2017).  Technological 

developments in tracking devices such as global positioning systems (GPS) have facilitated a greater 

understanding of the locomotor activities of elite players to inform training practices and facilitate the 

aim of optimising performance and minimising injuries (Buchheit et al 2012). 

The competitive season (in-season) is typically preceded by a shorter preparatory period (pre-season).  

The goal of the pre-season period is to prepare players physically and tactically for the rigours of the 

upcoming season with players exposed to high training workloads to develop robust physical 

capacities (Jeong et al 2011).  The in-season phase is characterised by an overall reduction in training 

workload to maintain physical capacities while avoiding negative fatigue-related carry-over leading 

into match-play (Owen et al 2017).  In essence, the season is formed by a series of weekly microcycles 

blocked together within 6-10-week mesocycles to distinguish temporal phases of the season designed 

to optimise training-stress, recovery, and adaptation (Kelly et al 2020).  A diagrammatic representation 

of the annual training cycle, which provides the basis for the experimental design in this chapter and 

the thesis, is outlined in Figure 3.1. 

Previously, analysis of patterns of training workload between season phases has identified greater 

volumes during pre-season (Jeong et al 2011)) and early-season mesocycles (Kelly et al 2020).  

Additionally, it has been shown that daily variation in training workload (intra-microcycle) is most 

prominent on the day prior to match-play in the form of reduced training volumes (Garcia et al 2018; 

Clamente et al 2019).  Interestingly, despite evidence of inter-week fluctuations in NM performance 

(Cormack et al 2008) and the association of acute weekly workload with injury (Bowen et al 2019), 
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corresponding analysis of inter-week changes in training workload remains elusive in elite young 

players and may offer fresh insight to aid planning and periodisation strategies.  The trend within the 

literature to deploy separate analysis of these discrete phases of the season may reflect current 

planning and decision-making practices amongst practitioners as they seek to manage players through 

the constant physical loading provided by the high frequency of match-play encountered by elite 

teams (Kelly et al 2020). 

The aim of this chapter was to document the season-long patterning of training and match workload 

in a cohort of elite young soccer players to objectify the conditioning dosage over a full macrocycle.  

Given that training stress, recovery, and adaptation are among the key themes of this research project, 

the objective of this chapter was to characterise the physiological training stress to which the cohort 

within this thesis were exposed.  Specifically, this chapter will examine the fluctuations in workload 

patterns on three separate levels. 

1. Inter-season-phase (mesocycle) fluctuations in workload across the entire season. Intra-

week fluctuations in daily workload across the entire season 

2. Intra-week (microcycle) fluctuations in daily workload across the entire season. 

3. Inter-week fluctuations in workload across the entire season. 

Workload will be assessed using techniques deployed routinely in contemporary research and 

practical applications within professional soccer and is outlined in the following methodology section. 

Given the prevailing findings from current research on training periodisation over a season-long 

macrocycle (Chapter 1, Literature Review, Section 1.3) the following experimental hypotheses were 

formed.   

Hypothesis 1 – Significant variation in training workload between season mesocycles will be observed. 

Hypothesis 2 – Significant intra-microcycle variation in training workload will be observed. 

Hypothesis 3 – Inter-week fluctuations in training workload across the season will be observed. 
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Figure 3.1.  A diagrammatic representation of the annual training cycle. 

 

3.2 - Methods 

3.2.1 – Participants 

Sixteen elite young soccer players (age: 19.1 ± 0.5 years, height: 179.1 ± 4.6 cm, body mass: 76.6 ± 6.2 

kg) (defenders = 6, midfielders = 5, forwards = 5) from the development squad of a Scottish 

Premiership football club signed written informed consent to participate in the study.  Prior to the 

study, ethical approval was granted by the institutional ethics committee and conformed fully with 

the principles of the Declaration of Helsinki. 

3.2.2 - Design 

To examine inter-mesocycle, intra-microcycle, and inter-week variation in training workload, an 

observational design was employed with training workload recorded during training and match-play 

for the entire 2017/2018 season.  The training workload variables analysed were total distance (TD) 

(total distance covered at all velocities) and total high intensity running distance (HID) (all running over 

19.5 km·h-1).  The season macrocycle was split into 5 mesocycles: Pre-season (Pre); Early season 

(Early); Early-middle season (Early-mid); Late-middle season (Late-mid); Late season (Late) and the 

week average TD and HID within each mesocycle was compared.  Additionally, each day of the macro-

cycle was labelled relative to proximity to match-day (MD) (MD+2; MD-4; MD-3; MD-2; MD-1; MD; 

MD+1) to facilitate analysis of intra-week training workload.  Lastly, inter-week workload was analysed 

by comparing weekly TD and HID across the full season macrocycle (46 weeks).   

3.2.3 - Procedures  

Training workload was calculated for every field training session and match played over the season 

using a global positioning system (GPS) (Catapult Sports, Melbourne, Australia) sampling at a 

frequency of 10 Hz.  Each participant wore the GPS device between the scapulae in a tight-fitting vest 

Late season mesocycle

In-season (competition) period

Season Macrocycle

Week 

(microcycle) 1-6
Week (microcycle) 7-16 Week (microcycle) 17-26 Week (microcycle) 27-36 Week (micocycle) 37-46

Pre-season 

period

Pre-season 

mesocycle
Early season mesocycle

Early-mid season 

mesocycle
Late-mid season mesocycle
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to reduce movement artefact.  Players wore the same GPS device for every session.  Post-session, data 

were downloaded using the manufacturer’s software and then exported and stored on a custom-built 

spreadsheet.  This GPS system has been found to have high levels of validity and reliability (Akenhead 

et al 2014).   

For a more detailed explanation of the assessment instruments and procedures employed in this 

study, the reader is referred to Chapter 2 ‘General Methods’ – section 2.5. 

3.2.4 - Statistical analysis 

Descriptive statistics are shown as group mean score ± standard deviations (SD), for daily and weekly 

workload measures.  Separate single-factor analyses of variance (ANOVA), with repeated measures, 

was performed (inter-mesocycle, intra-microcycle and inter-week) for each workload variable over 

time.  Statistical significance was set at p < 0.05.  All data were analysed using SPSS (IBM Corp. 2017. 

IBM SPSS Statistics for Windows, Version 25.0. Armonk, NY: IBM Corp).  The assumptions underpinning 

the use of ANOVA were checked and violations corrected by the Greenhouse-Geisser adjustment of 

the critical F-value, as indicated by GG. 

 

3.3 - Results 

The group mean (± SD) for inter-mesocycle, intra-microcycle, and inter-week workload variables are 

shown in Figures 3.2-7.  Significant variation in TD (Figure 3.2) and HID (Figure 3.3) between season 

mesocycles was observed (F(4,524) = 9.9; p < 0.001 and F(4,524) = 22.6; p < 0.001, respectively) with greater 

weekly volumes of training workload noted during the Pre and Early season phases.  Compared to the 

Pre and Early season mesocycles, the reduction in training workload during the later stages of the 

season (Mid to Late) amounted to 19.8 and 40.1 % for TD and HID, respectively. 
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Figure 3.2.   Inter-mesocycle weekly total distance (TD) (group mean ± SD). 

 

 

 

Figure 3.3.   Inter-mesocycle weekly high intensity distance (HID) (group mean ± SD). 

 

Evidence of intra-microcycle variation in workload for both TD (Figure 3.4) and HID (Figure 3.5) was 

found (F(9,1434) = 102; p < 0.001 and F(9,1434) = 80.3; p < 0.001, respectively) with the highest exposure to 

workload present on match-day compared to other training days within the weekly microcycle.  

Compared to pooled group mean data from all other intra-microcycle days, match-day workload was 

47.7 and 71.4 % greater for TD and HID, respectively. 
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Figure 3.4.   Intra-microcycle daily total distance (TD) (group mean ± SD). 

 

 

 

Figure 3.5.   Intra-microcycle daily high intensity distance (HID) (group mean ± SD). 

 

Changes in inter-week TD (Figure 3.6) and HID (Figure 3.7) reached a level of statistical significance 

(F(45,524) = 6.2; p < 0.001 and F(45,524) = 8.6; p < 0.001, respectively) indicating systematic fluctuations in 

the weekly physical stress imposed over the course of the season macrocycle. 
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Figure 3.6. Inter-week total distance (TD) across the season macrocycle (group mean ± SD). 

 

 

 

Figure 3.7.   Inter-week high intensity distance (HID) across the season macrocycle (group mean ± SD). 

 

3.4 - Discussion 

The main findings of this chapter are both TD and HID fluctuated separately amongst inter-mesocycle, 

intra-microcycle and inter-week assessment periods across a full competitive season indicating 

systematic variation in the physical aspect of the training content on a micro-, meso- and macro-level.   
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Greater weekly training volumes, for both TD and HID, were demonstrated during the pre-season and 

early-season mesocycles followed by reduced workloads as the season progressed.  This is likely 

reflective of the need to enhance physiological capabilities during the early season and is in line with 

approaches described previously in the literature (Jeong et al 2011).  It was interesting to note a 

weekly average HID of 1670 m for each player during the pre-season period compared with 695m 

during the late-season phase that corresponded to a moderate decrease, biostatistically (Cohen’s d: 

0.92).  Given dose-response relationships between external load (high intensity running) and changes 

in aerobic fitness have previously been established, a drop in training workload of this magnitude has 

potential to reduce physiological capabilities. 

The evidence of significant intra-microcycle variation in training workload for TD and HID is consistent 

with a planned periodisation strategy commonly deployed in elite soccer (Clamente et al 2019).  

Within the current data, workloads associated with match-play contributed most to the significant 

intra-microcycle variation with fluctuations between the remaining training days less evident.   

Previous research has reported variation in microcycle workload is most prominent on MD-1 in the 

form of reduced training volume, although this study did not include data from match day (Kelly et al 

2020).  Previous data from elite young Spanish players (Garcia et al 2018) highlights comparative intra-

microcycle training workload with the current study (group mean ± SD; daily HID: 153 ± 31 m [current 

data] versus 141 ± 86 m [Garcia et al 2018]).  Although this provides evidence of parity in total training 

volumes across the microcycle, corresponding between-day coefficient of variation (CV%) values 

indicate greater fluctuations within the latter which may be evidence of a more applied periodisation 

strategy.  To this effect, the current data deviates from previous research in elite soccer where it has 

been demonstrated the training content is manipulated daily to ensure the imposed physiological 

stress is in accordance with the periodisation model leading into competition.  In addition, daily HID 

showed large variation amongst players as demonstrated by a within-group coefficient of variation 

(CV%) of ± 110.9%.  Although this variation is likely due to the imposed positional demands of training 

and match-play (Abbott et 2019), it highlights the potential for sub-optimal training doses among 

players on the extreme upper and lower ends of these training volumes. 

Lastly, inter-week fluctuations in training workload across the season were anticipated and are likely 

influenced by factors such as team selection (Anderson et al 2016), playing position (Abbott et al 2018) 

and fixture scheduling (Carling et al 2015).  Specifically, week-to-week fluctuations of up to 75% in 

high intensity running volume during the in-season period were observed.  As shown in Figure 3.6, in-

season breaks from match-play due to international fixtures (Week 30) may lead to heightened 

training volumes as coaches schedule extra conditioning sessions to compensate for the lack of 

competition.  Within the squad of players, there was large variation in weekly HID volumes as 
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demonstrated by a within-group CV% of 62.8%.  This provides a clear indication of heterogeneity in 

high intensity exercise stress between and within players week to week across a competitive season.  

This finding is pertinent given the association of rapidly fluctuating workloads and heightened soft 

tissue injury risk (Bowen et al 2019).   

 

3.5 - Conclusion 

The findings of this chapter demonstrate that across a season-long macrocycle, training and match 

workload is characterised by fluctuating patterns of physical stress and is likely influenced by both 

controllable (planned periodisation strategies) and uncontrollable (fixture scheduling, positional 

demands, team selection) factors.  Given the large heterogeneity in workload among players, 

demonstrated by both the current data, and also prior research (Garcia et al 2018), it is unlikely that 

physical conditioning is optimised for each individual and therefore offers potential for depressed 

performance capabilities and vulnerability to injury.   

 

3.6 - Forthcoming investigation 

Based on this data, it was apparent that there is potential for fluctuating patterns of training workload 

to influence performance capabilities in young soccer players.  The extent to which fluctuations in 

training workload affects performance capabilities has yet to be elucidated and is explored in Chapter 

5.  
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Chapter 4 - Comparison of neuromuscular performance capabilities between senior and elite young 

soccer players 

4.1 - Introduction 

The locomotor aspects of soccer performance are characterised by repetitive high intensity actions 

such as sprinting, decelerating and jumping (Bradley et al 2016).  In this regard, the neuromuscular 

(NM) system is crucial to facilitate the forceful and rapid muscle actions that drive such movements 

(Aagaard et al 2002).  In addition, NM performance characterises the effectiveness of the 

sensorimotor system via timely efferent responses to joint perturbations and the threat of serious 

injury (Reimann and Lephart 2002).  Comprehensive on- and off-field conditioning interventions are 

now common to enhance NM performance in soccer players to reduce injury occurrence and enhance 

performance (Read et al 2017).  Such strategies are introduced early into elite development 

programmes, such as the Elite Player Performance Plan (EPPP) and Club Academy Scotland (CAS), as 

part of long-term athletic development with the goal of producing young players of sufficient physical 

robustness to handle the rigours of senior professional soccer. 

Physical capacities have previously been shown to differentiate players of different competitive levels 

(Bangsbo et al 2008).  For example, faster sprint times were demonstrated in elite Norwegian players 

when compared with players from a lower division (Haugan et al 2013).  Similarly, in comparison with 

amateur players, hamstring peak torque was found to be significantly higher in elite French players 

(Commeti et al 2001).  In contrast, one study identified no differences in NM capabilities between 

playing levels (Zakas et al 1995).  However, this was for hamstring-quadricep strength ratio difference, 

and not the ability to generate force per se.  In addition, the physical demands of match-play are 

greater at higher levels of competition indicating a need for enhanced physical capacities (Bradley et 

al 2010).  Despite this evidence, there is little research on the differences in NM performance 

capabilities between players at the final stages of the developmental pathway and the professional 

level.  Although the study by Jadczak et al (2018) did identify superior sensorimotor performance in 

senior professional players compared with young professional players, there was no direct comparison 

of NM performance, that would underpin the performance status of efferent motor actions.   

The aim of this chapter was to benchmark the NM performance capabilities of the cohort of elite 

young soccer players against senior professional players.  Objectively, this chapter will compare 

detailed measures of NM performance between DEV and senior professional soccer players to provide 

a real-world perspective on NM performance capabilities against which the experimental data, that 

will be presented within subsequent chapters, should be benchmarked.  Given most of the research 

indicates that NM performance increases with playing level concomitantly, coupled with the evidence 
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that the demands of competition are greater at higher levels, it was hypothesised that early career 

professional soccer players would demonstrate inferior NM performance capabilities compared with 

senior professional players.   

 

4.2 - Methods 

4.2.1 - Participants 

Ten early career professional soccer players (DEV; age: 19.1 ± 0.5 years, height: 179.1 ± 4.6 cm, body 

mass: 76.6 ± 6.2 kg) (defenders = 4, midfielders = 3, forwards = 3) and 8 senior professional soccer 

players (PRO; age: 27.3 ± 3.5 years, height: 180.5 ± 4.2 cm, body mass: 79.6 ± 4.4 kg) (defenders = 3, 

midfielders = 2, forwards = 2) from the development and 1st team squads of a Scottish Premiership 

football club signed written consent to participate in the study.   

4.2.2 - Design 

To form a comparison between squads, a cross-sectional design was employed with assessments of 

NM performance conducted on the first day of the pre-season preparatory training phase.  Data were 

collected from 18 players over two assessment sessions on the first day of 2 consecutive seasons (DEV: 

2019/20 season and PRO; 2018/19 season) using identical instrumentation and methodology.  Prior 

to the study, ethical approval was granted by the institutional ethics committee and conformed fully 

with the declaration of Helsinki. 

4.2.3 - Procedures  

For a more detailed explanation of the assessment instruments and procedures employed in this 

study, the reader is referred to Chapter 2 ‘General Methods’ – section 2.5. 

Prior to all assessment sessions, participants were familarised with the experimental procedures and 

completed a standardised warm-up.  Each assessment session utilised an isometric dynamometer to 

evaluate the following indices of NM performance capability of the quadriceps musculature (right (R) 

and left (L) limbs):  peak force (PF) and rate of force development (RFD).  From PF, relative strength 

(REL) was derived by dividing the value by the individual’s body mass.  Performance capabilities were 

evaluated over the course of a morning profiling session where players also completed (in a 

randomised order) a non-fatiguing musculoskeletal screen, dental examination, and dietary 

consultation.  
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4.2.4 - Indices of neuromuscular performance 

The evaluation of indices of NM performance were conducted according to the guidelines provided 

for each outcome measure and are detailed in Chapter 2 - General Methods.   

For each measure of NM performance, the participant’s best trial response of 2 was used for statistical 

analysis.  Peak force was recorded as the highest force response during maximal isometric contraction 

of the knee extensors.  Rate of force development was calculated as the average rate of force increase 

between 25% and 75% of PF.   

4.2.5 - Statistical Analysis 

Descriptive statistics are shown as group mean score ± standard deviations (SD), for each index of 

performance.  Group mean differences for each index of performance were analysed separately using 

separate analyses of variance (ANOVAs)  with factors of group (DEV; PRO) and leg (R; L), with repeated 

measures on the latter factor.  Statistical significance was set at p < 0.05.  All data were analysed using 

SPSS (IBM Corp. 2017. IBM SPSS Statistics for Windows, Version 25.0. Armonk, NY: IBM Corp).  The 

assumptions underpinning the use of ANOVA were checked and violations corrected by the 

Greenhouse-Geisser adjustment of the critical F-value, as indicated by GG. 

 

4.3 - Results  

The group mean (± SD) for NM outcome measures are shown in Figures 4.1, 4.2 and 4.3.  There was 

no significant interaction between factors of group and leg for PF performance capability  (F(1,32) = 0.33; 

ns (p = 0.570)) (Figure 4.1).  Similarly, results for the main effects of group and leg suggested retention 

of corresponding null-hypotheses and no differences in knee extensor strength performance between 

DEV and PRO soccer players (F(1,32) = 0.64; ns (p = 0.43)), with equivalent capabilities of left and right 

legs (Figure 4.1).  The overall strength performance was 464 ± 96 N.   
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Figure 4.1.  Peak force (PF) performance capabilities between squads for left and right legs (group 

mean ± SD). 

 

There was no significant interaction (F(1,32) = 0.54; ns (p = 0.47)) or main effects (F(1,32) = 0.39; ns (p = 

0.53) [group] and F(1,32) = 0.23; ns (p = 0.63) [leg]) for REL indicating that strength capabilities 

(standardised via body mass) did not distinguish players from different squads (Figure 4.2).   The 

overall REL performance was 5.87 ± 1.03 N·kg-1.  

 

Figure 4.2. Relative strength (REL) performance capabilities between squads for left and right legs 

(group mean ± SD). 
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For RFD, no significant group x leg effect was found (F(1,32) = 0.66; ns (p = 0.42)) indicating that this 

aspect of NM performance was consistent between squads (Figure 4.3).  Results for the main effects 

of group and leg suggested retention of corresponding null-hypotheses and no differences in knee 

extensor RFD performance between DEV and PRO soccer players (F(1,32) = 0.07; ns (p = 0.79)), with 

equivalent capabilities of left and right legs (Figure 4.3).  The overall RFD performance was 3843 ± 

1655 N·s-1.   

 

Figure 4.3. Rate of force development (RFD) performance capabilities between squads for left and 

right legs (group mean ± SD). 

 

4.4 - Discussion 

The main finding of this chapter was that NM performance capabilities did not vary between early 

career and senior professional soccer players.  Although prior NM comparisons of developmental and 

senior professional players are lacking, aerobic fitness and flexibility between older and younger elite 

Brazilian players were reported as being equivalent, statistically, and in this sense, support the current 

finding (Signorelli et al 2012).  Isometric PF of the knee extensors has previously been reported in elite 

young soccer players (Rampinini et al 2011).  Comparably, the players within this current cohort 

demonstrated superior strength capability compared with those in Rampinini et al (2011) (mean PF: 

464 N vs. 248 N).  Nevertheless, the finding of equivalent knee extensor strength performance 

between PRO and DEV players may be considered surprising, especially as the mean chronological age 

of the DEV players (19.1 years) implies that full biological and skeletal maturity may not yet have been 

attained in these players (Cummings et al 2018).  Specifically, given that the rate of biological maturity 

0

1000

2000

3000

4000

5000

6000

7000

Pro Dev

R
FD

 (
N

.s
-1

)

Squad

Right

Left



64 
 

is highly individual, it is possible that some players within the DEV cohort had not attained full adult 

height and therefore lacked the skeletal development to generate peak torque.  Similarly, previous 

data comparing players from different playing levels has shown greater physical performance 

capabilities in players of a greater standard (Bangsbo et al 2008; Haugan et al 2013).  In this sense, 

given the lower playing standard of the developmental players, it was anticipated NM performance 

capabilities would be inferior.  Equally, equivalent RFD performance between PRO and DEV players 

implies potential for explosive athletic movements was comparable between groups. 

Interestingly, this finding may be indicative of a successful strength and conditioning strategy 

deployed within elite youth soccer that has accelerated NM performance capabilities to the extent 

they are in line with senior players.  Indeed, the previously discussed comparison of knee extension 

strength capability with Rampinini et al (2011) supports this notion and may reflect wider adoption of 

strength and conditioning practices in more recent times.  Additionally, research has outlined the 

perceived importance of strength training among applied practitioners (Read et al 2018).  Equally, a 

less congested fixture schedule as well as the absence of commercial and media commitments in 

comparison to senior player may facilitate more frequent opportunities to develop physical capacities 

via supplementary conditioning sessions.   

It should be acknowledged, the assessments (beginning of pre-season) were preceded by a 6-week 

off-season period characterised by low exposure to high intensity training.  As such, the NM 

performance profiles captured at this stage may not reflect in-season capabilities influenced by 

respective in-season training and match demands. 

 

4.5 – Conclusion 

The findings of this chapter demonstrate that, within this cohort of elite soccer players, NM 

performance capabilities at pre-season are comparable with senior professionals.  As such, the data 

presented in this chapter rejects the experimental hypothesis that DEV players would have inferior 

NM performance capabilities compared with senior professional players.  

 

4.6 – Forthcoming investigation 

It is reasonable to assume that senior professional soccer players perform close their physiological 

limits with fluctuations in performance over time likely to be small.  Therefore, given the relative parity 

between squads, these findings may offer interesting perspective when evaluating the magnitude and 
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practical significance of performance changes within the following chapters.  Specifically, given change 

magnitudes of greater than 1.2 x SD are considered a large effect size in elite athletic populations 

(Hopkins et al 2009), the descriptive statistics for the senior professional squad may serve as an 

additional reference for which to gauge practical significance of any observed changes herewith.      
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Chapter 5 – Neuromuscular performance capabilities and training workload during an in-season 

mesocycle in elite young soccer players 

5.1 - Introduction 

In Chapters 3 and 4, the aim had been to document the season-long patterning of training and match 

workload and benchmark the NM performance capabilities of the elite young soccer players, 

respectively.  Chapter 5 aimed to take the collective evidence from those preceding chapters and for 

the first time, address the related issue of potential fluctuations in NM performance capabilities 

amongst a professional soccer development squad.  The aim of Chapter 5 will be to characterise player 

NM performance capabilities using detailed outcome measures over an in-season mesocycle and 

explore the influence of training and match workload.  

Intended positive physiological adaptations may be overridden by sub-optimal structuring of training 

during in-season soccer conditioning and match-play involving frequent episodes of high-workloads 

and fatigue.  Equally, non-modifiable factors such as fixture congestion and varying positional 

demands may drive erratic and potentially harmful patterns of training stress.  As documented in 

Chapter 3, there was significant week-to-week variation (up to 75%) in training workload during the 

in-season phase highlighting the unpredictable nature of the training dose.  As such, there is potential 

for neuromuscular (NM) performance capabilities to be reduced in the short- (Goodall et al 2017) and 

long-term (Cormack et al 2008) provoking vulnerability towards poor athletic performances and injury.  

Force-time related indices of NM performance such as rate of force development (RFD) may be 

especially sensitive to fatigue (Zhou et al 1998) and exercise-induced muscle damage (Howatson et al 

2009).  Notwithstanding, in Chapter 4, it was demonstrated that NM capabilities within the DEV cohort 

of players were in line with those of senior professional players from the same club.  As such, it is 

reasonable to assume that these capacities are close to their limit, physiologically, with fluctuations in 

performance over time likely to be subtle.   

Advancements in player workload tracking such as global positioning systems (GPS) (Buchheit and 

Simpson 2017) continue to facilitate the quantification and prescription of optimal training workloads 

and dose-response relationships in team sports (Hulin et al 2017; Malone et al 2017) for both fitness- 

(Fitzpatrick et al 2018) and injury-related criteria (Bowen et al 2019).  Sub-optimal training workload 

has been cited as a modifiable risk factor for hamstring injuries, alongside previous injury, poor 

eccentric strength, and low aerobic fitness (Buckthorpe et al 2018).  A recent systematic review 

highlighted the detrimental effects of sudden increases in acute training loads in relation to non-

contact injury (Griffin et al 2019).  As such, unplanned inter-week variability in training dose, 

characterised by relatively large maxima and minima, may mitigate against positive adaptation and 
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offer a route to net degradation of physical capacities.  Heterogenous training workloads may be 

exacerbated further by the complexities arising due to fixture scheduling, injuries, travel, and team 

selection (Anderson et al 2016).  Although the latter was previously reported to affect the seasonal 

volume of high intensity running (all running above 19.5 km·h-1) in elite players (Anderson et al 2016), 

the regularity of potentially harmful patterns of workload dosage within a competitive season is not 

well understood.  

Detailed monitoring of patterns of fluctuating NM responses to weekly training workloads may 

facilitate more precise dosing of physiological stress and net enhancements in relation to game- and 

injury-related performance capabilities.  The aim of this study was to characterise player NM 

performance capabilities using detailed outcome measures over an in-season mesocycle and explore 

the influence of training and match workload.  There is potential for high workloads to provoke 

vulnerability to injury (Griffin et al 2019) and reduced NM capacity (Cormack et al 2008; Goodall et al 

2017).  In addition, factors such as fixture scheduling, team selection and positional demands are likely 

to drive heterogeneity in training stimuli among players.  It was therefore hypothesised that NM 

performance capabilities would fluctuate over an in-season mesocycle.   

Although the thesis ambitions were to advance knowledge of SM performance, in this chapter only 

motor (neuromuscular) performance capabilities were explored.  Neuromuscular performance, while 

controlled by afferent information in order to be efficient, governs the limits of capacity for effective 

athletic movement and in this sense provided a good starting point in the assessment of player 

capabilities.    

 

5.2 - Methods: 

5.2.1 - Participants 

Twelve early career professional soccer players (age: 19.2 ± 1.1 years; height: 183.3 ± 6.1 cm; body 

mass: 76.1 ± 7.8 kg) (defenders = 4, midfielders = 4, forwards = 4), from the development squad of a 

Scottish Premiership football club, gave informed consent to participate in the study.  The physical 

profile of the squad is detailed in Table 5.1. 
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Table 5.1. Physical performance profiling results (mean ± SD) from an in-season assessment point. 

Physical Capacity Test Mean (± SD) Descriptive Rating* 

Aerobic Yo-Yo IE1 2576 m (± 278) Moderately High 

Speed 20 m Sprint 2.88 s (± 0.09) Normal 

Strength Back Squat 4 Repetition 

maximum (4RM) 

115 % Body Mass (± 15) Moderately High 

*Based on unpublished comparisons from 5 seasons of profiling similar cohorts. 

Abbreviations: Yo-Yo IE1 [Yo-Yo Intermittent Endurance Test 1]; 4RM [4 Repetition Maximum]; m 
[metres]; s [seconds]. 

 

5.2.2 - Design 

This observational research was carried out across a 6-week period within the late-mid season 

mesocycle during the competitive phase of the season (Figure 5.1).  All players undertook a typical 

schedule (including matches, technical field-based sessions and gym-based conditioning sessions 

(upper and lower limb strength training)) (Table 5.2).  Baseline and five repeated measures of NM 

capacity were assessed every week and training load was monitored every day across the 6-week 

period.  To ensure adequate time was available for data collection, trials were held over two mornings 

within the weekly microcycle with group allocation determined by participant match involvement and 

subsequent recovery status.  Prior to the study, ethical approval was granted by the University 

institutional ethics committee (Queen Margaret University, Research Ethics Panel, Governance and 

Quality Enhancement) and conformed fully with the declaration of Helsinki. 

 

 

Figure 5.1.  A diagrammatic representation of the annual training cycle with grayed area denoting the 

study period. 
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Table 5.2. Typical training week during. 

 Session 1 (AM) Session 2 (AM) Session 3 (PM) 

Monday Mobility/Stretching Football Session - 

Tuesday Match Day 

Wednesday Rest Day 

Thursday Testing * Football Session Upper Body Strength 

Friday Testing ** Football Session Lower Body Strength 

Saturday Mobility/Stretching Football Session Lower Body Power 

Sunday Rest Day 

*Testing for players playing less than 60 minutes on match-day.  **Testing for players playing more 

than 60 minutes on match-day. 

 

5.2.3 - Procedures 

Once per week over the 6-week period participants completed the testing battery to measure 

volitional and magnetically evoked isometric NM performance.  Where possible, NM performance was 

not assessed within 48 hours of arduous field sessions, competitive fixtures, or lower limb strength 

sessions.  All assessments were carried out on a custom-built dynamometer (Minshull et al 2012).  The 

volitional NM assessment consisted of 3 maximum isometric knee extension trials (30° knee flexion) 

from which peak force (PF) and RFD were derived.  Rate of force development was calculated as the 

average rate of force increase between 25% and 75% of PF.  Participants were instructed to extend 

the knee rapidly and forcefully against the immovable lever arm of the dynamometer.  Immediately 

following this procedure, magnetically evoked NM performance (magnetically evoked peak twitch 

force (PTFe) were obtained from three evoked stimulations.  Magnetic stimulation of the femoral 

nerve was achieved by means of a double wound coil, powered by a Magstim 200 stimulator 

(Whitland, UK).  In line with previously published methodologies (Minshull et al 2011; Gleeson et al 

2013), the magnetic coil was positioned optimally in the femoral triangle, just lateral to the femoral 

artery.  The optimum position was defined as the position that generates the greatest twitch tension 

by using submaximal stimuli (Polkey et al 1996).   Measurements of knee extensor maximal voluntary 

isometric contraction using similar methods have previously shown good reliability (ICC = 0.94) 

(Rampinini et al 2011).  For each measure of NM performance, the participant’s best trial response of 

three was used.   
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5.2.4 - Quantification of training/match workload 

Training workload was calculated for every field training session and match played over the 6-week 

period using a GPS (Catapult Sports, Melbourne, Australia) sampling at a frequency of 10 Hz.  Each 

participant wore the GPS device between the scapulae in a tight-fitting vest to reduce movement 

artefact.  Players wore the same GPS device for every session.  Post-session, data were downloaded 

using the manufacturer’s software and then exported and stored on a custom-built spreadsheet.  This 

GPS system has been found to have high levels of validity and reliability (Akenhead et al 2014).  In the 

event of missing data due to satellite signal disruption or player compliance, the session group average 

was applied.  However, this eventuality was a rare and imputation methods were not required during 

the data collection period. 

The training load metric used to monitor player workload over the 6-week period was total high 

intensity running distance (HID) (all running over 19.5 km·h-1).  This metric has previously been shown 

to have associations with both injury rates and aerobic fitness (Malone et al 2018; Fitzpatrick et al 

2018).  At each of the 6 assessment points, the preceding 7-day volume of HID was recorded (Acute 

Training Load (ATL)).  Additionally, a ratio of this volume relative to the previous 28-days volume 

(chronic training load), known as the Acute:Chronic workload ratio (A/C ratio) was calculated to 

provide a reference of relative/focal workload (Gabbett et al 2016).   

5.2.5 - Statistical analysis 

Descriptive statistics are shown as mean ± SD.  Systematic changes in volitional and evoked NM 

performance over the 6-week period were analysed using factorial analysis of variance (ANOVA) (time: 

Week 1; Week 2; Week 3; Week 4; Week 5; Week 6) with repeated measures.  Statistical significance 

was set at p < 0.05.  Changes in training workloads over the training period were analysed using the 

same method.  All data were analysed using SPSS (IBM Corp. 2017. IBM SPSS Statistics for Windows, 

Version 25.0. Armonk, NY: IBM Corp).  The assumptions underpinning the use of ANOVA with repeated 

measures were checked and violations corrected by the Greenhouse-Geisser adjustment of the critical 

F-value, as indicated by GG. 

Additionally, where appropriate inter-week changes in outcome measures were compared via 

standardised changes in the mean (effect size; ES) using a custom spreadsheet (Hopkins et al 2017).   

To examine the relationship amongst indices of training workload and NM performance, Pearson’s 

product-moment correlation coefficients (r) were calculated amongst absolute and standardised (z-

score) variables.  Correlational analyses were also conducted on change-scores to establish the 

strength and direction of any mechanistic relationships between workload and NM variables. 
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5.3 - Results 

The mean ± SD inter-week scores for NM outcome measures are shown in Figures 5.2, 5.3 and 5.4.  

There was a trend towards a significant difference in inter-week PF performance capability (F(5,55) = 

2.1; p = 0.079), with a priori testing showing that the depressed (3.1% reduction compared to baseline 

[week 1]) and then subsequently enhanced performance response between weeks 2 and 4 (4.2% 

increase compared to baseline [week 1]) contributing most to the overall improvement over time 

(F(1,55) = 6.1; p = 0.033) (Figure 5.2).   

 

Figure 5.2.  Weekly PF (mean ± SD) of the knee extensors over the 6-week meso-cycle. 

 

Inter-week RFD performance remained unchanged across the mesocycle (3065 ±1094 N·s-1; ns) 

suggesting that this aspect of neuromuscular performance had not been influenced by the training 

and match-play dose during the 6-week period (Figure 5.3).   
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Figure 5.3.  Weekly RFD (mean ± SD) of the knee extensors over the 6-week meso-cycle. 

 

A significant reduction in inter-week evoked twitch force performance (F(4,44) = 2.6; p = 0.049) was 

noted across the 6-week mesocycle (13.6% reduction compared to baseline [week 1]) (Figure 5.4).   

 

 

Figure 5.4.  Weekly PTFe (mean ± SD) of the knee extensors over the 6-week meso-cycle. 

 

A trend towards a significant difference amongst absolute inter-week ATL was observed (F(5,55) = 1.9; 

p = 0.10), with a priori testing showing that the greater ATL at week 2 compared to week 1 (24.5% 

increase) contributed most to ATL heterogeneity during the mesocycle (F(1,55) = 4.9; p = 0.049) (Figure 
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5.5).   The evidence for inter-week ATL heterogeneity was emphasised by analysis of z-scores in which 

variance in ATL amongst participants was controlled statistically (F(5,55) = 3.3; p = 0.012), with clear 

indications that heterogeneity amongst training loads during weeks 1 to 3 was most influential (F(1,55) 

= 4.8 to 7.4; p = 0.02 to p = 0.011).  Similarly, a significant difference amongst the inter-week A/C ratio 

was observed (F(5,55) = 2.9; p = 0.022) (Figure 5.6), with a priori testing showing that the lower A/C ratio 

at week 3 compared to weeks 1 and 2 (32.0 % lower; implying reduced acute workload) contributed 

most to inter-week A/C ratio heterogeneity (F(1,55) = 8.4; p = 0.014).   The evidence for inter-week A/C 

ratio heterogeneity was emphasised by analysis of z-scores in which variance in A/C ratio amongst 

participants was controlled statistically (F(5,55) = 4.0; p = 0.004), with clear indications that 

heterogeneity amongst training loads during all of the mesocycle had been influential (F(1,55) = 10.5; p 

< 0.001). 

 

Figure 5.5. Acute Training Load (ATL) for HID (distance covered >19.5 km·h-1) over the 6-week training 

period (data are mean ± SD). 
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Figure 5.6. Acute:Chronic workload ratio (A/C ratio) for HID (distance covered >19.5 km·h-1) over the 

6-week training period (data are mean ± SD). 

 

There was no relationship between training load indices of ATL and A/C ratio at the beginning of the 

mesocycle (Appendix III; Panel A).  Nevertheless, at the end of the mesocycle, this relationship was 

linear, positive, statistically significant (r = 0.94; p < 0.0005), and biologically relevant (r2 = 0.88) 

(Appendix III; Panel B).  These patterns were evident under inter-week loading normalisation using z-

scores (r = 0.88; p < 0.0005).  Indices of neuromuscular performance appeared unrelated, whether 

expressed in absolute or normalised (z-score) units, throughout the mesocycle.  A significant 

correlation between PF and ATL was found towards the end of the meso-cycle (weeks 5 and 6; r = -

0.59; p < 0.05, r2 = 0.35) (Appendix III; Panel C). 

 

5.4 - Discussion 

The main finding of this study was that NM performance capability fluctuated during a typical in-

season mesocycle, and that these fluctuations are influenced concomitantly by training workload.  The 

significant change in PTFe (p < 0.05) and trend towards significance in PF (p = 0.079) over the 

training/match period implies an ebb and flow of force production capabilities across training weeks 

consistent with the observed heterogeneity of weekly loading patterns (Figures 5.5 and 5.6).  Over the 

course of the mesocycle, statistically significant 13.6% reduction in PTFe was observed.  The 

magnitude of this change reached practical significance (Cohen’s d: 0.76, moderate change).  

Additionally, the 15 N reduction in group mean PTFe between week’s 1 and 5 is greater than the 
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standard error of measurement (SEM) (10.5 N) (Minshull et al 2008) for this outcome measure 

indicating that the observed reduction was greater than the technical error associated with this 

measurement.  A priori analysis of PF over the mesocycle indicated a performance response between 

week’s 3 and 4 which may have contributed to the overall trend in change over the mesocycle (p = 

0.079).  Indeed, this change appears to reach practical significance (Cohen’s d: 0.4, small) and exceeds 

the technical error of this measurement (21.3 N vs. 16.8 N [SEM]).  Evoked stimulation of the motor 

unit pool indicates observed changes in performance capability are driven by impairments within the 

motor units themselves, rather than an alteration in the capacity of the CNS to activate muscle (Amann 

2011).  As such, this decrement in evoked neuromuscular performance may be reflective of reduced 

force-producing ability of actin-myosin cross-bridges (Kent-Braun et al 2012) and possible structural 

damage to a portion of the active muscle fibres (Hortobagyi et al 1998) in response to an extended 

period of arduous training (Nedelec et al 2012).  In this regard, it is interesting that RFD remained 

relatively stable over the mesocycle and is perhaps reflective of an elevated contribution from the CNS 

to facilitate the maintenance of net performance capabilities.  Nevertheless, this impairment (13.6%) 

is in line with the finding of Goodall et al (2015) who reported a 15% reduction in force generating 

capability after 45 minutes of match-play.  Given the known statistical link between injury and its 

occurrence towards the end of both halves of soccer match-play (Ekstrand et al 2011), the functional 

importance of this deficit could be indicative of an elevated threat to joint stability.   

Evidence for inter-week heterogeneity in workload within the mesocycle was demonstrated 

statistically for both ATL and A/C ratio.  These findings, verified previously in Chapter 4, demonstrate 

that significant fluctuations in high intensity running volumes exist during in-season training periods, 

which are likely due to complexities around fixture scheduling and team selection (Anderson et al 

2016).  Given that poor distribution of training and match workloads is associated with injury (Griffin 

et al 2019), interventions to address unplanned inter-week imbalances may be justified.  Weekly high 

intensity running distances showed large variation amongst players as demonstrated by a within-

group coefficient of variation (CV%) of ± 41.7%, or indeed, ± 81.9% of the group mean score if 95% 

confidence limits are considered.  Although this is surprising given the players largely participated in 

the same sessions and matches, it is likely to be at least partially reflective of the different positional 

demands and suggests further exploration of an individualised or positional approach to workload 

tracking is justified.  This finding is in line with recent research where the peak demands (high speed 

running intensity) of training and competition were found to vary by as much as 50% between centre-

backs and wide-attackers (Abbott et al 2018). 

It was interesting to note a positive correlation between ATL and A/C ratio towards the end of the 

mesocycle.  Given the implicit mathematical relationship between variables because of partial shared 
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underpinnings involving the description of acute load, this correlation is unsurprising, but nevertheless 

does not lessen the rationale for including both variables within a monitoring framework.  Specifically, 

the relative physiological interference to homeostasis imposed by an acute bout of training stress is 

highly likely to be influenced by a priori fitness, which in turn is influenced by prior chronic workload.  

To this effect, ATL and A/C ratio offer different perspectives to performance support staff responsible 

for workload monitoring in elite soccer.  In contrast, indices of neuromuscular performance appeared 

unrelated, whether expressed in absolute or normalised (z-score) units, implying independence 

amongst the indices physiologically with each contributing separately to overall NM capability. 

Potential mechanisms by which responses in performance over time might have been driven by 

corresponding changes in the dose of training was investigated by considering time-related patterns 

of change amongst variables.  Only change in absolute peak force appeared to be correlated 

significantly with corresponding changes with training load (ATL) near to the end of the mesocycle 

(weeks 5 and 6; r = -0.59; p < 0.05), suggesting a modest (r2 = 0.35) training-related effect (higher acute 

loads provoking reduced strength performance), albeit within this modestly sized population of 12 

professional soccer athletes.  Nevertheless, this finding implies higher acute workloads have potential 

to diminish NM capabilities which may have implications for intra-week periodisation strategies.   

It is worth noting, that due to the timing of the study (mid-season), a period of high fitness had already 

been acquired with participants well prepared for the demands of high training and competition loads.  

Indeed, previous research has outlined the mediating influence of fitness on enhanced recovery 

(Johnson et al 2014) and the athletic profile of the current participants (Table 5.1) may support this 

notion.  Nevertheless, future research should examine the influence of bio-motor capacities on the 

responses to high intensity training stimuli. 

A limitation of the present study is the small sample size (n=12), although this is common in studies of 

players at a professional level.  Additionally, there is some scepticism within the literature, given the 

varied physical demands of soccer, that training workload can be quantified using a single GPS metric 

(high intensity running distance, in this instance) and factors such as age, conditioning status and 

nutrition may regulate individual responses to training workloads adding to the complexity of player 

monitoring (Malone et al 2019).  Lastly, although PTFe within this study offered a novel NM variable 

for considering strength capabilities in soccer players, future research should consider magnetically 

evoked superimposition of players’ volitional peak force capabilities to offer more definitive 

mechanistic explanations for fluctuations in performance.  Specifically, by adopting this approach to 

evoked supramaximal performance it may be possible to expand on the current findings by quantifying 
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volitional force-generating capacity and whether it approaches physiological limits routinely during 

the imposed training loads of the mesocycle.  

 

5.5 - Conclusion 

The data within this chapter provides the first examination of the extent of fluctuations in volitional 

and evoked NM performance in soccer players across an in-season period in relation to training 

workload.  Fluctuating training workloads may drive both potentially beneficial and constraining 

fluctuations in NM performance that reach levels of statistical and practical significance.  This finding 

suggests weekly high intensity running loads, more precisely prescribed during routine monitoring by 

performance support staff in youth and professional soccer, offer the potential to provoke favourable 

NM adaptations as part of a long and short-term periodisation strategy.  The observed deficit in 

evoked performance implies disruption to peripheral capabilities within the active motor units and 

supports the inclusion of supplementary strength training practices to enhance structural and 

morphological adaptation within the musculature in elite young soccer players.  

 

5.6 - Forthcoming investigation 

To build on this data and further advance knowledge of performance capabilities during important 

aspects of the season macrocycle, Chapter 6 will provide a detailed examination of sensorimotor 

performance during an in-season weekly microcycle incorporating match-play and the post-match 

recovery epoch.  Furthermore, the important findings from this chapter relating to efferent motor 

performance, crucial to overall sensorimotor performance, will be advanced in Chapter 6 through the 

inclusion of a force matching task relying on both afferent and efferent mechanisms.  Thus, for the 

first time, Chapter 6 will seek to provide the examination of sensorimotor capabilities, assessed in a 

highly ecologically valid setting.  
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Chapter 6 - Sensorimotor and neuromuscular performance capabilities during an in-season 

microcycle in elite young soccer players 

6.1 - Introduction 

In Chapter 5, the aim had been to characterise fluctuations in NM performance capability during an 

in-season mesocycle in elite young soccer players, thus providing an indication of the potential for 

effective soccer-relevant bio-motor qualities as well as the effectiveness of the sensorimotor system.  

The current chapter aims to advance the findings of Chapter 5 by introducing a detailed examination 

of sensorimotor performance while also progressing the assessment of neuromuscular performance 

during a competitive microcycle, incorporating training and match-play.  The aim of Chapter 6 will be 

to examine the effect of a typical in-season training microcycle on SM and NM performance in elite 

young soccer players.  

The role of the sensorimotor system in soccer has received attention in the literature due to the 

potential impact on performance (Gruber and Gollhoffer 2004) and injury prevention (Caraffa et al 

1996).  Effective sensorimotor performance is accomplished through a complementary relationship 

between static (ligaments, joint capsule, cartilage) and dynamic (feedback and feedforward control 

over skeletal muscle) components with the limits of the latter regulated by neuromuscular 

performance capabilities (Riemann and Lephart 2002).  During match-play, injuries occur more 

frequently in the latter stages of both halves (Ekstrand et al 2011), implying a link with game-related 

fatigue and a potential reduction in SM performance.  Indeed, laboratory-induced fatigue was found 

to be detrimental to proprioceptive acuity in high-level soccer players during an ankle joint 

repositioning task (Mohammadi and Roozdar 2010).  Similarly, match-play was found to decrease 

postural stability in elite young soccer players (Brito et al 2011).  Additionally, impaired sensorimotor 

performance, demonstrated by reduced force matching capability, has been shown to coincide with 

exercise-induced muscle damage (Proske et al 2004) and reduced NM performance following 

eccentric exercise in healthy non-athletic populations (Twist et al 2008).   By contrast, Gioftsidou et al 

(2011) recorded no fatigue-related impairments to postural control following a regular training session 

in elite youth soccer players.  Furthermore, a 90-minute treadmill protocol, designed to replicate the 

physical demands of match-play, failed to alter single leg stability performance (Greig and Walker-

Johnson 2007).   

These contrasting findings may be influenced by methodological or design sensitivity issues leading to 

an inflated risk of type II error.  Modest sample size is often a feature of focal research in professional 

soccer, and this may leave studies underpowered to detect subtle but important fatigue-related 

changes in performance capability.  Following match-play, NM performance is impaired in soccer 
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players for up to 72 hours as demonstrated by reductions in the ability to produce force that are 

statistically significant (p < 0.001, Rampinini et al (2011)) and practically meaningful (Cohen’s d: 0.7, 

Silva et al (2018)).  Nevertheless, equivalent data for SM performance within the microcycle of 

conditioning encompassing the lead-up to match-play, the event itself and during the recuperative 

epoch, is elusive.  As such, more research is justified to inform practitioners as they assess the 

vulnerability of players and the type of conditioning required within prophylactic interventions.   

Previous research has demonstrated a negative relationship between high training workloads and 

next-day neuromuscular performance (Fitzpatrick et al 2018).  Similarly, a recent systematic review 

highlighted the detrimental effects of sudden increases in acute training loads in relation to non-

contact injury (Griffin et al 2019).  As outlined in Chapter 5, inter-week variability in training dose, 

exacerbated by complexities arising from fixture scheduling, injury, and team selection, may drive 

impaired performance capabilities via disruption to peripheral mechanisms of force production.  

Notionally, there is potential for these impairments to carry-over into match-play increasing 

vulnerability to injury and poor performance.  However, it remains to be elucidated whether high and 

low training workloads in the lead-up to match-play are capable of interfering with physiological post-

match SM and NM resilience and recovery. 

The aim of this study was to examine the effect of a typical in-season training microcycle on SM and 

NM performance in elite young soccer players.  A detailed assessment of SM and NM performance 

capabilities have not been documented over a full microcycle, encompassing the lead-up to match-

play, the event itself and during the recuperative epoch.  Therefore, the objective of this study was to 

assess player performance capability daily over a competitive microcycle, including immediately post-

match, to capture the essence of performance fluctuations in a highly ecologically valid setting.  Given 

impaired NM performance has been reported for up to 72 hours post-match-play, it was hypothesised 

that there would be a concurrent reduction in SM and NM performance capabilities during the 

microcycle.  In addition, given the links between training workload and both performance (Cormack 

et al 2008) and injury (Bowen et al 2019), an explorative aspect of this study was to investigate the 

relationship between varying patterns of training load in the lead-up to match-play and subsequent 

post-match SM and NM resilience and recovery.   
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6.2 - Methods 

6.2.1 - Participants 

Twelve early career professional soccer players (age: 19.2 ± 1.1 years; height: 183.3 ± 6.1 cm; body 

mass: 76.1 ± 7.8 kg) (defenders = 4, midfielders = 4, forwards = 4), from the development squad (DEV) 

of a Scottish Premiership football club signed written consent to participate in the study.  The physical 

profile of the squad is detailed in Table 6.1. 

 

Table 6.1.  Mean (± SD) of physical performance profiling results from in-season assessment point. 

Physical Capacity Test Mean (± SD) Descriptive Rating* 

Aerobic Yo-Yo IE1 2576 (± 278) m Moderately High 

Speed 20 m Sprint 2.88 (± 0.09) s Normal 

Strength Relative Back 

Squat 4RM 

115 (± 15) % body mass Moderately High 

*Based on unpublished comparisons from 5 seasons of profiling similar cohorts. 

 

6.2.2 - Design 

To assess patterns of SM and NM performance over an in-season micro-cycle of training, data were 

collected from 12 players over three training microcycles (microcycle 1; n=4: microcycle 2; n=4: 

microcycle 3; n=4) within the same phase of the competitive season (Late-mid season) (Figure 6.1).  

Selection of this season-phase as typical of in-season loading is verified by the findings detailed in 

Chapter 3, and by previous research demonstrating reduced training workloads out with the pre-

season and early-season mesocycles (Kelly et al 2020; Jeong et al 2005).  As such, the selected 

microcycles represented a period of physiological ‘maintenance’ rather than systematically 

progressive conditioning.  Each microcycle consisted of the same training and match schedule, the 

details of which are outlined in Table 6.2.  Assessments were held at the same time each morning (± 

1 hour) to account for any circadian variation, and prior to any physical exertion.  On match-days (MD), 

the assessment was held immediately post-match.  All players completed a minimum of 60 minutes 

of match-play and participated in all training sessions within the microcycle.  This threshold equates 

to approximately 7 kilometres of high intensity exercise and to this effect was considered a significant 

bout of training stress.    Prior to the study, ethical approval was granted by the institutional ethics 

committee and conformed fully with the declaration of Helsinki. 
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Figure 6.1.  A diagrammatic representation of the annual training cycle with grayed area denoting 

the study period (please see conceptual framework diagram; Chapter 1, Figure 1.1) 

 

 

Table 6.2.  Microcycle schedule. 

Day Day Relative to 

Match-day (MD) 

Training Session 1 

Description 

Training Session 2 

Description 

Experimental 

Assessment 

Timing 

Monday MD-1 Football session N/A Pre-training 

Tuesday MD Match-play N/A Post-match 

Wednesday MD+1 Rest day N/A N/A 

Thursday  MD+2 Football session Full body strength Pre-training 

Friday  MD+3 Football session Lower limb power Pre-training 

 

6.2.3 - Procedures 

As outlined in the summary of Chapter 5, to provide a characterisation of SM performance capabilities, 

an additional outcome measure involving a force-matching task was added to the experimental 

procedures.  Although NM performance is a crucial tenant of SM performance, this new outcome 

measure aimed to provide an index of integrated afferent capabilities alongside motor performance 

provided by the outcome measures in Chapter 4 and 5.  Given the logistical challenges of data 

collection on match-days, the decision to obtain data over three training microcycles was made 

pragmatically to ensure the methodology was as robust as possible.  Specifically, in order to capture 

performance capabilities immediately post-match, a maximum of four players was considered feasible 

for match assessment.  Unfortunately, due to time-constraints associated with experimental trials on 

Early-mid season 

mesocycle
Late-mid season mesocycle

Pre-season 

period

Pre-season 

mesocycle
Early season mesocycle

Week 

(microcycle) 1-6
Week (microcycle) 7-16 Week (microcycle) 17-26 Week (microcycle) 27-36 Week (micocycle) 37-46

Late season mesocycle

In-season (competition) period
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match-days, it was not possible to examine evoked NM performance capacity in this protocol.  

Specifically, evoked NM performance, which requires prolonged preparation procedures to ensure 

supramaximal responses, was reluctantly sacrificed so that within the limited time-availability, 

suitable procedures for measurement quality could be afforded to the remaining outcomes.  All 

assessments were carried out on a custom-built dynamometer (Minshull et al 2012).  Assessment of 

NM performance was derived from maximum isometric knee extension (30° knee flexion) from which 

peak force (PF), rate of force development (RFD) and electromechanical delay (EMD) were calculated.  

For each performance index, the best of two trials was carried forward for analysis.  Peak force was 

recorded as the highest force response during intra-trial replicates, whereas RFD was calculated as the 

average rate of force increase between 25 % and 75 % of PF.  Electromyographic activity (EMG) was 

recorded from the vastus lateralis during the estimation of PF using bipolar surface electrodes that 

were parallel to the orientation of the muscle fibres.   The electrodes were placed over the belly of 

the muscle (at two thirds distance along the line between the palpable anatomic landmarks of the 

spina iliaca anterior superior and the lateral side of the patella).  The distance between each electrode 

was three centimeters (cm), and the reference electrode was applied 3 cm laterally (Minshull et al 

2011).  The electromechanical delay (EMD) was defined as the time delay between the onset of 

electrical activity and the onset of force.  The onset of electrical activity was defined as the first point 

in time where the recording signals consistently exceeded the 95% confidence limits of background 

electrical noise amplitude (Minshull et al 2009).  The onset of muscle force was defined as the first 

point in time at which the force record exceeded consistently the 95% confidence limits associated 

with the electrical noise amplitude of the load cells 

After a standardised warm-up, consisting of progressive sub-maximal efforts (perceived 50 %, 75 %, 

95 %), participants were instructed to rapidly and forcefully extend the knee against the immovable 

lever arm of the dynamometer.   

Sensorimotor performance was defined as the bias or constant force error (FE) when matching a 

‘blind’ target force, with lower scores reflecting better SM performance (Peer and Gleeson 2018).  

Each testing occasion included two familiarisation trials, whereby each participant was acquainted 

with 50 % of his daily peak force during self-paced muscular contractions (approximately 2-3 seconds 

in duration), thus providing a blinded target force (Gleeson et al 2013; Bailey et al 2014).   Specifically, 

50 % of peak force was chosen to reflect on-field peak power (Zatsiorsky and Kraemer 2006).   No 

feedback regarding performance was given to the participants during the test.  The best response of 

two trials was used for subsequent analysis.  The equation used to compute force error (FE), a constant 

error around a target force, where lower values reflect better sensorimotor performance is outlined 

in Equation 2.1 (Chapter 2, General Methods). 
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6.2.4 - Quantification of training/match workload 

Training workload was calculated for every field training session and match played during the micro-

cycle using a global positioning system (GPS) (Catapult Sports, Melbourne, Australia) sampling at a 

frequency of 10 Hz.  In addition, the prior 7-day accumulated training workload (acute training load 

(ATL)), was calculated for each player on MD-1, alongside a corresponding Acute:Chronic workload 

ratio (A/C ratio) as index of conditioning status leading into the microcycle.  Each participant wore the 

GPS device between the scapulae in a tight-fitting vest to reduce movement artefact.  Each player 

wore the same GPS device for every session.  Post-session, data were downloaded using the 

manufacturer’s software and then exported and stored on a custom-built spreadsheet.  This GPS 

system has been found to have high levels of validity and reliability (Akenhead et al 2014).  The training 

load metric used to monitor player workload was total high intensity running distance (HID) (all 

running over 19.5 km·h-1).  This metric has previously been shown to have associations with both injury 

rates (Malone et al 2018) and aerobic fitness (Fitzpatrick et al 2018). 

6.2.5 - Statistical analysis 

Descriptive statistics are shown as group mean score ± standard deviations (SD), for each index of 

performance.  Systematic changes in group mean NM and SM performance, and training workloads 

over the micro-cycle were analysed using separate single-factor analysis of variance (ANOVA) (time: 

MD-1: MDpost; MD+2; MD+3) with repeated measures.  Statistical significance was set at p < 0.05.  All 

data were analysed using SPSS (IBM Corp. 2017. IBM SPSS Statistics for Windows, Version 25.0. 

Armonk, NY: IBM Corp).  The assumptions underpinning the use of ANOVA with repeated measures 

were checked and violations corrected by the Greenhouse-Geisser adjustment of the critical F-value, 

as indicated by GG. 

Within a weekly training microcycle, MD-1 is notionally when a player is in ‘optimal’ condition in 

preparation for match-play (Owen et al 2012).  Therefore, MD-1 was set as baseline for which outcome 

measures on subsequent days were compared via standardised changes in the mean (effect size; ES) 

using a custom spreadsheet (Hopkins et al 2017).   

To examine the relationship amongst indices of training workload and NM performance, Pearson’s 

product-moment correlation coefficients (r) were calculated amongst absolute, change and 

standardised (z-score) variables.   
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6.3 - Results 

The group mean (± SD) for NM and SM outcome measures are shown in Figures 6.2, 6.3, 6.4, and 6.5.  

There was a trend towards an overall significant difference in intra-microcycle PF performance 

capability characterised by a decline and subsequent restoration of performance (F(3,33) = 2.7; p = 0.06), 

with a priori testing showing the reduction between MD-1 and MDpost contributed most to the overall 

variation over time (F(1,11) = 12.1; p = 0.004) (Figure 6.1).  The evidence for intra-week fluctuations in 

PF performance was emphasised by analysis of z-scores in which variance in PF amongst participants 

was controlled statistically (F(3,33) = 3.1; p = 0.04), with clear a priori indications of depressed 

performance capability on MDpost relative to MD-1 (F(1,11) > 9.1; p = 0.01).  During analyses of 

performance capability across the microcycle relative to baseline (MD-1), a substantial impairment in 

PF was found at MDpost and MD+2 (Cohen’s d: 0.32 and 0.4, respectively) (Table 6.3).  

 

 

Figure 6.2.  PF (mean ± SD) of the knee extensors over the microcycle. 

 

Rate of force development performance remained constant across the microcycle (F(3,33) = 0.49; ns (p 

= 0.686)) suggesting that this aspect of neuromuscular performance had not been influenced by the 

match-play dose during the week micro-cycle (Figure 6.3).   

 

0

100

200

300

400

500

600

MD-1 MDpost MD+2 MD+3

P
F 

(N
)



87 
 

 

Figure 6.3.   RFD (mean ± SD) of the knee extensors over the microcycle. 

 

There was an overall significant difference in intra-microcycle EMD performance capability 

characterised by a decline and subsequent restoration of performance (F(3,24) = 10.8; p < 0.001) (Figure 

6.3).  A priori difference analyses of performance capability across the microcycle relative to baseline 

(MD-1), suggested that a substantial impairment in EMD at MDpost (Cohen’s d: 0.43), followed by 

recovery at MD+2 and MD+3, which modestly surpassed baseline levels (Cohen’s d: 0.32 and 0.4, 

respectively) contributed most to the overall significant changes in EMD (Table 6.4).   

 

 

Figure 6.4.  EMD (mean ± SD) of the knee extensors over the micro-cycle. 
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Force error remained constant across the microcycle (F(4,44) = 0.98; ns (p = 0.415)) implying 

sensorimotor performance remained constant over the microcycle (Figure 6.5).   

 

 

Figure 6.5.  FE (mean ± SD) of the knee extensors over the microcycle. 

 

Significant day-to-day heterogeneity in training workload was observed across the microcycle (F(3,33) = 

255; p < 0.001), with a priori testing showing that the greatest high intensity running exposure was on 

match-day (F(1,11) = 27.8; p < 0.001) (Figure 6.6).    

 

Figure 6.6.  High intensity running distance (all distance over 19.5kmph) (mean ± SD) of covered over 

the microcycle. 
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Table 6.3.  Intra-microcycle changes from baseline (MD-1) in PF performance showing Effect Size 

(Cohen’s d) (90% confidence interval) and raw effect size (and relative effect: % change). 

  Effect Size Raw Effect 

MD-1 MDpost 0.32 (0.2-0.44) 34 N (-8.7%) 

MD+2 0.4 (0.1-0.7) 43.3 N (-11.1%) 

MD+3 0.17 (-0.1-0.44) 19.6 N (-4.7%) 

 

 

Table 6.4.  Intra-microcycle changes from baseline (MD-1) in EMD performance showing Effect Size 

(Cohen’s d) (90% confidence interval) and raw effect size (and relative effect: % change). 

  Effect Size Raw Effect 

MD-1 MDpost 0.89 (0.48-1.3) 0.005 s (15.1%) 

MD+2 0.39 (-0.09-0.87) 0.003 s (-2.1%) 

MD+3 0.78 (0.01-1.55) 0.005 s (-7.2%) 

 

Correlational analysis revealed indices of NM and SM performance appeared unrelated, whether 

expressed in absolute or normalised (z-score) units, throughout the microcycle suggesting that both 

aspects of neurophysiological capability were distinct amongst this group of professional soccer 

players, and thus are worthy of consideration separately.  However, greater match-play-related losses 

in FE performance were correlated negatively with concomitant EMD performance losses (r = -0.79; p 

< 0.05) (Appendix III; Panel D), implying that this slowing of muscular activation times as an important 

component of motor performance, were associated with compromised FE performance and SM 

acuity.  Furthermore, the extent of the significant loss of EMD performance during the match 

appeared to be a determinant of post-match restoration of FE performance (MDpost to MD+2; r = 

0.67; p < 0.05) (Appendix III; Panel E).   

Interestingly, the extent of match-play-related PF decrease correlated positively with both absolute 

levels of ATL (HID) immediately before (r = 0.59; p < 0.05) (Appendix III; Panel F) and in comparison to 

an extended the period of antecedent conditioning (A/C ratio; r = 0.62; p < 0.05) (Appendix III; Panel 

G), indicating that greater losses of strength were associated with higher acute training loads.  

Similarly, immediate post-match restoration of RFD (MDpost to MD+2) was significantly correlated 

with lower levels of HID-related conditioning immediately before the microcycle (ATL; r = -0.64; p < 

0.05) (Appendix III; Panel H) and during the period of antecedent conditioning (A/C ratio; r = -0.81; p 
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< 0.01) (Appendix III; Panel I), but not with concurrent levels of exercise (daily HID workload), 

indicating that potentiation of aspects of NM performance following a match may be delivered by 

careful selection of antecedent training loads. 

 

6.4 - Discussion  

The main finding of this study was that although NM performance capability fluctuated within an in-

season training microcycle, sensorimotor performance appeared unaffected.  Although, when 

expressed in absolute  units, PF demonstrated only a trend towards significant overall change across 

the microcycle, analysis of baseline (MD-1) performance compared to subsequent time-points via 

standardised changes in the mean revealed diminished PF performance on MDpost and MD+2 that 

was substantial bio-statistically (Cohen’s d: 0.34 and 0.4, respectively).  Furthermore, the change from 

MD-1 at both MDpost (34 N) and MD+2 (43.3 N) exceeded the standard error of measurement (SEM) 

for this outcome measure (16.8 N) (Minshull et al 2008).  Equally, when PF was normalised and 

expressed as z-scores the overall change across the microcycle reached statistical significance.  This 

may indicate that the match high intensity running dose elicited a modest reduction in force 

generating capability.  This is likely due to the high eccentric demands of soccer actions causing 

damage and inhibited performance to portions of the lower limb musculature (Hortobagyi et al 1998).  

Indeed, the 11.1% reduction in PF 48 hours post-match (MD+2) is in line with previous results in soccer 

players following acute match-play exposure, where Goodall et al (2017) reported a 15% decline in PF 

capabilities of the knee extensors.  Compared to baseline, the change in PF performance on MD+3 

was trivial (Cohen’s d: 0.17) implying restoration of performance capabilities on this day.  This is 

consistent with previous research where restoration of NM performance has been shown 72 hours 

post-match play (Nedelec et al 2012) and supports the current recommendations to reduce training 

content for 48 hours post-match (Garcia et a 2019).   

The finding of significantly impaired EMD performance immediately following match-play indicates 

the match-related exercise stress instigated disruption to post-synaptic processes such as the 

transmission of force through the SEC and alterations in the excitation contraction coupling process 

(Howatson et al 2010).  Although research in male soccer players is currently lacking, this finding is 

line with previous research in female players where arduous soccer-activities were found to increase 

EMD latencies by 58.4% (De Ste Croix et al 2015).  Comparatively, this is a far greater magnitude of 

impairment than that observed immediately post-match in the present study (15.1%).  However, 

several studies have previously demonstrated longer EMD latencies in females than men (Blackburn 

et al 2009; Granata et al 2002; Zhou et al 1995a).  Nevertheless, a desirable feature of high intensity 
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athletic performance is the rapid uptake of slack within he musculotendon unit to facilitate rapid force 

expression (Van Hooren and Bosch et al 2016).  Therefore, a substantial impairment in EMD during 

the latter stages of soccer match-play has the potential to negatively impact physical performance 

capability.  Equally, given a limited time frame exists in which to overcome potentially harmful 

dynamic forces, sub-optimal EMD capability will leave soccer players vulnerable to ligamentous injury 

(Gleeson et al 1998a).  It was interesting to note, that while PF remained depressed on MD+2, EMD 

performance capability was restored to baseline levels indicating independence of recovery 

timescales between variables.  It may be speculated that within an overall hierarchy of importance 

the ability to rapidly stabilise a joint, post-activation, has greater biological importance as a protector 

than the ability to generate maximum force, per se. 

The finding that RFD was unaffected over the course of the microcycle is surprising as force-time 

related aspects of NM performance have previously been found to diminish alongside exercise-

induced muscle damage (Howatson et al 2009).  This appears to indicate an independence of recovery 

mechanics or fatigue resistance capabilities between NM variables whereby, in this instance, the 

underpinnings of RFD were restored to baseline more rapidly than for the other indices measured.  

Indeed, the correlational evidence that the outcomes were statistically and physiologically 

independent of each other supports this notion.  An alternative explanation may be that RFD 

performance was in fact depressed at the outset of the training micro-cycle and remained so 

throughout, and to this effect, true performance was concealed.   

Given that NM capabilities diminished over the course of the microcycle, the absence of a concurrent 

reduction in sensorimotor performance was an interesting observation.  This seems to imply sensory 

receptors located around the knee joint and the afferent channels to the central nervous system (CNS) 

were unaffected yet contributors to maximal and rapid force production on the efferent branch were 

compromised.  Reductions in centrally derived components of force production or impairments in 

cross-bridge function and the excitation-coupling process due to the accumulation of metabolites at 

a motor unit level may offer a potential explanation for this scenario.  Previously, evidence of both 

disruption (Brito et al 2011) and maintenance (Gioftsidou et al 2011) of sensorimotor capabilities 

following soccer training and match-play performance has been reported.  However, there is 

considerable evidence in the literature that non-football related high intensity eccentric exercise leads 

to disruption of proprioception and precision of movement control (Proske et al 2004; Twist et al 

2008).  The force acuity measures chosen to characterise SM performance in this study conceptually 

resemble the single joint repositioning task utilised by Mohammadi and Roozdar (2010) where 

laboratory-induced high intensity exercise stress negatively impacted performance.  This may indicate 

that although, in this instance, match-related physical stress failed to disrupt SM performance 
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capabilities, a more focused exposure to exercise stress may yet diminish performance capabilities 

and increase vulnerability to injury.  It was interesting to note from correlational analysis that changes 

in FE were negatively correlated with EMD, implying that greater slowing of muscular activation times 

was associated with smaller changes in SM performance.  It might be speculated that the threat to 

musculoskeletal stability following stressful exercise provoked relative homeostasis in SM 

performance as a mechanism of innate biological protection. 

Evidence for intra-microcycle heterogeneity in workload was demonstrated statistically for high 

intensity running distances.  This finding is reflective of common microcycle periodisation where 

physical stress within the training content is managed to optimise stress, adaptation and recovery 

leading in to match-play (Owen et al 2016).  Given known dose-response relationships between high 

intensity exercise stress and short- and long-term changes in performance, intra-microcycle variation 

in workload was a likely contributor to the observed changes in PF and EMD. 

An explorative aspect of this chapter was the evaluation of the influence of prior training workload on 

physiological post-match SM and NM resilience.  It was interesting to note that PF change correlated 

positively with antecedent estimates of ATL (r = 0.59; p < 0.05) and A/C ratio (r = 0.62; p < 0.05) 

indicating greater losses of strength were associated with higher acute training loads.  These 

preliminary findings offer a suggestion that prior workload may influence not only acute NM 

performance (Cormack et al 2008) and injury-related criteria (Bowen et al 2019), as previously 

demonstrated, but also potentially post-match strength resilience and recovery patterns during the 

subsequent microcycle.  A high A/C ratio reflects rapidly increasing, and in this sense, unaccustomed 

training stress which can induce muscle damage (Clarkson et al 1992).  As such, it may have been 

expected players demonstrating high A/C ratio status would experience greater interference to 

strength and recovery capabilities.     

A limitation of the present study is the small sample size (n = 12), although this is common in studies 

of players at a professional level.  Another limitation of the present study is the use of open chain knee 

extension to derive NM and SM performance.  A possible criticism of this choice of outcome measure 

may be the lack of ‘specificity’ or ‘functionality’ for soccer players.  However, more ‘functional’ NM 

measures such as jump height have previously been found insensitive to changes in match and training 

workloads (Thorpe et al 2017).  Similarly, it could be argued that a single joint force matching trial is 

too simplistic to capture something as complex as SM performance and, as such, ecological validity 

may be lacking.  However, this measure mimics the clinical gold standard, where reduced performance 

is known to accompany reduced functional joint stability, and was chosen to allow a direct, controlled 

assessment of SM performance capabilities.  Finally, although the use of statistical constructs such as 
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analysis of intra-participant z-scores was used to mitigate its effects, inter-individual variation in 

tactical and positional demands inevitably lead to heterogeneity in locomotor outputs during training 

and match-play which may in turn, elicit varied impact on NM and SM performance among players.   

 

6.5 - Conclusion 

This is the first study to simultaneously assess NM and SM performance capabilities in soccer players 

across an in-season microcycle.  Although a reduction in PF and EMD may bring vulnerability to 

functional joint stability, the maintenance of SM performance capability indicates the ability to 

provide the central nervous system with precise afferent information, leading to an efferent response 

that is proportionate to the threat and not wasteful of energy, is preserved.  In this sense, it is 

plausible, biologically, that this reflects an innate capability within the human system to preserve 

capabilities that are crucial to survival in emergency scenarios.  Nevertheless, future research should 

continue to evaluate best practice for conditioning elite soccer players to maximise net sensorimotor 

performance enhancement.  

 

6.6 - Forthcoming investigation 

The data from this chapter has provided a valuable and novel examination of SM performance 

capabilities during a competitive microcycle with high ecological validity.  However, factors relating to 

the serendipity of real-world training and match-play, such as varying physical demands during match-

play, may provoke different responses among players and ultimately obstruct the capturing of true 

performance capabilities.  On this basis, Chapter 7 aimed to deliver a controlled isometric fatigue trial 

with high internal validity to seek to verify the currently observed relative stability of SM performance 

capabilities. 
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Chapter 7 – Sensorimotor, neuromuscular, and player-perceived performance capabilities following 

an intermittent isometric fatigue task in elite young soccer players.   

7.1 - Introduction 

The preceding chapters of this thesis have examined SM and NM performance within highly 

ecologically relevant contexts to fulfil the thesis ambitions of advancing knowledge of performance 

capabilities in elite young soccer players.  Chapter 7 aims to build on the collective evidence from the 

thesis thus far by imposing a tightly controlled fatigue task on players and assessing the impact on 

force production and acuity.  Additionally, the laboratory-based task will allow data collection relating 

to the issue of player self-regulatory performance capability in relation to perceived intensity.  The 

aim of Chapter 7 was to observe concurrent NM and SM performance responses to ultra-acute high 

intensity exercise stress.   

Injury occurrence is more prevalent in the latter stages of match-play, implying a relationship between 

diminished joint stability and game-related fatigue (Ekstrand et al 2016).  Fatigue has previously been 

described as the inability to complete a task that was once achievable within a recent time frame 

(Halson et al 2014) and is characterised by both a reduction in the ability to produce force and an 

increase in the perceived effort to exert a desired force (Gandevia 2001). Sensorimotor (SM) 

performance is causally linked to a reduction in serious ligamentous injury (Caraffa et al 1996), 

highlighting the protective function of this system.  Force-time related indices of neuromuscular (NM) 

performance are critical to provide a rapid efferent response, and to this extent characterise the 

effectiveness of the SM system (Riemann and Lephart 2002).  Research has consistently highlighted 

diminished NM performance following soccer match-play in the form of reduced peak force (PF) in 

male players (Goodall et al 2017; Rampinini et al 2011; Brownstein et al 2017).  Similarly, a soccer 

specific fatigue protocol was found to increase electromechanical delay (EMD) latencies significantly 

in female players (De Ste Croix et al 2015).  Although SM performance decrements have been shown 

to accompany reduced NM performance following high intensity exercise stress (Proske et al 2004; 

Twist et al 2008), the impact of soccer related activities has so far yielded mixed findings with evidence 

of both disrupted (Brito et al 2011) and preserved (Gioftsidou et al 2011; Greig and Walker-Johnson 

2007) performance.  However, laboratory-induced fatigue was found to be detrimental to SM 

performance in high-level soccer players during an ankle repositioning task (Mohammadi and Roozdar 

2010).   

The ability to self-regulate exercise intensity has the potential to influence performance and injury 

through pacing strategies and the avoidance of critical interferences to homeostasis (Tucker 2009).  

The ability to scale exercise intensity subjectively has been widely explored in soccer players for its 
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potential to quantify training stress in the absence of tracking technologies such as global positioning 

systems (GPS) and heart rate monitors (Impellizzeri et al 2004; Gaudino et al 2015; Little and Williams 

2007).  However, from a self-regulatory perspective, the capacity to accurately perceive effort and the 

relationship with ‘time to exhaustion’ during high intensity exercise stress has not been well 

documented in soccer players.  Previous research has utilised methods such as The Borg Category-

Ratio Scale (CR-10) and Perceived percentage of completed task duration (PTD) to examine perceived 

performance capabilities during high intensity exercise (Shephard et al 2013).  Perceived exertion has 

been shown to increase linearly in relation to task duration (Horstman et al 1979; Eston et al 2007).  

In recreationally active participants, both perceived exertion and perceived task duration were shown 

to be effective predictors of exhaustion during arduous exercise (Shephard et al 2013), however 

capabilities of this nature in soccer players have yet to be explored. 

The chaotic nature of competitive soccer alongside complexities such as tactical and positional 

variation among players brings an element of uncertainty regarding the exact physical stress a player 

is exposed to during match-play.  Indeed, heterogeneity in the magnitude of overall training stress 

among players, as reported previously (Chapters 3, 5 and 6), may explain the relative stability of SM 

and NM performance capabilities reported over long (mesocycle) and short (microcycle) periods.  To 

this effect, a laboratory-induced fatigue trial should offer a well-controlled, focused alternative to 

match-induced fatigue to investigate the impact of ultra-acute high intensity exercise stress on SM 

and NM performance.  In addition, a controlled, intermittent fatigue task would allow data collection 

relating to perceived performance capabilities.  Further knowledge of acute SM and NM deficits 

following high intensity exercise stress may offer new perspective on the contribution of each sub-

system to any observed vulnerability.  Similar experimental protocols in clinical populations have 

induced moderate level fatigue manifested as a reduction in force generating capabilities however the 

simultaneous assessment of SM performance responses has not been elucidated in soccer players.   

The aim of this study was to observe concurrent NM and SM performance responses to laboratory-

induced fatiguing isometric exercise stress.  Additionally, alterations in player-perceived capabilities, 

which might influence injury and performance related behaviours, were explored.  The objective of 

this study was to mimic the most intense aspects of training and match-play by utilising an intermittent 

fatigue task to exhaustion and examining its impact on perceived and objectively measured SM and 

NM performance capabilities.  Laboratory-induced fatigue has previously elicited reductions in SM 

performance capability (Mohammadi and Roozdar).  As such, the primary hypothesis was that the IIFT 

would impair all aspects of SM and NM performance capability.  The secondary hypothesis was that 

players would accurately calibrate their perceived performance capabilities in relation to time to 

exhaustion.  
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7.2 - Methods 

7.2.1 - Participants 

12 early career professional soccer players (age: 19.2 ± 1.1 years; height: 183.3 ± 6.1 cm; body mass: 

76.1 ± 7.8 kg) (defenders = 4, midfielders = 4, forwards = 4), from the development squad of a Scottish 

Premiership football club signed written consent to participate in the study.   

7.2.2 - Design 

To assess of the influence of ultra-acute, high intensity exercises stress on SM and NM performance 

capabilities in soccer players, an intermittent isometric fatigue trial (IIFT) with an antecedent control 

period was conducted.  Data were collected from 12 players over three assessment sessions during a 

10-day period.  Each assessment session was conducted two days post-match in the afternoon 

following a light morning technical football session.  Prior to the study, ethical approval was granted 

by the institutional ethics committee and conformed fully with the declaration of Helsinki. 

7.2.3 - Procedures  

For a more detailed explanation of the assessment instruments and procedures employed in this 

study, the reader is referred to Chapter 2 ‘General Methods’ – section 2.5. 

Prior to all assessment sessions, participants were familarised with the experimental procedures and 

completed a standardised warm-up.  Each assessment session utilised electromyography and an 

isometric dynamometer to evaluate the following indices of NM and SM performance capability of the 

vastus lateralis:  peak force (PF), rate of force development (RFD), electromechanical delay (EMD) and 

force error (FE).  Performance capabilities were evaluated immediately pre (IIFTpre) and post 

(IIFTpost) IIFT, as well as prior to a time-matched antecedent control period (IIFTcontrol) where the 

post control measure was sacrificed logistically in favour of using pre-fatigue metrics (IIFTpre).  

Additionally, measures of perceived exertion such as the CR-10 and PTD were documented during 

each IIFT inter-set rest period.  For the CR-10 scale the following question was asked: ‘Think about the 

feelings in your working muscles during your last effort, please rate those feelings’.  The PTD was 

recorded by asking participants: ‘How many more of these sets are you able to perform?’.  The IIFT 

was completed when the participants reported they were no longer able to maintain the required 

level of force for another set of exercise. 
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7.2.4 - Indices of sensorimotor and neuromuscular performance 

The evaluation of indices of SM and NM performance were conducted according to the guidelines 

provided for each outcome measure and are detailed in Chapter 2 General Methods.   

For each measure of SM and NM performance, the participant’s best trial response of two was used 

for statistical analysis.  To minimise the potential for ‘fatigue-related’ carry-over effects, only one trial 

response was recorded following the IIFT.  Peak force was recorded as the highest force response 

during maximal isometric contraction of the knee extensors.  Rate of force development was 

calculated as the average rate of force increase between 25% and 75% of PF.  The time delay between 

the onset of EMG activity and the onset of force was recorded as EMD.  The onset of EMG activity and 

muscle force was determined by the first point in time where the recorded signals consistently 

exceeded the 95% confident limits of the background electrical noise amplitude. 

7.2.5 - Perceived exertion  

In line with Shephard et al (2013), the perceptual measures CR-10 and PTD were extracted 

retrospectively at 10% intervals of each participant’s individually achieved IIFT duration, commencing 

at 10% and concluding at 100%.  A cubic spline function allowed routine interpolation of values 

corresponding to 10% increments in task duration, which were subsequently utilised for analysis 

(Keele 2008).  Participant data (CR-10 and PTD) were included for final analysis if the IIFT consisted of 

a minimum of three sets. 

7.2.6 - Statistical analysis 

Descriptive statistics are shown as group mean score ± standard deviations (SD), for each index of 

performance.  Systematic changes in SM and NM performance were analysed using factorial analysis 

of variance (ANOVA) (time: Pre; Post and Condition: Control; IIFT) with repeated measures.  Statistical 

significance was set at p < 0.05.  The CR-10 and PTD values were log transformed (log 10) to satisfy 

assumptions of normality.  Perceptual measures were obtained at 10% intervals of the completed task 

duration, with scores at 10% to 100% of the IIFT subsequently used for analysis.  Where scores did not 

fall on a 10% interval, a cubic spline function enabled interpolation of a value that was subsequently 

used for analysis (Keele 2008).  Differences in CR-10 and PTD during incremental completion of the 

IIFT were subsequently examined using factorial ANOVA (paradigm [CR-10; PTD] by task progression 

[10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 100%]) with repeated measures.  All data were 

analysed using SPSS (IBM Corp. 2017. IBM SPSS Statistics for Windows, Version 25.0. Armonk, NY: IBM 

Corp).  The assumptions underpinning the use of ANOVA with repeated measures were checked and 

violations corrected by the Greenhouse-Geisser adjustment of the critical F-value, as indicated by GG. 
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All indices of SM and NM performance were compared pre and post IIFT via standardised changes in 

the mean (effect size Cohen’s d) using a custom spreadsheet.  The following criteria were adopted to 

interpret the magnitude of the change; >0.2-0.6, small; 0.6-1.2, moderate; >1.2-2, large; >2, very large 

(Hopkins et al 2009).   

 

7.3 - Results 

The group mean (± SD) for SM and NM outcome measures are shown in Figures 7.1-4.  A significant 

interaction effect (time x condition) was found for PF indicating that while strength performance was 

preserved during the control period, the IIFT elicited a reduction in performance capabilities (F(1,11) = 

21.1; p = 0.001).  The observed reduction in strength following the IIFT reached a level that was 

moderate biostatistically (Cohen’s d: 0.58 [11.3%]) (Table 7.1).  Similarly, a significant interaction 

showed that RFD and EMD were maintained during the control period but diminished following the 

IIFT (F(1,11) = 5.4; p = 0.04 and F(1,11)  = 74.2; p < 0.001, respectively).  The magnitude of the observed 

reduction in RFD was found to be small (Cohen’s d: 0.52 [25.2 %]) indicating modest interference to 

the ability to express force rapidly, whereas the observed reduction in EMD was found to be very large 

(Cohen’s d: 2.34 [22 %]) (Table 7.1).  The interaction effect for FE did not reach a level of statistical 

significance (F(1,11) = 1.7; p = 0.22) indicating that this aspect of performance capability was unaffected 

by the IIFT.   

 

Table 7.1.  Pre-post IIFT changes in peak force (PF), rate of force development (RFD), 

electromechanical delay (EMD) and force error (FE) showing Effect Size (Cohen’s d) (90% confidence 

interval) and raw effect size (% change). 

  Effect Size Raw Effect 

 

Pre-Post IIFT 

PF 0.58 (0.58-0.58) 42.0 (11.3%) 

RFD 0.52 (0.52-0.52) 609.4 (25.2%) 

EMD 2.34 (2.34-2.34) 6.7 (22%) 

FE 0.34 (-0.76-1.44) 5.6 (49.6%) 

**Raw effect units: PF (N); RFD (N.s-1); EMD (ms); FE (%). 
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Figure 7.1.  The effects of the intermittent isometric fatigue task (IIFT) on peak force (PF) of the knee 

extensors (group mean ± SD)  

 

 

 

Figure 7.2.  The effects of the intermittent isometric fatigue task (IIFT) on rate of force development 

(RFD) of the knee extensors (group mean ± SD). 
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Figure 7.3.  The effects of the intermittent isometric fatigue task (IIFT) on the electromechanical delay 

(EMD) of the knee extensors (group mean ± SD). 

 

 

 

Figure 7.4.  The effects of the intermittent isometric fatigue task (IIFT) on the force error (FE) of the 

knee extensors (group mean ± SD). 

 

For the perceptual measures, group mean (± SD) CR-10 and PTD responses across the completed task 

duration (CTD) are illustrated in Figure 7.5.  A significant interaction effect (CR-10 and PTD) was found 

(F[9, 99] = 9.73, p < 0.001) indicating that although perceived exertion and time-to-endpoint increased 

progressively during the IIFT there was different patterning between the paradigms. 
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Figure 7.5.  CR-10 and PTD percentages (mean ±SD) during the IIFT 

 

7.4 - Discussion 

The main finding of this study was that the IIFT elicited a significant reduction in all indices of NM 

performance capability whereas SM performance was preserved.  The IIFT induced fatigue in the knee 

extensors, indicated by the significant reduction in PF from pre- to post-fatiguing exercise, which 

reached a magnitude of 11.3 % (Cohen’s d: 0.58) which is in line with diminished performance 

reported following 45-minutes of match-play (Goodall et al 2017) and arduous endurance activity 

(Gleeson et al 1998b).  This may be indicative of an elevated threat to joint stability via a compromised 

ability to produce forceful corrective responses to mechanical loading of the knee.  Similarly, the IIFT 

induced a significant reduction in RFD (Cohen’s d: 0.52 [25.2 %]), highlighting the vulnerability of the 

knee joint in situations where the application of force to produce protective moments around the 

joint is time critical such as following an unexpected perturbation.  The evidence of greater injury risk 

in the latter stages of match-play supports this notion (Ekstrand et al 2016).  As well as injury-related 

vulnerability, impaired RFD is likely to negatively affect skill execution and locomotor outputs during 

soccer-specific tasks such as sprinting and cutting movements.  Indeed, time-motion analysis has 

previously identified reduced running performance in the latter stages of soccer match-play (Mohr et 

al 2003). 

The significant increase in EMD following the IIFT indicated a detrimental effect on the ability to 

initiate force and attain compliance within the knee joint.  Although the magnitude of the observed 
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increase in EMD was very large biostatistically (Cohen’s d: 2.34; 22 %), previous research has reported 

even greater latencies in female soccer players (58%) (De Ste Croix 2015).  However, females have 

previously been shown to be more susceptible to longer EMD latencies (Minshull et al 2007) and the 

current findings are consistent with the existing consensus regarding EMD responses to fatiguing 

exercise in males (Howatson et al 2010).  The latter findings reported significantly elevated EMD in 

recreationally active males following muscle damaging eccentric exercise whereas the current study 

imposed an intermittent isometric stress.  Interestingly, previous fatigue trials involving isometric 

contractions have yielded mixed findings with evidence of improved (Shephard et al 2013) and 

diminished EMD performance (Minshull et al 2007) perhaps due to methodological differences 

between contraction duration (i.e. 1s and 30s, respectively).  The current findings are in line with 

Minshull et al (2007) indicating the longer contraction times deployed within the respective IIFT 

provoked greater disruption to EMD, perhaps due to greater metabolic stress related to blood 

occlusion during prolonged isometric contractions (Hunter et al 2006).   

Overall, the decrease in NM performance post-fatigue can likely be attributed to the accumulation of 

metabolites and alterations in transmembrane ionic concentrations, at a motor unit level, leading to 

impairments in cross-bridge function and the excitation-coupling process (Potvin and Fuglevand 

2017).  Metabosensitive III and IV afferents located in the working muscle relay inhibitory sensory 

input to the CNS which may have contributed to a progressive reduction in neural drive to the motor 

pool and ultimately task completion during the IIFT, however the absence of evoked contractions 

within the current methodology prevents any firm conclusions of this nature being drawn. 

Previous findings have reported a concurrent reduction in SM and NM performance following high 

intensity eccentric stress (Proske et al 2004; Twist et al 2008) and to this effect the preservation of SM 

performance capabilities following the IIFT is surprising.  Similarly, laboratory induced fatigue elicited 

significant reductions in SM performance of the ankle evertors (Mohammadi and Roozdar 2010) with 

the authors speculating that fatigue may disrupt muscle receptor sensitivity and subsequent afferent 

input to the CNS resulting in imprecise muscle activation on the efferent branch.  Additionally, during 

fatiguing exercise, metabolic by-products including bradykinin and lactic acid have been found to have 

a direct impact on sensory receptor discharge patterns (Pedersen et al 1998).  In line with the current 

findings, there is precedence in the literature for preserved SM performance following fatiguing 

exercise although these have followed soccer-related activities rather than specifically designed 

fatigue trials and perhaps reflects heterogeneity in fatigue responses to soccer-based tasks (Gioftsidou 

et al 2011; Greig and Walker-Johnson 2007).  Furthermore, these studies assessed SM performance 

during a closed-chain, multi-joint stability task as opposed to a single-joint method within the current 

study.  Optimal movement strategy to execute a task may be altered in the presence of fatigue via 



104 
 

reorganisation of coordinative patterns and the formation of compensatory movement (Greig Walker-

Johnson 2007; Monjo et al 2015).  However, despite such coordinative changes, maintenance of 

performance outcomes has been demonstrated highlighting the adaptability of the SM system and 

possibly an explanation for maintenance of SM performance following strenuous exercise (Cowley et 

al 2014).  To this effect, it is possible within a hierarchy of importance of factors contributing to 

functional joint stability during exercise-related stress, optimum control of movement might be 

superior, and therefore better maintained, than the ability to generate peak or rapid force. 

As well as a reduction in the ability to produce force, fatigue is characterised by an increase in the 

perceived effort to exert a desired force (Gandevia 2001).  In the current study, the relationship and 

patterns of change between two paradigms of self-perceived exertion and time to the end of a task 

were examined.  In line with previous findings, both perceptual scales showed efficacy in predicting 

cessation of exercise (Shephard et al 2013).  However, in contrast to the findings of Shephard et al 

(2013), a significant interaction effect was found highlighting a difference in scales during incremental 

completion of the IIFT.  Specifically, although CR-10 was greater than PTD at the onset of the task, PTD 

increased more rapidly as the scales merged towards the end point.  This may be interpreted that 

participants, when using the CR-10, initially overestimated their ability to tolerate exercise stress and 

the delay the onset of fatigue.  This is somewhat surprising given high-level soccer players are 

accustomed to arduous physical training and the sensations which accompany exhaustive exercise.  

Nevertheless, the findings may be reflective of a determination within the cohort to maximise task 

duration, despite the substantial perceived exertion, which ultimately was unachievable 

physiologically.  

A limitation of the present study is the small sample size (n = 12), although this is common in studies 

of players at a professional level.  Also, it could be argued that a single joint force matching trial is too 

simplistic to capture something as complex as SM performance and, as such, ecological validity may 

be lacking.  However, this measure mimics the clinical gold standard, where reduced performance is 

known to accompany reduced functional joint stability, and was chosen to allow a direct, controlled 

assessment of SM performance capabilities.  Finally, although the use of isometric contractions within 

the fatigue task has precedence elsewhere in the literature and yielded diminished NM performance 

consistent with fatigue in the current findings, it could be argued it was not reflective of the stress 

imposed in soccer due to the absence of eccentric actions which would likely impose greater muscle 

damage.  Nevertheless, the intermittent nature of the fatigue task was designed to replicate the 

repeated, high intensity bursts which characterise soccer performance. 
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7.5 – Conclusion 

This was the first study to concurrently examine SM and NM performance capabilities following a 

laboratory-based fatigue trial in professional soccer players.  The results indicate that high intensity 

isometric exercise stress of the knee extensors induced NM performance decrements consistent with 

fatigue, yet SM performance capability remained intact.  Although this may be indicative of the 

robustness of the SM system when under threat, it is prudent to acknowledge the heterogeneity of 

responses within the cohort when interpreting this finding.  The observed reductions in all indices of 

NM performance following fatiguing exercise highlight the vulnerability of the knee joint and 

emphasises the need for thorough NM conditioning practices to delay and minimise impaired 

performance during high intensity training and match-play.  Although the findings support the notion 

that players can accurately perceive their physical performance capabilities in relation to task 

duration, the current results may indicate an early task mis-calibration of their ability to sustain 

physiologically what they perceive as substantial exertion.   
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Chapter 8 - General Discussion 

8.1 - Introduction 

Sensorimotor and neuromuscular performance capabilities are crucial to the control and execution of 

human movement (Reimann and Lephart 2002).  The ability to accurately scale force in a timely 

manner ensures muscle activation following a threat to joint stability is sufficient in magnitude to offer 

protection without being wasteful of energy.  There is a need for a thorough evaluation of 

sensorimotor and neuromuscular performance capabilities in early career professional soccer players 

to better inform future studies on conditioning soccer players and allow more targeted prophylactic 

strategies to be implemented by performance support staff.  As outlined in Chapter 1, high efficacy of 

several intervention protocols exists within the literature, however inconsistent terminology and 

exercise selection within intervention protocols limit definite conclusions regarding the key 

contributors to enhancing SM performance.  Additionally, the concurrent evaluation of SM and NM 

performance capabilities during ecologically relevant aspects of a professional season have not been 

documented.  An increased understanding of what changes during and following exposure to high 

intensity training stress may offer targeted insight into the vulnerability of players during the latter 

stages of match play and during periods of high workload such as during congested fixture scheduling.   

For this purpose, a research project was conducted which aimed to: 

 Document the season-long patterning of training and match workload in a cohort of elite 

young soccer players to objectify the conditioning dosage over a full macrocycle.   

 Benchmark the NM performance capabilities of a cohort of elite young soccer players against 

their senior professional counterparts. 

 Characterise player NM performance capabilities using detailed outcome measures over an 

in-season mesocycle and explore the influence of training and match workload. 

 Examine the effect of a typical in-season training microcycle on SM and NM performance in 

elite young soccer players.   

 Investigate SM and NM performance responses to ultra-acute high intensity exercise stress 

(intermittent isometric fatigue task) while exploring alterations in player-perceived 

capabilities, which might influence injury and performance related behaviours. 

 

This general discussion will summarise, integrate, and critically evaluate the main findings of this 

research and will examine the implications for informing the type and structure of conditioning 

required to optimise physicality and periodisation strategies.  Figure 8.1 summarises the findings of 
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this thesis’ chapters, highlighting their contribution to ‘Performance optimisation’ and ‘Impact on 

Implications for practice’.  This discussion will also consider the limitations of this research.  Finally, 

potential improvements that may be applied within further investigations and recommendations for 

future research will be addressed.  
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Figure 8.1.   Summary of findings from thesis’s chapters with implications for practice.  
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8.2 – Season-long patterning of training and match workload and benchmarking of cohort 

neuromuscular performance capabilities. 

Within this thesis, Chapters 3 and 4 offered appropriate background relating to the training dose and 

NM capabilities of the cohort to help inform the subsequent chapters.  The quantification and 

patterning of season-long training and match workload (Chapter 3) aimed to provide valuable context 

when considering potential drivers of fluctuating performance capabilities within later chapters.  

Additionally, although training workload was reported within relevant chapters, it was important to 

provide an initial overview to verify these later observations were typical of in-season workload 

dosage.  Indeed, this data confirmed the appropriate selection of the “late-mid-season” phase within 

the experimental design of Chapters 5 and 6 with patterning consistent with a period of physiological 

‘maintenance’ rather than systematically progressive conditioning.  The hypothesis that the season 

macrocycle would consist of fluctuating patterns of training stress was confirmed and was likely 

influenced by both controllable (planned periodisation strategies) and uncontrollable (fixture 

scheduling, positional demands, team selection) factors.  These findings are in line with previous 

research outlining in-season workload variability (Garcia et al 2018) and question the likelihood that 

physical conditioning can be optimised for each individual.  This may, therefore, offer potential for 

depressed performance capabilities and vulnerability to injury through inappropriate or erratic 

conditioning stimuli.   

Chapter 4 aimed to contextualise the performance capabilities of the cohort of elite soccer players.  

Interestingly, the hypothesis that senior professional players would demonstrate superior NM 

performance capabilities was not confirmed.  This may be indicative of a successful strength and 

conditioning strategy deployed within elite youth soccer that has accelerated NM performance 

capabilities to the extent they are in line with senior players.   From a practical perspective, given the 

likelihood that senior professional players are performing close to their physiological limits with small 

headway for performance enhancement, the parity demonstrated by the elite young players indicates 

small fluctuations in observed capabilities may be important to performance at this level.  

8.3 - Does neuromuscular performance capability fluctuate over an in-season mesocycle?  

An athlete’s NM characteristics underpin the ability to generate and apply force and in this sense are 

critical to the bio-motor qualities known to influence elite-level soccer performance (Aaagard et al 

2002).  Recently, examining the relationship between NM performance and fatigue has also become 

popular in professional soccer (Gabbett et al 2016; Malone et al 2018).  The professional soccer season 

is characterised by a repetitive cycle of training, match-play, and recovery (Owen et al 2016).  

Physiologically, within this cycle of stress and recovery, a balance between attaining positive NM 
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adaptations and the potential for these intended adaptations to be masked by negative fatigue-

related symptoms presents a challenge to coaches and sports science practitioners (Cormack et al 

2008).  As such, examining fluctuations in NM performance capabilities across a typical in-season 

mesocycle was warranted and novel.  In particular, repeated measures of detailed NM outcome 

measures documenting fluctuations in performance capacity of elite players across an extended in-

season period has not been attempted previously.  The objective of Chapter 5 was to observe the 

magnitude of weekly fluctuations in NM performance during a typical in-season mesocycle and 

explore the associations with training workload. 

In essence, neuromuscular performance is represented by peak force (PF) and force-time capacities 

such as rate of force development (RFD) and electromechanical delay (EMD) (Aagaard et al 2002) and 

these performance indices facilitate the overall capacity of the neuromuscular system (Gissis et al 

2016).  Although the thesis ambitions were to advance knowledge of SM performance, in Chapter 5 

only motor (neuromuscular) performance capabilities were explored.  Neuromuscular performance, 

while controlled by afferent information in order to be efficient, governs the limits of capacity for 

effective athletic movement and in this sense provided a good starting point in the assessment of 

player capabilities.  Additionally, peripheral magnetic stimulation of a nerve root offers potential to 

directly activate motor units and overcome factors associated with volitional activation that might 

otherwise intrude proper estimation of true performance capability.  In Chapter 5, magnetically 

evoked twitch force (PTFe) was examined to provide added insight into the performance capabilities 

of elite soccer players.  The predominant finding of this study was the observed change in PTFe across 

the in-season period (Table 8.1).  Evoked stimulation of the motor pool suggests that observed 

changes in performance capability may be driven by impairments within the motor units themselves, 

rather than an alteration in the capacity of the CNS to activate muscle (Amann 2011).  Such detailed 

NM analysis in professional players over an extended period has not previously been addressed in the 

literature, limiting the integration of these findings to wider consensus.  Nevertheless, research has 

demonstrated that following an extended period of arduous physical conditioning there is potential 

for impaired NM performance in team sport athletes, as measured by weekly fluctuations in dynamic 

jump performance of up to 17.1% (Cormack et al 2008).  Although an overall reduction in PTFe 

equating to 13.6% was observed over the mesocycle, the novelty of this outcome measure in elite 

soccer players limits the ability to gauge the functional relevance of this impairment.  However, 

Goodall et al (2015) reported a comparative 15% reduction in peak force generating capability after 

45 minutes of match-play.  Given the increased likelihood of injury towards the end of both halves of 

soccer match-play (Ekstrand et al 2011), this deficit could be indicative of a threat to performance and 

potential for increased point prevalence of injury.  It is important to recognise, Goodall et al (2015) 
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had involved amateur players in their research who likely possessed inferior physical qualities 

compared with those of professional players and as such, direct comparison is limited with the need 

for more research highlighted. 

The evaluation of evoked NM performance capabilities over an extended period in professional soccer 

players provided a novel aspect to this chapter.  Evoked NM performance has previously been used to 

evaluate ‘reserve’ performance capabilities and distinguish between central and peripheral 

contributors to performance (Minshull et al 2007; Amann 2011).  For example, factors such as 

autogenic NM inhibition associated with injury and conditioning status may impede true performance 

capability even in the most highly motivated of individuals (Gleeson et al 1996; Minshull et al 2007).  

Additionally, nerve root stimulation to evoke twitch forces has been used to quantify exercise induced 

peripheral muscle fatigue (Amann 2011).  Specifically, following femoral nerve stimulation, the 

decrease in twitch forces from before to after exercise allows peripheral fatigue to be evaluated.  

Minshull et al (2007) reported increased magnetically evoked EMD performance following fatiguing 

exercise and speculated this apparently anomalous finding may reflect a vital facilitatory mechanism 

deployed to overcome impaired performance during critical times.  Unfortunately, due to logistical 

constraints it was not possible to perform magnetically evoked superimposition of players’ volitional 

peak force capabilities to offer more definitive mechanistic explanations for fluctuations in 

performance.  Specifically, quantifying the deficit between evoked supramaximal performance and 

volitional force-generating capacity would have provided more detail of whether players are 

approaching their physiological limits.   

Volitional performance capabilities were assessed across the mesocycle highlighting a statistical trend 

towards systematic change in the capacity to generate PF (p = 0.079).  Interestingly, a priori testing of 

the hypothesis, which had anticipated dose-response congruent changes with intra-mesocycle 

conditioning, showed depressed (3.1% reduction compared to baseline [week 1]) and then 

subsequently enhanced performance response between week 3 and 4 (4.2% increase compared to 

baseline [week1]) contributed most to the trend towards improvement over time.  This undulating 

pattern of performance capacity over the mesocycle may reflect the cyclic nature of stress and 

recovery which characterises in-season soccer.  For example, diminished NM performance should be 

anticipated following arduous training and match-play (Nedelec et al 2012) followed by the gradual 

restoration of performance capability during scheduled recovery periods involving low training 

stresses.  To this effect, physiologically, it may be speculated that performance fluctuations were 

driven by possible structural damage, and subsequent recovery, of a portion of the active muscle fibres 

following repetitive eccentric muscle action consistent with soccer performance (Hortobagyi et al 

1998).   
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Interestingly, no significant change in RFD was observed across the 6-week training period (p > 0.05) 

indicating that this aspect of NM performance capability was not influenced by the high intensity 

running dose provided by training and match-play.  It has been purported that RFD is influenced, 

physiologically, by muscle cross-sectional area and neural drive to the muscle fibres (Andersen and 

Aagaard 2006).   In this sense, given the change to other aspects of NM performance also linked to 

these factors, namely PF and PTFe, stable RFD performance over the same period is surprising.  It may 

be speculated that the weekly sampling of performance capabilities was not sufficiently frequent to 

capture changes in RFD in response to training and match-play.  For example, recovery of NM 

performance following match-play has been reported after 72 hours (Silva et al 2017) demonstrating 

the potential for diminished and subsequently restored RFD performance capability within the weekly 

assessment cycle.  Nevertheless, the findings demonstrated stable inter-week RFD performance levels 

indicating a maintenance of physiological capacity consistent with the aims of in-season training. 

In Chapter 5, correlational analysis found no relationship between NM indices, indicating each variable 

contributed to overall NM performance capability independently and in the absence of other threats, 

such as intrusion statistically from Type II errors, this finding is reflected properly in different 

responses to the fluctuating physiological stresses associated with the in-season mesocycle. 

Exploration of high intensity training workload as a driver of fluctuations in NM performance was 

supported statistically by change in absolute peak force appearing to be correlated significantly with 

corresponding changes with training load (ATL) near to the end of the mesocycle (weeks 5 and 6; r = -

0.59; p < 0.05), suggesting a modest (r2 = 0.35) training-related effect (higher acute loads provoking 

reduced strength performance), albeit within this modestly sized population (n = 12).  This finding may 

reflect a biological preference for relatively stable exposure to high intensity training stress to avoid 

excessive interference to homeostasis at any given time.  This is consistent with recent consensus in 

the literature where rapid increases in high intensity training load have been associated with increased 

risk of injury (Griffin et al 2019; Buckthorpe et al 2018; Bowen et al 2019).  This finding implies higher 

acute workloads may also have potential to diminish NM capabilities which may have implications for 

intra-week periodisation strategies.   

These finding provide valuable insight into the landscape of in-season professional soccer where there 

is a continuous ebb and flow of performance capabilities in response to the fluid demands of training 

and competition.  This reaffirms the need for coaches to structure training content appropriately to 

ensure players physical capabilities are optimal leading into competition.     
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8.4 - Does sensorimotor and neuromuscular performance capability fluctuate over an in-season 

microcycle incorporating training, match-play and the post-match recovery epoch?   

Current recommendations propose a minimum 48-hour recovery period following soccer match-play 

to re-establish homeostasis of the NM system (Nedelec et al 2012).  Such guidelines follow consistent 

findings within a body of research examining restoration of NM performance capabilities in the days 

following match play (Rampinini et al 2011; Thomas et al 2017; Brownstein et al 2017; Goodall et al 

2017).  Unfortunately, congested fixture scheduling and the need for coaches to prepare their teams 

tactically for the next fixture may compromise adherence to this guidance and so further exploration 

of risk to players is warranted.  Consensus regarding the impact of match-play on SM performance is 

less aligned, with indications of both maintained (Gioftsidou et al 2011) and disrupted (Greig and 

Walker-Johnson 2007) performance capability following match-play or simulated match-play, 

respectively.  It is known that injury occurrence is of higher prevalence in the latter stages of match-

play thus implying an association with fatigue (Ekstrand et al 2011).  It is not clear whether this 

association is related to a drop in the quality of afferent information delivered to the CNS or whether 

there is simply a decline in the capacity to produce rapid force on the efferent branch.  Chapter 6 

aimed to provide novel insight into SM and NM performance capabilities over an in-season micro-

cycle consisting of three training sessions and one competitive fixture to examine the relative 

prophylactic contribution of each sub-system.   

In Chapter 6, due to time-constraints associated with collecting experimental data on match-days, it 

was not possible to assess magnetically evoked performance capabilities.  Instead, EMD performance 

was examined to provide a thorough assessment of volitional NM performance capabilities alongside 

PF and RFD.  Additionally, EMD performance capabilities of elite male soccer players have not been 

subject to extensive analysis.  To build on the data from Chapters 4 and 5 relating to efferent 

performance capabilities, a force matching task relying on both afferent and efferent mechanisms was 

included in the outcome measures.  As anticipated, alterations in NM performance capability over the 

course of the microcycle were identified.  The greatest perturbance to performance capability 

followed match-play and manifested as a decline and subsequent restoration of capacity that reached 

statistical significance (EMD [F(3,24) = 10.8; p < 0.001]) or close to statistical significance (PF [F(3,33) = 2.7; 

p = 0.06]).  Statistically, for both EMD and PF, the most prominent change over time was identified 

between the day prior to match-day (MD-1) and immediately following the match (MDpost) (EMD 

[F(1,8) = 9.5; p = 0.015]; PF [F(1,11) = 12.1; p = 0.005]).  Analysis of intra-microcycle workload identified 

the high-intensity running dose was greatest on match-day and was the probable catalyst for the 

observed decline in PF and EMD performance.  It was interesting to note that relative impairments in 

performance returned to pre-match levels at different rates.  Specifically, EMD performance was 
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restored to pre-match levels by MD+2 (48 hours post-match), whereas the ability to generate 

maximum force remained depressed until MD+3 (72 hours post-match).  The driver of more prolonged 

interference to PF recovery compared with that for EMD is unclear, however this may potentially be 

related to structural damage within type II motor units (Peltonen et al 2018).   

Although the recovery of EMD performance following soccer match-play in elite players has not 

previously been examined, an eccentric fatigue protocol elicited reduced isometric EMD performance 

96 hours post exercise (Howatson et al 2010).  This contrasts with the findings of Chapter 6, where 

EMD performance returned to baseline within 48 hours post-match and may be due to factors relating 

to the potency of the imposed exercise stress and non-athletic participants in Howatson et al (2010).  

Nevertheless, post-match measures of PF and EMD performance were significantly reduced indicating 

that for a portion of the match players were at heightened vulnerability to injury and impaired physical 

performance.  The highly chaotic nature of soccer match-play involving explosive physical actions and 

unexpected perturbations caused by contact with opposing players emphasises this vulnerability. 

A key finding of Chapter 6 was despite disruption to NM capacity, SM performance remained stable 

across the microcycle.  This may imply sensory receptors located around the knee joint and the 

afferent channels to the CNS were unaffected yet contributors to maximal force and the transmission 

of force on the efferent branch were compromised.  This provides novel perspective when evaluating 

the aetiology of fatigue-related injuries sustained in the later stages of match-play (Ekstrand et al 

2011) and, biologically, may reflect a deeply entrenched preservation of accurate afferent information 

to signal threats to survival.  Equally, reductions in centrally derived components of force production 

such as reduced voluntary activation (VA), potentially driven by inhibitory signaling from 

metabosensitive III and IV afferents within the active musculature, may offer a potential explanation 

for this scenario (Amann et al 2011).  At a motor unit level, impairments to cross-bridge function and 

the excitation-coupling process due to the build-up of metabolites may limit the capacity to produce 

force, but not necessarily disrupt mechanoreceptors and subsequently the ability to accurately scale 

force.  Previously, evidence of both disruption (Brito et al 2011) and maintenance (Gioftsidou et al 

2011) of sensorimotor capabilities following soccer training and match-play performance has been 

reported.  However, there is considerable evidence in the literature that high intensity eccentric 

exercise unrelated to football leads to disruption of proprioception and precision of movement control 

(Proske et al 2004; Twist et al 2008).  The force acuity measures chosen to characterise SM 

performance in this study conceptually resemble the single joint repositioning task utilised by 

Mohammadi and Roozdar (2010) where laboratory-induced high intensity exercise stress negatively 

impacted performance.  This may indicate that although, in this instance, match-related physical stress 

failed to disrupt SM performance capabilities, a more focused exposure to exercise stress may yet 
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diminish performance capabilities and increase vulnerability to injury.  Indeed, this notion was 

examined in Chapter 7 and is outlined in the section 8.5 of this discussion. 

The final aspect of Chapter 6 was the exploration of the potential influence of conditioning status on 

post-match recovery and resilience.  Correlational analysis between match-play-related PF decreases 

and prior workload indicated greater strength losses were associated with high acute training loads 

leading into match-play.  Depressed strength capabilities on the back of inappropriately high training 

dosage leading into match-play may explain this association.  Although large volumes of high intensity 

running have previously been linked to impaired next-day NM performance in elite young soccer 

players (Fitzpatrick et al 2018), this finding provides a preliminary indication that acute workload has 

potential to interfere with strength resilience and recovery following match-play.   

 

8.5 - What is the impact of a direct intermittent isometric fatigue task (IIFT) on sensorimotor and 

neuromuscular performance capability?   

Although SM performance decrements have been shown to accompany reduced NM performance 

following high intensity exercise stress (Proeske et al 2004; Twist et al 2008), the impact of soccer 

related activities has so far yielded mixed findings with evidence of both disrupted (Brito et al 2011) 

and preserved (Gioftsidou et al 2011; Greig and Walker-Johnson 2007) performance.  In this regard, 

the findings of Chapter 6, where match-play failed to elicit SM performance impairments within a 

cohort of players, have precedence in the literature.  However, laboratory-induced fatigue was found 

to be detrimental to SM performance in high-level soccer players during an ankle repositioning task 

(Mohammadi and Roozdar 2010).  As detailed in Chapter 3, heterogeneity of inter- and intra-week 

training and match workloads brings uncertainty around the precise physical stress experienced by 

each player during ecologically relevant settings such as in-season soccer training and match-play.  The 

objective of Chapter 7 was to examine the effect of a laboratory-induced intermittent isometric 

fatigue task on NM and SM performance to seek to establish, with high internal validity, the impact of 

ultra-acute high intensity exercise stress on each of the previously considered performance sub-

systems.  A further objective of Chapter 7 was to explore alterations in player-perceived capabilities, 

namely the CR-10 and PTD, which might influence injury and performance related behaviours by 

means of ultimately, a potential mis-scaling and regulation of the expression of intensity that might 

be needed to execute football tasks effectively and efficiently.  

The key finding of Chapter 7 was that all NM performance outcomes were diminished following the 

IIFT, yet SM performance was preserved.  Although, impaired NM performance was anticipated, it was 
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interesting to observe changes in performance that reached greater statistical significance, implying a 

more homogenous response within the cohort, than those outlined in Chapters 5 and 6.  Specifically, 

a significant decrease in RFD was observed following the IIFT where previously chronic (Chapter 5) and 

acute (Chapter 6) high intensity exercises stress failed to perturb performance capabilities.  This 

implies that vulnerability to prolonged efferent muscle responses is linked to the potency of the 

imposed physical stress, which may have implications during the most intense periods of training and 

match-play.  Equally, the magnitude of reduction in PF capability following the IIFT (Cohen’s d: 0.58 

[11.3%]) was greater than the deficit observed immediately following match-play in Chapter 6 

(Cohen’s d: 0.32 [8.7%]).  Given that the IIFT involved exhaustive exercise performance, these results 

indicate players were not driven to their physiological limit during match-play, albeit in the single 

match examined within Chapter 6.  Indeed, the notion that physicality may not be a primary influencer 

of overall performance has been contended elsewhere in the literature and is demonstrated the poor 

correlations between match outcome and running distances (Paul et al 2015).  

In line with the findings of Chapter 6, the IIFT induced a significant increase in EMD indicating a 

detrimental effect on the ability initiate force and attain compliance within the knee joint.  

Comparatively, the magnitude of the observed increase in EMD was larger biostatistically (Cohen’s d: 

2.34 [22%]) than the deficit observed immediately following match-play (Chapter 6; Cohen’s d: 0.89 

[15.1%]).  Interestingly, even greater latencies in female soccer players have previously been reported 

following soccer specific fatigue trial (58%) (De Ste Croix 2015).  Previously, significantly elevated EMD 

was reported in recreationally active males following eccentric exercise (Howatson et al 2010), 

however fatigue trials involving isometric contractions have yielded mixed findings with evidence of 

improved (Shephard et al 2013) and diminished EMD performance (Minshull et al 2007).  The findings 

of Chapter 7, in line with Minshull et al (2007), appear to indicate that longer contraction times 

deployed within an IIFT provoked greater disruption to EMD, perhaps due to greater metabolic stress 

related to blood occlusion during prolonged isometric contractions (Hunter et al 2006).    

The preservation of SM performance following the IIFT contrasts with previous research where an 

eccentric exercise protocol reduced SM and NM performance concurrently (Twist et al 2008), albeit 

within a modest sample size (n = 9) of recreationally active individuals (male and female).  This may 

indicate the impact of fatiguing exercise on performance capacity is linked to contraction type, with 

eccentric exercise provoking greater levels of muscle damage (Twist et al 2008).  However, in a larger 

sample of soccer players (n = 36), isometrically-induced fatigue elicited significant reductions in SM 

performance of the ankle evertors (Mohammadi and Roozdar 2010).  The authors speculated that high 

intensity isometric exercise inhibited receptor sensitivity and afferent input to the CNS, ultimately 

resulting in imprecise muscle activation.  During fatiguing exercise, metabolic by-products including 
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bradykinin and lactic acid have been found to have a direct impact on sensory receptor discharge 

patterns (Pedersen et al 1998).  Nevertheless, the findings of Chapter 7, along with those in Chapter 

6, are supported elsewhere in the literature where SM performance was preserved following high 

intensity exercise (Gioftsidou et al 2011; Greig and Walker-Johnson 2007).  Notably, within these latter 

studies, preservation of performance capability followed soccer-related activities rather than 

specifically designed fatigue trials and perhaps reflects the heterogeneity in fatigue responses to 

soccer-based tasks.  Furthermore, these studies assessed SM performance during a closed-chain, 

multi-joint stability task as opposed to a single-joint method within the current study.  In any case, the 

findings of Chapters 6 and 7 indicate that in both ecologically (Chapter 6) and internally (Chapter 7) 

valid settings, SM performance appears to be maintained despite concurrent impairments in NM 

function that are both statistically and practically meaningful.  It should be noted however, that the 

small sample sizes within Chapters 6 and 7 (n = 12) and within Greig and Walker-Johnson (2007) (n = 

10) may not offer the appropriate design sensitivity to guard against intrusion from type II errors. 

As well as a reduction in the ability to produce force, fatigue is characterised by an increase in the 

perceived effort to exert a desired force (Gandevia 2001).  A secondary objective of Chapter 7 was to 

explore alterations in player-perceived capabilities which might influence injury and performance-

related behaviours.  The relationship and patterns of change between the CR-10 and PTD, which were 

placed onto a common percentage scale for the purposes of statistical comparison, demonstrated 

similar findings to previous research whereby both perceptual scales showed efficacy in predicting 

cessation of exercise (Shepherd et al 2013).  However, in contrast to the findings of Shepherd et al 

(2013), a significant interaction effect highlighted a divergence between paradigms of perceived 

performance capabilities.  Given that CR-10 was greater than PTD at the onset of the task, yet PTD 

increased more rapidly as the scales merged towards the end point, it may be interpreted that 

participants overestimated their ability to tolerate exercise stress and to delay the onset of fatigue.  

Despite high-level soccer players being accustomed to arduous physical training and the sensations 

which accompany exhaustive exercise, at 10% of CTD during the IIFT, CR-10 was 16.2% higher than 

PTD.  In the context of competitive match-play, a mis-calibration of this magnitude, driven by a 

determination to maximise task duration despite the substantial perceived exertion, may lead to the 

early onset of fatigue, manifested as a decline in force production during critical aspects of 

performance.  Equally,  a mis-calibration of self-perceived performance capabilities during injury 

rehabilitation may result in the inappropriate self-selection of exercise intensity and ultimately a 

failure to elicit the intended physiological adaptations (Shepherd et al 2013).  This indicates the current 

trend for performance support practitioners to monitor and prescribe internal and external workload 

variables to optimise adaptation, is justified (Ahenhead and Nassis 2016). 
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Table 8.1.  Key findings to research questions. 

Thesis Question Key Findings 

Does neuromuscular performance 
(PF, RFD and PTFe) fluctuate over 
a typical in-season mesocycle (6-
weeks) and are changes in 
performance related to high 
intensity training workload?  
(Chapter 5) 

 Significant reduction (p = 0.049) in evoked twitch force 
performance observed across the mesocycle (13.6%). 

 A trend towards significant difference in inter-week PF 
performance capability. 

 No change in RFD performance capability across meso-
cycle. 

 Inter-week heterogeneity in high intensity running 
workloads. 

 Change in PF correlated significantly with 
corresponding changes in training workload (ATL) 
towards end of the mesocycle (r = -0.59; p < 0.05). 

Does sensorimotor (FE) and 
neuromuscular (PF, RFD and EMD) 
performance fluctuate over a 
typical in-season microcycle? 
(Chapter 6) 

 Significant reduction in EMD performance over the 
course of an in-season microcycle (15.1% reduction 
following match-play) was present. 

 A trend towards significant change in PF capability 
over microcycle. 

 SM performance capability across the microcycle was 
stable (p > 0.05). 

 No reduction in SM performance immediately post-
match. 

 Post-match PF decrease correlated positively with 
prior training workload (r = 0.59-0.62; p < 0.05), 
indicating that greater losses of strength were 
associated with higher acute training loads (ATL and 
A/C ratio). 

What is the impact of an 
intermittent isometric fatigue trial 
on sensorimotor (FE), 
neuromuscular performance (PF, 
RFD and EMD) and patterns of 
change between two paradigms 
of self-perception (CR-10 and 
PTD)?  (Chapter 7) 

 All indices of NM performance capability impaired 
following the IIFT (p < 0.001; Cohen’s d: 0.58-2.24). 

 SM performance preserved following the IIFT. 

 Significant interaction between paradigms of self-
perception indicating a divergence in perceived 
exertion and time to exhaustion (p < 0.001). 

 

 

8.6 - What are the implications of these findings for conditioning elite soccer players? 

A group-based design was chosen for this research project, accordingly, the ability to infer that these 

results can be used at an individual’ level, is limited.  For example, although the present studies 

observed statistically significant alterations in NM performance, these may not have reached a 

practically meaningful level for every player, or to have occurred in the same direction of change 

(Figure 8.2).  At group level, the findings of Chapter’s 5 and 6 highlighted impaired performance 

capabilities, consistent with fatigue in response to episodes of high training and match workload.  
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However, the individual response to fatigue is also likely to be affected by factors such as conditioning 

status (Gabbett 2016), nutrition (Nedelec et al 2012) and sleep quality (Silva et al 2017).  As such, 

although the findings of this group-based research design may be generalised accordingly, in an 

applied setting, monitoring individual fatigue responses to workload may allow more targeted 

decision making. Equally, statistically significant results do not necessarily demonstrate practical 

significance (Copay et al 2010) and for this reason it useful for researchers to establish thresholds of 

change denoting practical importance, such as the smallest worthwhile change (SWC) (Buchheit 2016).  

Currently, such values are not well defined for all outcome measures within this research project.  

However, an alternative method may be the use of a standardised effect size (Cohen’s d: 0.2, small 

effect) to denote, from a distribution rather than a criterion perspective, a notional minimum 

important change.  Similarly, the minimum detectable change (MDC) provides a criterion value that, 

mechanistically, can be captured by the assessment instrumentation, thus providing an indication of 

whether the observed change score exceeds the measurement error inherent to the test, at a desired 

level of confidence.  By considering the mechanistic capability of a measure to detect change alongside 

the minimally important change, a robust adjunct method to statistical approaches for identifying, 

may be achieved (Figure 8.3).   

 

 

Figure 8.2.  Individual and mean (in grey) responses to the intermittent isometric fatigue task 

described in Chapter 7. 
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Figure 8.3.  Individual change scores following the intermittent isometric fatigue task.  Error bars 

denote the minimum detectable change (Minshull et al 2007).  Greyed area denotes notional 

threshold for smallest worthwhile change (standardised effect size: Cohen’s d: 0.2, small effect). 

 

Elite soccer performance is comprised of technical, tactical, and physical components with the latter 

requiring high levels of endurance, speed, power and strength (Hoff and Helgarud 2004).  Recent data 

has outlined that high intensity actions during soccer match-play have rapidly increased in recent years 

(Barnes et al 2014; Bradley et al 2016).  Therefore, current training practices must consider the 

underpinning mechanisms of neuromuscular capability, which drive high threshold bio-motor 

qualities such as speed and agility, within a programme that will optimise training stress and 

adaptation.  Equally, enhancing neuromotor control with the goal of reducing serious ligamentous 

injury via SM conditioning is supported empirically (Caraffa et al 1996) and perceived as important by 

sports medicine practitioners (Read et al 2018).  Additionally, the association between training 

workload and injury (Jones et al 2017) demonstrates the need for balance between developing robust 

physiological capacities and overreaching to the point of diminished performance and injury.  The 

ultimate goal of performance support staff working in professional soccer is injury reduction and 

physical performance enhancement and the following section will aim to discuss the findings of this 

thesis within this context.   

8.6.1 - Enhancing sensorimotor and neuromuscular performance in soccer players 

Collectively, the findings of Chapters 5, 6 and 7 identified the potential for periods of impaired NM 

performance during important aspects of the competitive season.  In practice, this will be manifested 

as a reduced capacity to execute locomotor activities requiring high and rapid motor-unit recruitment 

and may be especially prevalent during periods of fixture congestion.  The inability to deliver the 
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required NM outputs may translate to poor performance and injury.  It is therefore imperative that 

conditioning interventions designed to enhance NM capacities are implemented in elite soccer 

players.  In contrast, SM performance capabilities were preserved during the microcycle (Chapter 6) 

and IIFT (Chapter 7).  These findings are interesting given that causality between SM conditioning and 

reduced serious ligamentous injury has previously been established (Carraffa et al 1992) and 

subsequently, an expectation for impaired performance under conditions of physiological stress 

would be reasonable.  Indeed, the physiologic rationale for impaired SM performance during arduous 

exercise stress, namely disruption to intrafusal muscle fibres constraining quality afferent information 

to the CNS, is highly plausible and backed empirically (Twist et al 2008; Mohammadi and Roozdar 

2010).  Given SM performance is a composite of afferent and efferent processes, a reduction on the 

motor (neuromuscular) branch should provoke a net impairment in overall capability.  These findings 

have implications when considering the type of conditioning required to maximise performance and 

protection from injury and are particularly pertinent given the established perceived importance of 

‘proprioception training’ among sports science and medicine practitioners (Read et al 2018). 

8.6.2 - Exercise and protocol selection 

In recent times there has been a wealth of research seeking to establish the efficacy of conditioning 

interventions for reducing injury prevalence (MacDonald et al 2019; O’Brien et al 2017; Pollard et al 

2006).  Many of these studies have reported positive effects on injury prevalence in players of all 

competitive levels (Soligard et al 2008; Soligard et al 2010; Steffen et al 2013, Silvers-Granelli et al 

2017).  However, often these studies have incorporated mixed modalities, which include NM- and SM-

based exercises, packaged together within an injury-prevention protocol such as the “FIFA 11+ Injury 

Prevention Programme”.  As discussed in Chapter 1, the pursuit of SM performance enhancement 

typically utilises unstable surface apparatus such as ‘wobble-boards’ or ‘BOSU-balls’ to challenge 

functional joint stability.  Indeed, exercises of this nature are often classified as ‘proprioception 

training’ implying they target the afferent branch of the SM system (Read et al 2018).  The reality, 

however, is all movement requires a degree of afferent input to maintain joint stability and postural 

control and therefore, although unstable surface apparatus may provide a more potent stability 

challenge than exercises performed on stable surfaces, there are relative contributions from both 

afferent and efferent mechanisms (Zech et al 2010; Riemann and Lephart 2002).  Equally, the absence 

of unstable surfaces within an exercise protocol does not remove all potential for SM adaptation.  

Indeed, coordination during ‘real-world’ sporting activities, such as sprinting and jumping involve a 

constant loop of afferent input and efferent responses (Riemann and Lephart 2002; Van Hooren and 

Bosch 2018).  To this affect, although the term sensorimotor is appropriate to reflect the composite 

nature of movement control and execution, from a prophylactic perspective, optimal conditioning 
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strategies or gold standard protocols are poorly defined and remain elusive (Zech et al 2010).  

Specifically, it is unclear whether greater opportunities for performance enhancement exist via 

afferent (sensory) or efferent (motor) adaptations, or indeed whether an integrated, outcome specific, 

approach must be implemented (Bosch 2015).  A further issue within the current body of literature 

relating to the efficacy of SM conditioning is the lack of studies involving professional players.  For 

example, the study of Caraffa et al (1996), regarded as a seminal study for the efficacy of SM 

conditioning interventions, involved amateur players to whom the imposed stimuli were most likely 

novel and subsequently may have reduced their vulnerability to ligamentous injury simply through 

exposure to new, unaccustomed exercise.  Only two studies have investigated specific SM-based 

protocols in professional level players with positive findings for both performance (Heleno et al 2016) 

and injury recurrence (Mohammadi 2007).  In the study of Mohammadi (2007), superior results in the 

form of reduced ankle injury recurrence were demonstrated in players grouped within a sensorimotor 

training intervention compared with a strength training or control group.  This evidence implies there 

may be potential to enhance net capabilities via afferent adaptations in elite players.  Indeed, the 

findings of this thesis may therefore reflect the robustness of the SM system when under threat rather 

than a limited scope for improvement per se.  It is plausible, biologically, that stable SM performance 

reflects an innate capability within the human system to preserve capabilities that are crucial to 

survival in emergency scenarios 

Although further intervention studies are required to explore these questions, the findings of Chapter 

6 and 7 offer insight into the susceptibility of players when exposed to high intensity exercise stress.  

Specifically, greater disruption to the ability to generate maximal and rapid force, rather than the 

ability to precisely scale force was observed, and to this effect interventions targeting NM 

performance may bring higher value to ultimately reduce performance deficits during the most 

intense periods of competition.  This insight implies conditioning interventions aimed at enhancing 

NM performance through strength and plyometric training may be particularly appropriate in elite 

soccer players. 

8.6.3 - Enhancing peak force performance capability 

The ability to generate high levels of force is critical to absorb mechanical loading and maintain joint 

integrity during sporting activities (Johansson et al 1991).  From an athletic perspective, dynamic 

aspects of performance such as sprinting, jumping and changing direction produce huge joint 

moments and external forces greater than 5 x body mass (Beachle and Earle 2008).  In Chapter 5, PF 

was found to fluctuate to a level close to statistical significance, indicating that this aspect of NM 

performance is vulnerable to impairment during critical aspects of the competitive season that extend 
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beyond acute fatigue related symptoms in the immediate proximity to a bout of high intensity 

exercise.  Similarly, the reduction in PTFe over the 6-week period indicates a reduction in peripheral 

strength capabilities of 13.6%.  To this effect, PF should be targeted within conditioning interventions 

to maximise performance during the observed ebb and flow of performance capabilities during in-

season soccer.  Structural and morphological adaptations following heavy strength training, such as 

hypertrophy, increased cross-bridge interactions and greater pennation angles (Suchomel et al 2018), 

are likely to enhance the prophylactic capacity of the lower limb musculature and in this sense should 

be targeted by elite soccer players.  A wealth of research currently exists relating to the development 

of strength capabilities in athletes (Suchomel et al 2018).  Specifically, strength is underpinned by a 

combination of neural (motor unit recruitment, synchronisation and rate coding) and morphological 

(muscle architecture, cross-sectional area and musculotendon stiffness) adaptations (Suchomel et al 

2018; Aagaard et al 2002) and the manipulation of training variables can emphasise specific factors.  

The perceived importance of strength training is high among sport science and medicine practitioners 

working in professional soccer (Read et al 2018).  Although a detailed in outline of strength training 

methodology is beyond the scope of this thesis, a summary is provided in Table 8.2.   

8.6.4 - Enhancing rate of force development performance capability 

A surprising finding of this research was the stability of RFD performance capability over the course of 

the in-season meso and microcycle despite the exposure to high intensity training stress and 

diminished capacity within other performance variables.  It is possible that within-group heterogeneity 

left the study underpowered to detect any subtle, but potentially important, changes in this aspect of 

NM performance.  This is supported by the observed decline in RFD performance during the more 

potent exposure to high intensity exercise stress provided by the IIFT indicating that rapid muscle 

activation is also highly likely to be impaired during the most intense periods of soccer training and 

match-play.  As such, conditioning strategies to enhance explosive muscle capabilities incorporating 

ballistic jumping and throwing movements are justified (Table 8.2). 

8.6.5 - Enhancing electromechanical delay performance capability 

Potentially harmful dynamic forces within the knee joint must be overcome within a limited time 

frame to maintain joint stability (Minshull et al 2007).  Specifically, the time frame identified between 

the initiation of potentially harmful forces and rupture of the anterior cruciate ligament is 300ms (Rees 

1994).  In Chapter 6 and 7, among indices of NM performance, EMD showed the greatest performance 

decrements, including a 15 and 22% decline following match-play and the IIFT, respectively.  The 

mechanisms which underpin EMD facilitate the rapid transmission of force and include the chemical 

processes (ECD) which lead to contraction of the contractile element followed by the aligning of the 
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SEC.  Increased EMD latencies reported in Chapter 7 are in line with previous studies involving 

isometrically-induced fatigue in healthy, non-athletic populations (Minshull et al 2008; Zhou et al 

1996a).  Similarly, fatigue induced by sprint cycling also demonstrated similar decrements in EMD 

performance capability (Zhou et al 1996b).  These results, therefore, add to the current consensus 

that EMD performance declines during high intensity isometric exercise stress, likely due to 

deterioration within conductive, contractile, and elastic properties of the active musculotendon unit 

(Zhou et al 1996).  Analysis of a competitive microcycle within Chapter 6 provided valuable insight into 

the influence of high intensity exercise stress on EMD performance in a highly ecologically relevant 

setting.  As demonstrated in Chapter 6, match-play represents the most physically demanding aspect 

of the weekly microcycle in professional soccer.  Indeed, injury rates during match-play are between 

30-60 (injuries) for every 1000 playing hours compared with between 2-5 for every 1000 training hours 

(Lu et al 2020) highlighting the importance of robust performance capabilities in the former setting.  

Match-play induced a 15% decline in EMD performance capability indicating the need to maximise 

this capacity to off-set game-related fatigue.  As previously discussed, research on this topic in elite 

male soccer players is currently lacking and therefore clear guidelines for enhancing EMD 

performance, or even trainability, per se, remain elusive.   

In Chapter 6, pre- and post-match EMD latencies were recorded as 33ms and 38ms, respectively.  

Given ground-contact times of the foot for team sport athletes during sprinting are around 150ms 

(Barr et al 2013), this represents a significant portion of the time available to apply force.  As such, 

targeted conditioning strategies to enhance the capability of the NM system to attain compliance 

within the ankle, knee and hip joint would likely transfer to athletic performance as well as providing 

prophylactic benefit.  Specifically, the most prolonged aspect of EMD consists of the uptake of slack 

within the MTU prior to force production (Van Hooren and Bosch 2016).  Co-activation of the agonist 

and antagonist musculature prior to ground-contact during sporting endeavours is an adaptation of 

plyometric training (Browne and Flanagan 2018) and may be the most effective way to reduce muscle 

slack and shorten EMD latencies during athletic actions.  This provides an example of the 

intertwinement of the NM and SM system where feedforward sensory input (derived from visual, 

vestibular, or prior experiences) may drive favourable NM coordination to enhance performance of a 

given task within a given context, while receiving feedback concomitantly via mechanoreceptors 

located within the active musculature (Riemann and Lephart 2002).  Optimal conditioning for EMD 

performance enhancement should also consider the influence of increased joint mobility with 

evidence that flexibility training may exacerbate performance deficits, through substantial increases 

in tissue compliance, following stressful exercise (Gleeson et al 2013).  The direct assessment of EMD 

performance requires simultaneous force and EMG readings and therefore regular monitoring of this 
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variable is not practical in an applied setting.  Nevertheless, measures of plyometric capability such as 

the reactive strength index (RSI), calculated by dividing jump height or flight time by ground contact 

time, are likely to be influenced by EMD (Van Hooren and Bosch 2016). 

 

Table 8.2.  Summary of conditioning emphasis and primary exercise modalities to target NM indices 

of performance. 

Performance Index Conditioning Emphasis Primary Exercise Modality 

Peak Force Heavy Strength Training Barbell Squat/Deadlift 
Variations 

Rate of Force Development Ballistic Strength Training Olympic Lift 
Variations/Jumps/Medicine 
Ball Throws 

Electromechanical Delay Reactive Strength Skipping, Bounding, Sprinting, 
Plyometric Exercises 

 

 

8.7 - Training and match workload 

The use of GPS monitoring to capture locomotor outputs and quantify on-field training and match-

related physical stress is commonplace in elite soccer (Akenhead and Nassis 2016).  Performance 

support staff routinely focus on high velocity metrics due to their high reliability (Akenhead et al 2016) 

and relationship with injury (Hulin et al 2016) and fitness (Fitzpatrick et al 2018).  Although crucial to 

develop robust physical capacities, research has established a link between poorly structured training 

content and non-contact injuries (Delecroix et al 2019).  Equally, the increased prevalence of injury 

during periods of fixture congestion demonstrates the significance of workload management, 

especially when considering player availability is associated with final league position (Eirale et al 

2013).  Chapter 5 outlined change in acute training load (7-day high intensity running distance (>19.5 

km·h-1)) correlated significantly with change in PF towards the end of the mesocycle (r = -0.59; p < 

0.05, r2 = 0.35) implying higher acute workloads have potential to diminish NM capabilities.  

Physiologically, this is likely to be related to greater homeostatic interference and possible structural 

damage to active muscle fibres following unaccustomed training stress.  This finding was supported in 

Chapter 6, where greater post-match strength losses were associated with higher acute training 

workloads (r = 0.59; p < 0.05).  The relative physiological interference to homeostasis imposed by an 

acute bout of training stress is highly likely to be influenced by a priori fitness, which in turn is 

influenced by prior chronic workload.  It is this rationale which has popularised the A/C ratio as means 
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of contextualising acute training workload.  Although these variables are implicitly related, 

mathematically, this method offered a duel variable approach to identifying players who were 

exposed to highly fluctuating patterns of high intensity exercise stress.  Due to the small sample size 

these findings should be generalised with caution.  Nevertheless, they add to a growing weight of 

evidence that sub-optimal variance in training workload patterns can facilitate impaired performance 

(Fitzpatrick et al 2018; Cormack et al 2008) and heightened injury risk (Griffin et al 2019; Buckthorpe 

et al 2018; Bowen et al 2016).  These preliminary findings appear to indicate that favourable responses 

to aspects of NM performance following a match may be delivered by careful selection of antecedent 

training workloads.  Specifically, although high levels of conditioning are required to prepare players 

for match-demands, the potential for workload-related interference to between-game recovery 

during condensed fixture scheduling should be considered.   

Finally, in Chapter 7, although both paradigms of self-perceived performance capability (CR-10 and 

PTD) showed efficacy in predicting the cessation of exercise, a significant interaction effect 

demonstrated a mis-calibration of performance capabilities consistent with an overestimation of the 

capacity to tolerate the stressful exercise.  This finding supports the current trend to monitor internal 

and external training workload during rehabilitation to prevent players surpassing critical thresholds 

beyond their physiological limits. 

A summary of the practical implications derived from the findings of this research project are outlined 

in Table 8.3 and Figure 8.1.   

 

8.8 - Study limitations and further research 

The strength of this programme of research resides in the evaluation of SM and NM performance 

capabilities in elite young soccer players which had been purposely delimited to include a range of 

ecologically and internally valid exposures to high intensity exercise stress.  In addition, it is the first 

research in professional soccer players to offer evaluation of concurrent repeated measures of SM 

and NM performance before, immediately following and in the days subsequent to match-play.  Thus, 

it was providing a real-world timeline of stress and recovery of these systems over a weekly 

microcycle.   

The conclusions derived from this thesis should be tempered by the following limitations and de-

limitations.  Firstly, the small sample size may increase the risk of type II error, although the former is 

common in studies involving elite soccer players.  Secondly, all participants were recruited from the 

same professional soccer club, all of whom would have been exposed to the same training 
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methodology, which may limit the generalisability of the results.  Also, blinded assessment of 

participants was not possible due to the applied setting in which this research was undertaken, and 

as such the risk of observer bias cannot be eliminated. 

In Chapters 5 and 6, training stress was quantified using a single variable (high intensity running 

distance).  Although high intensity running has been linked to changes in longitudinal fitness and short-

term fatigue responses, this measure inevitably fails to fully characterise the varied physical demands 

of soccer.  This, alongside factors such as age, conditioning status, and nutrition, which were not 

formerly assessed and their effect quantified, may regulate individual responses to training workloads 

in unpredictable ways, adding to the complexity of player monitoring.  

Lastly, effective motor control during athletic performance relies on sensory information concerning 

both internal and external factors related to specific task execution (Riemann and Lephart 2002).  This 

process involves a constant loop of feedforward (anticipation/prior experience) and feedback 

(mechanoreceptor input) information.  Therefore, although this thesis offers a focused, internally valid 

assessment of performance capabilities contributing to the stability of a single joint, it must be 

acknowledged that extrapolating these findings to the coordination of gross motor patterns is limited. 

Although the imposed training stresses delivered in this thesis were sufficient in magnitude to disrupt 

motor (neuromuscular) performance, the quality of afferent input to regulate the precision of muscle 

activation appeared to remain high, albeit within a single joint during force-matching task.  To progress 

this area of study, further research should attempt to examine the role of the sensorimotor system in 

maintaining efficient movement during more complex kinematic activities in relation to injury and 

fatigue.  For example, research has identified the deterioration of sprinting biomechanics during 

soccer-activities as a significant risk factor for hamstring injury with current recommendations 

advocating exercise interventions to address the control of the lumbo-pelvic region (Mendiguchia et 

al 2020).  However, a firm understanding of mechanisms contributing to the break-down of kinematic 

efficiency during soccer performance remains elusive and obstructs the design of best-practice 

interventions and effective implementation.   
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Table 8.3.  Practical implications and performance support opportunities. 

Finding Practical Implication Performance Support 

Reduced peripheral 
contribution to NM 
performance during in-
season soccer. 

Impaired capacity to generate 
maximal force during in-season 
soccer leading to reduced 
physical outputs during 
explosive athletic actions. 

 Adherence to in-season 
S&C practices critical. 

 Appropriately 
structured and timed 
maximal strength 
training. 
 

Rate of force development 
capability diminished 
following IIFT. 

Impaired RFD following high 
intensity intermittent exercise 
may leave players vulnerable 
during most physically 
demanding periods of games. 

 Identify and prepare 
for ‘worst-case 
scenario’ moments 
during match-play. 

 Improve fatigue-
resistance capability of 
explosive muscle 
properties through 
targeted S&C. 

EMD performance 
significantly impaired during 
match-play. 

Reduced capacity to initiate 
force following increased EMD 
latencies will negatively impact 
performance and prophylactic 
function. 

 Target aerobic 
endurance within 
conditioning strategies 
to delay in-game 
fatigue. 

 Encourage favourable 
NM adaptations (co-
activation, stiffness) via 
plyometric 
conditioning. 

Large fluctuations in ATL and 
A/C ratio may facilitate 
declines in NM performance.  

Diminished NM capabilities may 
lead to inferior performance 
during match-play and increase 
vulnerability to injury. 

 Progressively increase 
workloads to a level 
that will leave players 
prepared for the 
demands of the game. 

 Intervene to avoid 
large week-to-week 
fluctuations in 
workload. 

 Recovery days (to 
reduce workload) and 
supplementary 
conditioning drills (to 
increase workload). 

 Anticipate scenarios 
where high workloads 
will manifest (i.e. 
periods or congested 
fixtures. 
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8.9 - Conclusion 

This research project has increased current knowledge and understanding by providing a novel and 

comprehensive evaluation of sensorimotor and neuromuscular performance capabilities in elite 

young soccer players.  The findings presented in this thesis will better inform future studies on 

conditioning soccer players and allow more targeted prophylactic strategies to be implemented by 

performance support staff.  During important aspects of the competitive season, fluctuations in peak 

force, evoked twitch force and electromechanical delay contributed most to the overall ebb and flow 

of performance capabilities.  Within the findings of this thesis, the greatest disruption, statistically, to 

NM performance capabilities was observed following the intermittent isometric fatigue task indicating 

impairments are related to the potency of the imposed stress which may have implications when 

preparing players for the most physically demanding aspects of match-play.   

Sensorimotor performance was preserved throughout this research project, including immediately 

following match-play, perhaps reflecting this performance systems importance and an intrinsic 

protector, biologically.   

Both paradigms of self-perceived performance capability (CR-10 and PTD) showed efficacy in 

predicting the cessation of exercise, however a significant interaction effect demonstrated a 

miscalibration of performance capabilities consistent with an overestimation of the capacity to 

tolerate the stressful exercise.   
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Appendix I a: Modified CR-10 Scale 
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Appendix I b: VAS Scale for PTD 
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Appendix II a: Participant information sheet 

 

 

Participant Information Sheet 

 

Study Title 

Sensorimotor and neuromuscular performance capacities in early career professional soccer players. 

 

Invitation and summary of study 

You are invited to participate in the above-named study by Colin Clancy, a student of Queen 

Margaret University.  The research is in full agreement with Hibernian Football Club.  The study will 

examine season-long changes in neuromuscular (e.g. muscle force) and sensorimotor (e.g 

balance/control related tasks) performance across a full competitive season. 

 

Participant Consent 

This sheet should provide you with information regarding the requirements of the study and allow 

you to make an informed decision on whether you wish to consent to participate.  Please review this 

information carefully and if you decide that you wish to participate you will have the opportunity to 

sign an accompanying consent form. 

 

What’s involved? 

The study will monitor current training practices through a battery of tests every 9-weeks of the 

season from Oct 2018 to May 2019 (5 testing sessions – agility, neuromuscular and sensorimotor).  

Each testing session will be approximately 60 minutes in duration.  Specifically, the tests you will be 

required to undertake are 20m sprint, 505 Agility test, Countermovement Jump test, Y-Balance test 

and strength testing.  The purpose is to identify the season-long changes of key indicators of 

performance and injury risk.  The study will involve 16-20 early career professional football players.   

 

What are the possible benefits of taking part? 

The research may inform the practices of Hibernian Football Club and the wider professional soccer 

community for which participants may be beneficiaries in the future - specifically, around injury 

prevention and conditioning programme design. 

 

What are the possible disadvantages and risks of taking part? 

Although the risks of injury or ill-effects are considered low, the normal risks associated with physical 

activities apply.  However, participation in this research will be in-line with normal training practices.    
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Under no circumstances will participation in this study affect participants relationship with 

Hibernian Football Club as individual data will be anonymised.   

Any decision to participate, or not to participate in this study will have no bearing on prospective 

participants relationship with the football club.  Participants are welcome to withdraw from the 

study at any stage and any data obtained up to that point will be destroyed. 

Confidentiality 

Any data gathered during this study will be stored anonymously and confidentially to protect the 

anonymity of the participants.  All data will be stored on password protect files on the laptop 

computer of the lead researcher and another member of the research team for the duration of the 

study and subsequent analysis period (not more than 3 months) before being destroyed. 

 

If you would like to participate: 

If you would like to participate in this research please contact the lead researcher, Colin Clancy, via 

the below contact details and arrangements will be made to proceed. 

 

For more information please contact Colin Clancy (Lead Researcher) at cclancy@qmu.ac.uk. 

 

Additional information: 

Research Supervisors:  Professor Nigel Gleeson (ngleeson@qmu.ac.uk) and Professor Tom Mercer 

(tmercer@qmu.ac.uk). 

If you are unhappy with any aspects of the research in the first instance you can contact a member 

of the research team.  If you are still unhappy with any aspects of the research, you can contact the 

person listed below as an independent member of Queen Margaret University.  

Dr. Marietta van der Linden, Senior Research Fellow in the Dietetics, Nutrition and Biological 

Sciences, Physiotherapy, Podiatry and Radiography Division, Queen Margaret University, 

mvanderlinden@qmu.ac.ukThis Study has been reviewed and approved by the ethics committee of 

Queen Margaret University, Edinburgh. 

 

Alternatively, you may contact: 

Nathan Ring, Head of Football Science and Medicine, Hibernian Football Club, 

nring@hibernianfc.co.uk. 

 

 

 

 

 

mailto:cclancy@qmu.ac.uk
mailto:mvanderlinden@qmu.ac.uk
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Appendix II b:  Participant information sheet 

 

Participant Information Sheet 

 

Study Title 

Enhancing sensorimotor and neuromuscular performance capacities in early career professional 

soccer players through a short-duration intervention. 

 

Invitation and summary of study 

You are invited to participate in the above-named study by Colin Clancy, a student of Queen 

Margaret University.  The research is in full agreement with Hibernian Football Club.  The study will 

examine whether sensorimotor capacity (balance and muscle control ability) can be enhanced 

following a short-duration, condensed training programme.  Enhanced sensorimotor capacity in 

professional soccer players is associated with reduced rates of injury and improved muscle 

performance. 

 

Participant Consent 

This sheet should provide you with information regarding the requirements of the study and allow 

you to make an informed decision on whether you wish to consent to participate.  Please review this 

information carefully and if you decide that you wish to participate you will have the opportunity to 

sign an accompanying consent form. 

 

What’s involved? 

The study will last 9-days and participants will undertake two testing sessions either side of a 7-day 

training programme (10 sessions of approximately 15 minutes in duration).  The training programme 

will consist of balance-based exercises where participants will be required to hop/jump/land on a 

variety of surfaces to challenge balance and proprioception.  The testing will measure sensorimotor 

and neuromuscular capacity (balance, muscle control and strength/power qualities of the muscles) 

immediately following an intermittent isometric fatigue task.  Testing before and after the training 

programme will gauge the effects and usefulness of the training programme content.  The testing 

sessions will take approximately 20 minutes to deliver for each participant.  All conditioning sessions 

and testing will be carried out at Hibernian Training Centre.  The study will involve 16-20 early career 

professional football players.   

 

What are the possible benefits of taking part? 

Although the study aims to deliver a programme which will enhance indicators of performance and 

reduced injury risk, improvements of this nature cannot be guaranteed.  However, the research may 
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inform the practices of Hibernian Football Club and the wider professional soccer community for 

which participants may be beneficiaries in the future. 

 

 

What are the possible disadvantages and risks of taking part? 

Although the risks of injury or ill-effects are considered low, the normal risks associated with physical 

activities apply.  However, participation in this research will be in-line with normal training.  Under 

no circumstances will participation in this study affect participants relationship with Hibernian 

Football Club as individual data will be anonymised. 

Any decision to participate, or not to participate in this study will have no bearing on prospective 

participants relationship with the football club.  Participants are welcome to withdraw from the 

study at any stage and any data obtained up to that point will be destroyed.   

 

Confidentiality 

Any data gathered during this study will be stored anonymously and confidentially to protect the 

anonymity of the participants.  All data will be stored on password protect files on the laptop 

computer of the lead researcher and another member of the research team for the duration of the 

study and subsequent analysis period (not more than 3 months) before being destroyed. 

 

If you would like to participate: 

If you would like to participate in this research please contact the lead researcher, Colin Clancy, via 

the below contact details and arrangements will be made to proceed. 

 

For more information please contact Colin Clancy (Lead Researcher) at cclancy@qmu.ac.uk. 

Additional information: 

Research Supervisors:  Professor Nigel Gleeson (ngleeson@qmu.ac.uk) and Professor Tom Mercer 

(tmercer@qmu.ac.uk). 

 

Alternatively, you may contact: 

Nathan Ring, Head of Football Science and Medicine, Hibernian Football Club, 

nring@hibernianfc.co.uk. 

 

 

 

mailto:cclancy@qmu.ac.uk
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                                Appendix II c:  Participant consent form 

 

Participant Consent Form 

 

Title of Research:   Sensorimotor and neuromuscular performance capacities in early career 

professional soccer players. 

Name of Researcher: Colin Clancy, cclancy@qmu.ac.uk 

Please 

initial box  

1. I confirm that I have read the information sheet dated................... for the 

above study. I have had the opportunity to consider the information, ask questions and have 

had these answered satisfactorily. 

 
2. I understand that my participation is voluntary and that I am free to withdraw at any time 

without giving any reason, without my medical care or legal rights being affected.  Furthermore,  

I am clear that not volunteering for this study, or volunteering but later removing myself from the 
study will not affect my relationship with Hibernian Football Club or have negative 
consequences of any kind. 

 

 
3. I agree to take part in the above study. 

 
            

Name of Participant  Date    Signature 

 
            

Name of Person  Date    Signature 

taking consent 
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Appendix II d:  Ethical approval letter from research ethics committee 
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