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Abstract

Hamstring muscle properties (muscle architecture, strength and endurance) are directly linked to physical performance and resistance to injury 1,2 . Long muscle fascicle lengths and high knee flexor eccentric strength improve an athlete's ability to produce greater horizontal forces during sprinting and may be associated with reducing the risk of hamstring strain injuries 3,4 . Therefore, it is paramount to utilise onfield and gym-based training methods to elicit hamstring performance adaptations to ensure athletes can produce and withstand the necessary forces required to perform their sport with increased efficiency while possibly reducing the risk of injury [5][6][7][START_REF]Sprinting: a potential vaccine for hamstring injury?[END_REF][START_REF] Morin | Technical ability of force application as a determinant factor of sprint performance[END_REF] .

For performance coaches, one method to ensure the adequate conditioning of the muscles of the lower limbs within soccer training, is the integration of different physiological aspects (strength, speed, aerobic capacity, reactivity etc.) into soccer specific drills [START_REF] Lacome | Small-Sided Games in Elite Soccer: Does One Size Fit All?[END_REF][START_REF] Buchheit | Neuromuscular Responses to Conditioned Soccer Sessions Assessed via GPS-Embedded Accelerometers: Insights Into Tactical Periodization[END_REF] . In an aim to overload certain physical aspects of a soccer game (high speed running/ sprint distance or number of accelerations, decelerations and change of directions) it is possible to manipulate the size of teams, the playing area size and the rules for possession drills and small sided games (SSG) [START_REF] Lacome | Small-Sided Games in Elite Soccer: Does One Size Fit All?[END_REF][START_REF] Buchheit | Neuromuscular Responses to Conditioned Soccer Sessions Assessed via GPS-Embedded Accelerometers: Insights Into Tactical Periodization[END_REF] .

Additionally, the use of traditional gym-based resistance training is a common method regularly used to improve the strength and power outputs of soccer players [START_REF] Cronin | Does Increasing Maximal Strength Improve Sprint Running Performance?[END_REF] . However, those improvements may not always be reflected by on-field sport specific developments in strength and power outputs [START_REF] Feser | The effects of lower limb wearable resistance on sprint running performance: A systematic review[END_REF][START_REF] Macadam | Effects of Different Wearable Resistance Placements on Sprint-Running Performance[END_REF] . Multiple factors such as training methodology, volume, duration and intensity can all influence the level of transference between gym-based resistance training and on field performance adaptations [START_REF] Feser | The effects of lower limb wearable resistance on sprint running performance: A systematic review[END_REF][START_REF] Macadam | Effects of Different Wearable Resistance Placements on Sprint-Running Performance[END_REF] .

However, another way to elicit overload of specific physical demands of soccer and possibly alleviate the aforementioned inherent limitations of traditional resistance training, could be to use wearable resistance (WR) during soccer specific training, possession drills and SSG [START_REF] Bustos | Effects of Warming Up With Lower-Body Wearable Resistance on Physical Performance Measures in Soccer Players Over an 8-Week Training Cycle[END_REF] . Although, there is currently little research into the benefits of using WR in soccer specific training and how its use may elicit changes in neuromuscular performance. The rationale for the experimental chapters in this thesis were established to answer this question and provide an insight into the potential benefits of WR as a training modality with a particular focus on testing and developing knee flexor and posterior chain muscle properties.

Prior to undergoing the experimental procedures to investigate the use of WR for soccer-specific training, an introduction to the research questions and rationale were developed which can be seen in chapter 1 of this manuscript. Thereafter, a literature review of published peer-reviewed research surrounding the areas v of interest was performed to identify the most effective methods to use, to investigate this research area and perform the necessary studies to achieve the objectives. The literature review can be found in chapters 2 and 3.

Prior to the introduction of WR into training, experimental procedure was undertaken to develop and streamline knee flexor and posterior chain muscle testing methods which could later be used to evaluate and assess the neuromuscular and mechanical performance effects of WR on those muscle properties.

Chapter 5 and chapter 6 contain the research and conclusions of the testing methods which were integrated into the studies and chapters that follow.

The study in chapter 5 aimed to investigate the reliability of the Ballistic Hip Thrust test to be used as a diagnostic tool to monitor posterior chain neuromuscular status and compare its usefulness with the counter movement jump (CMJ). The BHT showed moderate levels of intra-and inter-day reliability in addition to displaying similar moderate levels of usefulness compared to the CMJ [START_REF] Brown | Reliability and usefulness of the Ballistic Hip Thrust test: New insight to monitor player neuromuscular status[END_REF] .

Whereas the study in chapter 6 aimed to investigate the relationship between hamstring muscle architecture and knee flexor eccentric strength with anthropometric measurements. It was found that weak correlations between muscle architecture and anthropometric measurements suggested that other factors (i.e., genetics, training regime) influence muscle architecture. Furthermore, the moderate effect of maturity on BFlh muscle thickness strongly suggested there was a post-PHV hypertrophy in BFlh muscle.

Our results also confirmed previous findings that eccentric knee flexor strength was influenced by body mass thus, should therefore be allometrically scaled for.

Chapter 7 contains the first experimentation using WR. Participants performed repeated high intensity runs on a motorised treadmill with different WR loads placed in different locations on the calves. Electromyography (EMG) and global positioning systems (GPS) embedded accelerometers were used to identify which muscles were activated and how different loads and load orientations affected this. This study found no differences in accelerometry data were observed between the loaded conditions and the control. However, EMG activity of the Gluteus maximus, Vastus lateralis and Vastus Medialis muscles were lower for proximal loading compared to the control. Additionally, anterior loading induced lower EMG activity for the Semitendinosus and Vastus Medialis muscles compared to the control and EMG activity of the Vastus Medialis muscle was also lower for posterior loading compared to the control. This study was designed to provide information on different loads and loading patterns and their effect on participants in order to provide a rationale for the WR loading used for chapter 8. vi The experimental procedure for chapter 8 was established from the conclusions to chapter 7 and the findings from Bustos A et al (2020) [START_REF] Bustos | Effects of Warming Up With Lower-Body Wearable Resistance on Physical Performance Measures in Soccer Players Over an 8-Week Training Cycle[END_REF] which showed using WR calf loading for soccer specific warmups can improve sprint and horizontal jump performance. These studies were the first of their type in which WR was used in soccer specific training and drills thus, should provide a platform to encourage further research in this area. The study in chapter 8, to current knowledge, was the first to use WR for soccer specific training sessions, SSG and possessions drills. It aimed to investigate the acute locomotor, heart rate (HR) and neuromuscular responses to using WR loading for soccer-specific training. Results showed that WR increased the locomotor load of full training sessions but reduced mechanical work (referring to a combination of the number of horizontal running accelerations and decelerations) and HR responses to SSG. Additionally, it could be used for soccer-specific training without inducing further acute neuromuscular fatigue compared to training without additional load.

Finally, chapter 9 has drawn general conclusions from the collective findings of the studies from chapters 5-8. To conclude, research into using WR for soccer-specific training is still in its infancy but our studies have shown it can be used acutely for soccer-specific training to load football players without inducing additional neuromuscular fatigue compared to training without load. The aim of the author is to continue to perform research studies post-doctorate to assess the chronic effects of using WR for soccer-specific training and other areas of interest surrounding the use of WR for soccer. There is still a wide scope of WR research areas which should be investigated including the optimal loads and loading patterns to use onfield, the use of WR for rehabilitation and the integration of WR into the periodisation of soccer-specific training. The author believes the studies within this body of research have provided a rationale to continue researching the potential performance benefits of using WR for soccer-specific training in an effort to integrate WR training as a common training modality within soccer. vii

Résumé en Français

Les propriétés des muscles ischio-jambiers (architecture musculaire, force et endurance) sont directement liées aux performances physiques et à la résistance aux blessures 1,2 . De longues longueurs de faisceaux musculaires et une force excentrique élevée des fléchisseurs du genou améliorent la capacité d'un athlète à produire des forces horizontales plus importantes pendant le sprint et peuvent être associées à la réduction du risque de lésions musculaires aux ischio-jambiers 3,4 . Par conséquent, il est primordial d'utiliser des méthodes d'entraînement sur le terrain et en salle de sport pour susciter des adaptations de la performance des ischio-jambiers afin de garantir que les athlètes peuvent produire et supporter les forces nécessaires pour pratiquer leur sport avec une efficacité accrue tout en réduisant éventuellement le risque de blessure [5][6][7][START_REF]Sprinting: a potential vaccine for hamstring injury?[END_REF][START_REF] Morin | Technical ability of force application as a determinant factor of sprint performance[END_REF] .

Pour les entraîneurs de performance, une méthode pour assurer le conditionnement adéquat des muscles des membres inférieurs dans le cadre d'un entraînement de football consiste à intégrer différents aspects physiologiques (force, vitesse, capacité aérobie, réactivité, etc.) dans des exercices spécifiques au football 10,11 . Dans le but de surcharger certains aspects physiques d'un match de football (course à grande vitesse/distance de sprint ou nombre d'accélérations, décélérations et changements de direction), il est possible de manipuler la taille des équipes, la taille de l'aire de jeu et les règles des exercices de possession. et jeux à petits côtés (SSG) [START_REF] Lacome | Small-Sided Games in Elite Soccer: Does One Size Fit All?[END_REF][START_REF] Buchheit | Neuromuscular Responses to Conditioned Soccer Sessions Assessed via GPS-Embedded Accelerometers: Insights Into Tactical Periodization[END_REF] .

De plus, l'utilisation de l'entraînement en résistance traditionnel en salle de sport est une méthode couramment utilisée régulièrement pour améliorer la force et la puissance des joueurs de football [START_REF] Cronin | Does Increasing Maximal Strength Improve Sprint Running Performance?[END_REF] .

Cependant, ces améliorations peuvent ne pas toujours être reflétées par des développements spécifiques au sport sur le terrain en termes de force et de puissance [START_REF] Feser | The effects of lower limb wearable resistance on sprint running performance: A systematic review[END_REF][START_REF] Macadam | Effects of Different Wearable Resistance Placements on Sprint-Running Performance[END_REF] . Plusieurs facteurs tels que la méthodologie d'entraînement, le volume, la durée et l'intensité peuvent tous influencer le niveau de transfert entre l'entraînement en résistance en salle de sport et les adaptations de performance sur le terrain [START_REF] Feser | The effects of lower limb wearable resistance on sprint running performance: A systematic review[END_REF][START_REF] Macadam | Effects of Different Wearable Resistance Placements on Sprint-Running Performance[END_REF] .

Cependant, une autre façon d'obtenir une surcharge des exigences physiques spécifiques du football et éventuellement d'atténuer les limitations inhérentes susmentionnées de l'entraînement de résistance traditionnel, pourrait être d'utiliser une résistance portable (WR) pendant l'entraînement spécifique au football, les exercices de possession et le SSG [START_REF] Bustos | Effects of Warming Up With Lower-Body Wearable Resistance on Physical Performance Measures in Soccer Players Over an 8-Week Training Cycle[END_REF] . Bien qu'il existe actuellement peu de recherches sur les avantages de l'utilisation de la WR dans l'entraînement spécifique au football et sur la manière dont son utilisation peut provoquer des changements dans les performances neuromusculaires. La justification des viii chapitres expérimentaux de cette thèse a été établie pour répondre à cette question et donner un aperçu des avantages potentiels de la WR en tant que modalité d'entraînement avec un accent particulier sur le test et le développement des propriétés des fléchisseurs du genou et des muscles de la chaîne postérieure.

Ce manuscrit de thèse est composé de 10 chapitres qui, collectivement, visent à identifier les domaines dans lesquels la littérature actuelle n'a pas encore exploré, montrent comment les études d'investigation menées dans ce corps de recherche ajoutent de la valeur à la recherche qui a déjà été publiée et fournissent de nouvelles perspectives à renforcer ces domaines de recherche. Enfin, cette thèse suggère des domaines d'intérêt qui nécessitent des recherches supplémentaires qui se sont développées à partir des résultats de cette thèse ou sont des sujets qui doivent être explorés afin de fournir des preuves des avantages possibles de l'utilisation de la WR pour induire des adaptations neuromusculaires de la chaîne postérieure.

Avant de subir les procédures expérimentales pour étudier l'utilisation de WR pour l'entraînement spécifique au football, une introduction aux questions de recherche et à la justification a été développée, qui peut être vue dans le chapitre 1 de ce manuscrit. Par la suite, une revue de la littérature des recherches publiées et évaluées par des pairs autour des domaines d'intérêt a été réalisée pour identifier les méthodes les plus efficaces à utiliser pour enquêter sur ce domaine de recherche et effectuer les études nécessaires pour atteindre les objectifs. La revue de la littérature se trouve dans les chapitres 2 et 3.

Le chapitre 2 se concentre spécifiquement sur l'examen de la littérature explorant les propriétés des muscles ischio-jambiers. Ce chapitre se concentre sur les connaissances actuelles concernant l'architecture, la géométrie et l'anatomie des muscles ischio-jambiers, ainsi que sur les techniques d'imagerie et les outils de test de diagnostic qui peuvent être utilisés pour observer ces propriétés et performances des ischio-jambiers. De plus, cette revue examine la fonction du groupe de muscles ischiojambiers en termes de génération de force et leur fonction pour les performances sportives et les blessures.

Le chapitre 3 se concentre spécifiquement sur l'examen de la littérature explorant WR. Ici, WR est présenté comme un concept de formation et l'examen se concentre sur les mécanismes biomécaniques par lesquels cette modalité de formation fonctionne. De plus, des études antérieures examinant comment la WR peut être utilisée pour susciter des adaptations de performances sportives à la fois aiguës et chroniques sont décrites pour donner une idée de la littérature actuelle et des domaines dans lesquels des recherches supplémentaires peuvent être nécessaires. ix Avant l'introduction de la WR dans l'entraînement, une procédure expérimentale a été entreprise pour développer et rationaliser les méthodes de test des fléchisseurs du genou et des muscles de la chaîne postérieure qui pourraient ensuite être utilisées pour évaluer et évaluer les effets de performance neuromusculaires et mécaniques de la WR sur ces propriétés musculaires. Le chapitre 5 et le chapitre 6 contiennent les recherches et les conclusions des méthodes d'essai qui ont été intégrées dans les études et les chapitres qui suivent.

L'étude du chapitre 5 visait à étudier la fiabilité du test Ballistic Hip Thrust à utiliser comme outil de diagnostic pour surveiller l'état neuromusculaire de la chaîne postérieure et comparer son utilité avec le saut de contre-mouvement (CMJ). Le BHT a montré des niveaux modérés de fiabilité intra-et interjournalière en plus d'afficher des niveaux modérés d'utilité similaires par rapport au CMJ [START_REF] Brown | Reliability and usefulness of the Ballistic Hip Thrust test: New insight to monitor player neuromuscular status[END_REF] .

Alors que l'étude du chapitre 6 x La procédure expérimentale du chapitre 8 a été établie à partir des conclusions du chapitre 7 et des résultats de Bustos A et al (2020) [START_REF] Bustos | Effects of Warming Up With Lower-Body Wearable Resistance on Physical Performance Measures in Soccer Players Over an 8-Week Training Cycle[END_REF] qui ont montré que l'utilisation du chargement du mollet WR pour les échauffements spécifiques au football peut améliorer les performances de sprint et de saut horizontal.

Ces études sont les premières de ce type dans lesquelles la WR a été utilisée dans des entraînements spécifiques au football et des exercices devraient donc fournir une plate-forme pour encourager de nouvelles recherches dans ce domaine. L'étude du chapitre 8, selon les connaissances actuelles, est la première à utiliser WR pour des séances d'entraînement spécifiques au football, des exercices de SSG et de possession. Il visait à étudier les réponses locomotrices, cardiaques (FC) et neuromusculaires aiguës à l'utilisation de la charge WR pour un entraînement spécifique au football. Les résultats ont montré que la WR augmentait la charge locomotrice des séances d'entraînement complètes, mais réduisait le travail mécanique et les réponses RH au SSG. De plus, il pourrait être utilisé pour un entraînement spécifique au football sans induire de fatigue neuromusculaire aiguë supplémentaire par rapport à un entraînement sans charge supplémentaire.

Enfin, le chapitre 9 tire des conclusions générales des résultats collectifs des études des chapitres 5-8. Pour conclure, la recherche sur l'utilisation de la WR pour l'entraînement spécifique au football en est encore à ses balbutiements, mais nos études ont montré qu'elle peut être utilisée de manière aiguë pour l'entraînement spécifique au football pour charger les joueurs de football sans induire de fatigue neuromusculaire supplémentaire par rapport à l'entraînement sans charge. Cependant, en raison des blocages imposés par la pandémie de Covid-19, les efforts pour évaluer les effets chroniques de l'utilisation de WR pour l'entraînement spécifique au football ont été entravés. L'objectif de l'auteur est de continuer à effectuer des études de recherche post-doctorales pour évaluer cela et d'autres domaines d'intérêt entourant l'utilisation de WR pour le football. Il existe encore un large éventail de domaines de recherche WR qui devraient être étudiés, y compris les charges optimales et les modèles de charge à utiliser sur le terrain, l'utilisation de WR pour la rééducation et l'intégration de WR dans la périodisation de l'entraînement spécifique au football. L'auteur pense que les études de ce corpus de recherche ont fourni une justification pour continuer à rechercher les avantages potentiels de l'utilisation de la WR pour l'entraînement spécifique au football dans le but d'intégrer la formation WR comme modalité d'entraînement commune au football.

La WR en tant que modalité d'entraînement spécifique pour le football est un concept relativement nouveau et sa véritable valeur doit être étudiée plus avant. Il existe une pléthore de domaines de recherche et d'idées qui peuvent être explorées dans le cadre de ce concept. En raison de la variabilité et xi de la complexité de la charge WR et de l'orientation de la charge disponibles, les avantages potentiels des performances pour le football peuvent être vastes et beaucoup plus de recherches sont nécessaires pour fournir des réponses aux questions soulevées non seulement par ce corpus de recherche, mais aussi par les praticiens qui peut être intéressé à utiliser WR pour un entraînement spécifique au football.

Thesis Summary

Hamstring muscle properties (muscle architecture, strength and endurance) are linked to physical performance. Therefore, it is paramount to develop hamstring performance to ensure athletes can produce the forces required to perform in their sport effectively. Small-sided games (SSG) can be used to condition lower limb muscles by overloading different physiological aspects (strength, speed, aerobic capacity etc) within soccer specific training. Additionally, gym-based resistance training can improve the strength and power outputs of soccer players. However, multiple factors (training methodology, volume, duration, intensity etc) can influence resistance training transference to on field performance. This could be achieved using wearable resistance (WR) for soccer specific training. There is little research into the benefits of using WR in soccer specific training, so the following experimental chapters were established to investigate WR as a training modality for soccer with a focus on testing and developing posterior chain muscle properties.

An introduction to the research questions and rationale were developed in chapter 1. Thereafter, a literature review (chapter 2 and 3) was performed to identify the optimal methods used to investigate this research area and perform the necessary studies to achieve the objectives.

Before the introduction of WR into training, investigations were undertaken to develop and streamline posterior chain muscle testing methods which could be used to assess the neuromuscular and mechanical performance effects of WR on these muscle properties. Chapter 5 investigated the reliability of the Ballistic Hip Thrust test to use as a diagnostic tool to monitor posterior chain neuromuscular status and compare its usefulness with the counter movement jump (CMJ). The BHT showed moderate levels of intra-and inter-day reliability and displayed similar levels of usefulness with the CMJ. Chapter 6 investigated relationships between hamstring muscle architecture and knee flexor eccentric strength with anthropometric measurements. Weak correlations between muscle architecture and anthropometric measurements suggested that other factors (i.e., genetics, training regime) influence muscle architecture.

Chapter 7 contains the first WR experimentation. Participants performed repeated high intensity runs with different WR loads placed in different locations on the calves. Electromyography (EMG) and global positioning systems (GPS) embedded accelerometers were used to identify which muscles were activated by different loads and load orientations. EMG activity showed how different loading orientations affected the activity of the lower limb muscles compared to the control. This study provided information on the xiii effects of different loads and loading patterns to provide a rationale for the WR loading used for chapter 8.

The procedures for chapter 8 were established from chapter 7 and from Bustos A et al (2020) which showed using WR calf loading for soccer specific warmups can improve sprint and horizontal jump performance. The study in chapter 8, to current knowledge, was the first to use WR for soccer specific training sessions and SSG. It aimed to investigate the acute locomotor, heart rate (HR) and neuromuscular responses to using WR loading for soccer specific training. WR increased the locomotor load of full training sessions but reduced mechanical work and HR responses to SSG. Also, it could be used for soccer-specific training without inducing further acute neuromuscular fatigue compared to training without additional load.

Chapter 9 concludes the findings from chapters 5-8. Research using WR for soccer specific training is still in its infancy but our studies have shown it can be used acutely to load football players without inducing additional neuromuscular fatigue compared to training without load. xiv

Résumé de la thèse

Les propriétés des muscles ischio-jambiers (architecture musculaire, force et endurance) sont liées aux performances physiques. Par conséquent, il est primordial de développer la performance des ischiojambiers pour s'assurer que les athlètes peuvent produire les forces nécessaires pour performer efficacement dans leur sport. Les jeux à petite échelle (SSG) peuvent être utilisés pour conditionner les muscles des membres inférieurs en surchargeant différents aspects physiologiques (force, vitesse, capacité aérobie, etc.) dans le cadre d'un entraînement spécifique au football. De plus, l'entraînement en résistance en salle de sport peut améliorer la force et la puissance des joueurs de football. Cependant, plusieurs facteurs (méthodologie d'entraînement, volume, durée, intensité, etc.) peuvent influencer le transfert de l'entraînement en résistance vers la performance sur le terrain. Cela pourrait être réalisé en utilisant une résistance portable (WR) pour un entraînement spécifique au football. Il y a peu de recherches sur les avantages de l'utilisation de la WR dans l'entraînement spécifique au football, c'est pourquoi les chapitres expérimentaux suivants ont été établis pour étudier la WR en tant que modalité d'entraînement pour le football en mettant l'accent sur le test et le développement des propriétés musculaires de la chaîne postérieure.

Une introduction aux questions de recherche et à la justification a été développée au chapitre 1. Par la suite, une revue de la littérature (chapitres 2 et 3) a été effectuée pour identifier les méthodes optimales utilisées pour enquêter sur ce domaine de recherche et effectuer les études nécessaires pour atteindre les objectifs.

Avant l'introduction de la WR dans l'entraînement, des recherches ont été entreprises pour développer et rationaliser les méthodes de test des muscles de la chaîne postérieure qui pourraient être utilisées pour évaluer les effets de la performance neuromusculaire et mécanique de la WR sur ces propriétés musculaires. Le chapitre 5 a étudié la fiabilité du test Ballistic Hip Thrust à utiliser comme outil de diagnostic pour surveiller l'état neuromusculaire de la chaîne postérieure et comparer son utilité avec le saut de contre-mouvement (CMJ). Le BHT a montré des niveaux modérés de fiabilité intra-et inter- It was not possible to complete this body of research or write this thesis on my own so I would like to take this opportunity to thank those who worked tirelessly to offer their guidance and expertise throughout the course of this doctorate to ensure these projects made it to completion.
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Manuscript Structure

This body of research was submitted in the form of a series of papers. Chapter 1, chapter 2 and chapter 3 have formed the theoretical basis and rationale for this manuscript. The experimental chapters (5-8) contain the published papers that collectively form this thesis. Chapter 9 concludes the thesis by integrating the results from the previous chapters, suggesting how these findings contribute to the practice of sports science within soccer and how these studies can inspire further research into this relatively new area of exploration in the context of elite sport science.

Thesis Rationale

In recent years, high-speed running and sprint distances during professional soccer matches have increased by > 30% [START_REF] Barnes | The evolution of physical and technical performance parameters in the English Premier League[END_REF][START_REF] Bush | Evolution of match performance parameters for various playing positions in the English Premier League[END_REF] . High eccentric hamstring strength has been shown to directly influence an athlete's horizontal force production and thus sprint performance [START_REF] Morin | Sprint Acceleration Mechanics: The Major Role of Hamstrings in Horizontal Force Production[END_REF] . Additionally, the hip extensor and flexor muscles are recognized as major contributors to high speed running (over 7 m.s -1 ), and are responsible for accelerating the hip and knee joint rotation in order to increase stride frequency and thus running velocity [START_REF] Dorn | Muscular strategy shift in human running: dependence of running speed on hip and ankle muscle performance[END_REF] . On the other hand, the knee flexor and hip extensor hamstring muscles are the most frequently injured and re-injured muscle group in soccer players [START_REF] Opar | Hamstring strain injuries: factors that lead to injury and reinjury[END_REF] . Therefore, addressing the risk factors, effective prevention and countermeasures for this issue are well identified as the primary research goal of this doctorate. Producing such work requires a competent knowledge base of hamstring muscle properties and geometry and their link with performance and the prevention of muscle injury in order to successfully identify and investigate these previously mentioned factors. Generally, muscle injury occurs when the strength of the tissue is exposed to excessive stress induced by either the application of a singular highmagnitude stress or alternatively, repeated applications of load at a specific percentage of the tissues' ultimate force output [START_REF] Kalkhoven | A conceptual model and detailed framework for stress-related, strain-related, and overuse athletic injury[END_REF] . Longer hamstring muscle fascicles and high eccentric hamstring strength may be associated with reducing hamstring injury risks 3,4,[START_REF] Franchi | Ultrasound-derived Biceps Femoris Long Head Fascicle Length: Extrapolation Pitfalls[END_REF] . Although, current methodological limitations mean it is difficult to accurately assess the effects of hamstring muscle properties on hamstring injury risk. For example, limitations in ultrasound imaging due to its small field of view make it difficult to accurately measure hamstring muscle geometry [START_REF] Blazevich | Intra-and intermuscular variation in human quadriceps femoris architecture assessed in vivo[END_REF][START_REF] Pimenta | Biceps Femoris Long-Head Architecture Assessed Using Different Sonographic Techniques[END_REF] . Furthermore, due to the static measurements mostly according to a unique spatial plane (i.e., 2D) of ultrasound imaging, it is not possible to fully describe and understand the dynamic behavior of hamstring muscle fascicles due to muscle gearing and fascicle rotation during muscle contraction [START_REF] Pimenta | Biceps Femoris Long-Head Architecture Assessed Using Different Sonographic Techniques[END_REF][START_REF] Franchi | Muscle Architecture Assessment: Strengths, Shortcomings and New Frontiers of in Vivo Imaging Techniques[END_REF][START_REF] Sarto | Implementing Ultrasound Imaging for the Assessment of Muscle and Tendon Properties in Elite Sports: Practical Aspects, Methodological Considerations and Future Directions[END_REF] . In addition, previous literature has used the bicep femoris long head (BFlh)

hamstring muscle as a surrogate for the other hamstring muscle heads (semimembranosus (SM) and semitendinosus (ST)) when it is clear each head possesses original features and uniquely contributes to knee flexion [START_REF] Kellis | Intra-and Inter-Muscular Variations in Hamstring Architecture and Mechanics and Their Implications for Injury: A Narrative Review[END_REF] . This is also the case for hip extension where at least 6 muscles contribute to this movement pattern [START_REF] Kellis | Intra-and Inter-Muscular Variations in Hamstring Architecture and Mechanics and Their Implications for Injury: A Narrative Review[END_REF] . However, these inherent methodological limitations have provided an opportunity for the development of muscle property screening processes, such as those that have been done in this body of research.

A literature review identifying current published peer-reviewed research surrounding the area of hamstring muscle properties and their association with athletic performance has been written in chapter 2. This review was used to gain a better, more substantial understanding of current muscle properties screening tools and associated development techniques. Furthermore, the review was used to identify areas of hamstring muscle properties monitoring that could practically be implemented in the context of elite sport training to better assess the potential neuromuscular effects of using wearable resistance (WR)

for soccer-specific training.

Monitoring hamstring and posterior chain neuromuscular status may be an important factor in ensuring the injury risk of players is minimised. While most hamstring injuries occur at high velocities during sprinting [START_REF] Guex | Conceptual framework for strengthening exercises to prevent hamstring strains[END_REF] , current hamstring/posterior chain neuromuscular tests are done on isolated, single joints (isokinetic tests) or at no-to-low non-sprint specific velocities (e.g., Nordic hamstring exercise and isometric hamstring bridge tests) [START_REF] Guex | Conceptual framework for strengthening exercises to prevent hamstring strains[END_REF][START_REF] Mccall | Reliability and sensitivity of a simple isometric posterior lower limb muscle test in professional football players[END_REF][START_REF] Read | Knee Angle Affects Posterior Chain Muscle Activation During an Isometric Test Used in Soccer Players[END_REF] . This therefore, provided the rationale to develop a new posterior chain neuromuscular status test performed with relatively similar kinetic and kinematic conditions to sprinting during a high velocity hip-extension movement [START_REF] Brown | Reliability and usefulness of the Ballistic Hip Thrust test: New insight to monitor player neuromuscular status[END_REF] . The Ballistic hip thrust test (BHT) was designed as part of this doctorate to provide a test that fulfilled the above criteria. The authors research investigating the reliability and usefulness of the BHT as a posterior chain neuromuscular status test can be found in chapter 3.

In addition to monitoring the neuromuscular status of the hamstrings, muscle architecture was also an important factor to consider when developing athletes to have stronger, more robust hamstring muscles 1,2,[START_REF] Lieber | Functional and clinical significance of skeletal muscle architecture[END_REF] . Measuring muscle architecture (fascicle length, pennation angle, muscle thickness) needs to be carried out by trained personnel using musculoskeletal imaging (e.g., ultrasound) [START_REF] Franchi | Ultrasound-derived Biceps Femoris Long Head Fascicle Length: Extrapolation Pitfalls[END_REF][START_REF] Franchi | Muscle Architecture Assessment: Strengths, Shortcomings and New Frontiers of in Vivo Imaging Techniques[END_REF][START_REF] Sarto | Implementing Ultrasound Imaging for the Assessment of Muscle and Tendon Properties in Elite Sports: Practical Aspects, Methodological Considerations and Future Directions[END_REF] . However, the majority of soccer clubs do not have access to such specialist staff or equipment. Furthermore, previous research has shown there are non-linear relationships between stature and musculature development with chronological age, which can result in large differences in anthropometric and physical fitness characteristics thus, its investigation is particularly potent for the development of youth athletes [START_REF] Deprez | Relative age, biological maturation and anaerobic characteristics in elite youth soccer players[END_REF] . This provided the rationale to investigate the relationships between hamstring muscle architecture and knee flexor eccentric strength with anthropometric measurements and maturity offset status in an aim to identify any practically relevant trends between these measurements. Such investigations may help to estimate intrinsic muscle properties related to sprint running-related injury risk and performance potential. It was important to compare muscle properties to maturity offset and not only chronological age as peak height velocity has been shown to be a more appropriate measure in which to compare adolescents who may be the same chronological age but at different stages of maturity [START_REF] Radnor | The Influence of Maturity Status on Muscle Architecture in School-Aged Boys[END_REF] . It would be therefore possible to guide individual training programs most appropriate to athletes depending on their stage of maturation [START_REF] Radnor | The Influence of Maturity Status on Muscle Architecture in School-Aged Boys[END_REF] . The findings of this study could improve our understanding of how hamstring muscle architecture and hip extensor / knee flexor eccentric strength could potentially be developed. In depth research investigating these relationships can be found in chapter 4.

A second literature review has been written in chapter 3 identifying current published peer-reviewed research that has investigated the use of WR as a training modality including: the underlying biomechanics involved when using this resistance modality in specific training, its use in sport and information regarding the most appropriate loads and load orientations to use when using this training modality for sport-specific movements. The findings from this literature review assisted the author in planning the subsequent two WR studies designed to investigate the acute muscle activation and stride kinematic effects of WR load and load orientation during high-speed running and the acute neuromuscular, locomotor and heart rate effects of using WR loading for soccer specific training. This review was also designed to identify areas in which the research produced from this doctorate may advance the knowledge base of this training modality.

Two effective methods to increase hamstring eccentric strength, increase muscle fascicle length and reduce hamstring injury risks is to integrate eccentric hamstring exercises and exposure to high-speed running and sprinting into soccer training 5,[START_REF] Buchheit | Neuromuscular Responses to Conditioned Soccer Sessions Assessed via GPS-Embedded Accelerometers: Insights Into Tactical Periodization[END_REF][START_REF] Lacome | Locomotor and Heart Rate Responses of Floaters During Small-Sided Games in Elite Soccer Players: Effect of Pitch Size and Inclusion of Goalkeepers[END_REF] . Hamstring muscle fascicle length has been shown to increase due to an increased serial sarcomere number (SSN) induced by the mechanism of overstretching the muscle [START_REF] Hinks | The influence of longitudinal muscle fascicle growth on mechanical function[END_REF] . This mechanism is thought to occur to increase the number of potential actin-myosin cross bridge formations the muscle fibre is capable of forming within stretched positions [START_REF] Hinks | The influence of longitudinal muscle fascicle growth on mechanical function[END_REF] . The increased SSN in turn results in increased muscle myofiber lengths and thus, the remodeling and greater length of fascicles [START_REF] Hinks | The influence of longitudinal muscle fascicle growth on mechanical function[END_REF] . Eccentric hamstring exercises have be shown to be the most effective at overstretching the muscle in order to achieve these results [START_REF] Hinks | The influence of longitudinal muscle fascicle growth on mechanical function[END_REF] . Likewise, exposure to high-speed running and sprinting has been shown to increase hamstring muscle volume and fascicle length, suggesting the promotion of an increased production of sarcomeres both in series and in parallel 7,[START_REF] Nuell | Hypertrophic muscle changes and sprint performance enhancement during a sprint-based training macrocycle in national-level sprinters[END_REF] . The action of sprinting contains an eccentric component thus, remodeling of the hamstring fascicles will take place similarly to the mechanisms observed from the use of eccentric hamstring exercises 7,[START_REF] Nuell | Hypertrophic muscle changes and sprint performance enhancement during a sprint-based training macrocycle in national-level sprinters[END_REF] .

An effective way to increase exposure to high-speed running and sprint distances and in turn, sprinting velocity in football specific training is to manipulate possession and small sided game (SSG) drills by increasing the size of the playing area [START_REF] Buchheit | Neuromuscular Responses to Conditioned Soccer Sessions Assessed via GPS-Embedded Accelerometers: Insights Into Tactical Periodization[END_REF][START_REF] Lacome | Locomotor and Heart Rate Responses of Floaters During Small-Sided Games in Elite Soccer Players: Effect of Pitch Size and Inclusion of Goalkeepers[END_REF] . Another potential way to increase the neuromuscular responses to sprinting and soccer training may be to integrate the use of WR into soccer specific training. Previous research has shown WR to be an effective training method to increase muscle strength and power outputs and improve sprint performance [START_REF] Feser | The effects of lower limb wearable resistance on sprint running performance: A systematic review[END_REF] . The mechanism by which WR increases neuromuscular load of the lower limbs, is by increasing the inertia required to be overcome by the rotational centre (hip joint) during running, compared to running without additional load in order to travel at the same velocities [START_REF] Dolcetti | Wearable Resitance Training for Speed and Agility Training[END_REF] . Strength and power outputs developed from traditional gym-based resistance training tend to have poor levels of transference to on-field performance with factors such as training methodology, volume, duration and intensity influencing the transfer effect of training induced strength and power adaptations [START_REF] Cronin | Does Increasing Maximal Strength Improve Sprint Running Performance?[END_REF][START_REF] Macadam | Effects of Different Wearable Resistance Placements on Sprint-Running Performance[END_REF] . However, WR may be able to alleviate this and aide in improving strength and power adaptation transference from the gym to sport-specific performance [START_REF] Feser | The effects of lower limb wearable resistance on sprint running performance: A systematic review[END_REF][START_REF] Macadam | Effects of Different Wearable Resistance Placements on Sprint-Running Performance[END_REF] .

Upon writing, there was only one other research study published investigating the potential performance benefits of using WR during a soccer specific warm up [START_REF] Bustos | Effects of Warming Up With Lower-Body Wearable Resistance on Physical Performance Measures in Soccer Players Over an 8-Week Training Cycle[END_REF] . However, no published studies have researched the potential performance benefits of using WR in an ecological setting for soccer specific football training with a particular interest in its use during possession and SSG drills.

In terms of sprint running, WR loading has been shown to acutely increase ground contact time, increase ground reaction force, decrease stride length and decrease stride frequency which suggests WR can induce possible increases in horizontal force production [START_REF] Feser | The effects of lower limb wearable resistance on sprint running performance: A systematic review[END_REF][START_REF] Macadam | Effects of Different Wearable Resistance Placements on Sprint-Running Performance[END_REF][START_REF] Feser | Changes to horizontal force-velocity and impulse measures during sprint running acceleration with thigh and shank wearable resistance[END_REF][START_REF] Simperingham | Acute changes in acceleration phase sprint biomechanics with lower body wearable resistance[END_REF] . Due to the novelty of using WR for soccer specific training, it was not known which loads or load orientations would be the most beneficial to elicit the targeted performance outcomes. Therefore, the study presented in chapter 7, was used to improve our understanding of the muscle activation and stride kinematic effects of using this training modality for lower limb loading in preparation for taking it on the soccer field. The results from this study were used to inform the load and load orientation utilized for the final study of this body of research, which is detailed in chapter 8 in which the acute performance effects of using WR for soccer specific training were assessed.

Research question and aims of the Thesis

The encompassing aim of this thesis is to develop screening methods in which to assess posterior chain muscle properties to inform individualized elite soccer player strength training programs and to use these methods to investigate the effects of using WR loading for football specific training. This research program was conducted within a professional soccer environment thus, the experimental processes were required to adhere to any associated environmental constraints. In order to achieve this goal, four studies were developed to provide clarity for the direction this body of research needed to take to achieve this global aim:

1. Develop a posterior chain neuromuscular status test with greater specificity to high velocity movement mechanics compared to currently available tests. Ultimately, this thesis aimed to develop easy-to-implement posterior chain screening methods to be used for athlete profiling and to assess the effects of using WR loading for soccer specific training, that were practical to use within an elite training centre.

Significance of the Research

The following sub-chapter has highlighted the scientific objectives and significance of each of the studies included within this manuscript and how they have contributed to their respective research areas and have developed upon the previously published literature that is available.

Study 1

This study aimed to assess the reliability and reproducibility of the BHT test (study 1) in order to measure hip extensor force-generating capacity and provide sports practitioners with a new, reliable and useful test that can be integrated into athlete monitoring testing batteries. The objectives of this study were to develop and provide sports practitioners with a posterior chain neuromuscular status test that is possibly more specific and functional to high velocity movements, but less stressful than alternative posterior chain neuromuscular tests such as the Nordic hamstring test and the isometric hamstring bridge test.

Study 2

This study aimed to explore the findings of previous studies regarding the effects of age and maturation on muscle architecture and the effects of body mass on knee flexor eccentric hamstring strength performance. Study 2's primary objectives were to explore the relationships between anthropometric measurements, hamstring muscle architecture and maturity status. Additionally, it was completed with a large sample size (n = 60) of elite academy soccer players from multiple different age groups (Under-16 to Under-19 teams). However, it also aimed to contribute new findings to this research area by exploring the possible relationships between hamstring muscle properties (muscle fascicle length, pennation angle, muscle thickness and knee flexor eccentric strength) of the BFlh and SM muscles with basic anthropometric measurements (body mass, height, sitting height, leg length and femoral length).

Study 3

The objectives of this study were to assess the effects on lower limb muscle activation (hamstrings, quadriceps and glute muscles) and stride kinematics (contact time, peak force, stride frequency and vertical stiffness) of different WR loads and load orientations placed on the calves during high-speed running. This was the first study of its type to explore muscle activation sequences stimulated by external loading elicited to the lower limbs using specific exoskeleton WR. This study aimed to assess the influence of loading magnitude (0.75% vs. 1.5% body mass equivalent fixed on the lower limb), as well as loading placement (anterior vs. posterior, proximal vs. distal load placement) and bilateral vs. unilateral loading all compared to an unloaded control condition. A practical perspective of this investigation was to use the findings from this study to understand the muscle activation patterns and stride kinematics of WR loads and load orientations that may be appropriate and may potentially be used for subsequent soccer specific training studies in which WR loading on the calves was used for on-field ecological soccer training.

Study 4

Prior to the commencement of this body of research, only one study using WR for soccer-specific warmups within training had been published [START_REF] Bustos | Effects of Warming Up With Lower-Body Wearable Resistance on Physical Performance Measures in Soccer Players Over an 8-Week Training Cycle[END_REF] The hamstring muscle groups are skeletal muscles whose main function is to extend the hip joint and flex the knee joint [START_REF] Kellis | Intra-and Inter-Muscular Variations in Hamstring Architecture and Mechanics and Their Implications for Injury: A Narrative Review[END_REF] . In order to understand the function of the hamstring muscle complex, it is paramount to understand the anatomy and geometry of each of its muscle heads [START_REF] Woodley | Hamstring muscles: architecture and innervation[END_REF] . The hamstring muscle group is made up of four muscles (bicep femoris (containing the bicep femoris long head (BFlh) and biceps femoris short head (BFsh), semimembranosus (SM) and the semitendinosus (ST)) located on the posterior portion of the upper lower-limb [START_REF] Woodley | Hamstring muscles: architecture and innervation[END_REF][START_REF] Storey | Proximal hamstring morphology and morphometry in men: an anatomic and MRI investigation[END_REF] . Figure 1 shows the anatomy of the hamstring muscle complex. Now observing how skeletal muscles, such as the hamstring muscles, function at the molecular level, actin and myosin myofilaments (proteins that form the contractile elements of muscle cells) overlap and are arranged in repeating units called sarcomeres [START_REF] Biewener | Animal Locomotion: Near-Ground Low-Cost Flights[END_REF] . Each sarcomere is made up of two sets of actin filaments anchoring to the Z disks located at the extremities of the sarcomere [START_REF] Biewener | Animal Locomotion: Near-Ground Low-Cost Flights[END_REF] . Myosin filaments extend from the midline of the sarcomere [START_REF] Biewener | Animal Locomotion: Near-Ground Low-Cost Flights[END_REF] . These sarcomeres are organized in series and form a myofibril which extends to the ends of the muscle fiber [START_REF] Biewener | Animal Locomotion: Near-Ground Low-Cost Flights[END_REF] . The force is generated in the direction of the rotational movement of the myosin head, e.g., towards the midline of the sarcomere [START_REF] Biewener | Animal Locomotion: Near-Ground Low-Cost Flights[END_REF] . Therefore, as strength develops, the sarcomere shortens, resulting in an increased overlap of thick (myosin) and thin (actin, troponin and tropomyosin) filaments [START_REF] Biewener | Animal Locomotion: Near-Ground Low-Cost Flights[END_REF] . Once the contraction is over, the large elastic titin proteins, which are thick fibrous proteins that connect the thick filaments to the Z disks, allow the sarcomere to be returned to its resting position [START_REF] Biewener | Animal Locomotion: Near-Ground Low-Cost Flights[END_REF] . Figure 2 shows a diagrammatic representation of the skeletal muscle structure [START_REF] Biewener | Animal Locomotion: Near-Ground Low-Cost Flights[END_REF] .

Figure 2.

A diagrammatic representative of the molecular structure of skeletal muscle such as the muscles of the hamstring muscle complex as described previously. Adapted from Biewener, A and Patek, S (2018) [START_REF] Biewener | Animal Locomotion: Near-Ground Low-Cost Flights[END_REF] .

Hip Extensor Architecture

In addition to hamstring muscle anatomy, it is also important to understand hamstring muscle architecture in order to understand the muscle group's function [START_REF] Lieber | Functional and clinical significance of skeletal muscle architecture[END_REF] . Lieber et al (2000) stated: 'Muscle architecture is defined as the organization of the muscle and tendinous tissue relative to the line of action of the muscletendon unit (MTU)' [START_REF] Lieber | Functional and clinical significance of skeletal muscle architecture[END_REF] . The MTU mechanisms and characteristics determine the mechanical characteristics of the hamstring muscles [START_REF] Delp | Force-and moment-generating capacity of lower-extremity muscles before and after tendon lengthening[END_REF] . In addition, the MTU behavior is determined by the muscle fascicles, pennation angles, aponeuroses, tendons and how these structures interact [START_REF] Delp | Force-and moment-generating capacity of lower-extremity muscles before and after tendon lengthening[END_REF] . It is important to understand that while the different hamstring muscles work in an agonistic relationship to perform their function, the muscles themselves have differing architecture [START_REF] Kellis | Intra-and Inter-Muscular Variations in Hamstring Architecture and Mechanics and Their Implications for Injury: A Narrative Review[END_REF] . Generally, the architectural components of the hamstring muscles that are responsible for their function and performance, in terms of generating maximal forces and a robustness to injury, are fascicle length (length of individual muscle fibres), pennation angle (angle of the muscle fibres between the upper and lower aponeurosis) and the muscle thickness (width of the muscle between the upper and lower aponeurosis) which are shown in Figure 3 7,25,28

.

The BFlh possess the shortest but most pennate fascicles of all the hamstring muscles while the SM exhibits similar architecture to the BFlh [START_REF] Kellis | Intra-and Inter-Muscular Variations in Hamstring Architecture and Mechanics and Their Implications for Injury: A Narrative Review[END_REF] . However, the ST muscle is longer than the other muscle heads and possesses longer fascicles and possibly a longer tendon than the other hamstring muscle heads [START_REF] Kellis | Intra-and Inter-Muscular Variations in Hamstring Architecture and Mechanics and Their Implications for Injury: A Narrative Review[END_REF] . This may explain why the ST displays less relative muscle strain for the same physical actions as the other hamstring muscles and thus, is subject to fewer hamstring strain injuries [START_REF] Kellis | Intra-and Inter-Muscular Variations in Hamstring Architecture and Mechanics and Their Implications for Injury: A Narrative Review[END_REF] . The ST possesses a different structure compared to the other hamstring muscle heads as it has a fusiform arrangement [START_REF] Kellis | Intra-and Inter-Muscular Variations in Hamstring Architecture and Mechanics and Their Implications for Injury: A Narrative Review[END_REF] . This means the fascicles run in line with the muscles line of action along the length of the muscle so the fascicle length depends on the length of the femur and in turn the size of the athlete [START_REF] Kellis | Intra-and Inter-Muscular Variations in Hamstring Architecture and Mechanics and Their Implications for Injury: A Narrative Review[END_REF] . Regarding the different muscle heads influence on joint movement, the BFlh and SM muscles showed a significantly higher level of activation than the ST and were more readily recruited during hip extension movements [START_REF] Ono | Hamstring functions during hip-extension exercise assessed with electromyography and magnetic resonance imaging[END_REF] . On the other hand, the ST muscle shows greater activation than the BFlh and SM during knee flexion actions particularly during the mid-range of flexion (75-100 degrees) [START_REF] Herzog | Lines of action and moment arms of the major force-carrying structures crossing the human knee joint[END_REF] . 

Hamstring Muscle Imaging -Assessing Hamstring Muscle Architecture

In order to assess hamstring muscle architecture, it is important to be able to image the different muscle heads and accurately analyze the captured images [START_REF] Franchi | Ultrasound-derived Biceps Femoris Long Head Fascicle Length: Extrapolation Pitfalls[END_REF] . Hamstring muscle architecture can be measured using both 2-D (ultrasound imaging) or 3-D techniques (3D ultrasound imaging, Diffusion tensor imaging (DTI) and fiber tractography combined with other MRI sequences) [START_REF] Charles | In vivo human lower limb muscle architecture dataset obtained using diffusion tensor imaging[END_REF][START_REF] Monte | The repeatability of bilateral diffusion tensor imaging (DTI) in the upper leg muscles of healthy adults[END_REF][START_REF] Waugh | Can Achilles tendon moment arm be predicted from anthropometric measures in pre-pubescent children?[END_REF] . However, DTI and MRI imaging techniques are not a practical solution for on-field measurements due to their time-consuming, expensive and non-deployable nature [START_REF] Charles | In vivo human lower limb muscle architecture dataset obtained using diffusion tensor imaging[END_REF][START_REF] Monte | The repeatability of bilateral diffusion tensor imaging (DTI) in the upper leg muscles of healthy adults[END_REF] . On the other hand, ultrasound and the associated elastography imaging technique are relatively less expensive, more practical and relatively less time consuming thus, offer a better solution in practical environments in comparison to DTI and MRI [START_REF] Radnor | The Influence of Maturity Status on Muscle Architecture in School-Aged Boys[END_REF][START_REF] Waugh | Can Achilles tendon moment arm be predicted from anthropometric measures in pre-pubescent children?[END_REF] .

Ultrasound is a technique that can measure changes between pre-and post-training intervention muscle architecture measurements when the muscle is in a static, relaxed condition [START_REF] Hauraix | Muscle fascicle shortening behaviour of vastus lateralis during a maximal force-velocity test[END_REF][START_REF] Guilhem | Muscle force loss and soreness subsequent to maximal eccentric contractions depend on the amount of fascicle strain in vivo[END_REF] . However, this method is very difficult as it requires the ultrasound probe to be continuously placed on the same position over the muscle throughout the entire training intervention or it would not be possible to measure the same fascicles [START_REF] Hauraix | Muscle fascicle shortening behaviour of vastus lateralis during a maximal force-velocity test[END_REF] . A previous study did manage this by using a custom support for the probe to keep it in place, but this was done during an exercise intervention which was completed in a static seated or prone position 50 . Furthermore, it has been possible to measure muscle fascicle length changes during eccentric activity with the probe continuously imaging the same area of the muscle [START_REF] Guilhem | Muscle force loss and soreness subsequent to maximal eccentric contractions depend on the amount of fascicle strain in vivo[END_REF] . This study observed that the magnitude of muscle damage in vivo is influenced by the eccentric strain applied to the muscle fibres [START_REF] Guilhem | Muscle force loss and soreness subsequent to maximal eccentric contractions depend on the amount of fascicle strain in vivo[END_REF] .

However, this is not possible to do for soccer specific training and it would not be possible to guarantee the same fascicles are being imaged if the probe was removed and reapplied pre-and post-training intervention. One solution to this may be to measure a number of fascicles distributed evenly throughout the muscle belly (proximally, medially and distally), average the muscle architecture measures and then repeat this post-training intervention. This distribution of measurements would enable a more global appraisal of hamstring muscle architecture measures throughout the muscle.

In addition to three dimensional methods (DTI, £D ultrasound), there are four main techniques used to measure muscle architecture in two dimensions: 1) A manual extrapolation method that involves extrapolating visible fascicles with straight lines over non-visible portions of skeletal muscle between superficial and deep aponeuroses [START_REF] Potier | Effects of eccentric strength training on biceps femoris muscle architecture and knee joint range of movement[END_REF] ; 2) Estimating fascicle length using a trigonometric equation which takes into account a straight line over the visible portion of a fascicle between the aponeuroses [START_REF] Blazevich | Intra-and intermuscular variation in human quadriceps femoris architecture assessed in vivo[END_REF] ; 3) An alternative trigonometric technique which only extrapolates the non-visible portions of a fascicle 53 ; 4) The extended field of view (EFOV) method which uses an algorithm that stitches successive frames together to obtain a panoramic image [START_REF] Franchi | Ultrasound-derived Biceps Femoris Long Head Fascicle Length: Extrapolation Pitfalls[END_REF] .

Regarding the methodology used to measure muscle architecture with ultrasound, the most accurate way to measure the entire length of the BFlh or SM muscles is to use EFOV imaging also known as panoramic imaging when compared to linear extrapolation and trigonometric equation methods [START_REF] Franchi | Ultrasound-derived Biceps Femoris Long Head Fascicle Length: Extrapolation Pitfalls[END_REF] . While the intrasession reliability of both linear extrapolation and EFOV imaging techniques were very high, it was found that extrapolation methods over-or under-estimated hamstring fascicle lengths compared to EFOV imaging (EFOV: 8.07 ± 1.36cm, Extrapolation: 9.98 ± 2.12cm) [START_REF] Franchi | Ultrasound-derived Biceps Femoris Long Head Fascicle Length: Extrapolation Pitfalls[END_REF] . One problem with the linear extrapolation technique is that it works on the assumption that skeletal muscle is of a homogenous structure throughout its length and has no fascicle or aponeurosis curvature [START_REF] Franchi | Ultrasound-derived Biceps Femoris Long Head Fascicle Length: Extrapolation Pitfalls[END_REF] . This is also the case with using trigonometric equations to estimate muscle architecture measures [START_REF] Franchi | Ultrasound-derived Biceps Femoris Long Head Fascicle Length: Extrapolation Pitfalls[END_REF] .

Figure 4 shows the ultrasound technique by which the Bflh and SM muscles were imaged. Currently, it is in theory possible, but difficult to accurately measure the muscle architecture of the ST using EFOV imaging due to the fusiform arrangement of the fibres, meaning its fascicle run in line with the muscles line of action across the entire length of the muscle and the fascicles are difficult to accurately follow [START_REF] Kellis | Intra-and Inter-Muscular Variations in Hamstring Architecture and Mechanics and Their Implications for Injury: A Narrative Review[END_REF] .

Elastography is a method that allows a non-invasive calculation of the level of muscle damage induced by exercise. This is accomplished by providing a 2-D image of a localized area of the muscle shear elastic modulus which in turn, provides a measurement of passive muscle stiffness. It is the shear modulus that provides an insight into the level of muscle damage [START_REF] Lacourpaille | Early detection of exerciseinduced muscle damage using elastography[END_REF] . For example, a muscle in an extended position increases the number of cross bridge formations and the presence of the protein titin. This is exhibited as an increase in the shear elastic modulus, which would be present post exercise and can therefore suggest increased levels of muscle damage [START_REF] Lacourpaille | Time-course effect of exerciseinduced muscle damage on localized muscle mechanical properties assessed using elastography[END_REF] .

Previous studies have used the architecture of the BFlh as a surrogate for measuring the architecture of the other hamstring heads, almost treating the hamstring muscle group without differentiation [START_REF] Woodley | Hamstring muscles: architecture and innervation[END_REF] .

However, this is not an appropriate method to use when measuring hamstring muscle architecture due to the differing structures (muscle fibre types, tendons and nerves) and functions of each of the muscle heads thus, the architecture and function of multiple hamstring muscle heads should be considered when assessing the muscle group as a whole [START_REF] Kellis | Intra-and Inter-Muscular Variations in Hamstring Architecture and Mechanics and Their Implications for Injury: A Narrative Review[END_REF][START_REF] Woodley | Hamstring muscles: architecture and innervation[END_REF] . Figure 4 shows the techniques used to image the BFlh and SM muscles of the hamstrings using ultrasound imaging. 

Hamstring Muscle Properties and Force Generating Capacity

Muscle Anatomy, Architecture and Volume Influences on Maximal Force Production Muscle architecture is a major determinant of the force generating capacity of the muscle [START_REF] Kellis | Architectural differences between the hamstring muscles[END_REF][START_REF] Ward | Are current measurements of lower extremity muscle architecture accurate?[END_REF] . Given that architecture varies between muscles, it is important to understand the intrinsic characteristics of each muscle in order to be able to understand how this contributes to their force-generating capacity [START_REF] Kellis | Intra-and Inter-Muscular Variations in Hamstring Architecture and Mechanics and Their Implications for Injury: A Narrative Review[END_REF][START_REF] Ward | Are current measurements of lower extremity muscle architecture accurate?[END_REF] . For example, the BFlh and SM have a greater force generating capacity due to their greater fascicle pennation angle and muscle cross sectional area compared to the ST and BFsh [START_REF] Kellis | Architectural differences between the hamstring muscles[END_REF][START_REF] Ward | Are current measurements of lower extremity muscle architecture accurate?[END_REF] . Increases in pennation angle shared a strong correlation with increases in muscle cross-sectional area and are thought to contribute to this [START_REF] Ikegawa | Muscle force per crosssectional area is inversely related with pennation angle in strength trained athletes[END_REF] . It has been suggested that as cross-sectional area increases, the ratio of force/cross-sectional area decreases [START_REF] Ikegawa | Muscle force per crosssectional area is inversely related with pennation angle in strength trained athletes[END_REF] . Therefore, as the force is dissipated across the muscle and there is less force per section of muscle then in theory, this will increase the overall force the muscle can withstand and reduce hamstring strain injury risks [START_REF] Ikegawa | Muscle force per crosssectional area is inversely related with pennation angle in strength trained athletes[END_REF] . The muscle fascicle pennation angle is proportional to the number of sarcomeres in parallel and therefore, the muscle's maximal force generating capacity 1,2 . However, the ST and BFsh have a much greater fascicle length to muscle length ratio so have a greater excursion capacity and are therefore less likely to experience muscle strain injury [START_REF] Kellis | Architectural differences between the hamstring muscles[END_REF][START_REF] Ward | Are current measurements of lower extremity muscle architecture accurate?[END_REF] .

Muscle force-length relationship

Muscle contraction is the result of cross-bridge linkage and shortening at the fiber level which generates muscle fascicle and complete muscle shortening. Therefore this dynamic behavior of contractile tissues requires an understanding of how changes in fascicle length affects the force generation capacity of the muscle [START_REF] Williams | The length-tension curve in muscle depends on lattice spacing[END_REF] . Referred as the force-length relationship, this major muscle property relates to the effect of muscle length on the force generating capacity of the muscle at that specific length [START_REF] Williams | The length-tension curve in muscle depends on lattice spacing[END_REF] . The exploration of the force-length relationship requires to experimentally measure the force generated by the hamstring muscles at fixed lengths, i.e. during isometric contractions [START_REF] Williams | The length-tension curve in muscle depends on lattice spacing[END_REF] . Studies have shown using isometric contraction, EMG activity and torque measurements that when the hamstring muscle is shortened (by changing the angle of the hip joint), a decrease in torque occurred and the opposite was observed when the muscle was lengthened, the torque increased [START_REF] Lunnen | Relationship between muscle length, muscle activity, and torque of the hamstring muscles[END_REF] . Further evidence has also observed that for the hamstring muscles that act between two joints (knee and hip joints), as the muscles are lengthened (knee extension or hip flexion), the joint torque significantly increases [START_REF] Mohamed | Relationship between wire EMG activity, muscle length, and torque of the hamstrings[END_REF] . For example, the torque increased from 257 kg/cm for shorter hamstring lengths compared to 716 kg/cm for lengthened hamstring muscle lengths 62 . This study found that the ratio of torque to muscle activity (calculated using EMG) also increased as the muscle length increased [START_REF] Mohamed | Relationship between wire EMG activity, muscle length, and torque of the hamstrings[END_REF] . This suggests that as the muscle length increases, more muscle fibres are activated which in turns produces greater torque [START_REF] Mohamed | Relationship between wire EMG activity, muscle length, and torque of the hamstrings[END_REF] . On the molecular level this is due to the fact that when the muscle lengthens, more actin-myosin cross bridges can be formed as the muscle is thinner, bringing the contractile proteins closer together thus allowing for a greater generation of forces to occur [START_REF] Williams | The length-tension curve in muscle depends on lattice spacing[END_REF] .

Inversely, there is an optimum length in which the muscle can increase to but if it stretches beyond this length then, there will be inhibition of the actin-myosin cross bridge formations as the proteins will overlap instead of link thus, decreasing the torque that can be produced by the muscle [START_REF] Williams | The length-tension curve in muscle depends on lattice spacing[END_REF] . Therefore, shorter muscle fibres present a reduced maximal shortening velocity resulting in a reduction of the contraction of the entire muscle and a reduced force production of the muscle 1,2 .

Force-velocity relationship

In addition to the force-length relationship, there is also the presence of a relationship between the torque production of the muscle and contraction velocity [START_REF] Piazzesi | Skeletal muscle performance determined by modulation of number of myosin motors rather than motor force or stroke size[END_REF] . In essence, this relationship observes that the quicker the rate of contraction, the less force the muscle is able to produce [START_REF] Piazzesi | Skeletal muscle performance determined by modulation of number of myosin motors rather than motor force or stroke size[END_REF] . On a molecular level, the decrease in force can be explained by a reduction in the number of actin-myosin cross bridge formations during the contraction [START_REF] Linari | Force generation by skeletal muscle is controlled by mechanosensing in myosin filaments[END_REF] . Actin-myosin cross bridge formations rely on the binding of ATP to the myosin head. As the velocity of the contractions increase the time in which this reaction takes place and actin-myosin cross bridges can form decreases thus, less cross bridges will form within the shorter contraction time [START_REF] Linari | Force generation by skeletal muscle is controlled by mechanosensing in myosin filaments[END_REF] . This is also supported by the fact that the greater the force exertion will result in a greater myosin filament stretch which in turn will increase the number of available myosin heads that can form cross bridges with actin filaments [START_REF] Linari | Force generation by skeletal muscle is controlled by mechanosensing in myosin filaments[END_REF] . Therefore, when the velocity of contraction increases, the fewer the number of available myosin heads that can form cross bridges thus, the lower the exerted muscle force [START_REF] Linari | Force generation by skeletal muscle is controlled by mechanosensing in myosin filaments[END_REF] . An example of the process by which actin-myosin cross bridge formations are formed is shown in Figure 5.

Hamstring muscle fiber length and physiological cross-sectional area measurements indicate that the hamstring muscle architecture has a major influence on force-velocity characteristics [START_REF] Wickiewicz | Muscle architecture and force-velocity relationships in humans[END_REF] . An increase in muscle cross-sectional area indicates an increase in the number of sarcomeres in series and parallel within a muscle fibre [START_REF] Wickiewicz | Muscle architecture and force-velocity relationships in humans[END_REF] . It has been suggested that the greater the number of sarcomeres in series results in a greater potential of actin-myosin cross bridge formation during muscle contraction [START_REF] Wickiewicz | Muscle architecture and force-velocity relationships in humans[END_REF] . Therefore, it is possible that greater torque can be produced during contractions of greater velocity as more cross bridge formations will successfully form during these high velocity contractions as muscle cross-sectional area increases [START_REF] Wickiewicz | Muscle architecture and force-velocity relationships in humans[END_REF] . 

Hamstring Function for Sport Performance and Injury

Roles of the Hamstrings in Running, Sprinting and Soccer performance

The hamstring muscle heads work coherently together and antagonistically with the quadriceps muscle group to perform walking, running, sprinting and kicking movement mechanics [START_REF] Morin | Sprint Acceleration Mechanics: The Major Role of Hamstrings in Horizontal Force Production[END_REF][START_REF] Green | Recalibrating the risk of hamstring strain injury (HSI): A 2020 systematic review and meta-analysis of risk factors for index and recurrent hamstring strain injury in sport[END_REF] . The ability of these muscles to produce force is paramount for high-speed running and sprint running performance. Therefore, the conditioning of this muscle group is directly related to an athlete's ability to withstand forces acting on them from their specific sport and the ability to resist against these forces in order to minimise injury risks [START_REF] Morin | Sprint Acceleration Mechanics: The Major Role of Hamstrings in Horizontal Force Production[END_REF] .

Figure 6 shows a diagrammatic representation of the lower limbs during sprint running phases. A sprint running step is broadly split into the swing phase (foot is not in contact with the ground) and the stance phase (foot is in contact with the ground). The swing phase begins at toe-off once the foot leaves the ground behind the athlete and continues as the limb moves forward through hip extension into hip flexion.

Once the knee is lowered and foot strike occurs this marks the end of the swing phase and the beginning of the stance phase. Simultaneously, the other lower limb is performing the opposite running phase at the same time. A step is considered as the completion of the stance and swing phase of one lower limb whereas a running strode is the completion of a complete cycle of the swing and stance phases of both lower limbs [START_REF] Miyashiro | Kinematics of Maximal Speed Sprinting With Different Running Speed, Leg Length, and Step Characteristics[END_REF][START_REF] Chumanov | Hamstring musculotendon dynamics during stance and swing phases of high-speed running[END_REF] .

Previous studies have shown athletes who create the greatest amount of horizontal force during sprinting, are able to highly activate (the process of contracting and relaxing muscle groups) their hamstring muscles in the late swing phase (inertia causes the leg to swing forwards resulting in hip flexion and knee extension)

of the running stride pattern just before ground contact (the point at which the foot makes contact with the ground to propel the body forwards following the swing phase) [START_REF] Morin | Sprint Acceleration Mechanics: The Major Role of Hamstrings in Horizontal Force Production[END_REF] . Peak hamstring muscle activity has also been observed during the late stance phase (just before the foot leaves the ground as the hip extends)

as well as the late swing phase of sprinting [START_REF] Yu | Hamstring muscle kinematics and activation during overground sprinting[END_REF] . In terms of specific hamstring muscle activity, the BFlh is most active during the early stance (begins with the foot strike as the knees flex and the hips extend) and late stance phases of sprinting while the medial hamstring muscles (semimembranosus and semitendinosus) display higher EMG activity during the late stance and mid-swing phases (as the swing phase leg crosses the stance phase leg) of sprinting [START_REF] Higashihara | Differences in activation properties of the hamstring muscles during overground sprinting[END_REF] . Therefore, the BFlh shows greater EMG activity just after ground contact and just before the toe-off (the beginning of the swing phrase just as the foot leaves the ground) sprint phases while the medial hamstring muscles are also more prevalently active towards the toe-off stage of sprinting [START_REF] Yu | Hamstring muscle kinematics and activation during overground sprinting[END_REF][START_REF] Higashihara | Differences in activation properties of the hamstring muscles during overground sprinting[END_REF] . The specific technical phases of a sprint running stride are shown in Figure 6. Running, high-speed running and sprinting form a large part of the physical actions undertaken in soccer [START_REF] Bush | Evolution of match performance parameters for various playing positions in the English Premier League[END_REF][START_REF] Haugen | Sprint mechanical properties in soccer players according to playing standard, position, age and sex[END_REF] but performing technical actions such as kicking (e.g., passing, shooting and controlling the ball) and multidirectional non-linear movement patterns (e.g., changes of direction and cutting maneuvers) also recruit the hamstring muscles [START_REF] Brophy | Lower extremity muscle activation and alignment during the soccer instep and side-foot kicks[END_REF] . For example, greater hamstring activity, has been noted during the follow through phase (after the ball has been released from the foot) of the side foot kick (Figure 7 outlines the phases of soccer technical kicking actions) [START_REF] Brophy | Lower extremity muscle activation and alignment during the soccer instep and side-foot kicks[END_REF] . In addition, during instep kicking, (kicking with the top of the foot often referred to as kicking 'with the laces') hamstring activity was greater in the supporting limb during the backswing (drawing the leg back through high extension) and acceleration (accelerating the leg towards the ball with hip flexion and knee extension) phases of kicking. Furthermore, greater kicking limb hamstring activation was observed during the preparation phase [START_REF] Brophy | Lower extremity muscle activation and alignment during the soccer instep and side-foot kicks[END_REF] . The side foot and instep football kicking actions are shown in Figure 7. The effect of technical and complex non-linear physical actions on hamstring muscle activation are currently less explored than sprint running as they are less standardized in nature and require more complex movement mechanics. Therefore, they pose greater challenges to isolate the influence and confounding factors these movements and actions have on hamstring muscle recruitment. Current literature has extensively researched the recruitment of hamstring muscles during the different phases of sprint running [START_REF] Morin | Sprint Acceleration Mechanics: The Major Role of Hamstrings in Horizontal Force Production[END_REF][START_REF] Green | Recalibrating the risk of hamstring strain injury (HSI): A 2020 systematic review and meta-analysis of risk factors for index and recurrent hamstring strain injury in sport[END_REF][START_REF] Yu | Hamstring muscle kinematics and activation during overground sprinting[END_REF][START_REF] Higashihara | Differences in activation properties of the hamstring muscles during overground sprinting[END_REF] . However, there is no research identifying the effects on hamstring muscle recruitment of using additional load during high-speed and sprint running. On the other hand, the recruitment of the hamstring muscle group during soccer technical actions and non-linear physical actions is also a lesser-known area of interest.

Hamstring Muscle Properties and Performance

Determinants of Sprint Performance

During sprint running, the hamstring muscles are lengthened during the swing phase and shortened towards the end of the swing phase and during the stance phase. Likewise, BFlh load was highest during the swing phase compared to the stance phase [START_REF] Chumanov | Hamstring musculotendon dynamics during stance and swing phases of high-speed running[END_REF] . The hamstring muscles play a large role in generating force during maximal sprinting in order to increase running speed [START_REF] Mendiguchia | Progression of mechanical properties during on-field sprint running after returning to sports from a hamstring muscle injury in soccer players[END_REF] . Previous research has found that for running above a 7 m.s -1 speed threshold, the hip extensors act to accelerate the hip and knee joint during the swing phase to contribute to increasing stride frequency and thus, running speed [START_REF] Dorn | Muscular strategy shift in human running: dependence of running speed on hip and ankle muscle performance[END_REF] . This research also confirmed that for running speeds below the 7 m.s -1 threshold it is in fact stride length that most influences running speed but this is determined by the synergistic vertical support actions of the ankle plantar flexors, soleus and gastrocnemius [START_REF] Dorn | Muscular strategy shift in human running: dependence of running speed on hip and ankle muscle performance[END_REF] .

Large correlations were found between hamstring muscle volume and 40-m sprint performance, theoretical max velocity and theoretical maximal power outputs in a study comparing national level and amateur sprinters [START_REF] Nuell | Hamstring Muscle Volume as an Indicator of Sprint Performance[END_REF] . In addition, hip and knee crossing muscle volume was found to be significantly larger with a 30% increase in volume in sprinters compared to non-sprinters [START_REF] Handsfield | Adding muscle where you need it: non-uniform hypertrophy patterns in elite sprinters[END_REF] . Furthermore, during a 5-month sprint specific training macrocycle for national level sprinters, hamstring muscle volume increased by 10%

while sprint performance increased by between 4% and 7% [START_REF] Nuell | Hypertrophic muscle changes and sprint performance enhancement during a sprint-based training macrocycle in national-level sprinters[END_REF] . The muscle volume of the hamstrings increased almost twice as much as the quadriceps (10% increase vs 6% increase) which could potentially suggest more about the dominant role the hamstring muscles play in sprint performance [START_REF] Nuell | Hypertrophic muscle changes and sprint performance enhancement during a sprint-based training macrocycle in national-level sprinters[END_REF] .

In addition, the ability of a soccer player to generate the rapid force capacity of the hamstring muscles plays an important role in acceleration performance, which suggests soccer-specific strength training should focus on developing early-phase hamstring rate of force development [START_REF] Ishøi | The Influence of Hamstring Muscle Peak Torque and Rate of Torque Development for Sprinting Performance in Football Players: A Cross-Sectional Study[END_REF] .Following acute injuries to the hamstrings, soccer players sprint performances were substantially slower than that of non-injured teammates, but after 2 months horizontal force and horizontal power production significantly increased as did early acceleration performance [START_REF] Mendiguchia | Progression of mechanical properties during on-field sprint running after returning to sports from a hamstring muscle injury in soccer players[END_REF] .

Evaluating Hamstring Neuromuscular Performance

Currently, there are a variety of novel ways to measure the strength of the hamstrings in both on-field ecological settings and within the laboratory. The Nordic hamstring test, single leg isometric hamstring bridge test, the single leg hop for distance test and isokinetic strength testing may be considered as the most widely used hamstring strength tests 4,[START_REF] Read | Knee Angle Affects Posterior Chain Muscle Activation During an Isometric Test Used in Soccer Players[END_REF][START_REF] Goossens | Lower eccentric hamstring strength and single leg hop for distance predict hamstring injury in PETE students[END_REF][START_REF] Green | Isokinetic strength assessment offers limited predictive validity for detecting risk of future hamstring strain in sport: a systematic review and meta-analysis[END_REF] .

Nordic Hamstring Test

The Nordic hamstring strength exercise is designed to develop knee flexor eccentric strength. It is performed kneeling on a padded platform with the ankles fixed in place, centered with the lateral malleolus by individual ankle braces which in turn are fixed to load cells. Athletes are instructed to lean forward as slowly as possible while maintaining neutral positions of the trunk and hips with arms held across the chest. A trial is deemed as representative of maximum knee flexor eccentric strength once the force output reached a distinct peak followed by a sudden decline in force (indicating the athlete is no longer able to resist the effects of gravity acting on the segment of the body above the knee joint) 4 .

This exercise has been shown to increase knee-flexor eccentric strength and increase BFlh muscle fascicle length, thus acts to enhance hamstring muscle function 3,4,[START_REF] Lacome | Hamstring Eccentric Strengthening Program: Does Training Volume Matter?[END_REF][START_REF] Behan | The Dose-Response of the Nordic Hamstring Exercise on Biceps Femoris Architecture and Eccentric Knee Flexor Strength: A Randomized Interventional Trial[END_REF][START_REF] Seymore | The effect of Nordic hamstring strength training on muscle architecture, stiffness, and strength[END_REF][82] . An example of the Nordic hamstring strength exercise is shown in Figure 8. This exercise has been shown to decrease hamstring strain injury risks by up to 50% when used within a training program [START_REF] Petersen | Preventive effect of eccentric training on acute hamstring injuries in men's soccer: a cluster-randomized controlled trial[END_REF][START_REF] Cuthbert | The Effect of Nordic Hamstring Exercise Intervention Volume on Eccentric Strength and Muscle Architecture Adaptations: A Systematic Review and Meta-analyses[END_REF] . One study has shown that knee-flexor eccentric strength increased by 53.6 -63.4 N and BFlh fascicle length increased by 0.83 -1.48 cm from using the Nordic hamstring exercise for as little as 48 repetitions across a 6-week training period [START_REF] Behan | The Dose-Response of the Nordic Hamstring Exercise on Biceps Femoris Architecture and Eccentric Knee Flexor Strength: A Randomized Interventional Trial[END_REF] .

Additionally, these findings were supported by another study which found using low volumes of 4 repetitions of the Nordic hamstring exercise with 6 repetitions of the bilateral stiff-leg Romanian deadlift increased knee-flexor eccentric strength by up to 11.3% and increased BFlh and semimembranosus fascicle length by 4.5% and 4.3% respectively [START_REF] Lacome | Hamstring Eccentric Strengthening Program: Does Training Volume Matter?[END_REF] . These findings suggest that the Nordic hamstring exercise can be a useful tool to develop knee flexor eccentric strength and architecture which is considered to contribute to improvements in hamstring eccentric strength.

Considering its prominence for training purposes as a knee flexor eccentric strengthening exercise and its influence on eliciting adaptations prone to improving hamstring muscle architecture, the Nordic hamstring exercise is also commonly used as a test to assess knee flexor eccentric strength 4,82 . The Nordic hamstring test has shown moderate to high levels of test re-test reliability (Intraclass Correlation Coefficient = 0.83 -0.90) and therefore is a reliable test to measure knee-flexor eccentric hamstring strength, between leg eccentric strength asymmetries and possible weaknesses in previously injured athletes 82 . High levels of reliability are paramount in regards to the athlete monitoring process and for understanding the usefulness (smallest worthwhile change that is required to identify if a change in performance is meaningful or should just be considered as variance within the test reliability). Therefore, the Nordic hamstring strength test can be considered as a useful test for practitioners to assess and monitor athlete knee flexor eccentric strength.

However, it is important to remember that in order to assess knee-flexor eccentric strength between athletes, allometric scaling (scaling of test results where external factors such as body mass are accounted for to remove bias towards athletes with particular characteristics) must be used to remove the influence of athlete body mass on testing scores as this has been shown to account for up to 30% of the variance observed between athlete Nordic hamstring testing scores 4 .

Previous research has shown using eccentric hamstring strength testing in combination with the single leg hop for distance test can provide a good analysis for hamstring injury risks which may offer a more simple solution to hamstring screening processes [START_REF] Goossens | Lower eccentric hamstring strength and single leg hop for distance predict hamstring injury in PETE students[END_REF] . 

Single Leg Isometric Hamstring Bridge Test

The single leg isometric hamstring bridge (SLIHB) test is undertaken using a force plate or previously, a sphygmomanometer (an instrument for measuring blood pressure) and is designed to quantify the levels of fatigue of the hamstring muscle complex following matches or training [START_REF] Mccall | Reliability and sensitivity of a simple isometric posterior lower limb muscle test in professional football players[END_REF] . This test allows for a distinction between the level of fatigue between the dominant and non-dominant legs [START_REF] Mccall | Reliability and sensitivity of a simple isometric posterior lower limb muscle test in professional football players[END_REF] . Additionally, isometric contraction of the hamstring muscles have been shown to result in no structural muscle damage so, the SLIHB test can be considered as a safer alternative in comparison to tests that require eccentric contractions of the hamstring muscles which have been shown to have a profound muscle damaging effect 30 . This test was found to be reliable and sensitive to neuromuscular fatigue when the knee was flexed to 30° or 90° for both the dominant and non-dominant legs [START_REF] Mccall | Reliability and sensitivity of a simple isometric posterior lower limb muscle test in professional football players[END_REF] . The positioning of the body and equipment setup of the SLIHB test is shown in Figure 9. 

Isokinetic Strength Testing

Isokinetic strength testing is another method, carried out using a dynamometer in a laboratory, that has been used to assess the eccentric strength of the hamstring muscle complex [START_REF] Green | Isokinetic strength assessment offers limited predictive validity for detecting risk of future hamstring strain in sport: a systematic review and meta-analysis[END_REF] . However, regarding its specificity to sport, it has been found that isokinetic eccentric strength testing of the hamstrings is weakly correlated to hamstring strain injury risk [START_REF] Green | Recalibrating the risk of hamstring strain injury (HSI): A 2020 systematic review and meta-analysis of risk factors for index and recurrent hamstring strain injury in sport[END_REF][START_REF] Green | Isokinetic strength assessment offers limited predictive validity for detecting risk of future hamstring strain in sport: a systematic review and meta-analysis[END_REF] .

Effects of resistance training on hamstrings function

It is well documented that the hamstring muscle complex is one of the main drivers of sprinting and kicking performance in soccer [START_REF] Yu | Hamstring muscle kinematics and activation during overground sprinting[END_REF][START_REF] Higashihara | Differences in activation properties of the hamstring muscles during overground sprinting[END_REF][START_REF] Brophy | Lower extremity muscle activation and alignment during the soccer instep and side-foot kicks[END_REF] . Therefore, training interventions in which to improve the muscle properties of the hamstrings are important to elicit within soccer populations, in order to condition the athletes for the neuromuscular demands of the game and improve the performance of the hamstring muscle group Hamstring muscle activation can vary significantly depending on the exercise used. BFlh and SM activity have been shown to increase in their muscle activity during hamstring exercises oriented towards hip extension such as the Romanian deadlift 6 . Inversely, the ST and BFsh show greater activation from exercises that derive from knee-flexion such as the leg curl exercise 6 . Further evidence supports these findings, and has shown that after an even distribution of muscle activation, there was heterogenous interindividual variability of the distribution of muscle damage between the different hamstring muscle heads following maximal eccentric knee flexor contractions [START_REF] Goreau | Hamstring muscle activation strategies during eccentric contractions are related to the distribution of muscle damage[END_REF] . Currently, no research has reviewed the literature regarding the direct comparison of the muscle activation effects between different hamstring focused strength exercises, so it is difficult to draw outright conclusions regarding the optimal resistance exercises that can be used to provide a neuromuscular overload of a specific hamstring muscle when considering this area of interest. None the less, exercise selection should be taken into account when designing hamstring strengthening training interventions 6 . Furthermore, as it is effective to use low volumes of the Nordic hamstring exercise to improve eccentric strength and fascicle length, it may be more beneficial for athletes to use lower volume eccentric hamstring muscle training as it is less likely to cause acute fatigue that may impact training performance compared to higher volume training [START_REF] Cuthbert | The Effect of Nordic Hamstring Exercise Intervention Volume on Eccentric Strength and Muscle Architecture Adaptations: A Systematic Review and Meta-analyses[END_REF] . However, the results substantially vary between these studies which may be due to the different imaging techniques used to assess intervention induced changes in hamstring muscle architecture and function.

Previous

In addition, one study has shown that incorporating regular exposure to maximal sprint running into training has been shown to improve hamstring muscle architecture 7 . In fact, it has been suggested that sprint running may actually elicit greater increases in BFlh fascicle lengths compared to the Nordic hamstring exercise for soccer players 7 . Moderate increases in BFlh fascicle length were found for the sprint intervention group while only small increases in BFlh fascicle length was observed for the Nordic hamstring exercise group following a six week training intervention 7 .

These training intervention studies have focused on methods that can induce adaptations to hamstring muscle properties which in turn help to improve the force generation capacity of the hamstring muscle group and may transfer to improvements in the on-field performance of athletes. However, methods are also consistently being developed and improved in an effort to understand hamstring injury and investigate techniques to decrease hamstring strain injury risks which will be outlined in the next sections of this literature review.

Hamstring Injury: A multifactorial matrix

Hamstring injuries have the highest occurrence rate in soccer, and they account for 67% of thigh injuries and 12 -15% of total injuries in the English Premier League [START_REF] Opar | Hamstring strain injuries: factors that lead to injury and reinjury[END_REF][START_REF] Henderson | Factors associated with increased propensity for hamstring injury in English Premier League soccer players[END_REF] . As the number of high-speed runs and sprints increase within a greater number of soccer matches, these trends are unlikely to decrease thus, increasing the stress on this muscle group [START_REF] Henderson | Factors associated with increased propensity for hamstring injury in English Premier League soccer players[END_REF] .

Hamstring strain injury (HIS) is defined as a disruption in the hamstring muscle fibres resulting in acute pain of the posterior thigh [START_REF] Opar | Hamstring strain injuries: factors that lead to injury and reinjury[END_REF] . They can be a detrimental factor to individual performance and team success in many sports that involve high-speed running and sprinting [START_REF] Dorn | Muscular strategy shift in human running: dependence of running speed on hip and ankle muscle performance[END_REF][START_REF] Hägglund | Injuries affect team performance negatively in professional football: an 11-year follow-up of the UEFA Champions League injury study[END_REF] . Hamstring injury risk is increased by a plethora of modifiable and non-modifiable factors that collectively, have been coined as the hamstring multifactorial injury matrix and many studies have attempted to assess which factors possess the highest association or correlation with hamstring strain injuries [START_REF] Green | Recalibrating the risk of hamstring strain injury (HSI): A 2020 systematic review and meta-analysis of risk factors for index and recurrent hamstring strain injury in sport[END_REF] . The greatest factors leading to hamstring injury are as follows: the older the age of the athlete, a history of previous hamstring strain injuries, a recent hamstring injury strain, previous anterior cruciate ligament (ACL) injury, previous calf strain injury, muscle imbalances in relative eccentric strength (between the left and right legs) and muscle fatigue [START_REF] Mccall | Reliability and sensitivity of a simple isometric posterior lower limb muscle test in professional football players[END_REF][START_REF] Green | Recalibrating the risk of hamstring strain injury (HSI): A 2020 systematic review and meta-analysis of risk factors for index and recurrent hamstring strain injury in sport[END_REF][START_REF] Mccall | Risk factors, testing and preventative strategies for noncontact injuries in professional football: current perceptions and practices of 44 teams from various premier leagues[END_REF] . For example, athletes who have experienced previous hamstring injury pose a risk that is more than twice as high as other athletes in sustaining a new hamstring injury [START_REF] Engebretsen | Intrinsic risk factors for hamstring injuries among male soccer players: a prospective cohort study[END_REF] . In addition, other intrinsic factors within this multivariate model such as player age and playing position did not show significant effects on hamstring injury risk on an individual level but are still influential when combined within the model as a whole [START_REF] Engebretsen | Intrinsic risk factors for hamstring injuries among male soccer players: a prospective cohort study[END_REF] .

Regarding the quantification of hamstring strain injury risks, it has been found that lower eccentric hamstring strength, a higher isometric/eccentric hamstring strength ratio and lower single leg hop for distance score were all significant factors for hamstring strain injury risk as well [START_REF] Goossens | Lower eccentric hamstring strength and single leg hop for distance predict hamstring injury in PETE students[END_REF] .

Hamstring Muscle Properties and Injury Risk

This body of research will mainly focus on hamstring muscle architecture, geometry and eccentric hamstring strength and their roles in performance and injury risk thus, this section will provide a deeper insight into these factors. Previous studies have shown that hamstring architecture plays an important role in hamstring injury strain risk [START_REF] Kellis | Intra-and Inter-Muscular Variations in Hamstring Architecture and Mechanics and Their Implications for Injury: A Narrative Review[END_REF] . Two major factors that directly increase hamstring muscle injury risk are short muscle fascicles lengths and weak knee flexor eccentric force production 3,4 . For example, it is thought that the BFlh possesses a greater risk of injury compared to the SM and ST as it has shorter fascicle lengths than these hamstring muscle heads [START_REF] Opar | Hamstring strain injuries: factors that lead to injury and reinjury[END_REF][START_REF] Kellis | Intra-and Inter-Muscular Variations in Hamstring Architecture and Mechanics and Their Implications for Injury: A Narrative Review[END_REF] . It is hypothesized that there is a lower risk of injury to longer fascicles as they have more sarcomeres arranged in series within each fascicle which increases the fascicle strength and reduces the amount of relative muscle strain per sarcomere which in turn, reduces hamstring strain injury risks [START_REF] Opar | Hamstring strain injuries: factors that lead to injury and reinjury[END_REF][START_REF] Kellis | Architectural differences between the hamstring muscles[END_REF] . Evidence suggests that athletes with BFlh fascicle lengths of <10.56 cm are 4.1 times more likely to experience hamstring strain injuries compared to athletes with longer fascicles Regarding mechanisms of injury, the BFlh is most frequently injured during sprint running actions while the SM is most frequently injured from stretching actions [START_REF] Kellis | Intra-and Inter-Muscular Variations in Hamstring Architecture and Mechanics and Their Implications for Injury: A Narrative Review[END_REF] . Research has shown that the BFlh exhibits the largest peak strain during sprinting which may result in this muscle experiencing more frequent muscle strain injuries [START_REF] Schache | Mechanics of the human hamstring muscles during sprinting[END_REF] . Regarding the SM, it is most activated at shorter muscle lengths so it may not be adequately adapted or experience an adequate training stimulus from training protocols and hamstring focused exercises in order to withstand the required forces to avoid muscle strain injuries during stretching actions [START_REF] Opar | Hamstring strain injuries: factors that lead to injury and reinjury[END_REF] . Most hamstring strain injuries occur in the muscle tendon junction at the proximal end of the muscle close to the ischial tuberosity [START_REF] Opar | Hamstring strain injuries: factors that lead to injury and reinjury[END_REF][START_REF] Askling | Proximal hamstring strains of stretching type in different sports: injury situations, clinical and magnetic resonance imaging characteristics, and return to sport[END_REF] . Proximally occurring hamstring injury types experienced by soccer players and dancers are mainly induced during high-speed running or extensive stretching [START_REF] Askling | Proximal hamstring strains of stretching type in different sports: injury situations, clinical and magnetic resonance imaging characteristics, and return to sport[END_REF] . For example, one study has shown that 83% of all proximally located SM injuries occurred during these stimuli 93 .

Regarding knee flexor eccentric force production, research has shown athletes should be expected to achieve Nordic hamstring test scores (a maximal knee flexor eccentric strength test) of 4 times body mass (kg) + 26.1 N or above 337 N to minimise injury risks 3,4 . In fact, while eccentric training such as the Nordic hamstring exercise is clearly beneficial in improving knee flexor eccentric strength, exposure to sprint training has been proven to increase BFlh fascicle length more effectively than eccentric training 7 . In addition to this, recent evidence has suggested that due to the grading system used for meta-analyses investigating Nordic hamstring research, conclusions surrounding its effectiveness at developing eccentric hamstring strength must remain inconclusive until more randomized control trials have been completed 94 .

Hamstring Muscle Properties: Review Summary

This review has shown how the anatomy and architecture of the hamstring muscle group relates to its function [START_REF] Woodley | Hamstring muscles: architecture and innervation[END_REF][START_REF] Storey | Proximal hamstring morphology and morphometry in men: an anatomic and MRI investigation[END_REF][START_REF] Linklater | Hamstring injuries: anatomy, imaging, and intervention[END_REF] . Furthermore, it has shown that the hamstring muscle complex plays a vital role in running, sprinting and soccer performance 3,[START_REF] Yu | Hamstring muscle kinematics and activation during overground sprinting[END_REF][START_REF] Petersen | Preventive effect of eccentric training on acute hamstring injuries in men's soccer: a cluster-randomized controlled trial[END_REF][START_REF] Small | Soccer fatigue, sprinting and hamstring injury risk[END_REF] . Finally, there is a plethora of evidence showing the ways in which hamstring muscle properties can be manipulated and developed in order to improve the functionality, performance and resistance to injury of this muscle group 7,[START_REF]Sprinting: a potential vaccine for hamstring injury?[END_REF][START_REF] Nuell | Hypertrophic muscle changes and sprint performance enhancement during a sprint-based training macrocycle in national-level sprinters[END_REF][START_REF] Small | Effect of timing of eccentric hamstring strengthening exercises during soccer training: implications for muscle fatigability[END_REF] . [START_REF] Franchi | Ultrasound-derived Biceps Femoris Long Head Fascicle Length: Extrapolation Pitfalls[END_REF][START_REF] Franchi | Muscle Architecture Assessment: Strengths, Shortcomings and New Frontiers of in Vivo Imaging Techniques[END_REF][START_REF] Monte | The repeatability of bilateral diffusion tensor imaging (DTI) in the upper leg muscles of healthy adults[END_REF] .

The optimal training methods to use to reduce hamstring injury risks for soccer players.

There are a number of tests available to measure knee-flexor eccentric strength in both laboratory and more ecological on-field settings [START_REF] Read | Knee Angle Affects Posterior Chain Muscle Activation During an Isometric Test Used in Soccer Players[END_REF][START_REF] Green | Isokinetic strength assessment offers limited predictive validity for detecting risk of future hamstring strain in sport: a systematic review and meta-analysis[END_REF]82 .

A method to measure posterior chain neuromuscular status with greater specificity to high-speed and sprint running than currently available tests.

The hamstring muscle complex is the most commonly injured muscle group in soccer with the BFlh muscle experiencing muscle strain injuries most frequently [START_REF] Hägglund | Injuries affect team performance negatively in professional football: an 11-year follow-up of the UEFA Champions League injury study[END_REF][START_REF] Ekstrand | Epidemiology of muscle injuries in professional football (soccer)[END_REF] .

The extent of possible correlations/relationships between hamstring muscle properties and anthropometric measures.

Wearable Resistance: A Review

Narrative Literature Review Methodology

The use of light wearable resistance is still a relatively new training modality thus, there are still a limited numbers of research papers investigating this area of interest. Therefore, at the time of writing and to the authors knowledge following a PubMed search for 'wearable resistance', all current wearable resistance published research papers were included within this narrative literature review.

Currently no meta-analyses have been completed on wearable resistance research so the literature review commenced using the available systematic reviews and then worked down in terms of the statistical power of the research papers. All of the papers that were published at the time of writing are outlined in table 2.

Defining Wearable Resistance

WR is a training modality that allows athletes to perform sport specific movements while loaded [START_REF] Macadam | Effects of Different Wearable Resistance Placements on Sprint-Running Performance[END_REF] . WR is not a new training modality with weighted vests, ankle weights and even things as simple as loading a bag with rocks being used for decades to increase the load and intensity of training [START_REF] Dolcetti | Wearable Resitance Training for Speed and Agility Training[END_REF] . However, the light WR product that was utilised in the studies forming this thesis, at the time of writing, was a new development to the training modality of WR (Figure 10). The exoskeleton is comprised of compression garments in which load can be attached. The load and load orientation are completely customisable. However, little is still known about how the load and load orientation of this WR effects movement mechanics, muscle activation and neuromuscular development thus, the researchers concluded that further investigations were required to further understand this technology before it's potential performance benefits could be assessed during its use for soccer specific training. This research question formed the basis for study 3 of this body of research and its findings were later integrated into the final study of this thesis (study 4). 

Wearable resistance Biomechanics

As with traditional weightlifting training, WR aims to manipulate the equation 'Force = Mass * Acceleration' to increase an athlete's overall force output [START_REF] Dolcetti | Wearable Resitance Training for Speed and Agility Training[END_REF] . While traditional weightlifting achieves this through an overloading of the 'mass' factor of this equation, WR achieves an increase in force using small masses but at high acceleration velocities [START_REF] Dolcetti | Wearable Resitance Training for Speed and Agility Training[END_REF] . Current research has shown using loads as little as 1-5% of BM during bouts of maximal sprint running can significantly increase horizontal force production [START_REF] Feser | The effects of lower limb wearable resistance on sprint running performance: A systematic review[END_REF][START_REF] Macadam | Effects of Different Wearable Resistance Placements on Sprint-Running Performance[END_REF] .

Using a comparison of the kinetic energy output of a back squat and WR loading during high-speed running also shows how using small loads at high running velocities can match exercise induced kinetic energy demands compared to traditional weightlifting exercises (figure 11). However, a direct comparison between traditional weightlifting and light WR training is difficult as the two protocols are very different in regards to their movement biomechanics and there are a number of factors that must be considered regarding WR [START_REF] Dolcetti | Wearable Resitance Training for Speed and Agility Training[END_REF] . For example, WR loading patterns can be customized and placed on different areas of the body thus, it is important to remember that while using a weighted vest loads the body similarly to the load of a barbell, loading the lower limbs instead focusses the mass on the hip and knee joints specifically which will change the biomechanical nature of training with additional load [START_REF] Dolcetti | Wearable Resitance Training for Speed and Agility Training[END_REF] . However, making direct comparisons of force and kinetic energy outputs between these two training modalities are over-simplifying the mechanics in which WR works [START_REF] Cronin | Does Increasing Maximal Strength Improve Sprint Running Performance?[END_REF][START_REF] Dolcetti | Wearable Resitance Training for Speed and Agility Training[END_REF] . The back squat, as with many traditional weightlifting exercises, has a uniform movement pattern, specifically designed to increase the force production of its target muscle groups. However, due to the design of the exoskeleton, the load amplitude and load orientation are completely customisable [START_REF] Dolcetti | Wearable Resitance Training for Speed and Agility Training[END_REF] . Thus, performing activities with loads mounted in different positions can potentially induce very different neuromuscular and locomotor effects [START_REF] Macadam | Effects of different wearable resistance placements on sprint-running performance: A review and practical applications[END_REF] . Additionally, the movement patterns carried out whilst using WR are not necessarily uniform and can be performed in chaotic environments such as during soccer specific training [START_REF] Bustos | Effects of Warming Up With Lower-Body Wearable Resistance on Physical Performance Measures in Soccer Players Over an 8-Week Training Cycle[END_REF]100,101 . Although, particularly on a muscular level, the effects of different load orientations and movement patterns with WR on muscle activity are not yet known thus, one of the aims of this body of research was to investigate these effects.

Regarding figure 11, while this figure was designed to highlight how different training modalities can manipulate kinetic energy outputs, it is important to understand that the way in which kinetic energy will impact the system between these training modalities may vary greatly. For example, for the back squat, as the centre of mass of the system is placed under the load (barbell), the kinetic energy required will be dissipated throughout the whole system. However, the kinetic energy outputs during running will be related to lower limb velocity which may not be the same as centre of mass velocity 102 . Furthermore, with WR the load is placed on the lower limbs thus, the kinetic energy outputs may differ more specifically at the joint level of the lower limbs [START_REF] Simperingham | Acute changes in acceleration phase sprint biomechanics with lower body wearable resistance[END_REF][103][104][105] . However, more research is required to further investigate the effects at the muscle and joint level of different WR loads and load orientations.

Current Wearable Resistance Research

Soccer is the most practised sport in the world thus, in order to become an elite level player, these athletes must possess outstanding physical qualities together with remarkable technical ability and situational intelligence 108,109 . Prior to the scoring of a goal, straight sprinting is the most common action in soccer. Further to this, a player's ability to sprint separates the standards of players [START_REF] Haugen | Sprint mechanical properties in soccer players according to playing standard, position, age and sex[END_REF] . Soccer players most commonly perform short sprints (2-4 seconds) of 10-30 m which emphasises the importance of developing the acceleration phase of sprints for these athletes 110 . Therefore, these demands in order to become elite, have meant players are required to develop their capacity and physical qualities for force production and transmission, together with improvement in their neuromuscular characteristics [START_REF] Barnes | The evolution of physical and technical performance parameters in the English Premier League[END_REF] .

Physical performance is directly linked to the capability of producing the necessary forces required particularly for the acceleration phase of sprints 111,112 . 11% of an elite soccer players game is spent sprinting (10-15 metres every 90 seconds). It has been shown relative strength has a direct correlation with the initial acceleration in a sprint when comparing back squat performance compared to 5-, 10-and 20-m sprint performance 113 . While there are a plethora of variables which can affect the magnitude of this: it has been shown that lower body strength has a direct correlation with sprint performance where an increase in lower body strength directly transfers to an increase in sprint performance 114 . Therefore, highlighting the importance of the development of lower limb neuromuscular and physiological properties for elite level soccer players. It has been shown that elite level footballers reach their peak sprint speeds between 20-22 years old which identifies the importance of the development of the physical and neuromuscular characteristics by late junior to early senior age [START_REF] Haugen | Sprint mechanical properties in soccer players according to playing standard, position, age and sex[END_REF] . As soccer requires the development of a wide range of neuromuscular qualities, research has suggested it is beneficial to develop maximum strength and power using a combination of heavy strength training and high-power exercises in order to develop the entirety of the force (F) velocity (v) curve profile (in a multi-joint system, maximum theoretical force and velocity are identified as the x-and y-intercepts of the force velocity curve where the ratios between these metrics forms an individual's F-v profile) of the athletes 115,116 .

However, while a general increase in strength may link with an increase in sprint performance, it is important to identify which exercises maximise transfer to an increase in performance. Studies have stated that sprint performance is not correlated to an athlete's total force production but rather the ratio (horizontal: vertical) of this force production, particularly during the acceleration phase of a sprint [START_REF] Morin | Sprint Acceleration Mechanics: The Major Role of Hamstrings in Horizontal Force Production[END_REF]117 .

Generally, the greater the horizontal force output the more beneficial for efficient acceleration and sprinting [START_REF] Morin | Technical ability of force application as a determinant factor of sprint performance[END_REF] . Therefore, a training program should aim to increase an athlete's horizontal force output in order to improve their acceleration and sprint ability 117 . As previously stated, there are large correlations between hamstring muscle volume, architecture and eccentric strength with sprint and acceleration performance 7,[START_REF] Morin | Sprint Acceleration Mechanics: The Major Role of Hamstrings in Horizontal Force Production[END_REF][START_REF] Nuell | Hypertrophic muscle changes and sprint performance enhancement during a sprint-based training macrocycle in national-level sprinters[END_REF][START_REF] Nuell | Hamstring Muscle Volume as an Indicator of Sprint Performance[END_REF][START_REF] Duhig | Effect of concentric and eccentric hamstring training on sprint recovery, strength and muscle architecture in inexperienced athletes[END_REF] . Therefore, it is likely that the hamstring muscle group play a direct role in acceleration and sprint performance. It has also been shown that WR training is beneficial in improving horizontal force production and sprint performance [START_REF] Feser | The effects of lower limb wearable resistance on sprint running performance: A systematic review[END_REF] . However, findings are not yet conclusive regarding the effect of WR training on hamstring muscle architecture, volume and strength. In addition, very little is currently known about how using WR for soccer-specific ecological training effects hamstring characteristics and sprint performance.

In a sport where there are greater demands placed on the physical characteristics of the players, as the game evolves to become faster and more demanding; resisted sprints and training sessions integrating the use of weighted vests/suits (wearable resistance) are becoming more and more common place within regular training sessions 118 . There is still a lot of debate surrounding the consensus for the optimal load and load orientation to use for resisted sprints and wearable resistance training in order to increase the 40 horizontal force production, acceleration phase and maximal velocity phase of sprinting in soccer players [START_REF] Bustos | Effects of Warming Up With Lower-Body Wearable Resistance on Physical Performance Measures in Soccer Players Over an 8-Week Training Cycle[END_REF]118 . to isolated sprinting, it was important for the authors to establish how WR can affect movement carried out not only in the frontal plane but with chaotic movement patterns like those observed in invasion style team sports. However, while such an approach has allowed the authors to appraise the impact of chaotic/ecological situations, this possibly limited the ability to identify specific effects from a wellcontrolled stress using WR like that which has been previously achieved within isolated sprinting-based studies. Nonetheless, the loading amplitude and orientation utilized in these studies provided a useful insight into appropriate loads to use for this body of research. WR load amplitude and load orientation: impact on Neuromuscular, Metabolic and Locomotor load and Biomechanics

The two main WR variables that can be manipulated are the load amplitude / magnitude / mass and the load orientation (where the load is placed on the compression garments) [START_REF] Dolcetti | Wearable Resitance Training for Speed and Agility Training[END_REF] . Research investigating the neuromuscular, biomechanical, metabolic and locomotor effects of load and load placement during exercise has mainly been carried out in athletics or sprint running populations [START_REF] Macadam | Effects of Different Wearable Resistance Placements on Sprint-Running Performance[END_REF]124,127 . Currently, there is only one study published investigating the effects on vertical and horizontal force production of using WR for soccer specific warmups [START_REF] Bustos | Effects of Warming Up With Lower-Body Wearable Resistance on Physical Performance Measures in Soccer Players Over an 8-Week Training Cycle[END_REF] and two more studies in team sports exploring the effects of using WR training on horizontal acceleration, sprint and jump performance for rugby 101 and American football 100 .

However, all of these studies have used WR during a specifically designed warm up or within strength sessions embedded within the normal training session [START_REF] Bustos | Effects of Warming Up With Lower-Body Wearable Resistance on Physical Performance Measures in Soccer Players Over an 8-Week Training Cycle[END_REF]100,101 .Collectively, these studies found that WR was a beneficial on-field training tool that could be utilised to develop horizontal force development which can be translated into improved on-field acceleration and sprint performance compared to a control group 15,100,101

. Upon writing, the author believes there are currently no studies which have investigated the neuromuscular biomechanical, metabolic and locomotor effects of using WR for team sport specific drills such as small-sided games and possession drills or for whole training sessions. Therefore, this provided the rationale to investigate the neuromuscular biomechanical, metabolic and locomotor effects of using WR for soccer specific training during soccer specific drills and whole training sessions.

Regarding WR load, published research studies have used anywhere between 0.5 -65.3% BM loads placed in a large variety of areas on the body (table 2). However, generally, the larger loads from these studies are attached to the upper body. Whereas lower limb loads placed on the shins/calves are generally much lighter and range between 0.5 -5% BM. Generally, heavier loads are placed closer to the centre of mass as loads that are placed on the upper or lower limbs (further from the centre of mass) require a greater force in order to move the limbs and overcome the rotational inertia experienced at either the shoulder or the hip joints [START_REF] Dolcetti | Wearable Resitance Training for Speed and Agility Training[END_REF] . Therefore, loading the limbs with the same magnitude of loads that can be placed on the body will require a force that is unachievable to repeatedly produce sustainably during sport-specific exercise without increasing potential risk of injury [START_REF] Dolcetti | Wearable Resitance Training for Speed and Agility Training[END_REF] . The studies performed as part of this manuscript have focused on loading the calf sleeves for two main reasons: 1) Following the laws of inertia, in theory, in order to overload the neuromuscular load of the lower limbs (with particular interest in overloading the neuromuscular load of the hamstrings), loading the calves will provide a greater overload than using an equivalent load on the upper limbs (thighs), 2) Logistically, as our aim was to use this training modality with a large team of soccer players, it was more practical to give each player the calf sleeves quickly before training and was easy to remove them during training if required compared to using the shorts. However, while previous research has investigated the biomechanical and neuromuscular differences between thigh and calf loading [START_REF] Feser | Changes to horizontal force-velocity and impulse measures during sprint running acceleration with thigh and shank wearable resistance[END_REF] , currently no research has investigated the biomechanical and neuromuscular differences in calf load orientation (e.g., proximal, distal, anterior, posterior loading patterns). Therefore, loads of 0.75% and 1.5% BM on the calf sleeves were used to investigate the biomechanical and neuromuscular effects of load and load orientation within this body of research (chapter 5). In addition, loads of 200 -300 grams per calf (400 -600 grams in total/ ~ 0.66 -1% BM) for the study investigating the acute effects of using WR for soccer specific training were used. These loads were used following discussions with the athletes to understand how they felt when using WR. This was done with an aim to ensure the athletes were comfortable training with WR and felt using this training modality did not affect their soccer or running technique. The study in chapter 5 also provided valuable information following feedback from the participants about how they perceived the different loads regarding the most appropriate loads to use with the athletes on the soccer field. In addition, the study completed by Bustos et al (2020) in elite academy level soccer players contributed to how the loads and load orientations which were chosen for the studies within this manuscript. This study used ~0.5% BM increasing to ~2% BM as the study progressed placed on the calves (e.g., 0.25% -1% BM loading per calf).

There are a wide variety of load orientations used within the current literature. As previously mentioned, the research studies within this manuscript focused on using the calf sleeves. It was concluded in terms of potentially eliciting the greatest effect on the hamstrings, that the calf sleeves would induce this in a greater way than the shorts. This is due to Newtons second law of inertia [START_REF] Dolcetti | Wearable Resitance Training for Speed and Agility Training[END_REF] . As the load is placed further down the lower limb (lever), it will require the rotational centre (hip joint) to withstand greater forces, thus inducing greater workloads on the lower limb muscles [START_REF] Dolcetti | Wearable Resitance Training for Speed and Agility Training[END_REF] . In addition, the induced stress from the additional load will not be the same depending on the movement mechanics performed. For example, concentric (propulsive) and eccentric (breaking) forces will alter the forces and force vectors that the athlete must withstand [START_REF] Dolcetti | Wearable Resitance Training for Speed and Agility Training[END_REF] . The three current WR studies performed with team sport athletes have all used this theory to modify the load orientation throughout their studies [START_REF] Bustos | Effects of Warming Up With Lower-Body Wearable Resistance on Physical Performance Measures in Soccer Players Over an 8-Week Training Cycle[END_REF]100,101 . The load commenced in a proximal location on the lower limbs (just under the knee joint) and then progressed down the lower limb to the medial calf and finally distally (just above the ankle joint) 100,101 . This was done to theoretically increase the length of the moment arm from the centre of joint rotation to the load application point. This in turn increases the forces required to move the limb during propulsion (concentric contractions) and braking phases (eccentric contractions). This modulation in load placement should therefore influence neuromuscular response to the same load as the load was moved further from the rotational centre [START_REF] Dolcetti | Wearable Resitance Training for Speed and Agility Training[END_REF] . At the time of writing, no previous study investigated how WR load and load orientation effected lower limb muscle activation. Therefore, this provided the rationale to investigate these effects and identify if this loading theory was accurate (chapter 5).

Currently, investigations exploring how WR training induces adaptations along the force/velocity profile and the mechanisms this training modality utilises to impact strength and/or power development have not yet been performed. However, it may be hypothesized that as WR training moves relatively small loads (compared to body mass) at high speeds (running/sprinting), it may induce power adaptations when considering the force/velocity profile of this training modality [START_REF] Dolcetti | Wearable Resitance Training for Speed and Agility Training[END_REF] . Furthermore, WR loading patterns are customizable so the location of the load may also have an impact on WR training induced neuromuscular adaptations [START_REF] Feser | The effects of lower limb wearable resistance on sprint running performance: A systematic review[END_REF][START_REF] Feser | Changes to horizontal force-velocity and impulse measures during sprint running acceleration with thigh and shank wearable resistance[END_REF]104,105,125 . This factor will need to be considered in regard to the WR training mechanism and its impact on a muscular level, although further studies are required to investigate this hypothesis within this context. Regarding the impact of WR training on muscle structure, it may also be hypothesized that as this training modality is generally performed with small loads but at relatively high speeds that it may induce similar muscle structure adaptations as those observed during sprinting and high-speed running 7 . However, further research will be required to investigate whether this training modality further compounds these adaptations.

This literature review has provided insights into the study designs, WR loads, load orientations and intervention styles that have previously been applied in both acute and chronic WR studies in sprint running and team sports. The evidence and findings from these studies was used to provide a rationale for the design of the WR based studies within this body of research and to provide a foundation of knowledge in terms of the most appropriate loads and load orientations to use within these studies. SSG can be manipulated to elicit particular responses and over/underload certain match demands for the players [START_REF] Lacome | Small-Sided Games in Elite Soccer: Does One Size Fit All?[END_REF] . For example, a game played in a smaller area per-player (i.e., 4 vs. 4 + 2 Goalkeepers (Gks)) will overload the change of directions, accelerations and decelerations compared to match demands.

Integrating wearable resistance into football -Small Sided Games

However, it will decrease (underload) the amount of high intensity running due to the decreased dimensions of the field compared to match demands. In turn, the larger the playing area, the higher the level of high intensity running performed by the players [START_REF] Lacome | Small-Sided Games in Elite Soccer: Does One Size Fit All?[END_REF] . Further to this, when floaters (players who play with both teams during the drill) are involved they show a decrease in their external load (locomotor and mechanical) compared to the other players. The difference in demands increases for Game Simulation (GS) (Drills performed with goalkeepers) compared to possession games (drills performed without goalkeepers)
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Currently, no research has been performed to investigate the effects of performing loaded SSG exercises.

One training modality that can potentially provide this stimulus is WR loading. However, the current literature has not identified the effects WR may have on neuromuscular development and lower limb muscle architecture when used for SSG. In addition, it is not known what effects using WR for soccerspecific training and in particular SSG will have on neuromuscular fatigue, muscle damage and metabolic adaptations/ development post-training within an ecological context compared to performing soccerspecific training without additional load.

Wearable Resistance: Review Summary

WR training has been extensively researched in regards to its use for athletics and sprint training. However, while there are growing numbers of studies investigating the effects of using WR loading for team sports, there are still numerous research areas which can be explored to further the understanding and current knowledge base of this training modality. It is recommended to use less than 10% BM when using WR loading for training purposes to ensure sport specific technique is not compromised [START_REF] Feser | The effects of lower limb wearable resistance on sprint running performance: A systematic review[END_REF][START_REF] Dolcetti | Wearable Resitance Training for Speed and Agility Training[END_REF] .

The effects on running kinematics and muscle coordination of using WR loading for soccer specific training are unknown.

Using WR loading during soccer specific warmups for 6-weeks improves sprint and standing long jump performance but not countermovement jump performance [START_REF] Bustos | Effects of Warming Up With Lower-Body Wearable Resistance on Physical Performance Measures in Soccer Players Over an 8-Week Training Cycle[END_REF] .

The acute and chronic locomotor, metabolic and neuromuscular effects of using WR loading for soccer specific training, small-sided games and possession drills are unknown.

Summary and Implications from Literature Review

In summary, this literature review has highlighted the progress made in the current research areas of hamstring muscle properties, geometry, imaging, testing, performance and injury in addition to wearable resistance training and how these two entities are linked in regards to sports performance and resistance to injury. It has also identified areas in which these research areas can be developed and how this current body of research is contributing to the development of these areas.

In conclusion, the main aims of this doctorate are to implement muscle architecture screening techniques to assess hamstring muscle properties, geometry and performance in addition with a soccer specific training modality utilizing an exoskeleton to understand and enhance the delivery of posterior chain training programs implemented with elite youth soccer players. This literature review has assisted in focusing and preparing the authors to conduct research studies that use reliable, valid and scientifically sound methods to monitor the hamstring muscle group's performance properties. In addition, analyzing previous literature has provided some insights into the possible neuromuscular, metabolic, locomotor and biomechanical impacts that using a WR training modality for football specific training may induce.

Chapter Four
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Experimental Methodology

This section will focus on the experimental methodology utilised for each of the research studies that formulate this thesis. Focus will be placed on the anthropometric, physical and sporting background characteristics of the study participants as well as the analytical and measurement tools used to acquire the necessary data for each study. Additionally, the methods of statistical analysis used for each study will be outlined and the rationale behind the use of these methods will be provided.

Summary of studies and research designs

A brief summary of the study designs and methodology for each of the four studies that form this thesis have been provided here before the methodology and tests utilized in each study are explained in further detail later in the chapter.

Study 1

This study was designed to evaluate the inter-and intra-day reliability and usefulness of a diagnostic test called the BHT which was developed to measure posterior chain muscle neuromuscular status. 22 male football players from an elite Under-19 French Ligue 1 football club (Age;16.4±0.6 years:

Height;177.5±4.5cm: Body Mass;66.3±6.8kg) completed two assessments. Prior to testing, athletes participated in 2 BHT familiarisation sessions. Assessment 1 was designed to measure the intra-day (between workout sets 2 and 3) and inter-day (between testing day) reliability of the BHT. Assessment 2 was designed to compare the usefulness of the BHT with that of the CMJ. The second and third sets were used for data analysis. 

Study 2

This study aimed to assess the correlations between hamstring muscle architecture and anthropometric measurements. A secondary aim was to assess the effects of chronological age and maturity offset measures on hamstring muscle architecture and knee flexor eccentric strength.

Sixty male football players (16. During the first 3 weeks of preseason training, all athletes had fascicle measurements taken for the BFlh and semimembranosus (SM) hamstring muscles from both legs using EFOV ultrasound. Peak knee flexor eccentric strength measurements were taken within one week of the ultrasound scans using a Nordbord.

Anthropometric measures (BM, Height, Sitting Height, Leg Length and Femoral Length) were also taken within one week of the ultrasound scans.

Study 3

The third study was designed to assess the effects of calf WR loads and load placements on lower-limb muscle activation and stride kinematics during high-speed linear running efforts.

Ten well-trained male subjects (30.9±6.0 yrs, 178.6±5.4 cm, 75.8±5.8 kg), who regularly partake in running and resistance-based training (8 hours per week) were recruited for this study. The subjects completed a workout of 10 sets of three 10-s runs at 18 kmh-1 with 20-s rest between runs, and 1-min between sets.

Each run was performed on a motorized treadmill (Skillrun Unity 7000, Technogym, Italy). Before each set, WR (Lila™ Exogen™, Malaysia) were placed on subject's lower limbs. Five different WR conditions were tested: 1) control without load, 2) 0.75 vs. 1.5% of body mass (BM) loading positioned on the distal posterior calf, 3) proximal vs. distal loading of 1.5% BM positioned posteriorly 4) anterior vs. posterior loading of 1.5% BM positioned distally, 5) unilateral loading of 1.5% BM positioned on the distal, posterior calf (conditions 2-4 were bilaterally loaded). The WR loading patterns of the experimental conditions are shown in Figure 1. Subjects were unaware of the load and placement used for each set. Data was collected using surface Electromyography (EMG) and an embedded accelerometer within a GPS unit placed on the upper back.

participant availability, the club training schedule and player dropout rates, but the maximum number of possible participants completed each study. Table 4 shows the characteristics and anthropometric measurements of the participants from each study. 

Study Ethics

Regarding ethical approval for study 1, 2 and 4, all participants were free from injury and illness for at least 4-weeks prior to testing. Data collection was part of the club's monitoring procedures and conformed to the declaration of Helsinki. In addition, players and staff from the football club gave consent within their contracts for their data to be collected, monitored and once anonymized, could be used for research purposes that was agreed on and in the interest of the club. This work was conducted to support the performance staff of the team and fulfill the responsibilities of the applied role that were highlighted in the introduction. Therefore, this research was included as an evidence-based approach striving to extract innovative knowledge from data already collected within the monitoring framework of the teams. Nothing was added specifically for the PhD therefore no additional ethical approval was required to perform the studies 131,132 . The participants who performed the protocol in study 3 were not athletes from the football club but they gave their consent for the data obtained to be used in this study and data collection conformed to the Declaration of Helsinki 131,132 . All participants were informed prior to the study that they could revoke their inclusion within any of the studies at any time. Furthermore, other staff members within the club also held the right to stop the participation of teams or groups of players within the studies if they desired to. All data collection was carried out by the author and stored securely within the club's servers. other magnetic resonance imaging sequences [START_REF] Charles | In vivo human lower limb muscle architecture dataset obtained using diffusion tensor imaging[END_REF][START_REF] Monte | The repeatability of bilateral diffusion tensor imaging (DTI) in the upper leg muscles of healthy adults[END_REF] . The time-consuming, expensive and non-deployable nature of DTI do not meet the requirements associated with the on-field measurements required within a sports team. In comparison, ultrasound and elastography respond to these constraints as it is much less expensive and more practical [START_REF] Waugh | Can Achilles tendon moment arm be predicted from anthropometric measures in pre-pubescent children?[END_REF] .

All experimental protocols

Protocol

Ultrafast ultrasound Aixplorer V11, Supersonic Imagine (Aix en Provence, France) equipped with an ultrasound transducer (2-10 MHz, SL10-2, Supersonic Imagine) is used to measure the muscle fascicle length, muscle thickness, fascicle pennation angle and acute cross-sectional measurements. However, unless the ultrasound probe is placed continuously on the same position on the muscle throughout the training intervention (which is not possible to accurately undertake) then it is not possible to measure the same fascicles. One study did this through a custom piece of equipment which held the probe in place [START_REF] Hauraix | Muscle fascicle shortening behaviour of vastus lateralis during a maximal force-velocity test[END_REF] .

The subjects in this study performed the exercises required in a static seated or lying position however, holding the probe in place does not guarantee the position of the probe is maintained throughout the course of the experiment as the pressure of the probe and orientation against the surface are liable to change [START_REF] Hauraix | Muscle fascicle shortening behaviour of vastus lateralis during a maximal force-velocity test[END_REF] . It is not possible to do this during soccer training; thus, it is not possible to guarantee the reliability of this method when the probe is moved and reapplied. Although, it has been possible in some studies to measure changes in muscle fascicle length during eccentric activity when the probe is continually imaging the same area of the muscle [START_REF] Guilhem | Muscle force loss and soreness subsequent to maximal eccentric contractions depend on the amount of fascicle strain in vivo[END_REF] . This study showed the eccentric strain applied to muscle fibres influences the magnitude of muscle damage in vivo [START_REF] Guilhem | Muscle force loss and soreness subsequent to maximal eccentric contractions depend on the amount of fascicle strain in vivo[END_REF] .

However, while it may not be possible to image the same fascicle pre-and post-exercise, it is possible to measure a number of fascicles distributed throughout the length of the muscle and compare the resulting averages of these measurements to achieve a global view of the fascicle lengths distributed throughout the muscle.

In order to calculate the fascicle length of the BFlh and SM of each leg, the participant was lying prone wit straight, relaxed legs. The probe (2-10 MHz, SL10-2, Supersonic Imagine, Aix en Provence, France) must first be aligned in the transverse plane. Here, the muscle pathway can be traced and marked from its proximal origin to its distal end. After, the probe was turned, to align longitudinally with the fascicles of the muscle to allow for the muscle fascicle lengths to be measured from the resulting ultrasound images 133 . The muscle fascicle length was measured through a panoramic image which follows the muscle fascicle from its proximal origin at the aponeurosis to its distal end at the surface of the muscle. One study has found extended field of view (EFOV) (Panoramic) imaging to be the most accurate method of imaging BFlh fascicles when compared to linear extrapolation and trigonometric equation methods [START_REF] Franchi | Ultrasound-derived Biceps Femoris Long Head Fascicle Length: Extrapolation Pitfalls[END_REF] . Extrapolation methods resulted in an over-or under-estimation when compared to EFOV images ((EFOV:8.07±1.36cm) (Extrapolation:9.98±2.12cm)) [START_REF] Franchi | Ultrasound-derived Biceps Femoris Long Head Fascicle Length: Extrapolation Pitfalls[END_REF] .

Data Processing

A combination of an imaging software (Image J v. 1.48; National Institutes of Health, Bethesda, MD) and a custom written code in Origin (Origin 2020, OriginLab corporation, USA) can then be used to calculate the length of the fascicles, pennation angle and muscle thickness. However, it is important the practitioner taking the images is experienced in the technique to minimize measurement error.

EFOV ultrasound imaging in combination with custom written scripts in Origin were used to measure and analyze hamstring muscle architecture (fascicle length, pennation angle, muscle thickness) of the BFlh and SM muscles from both legs for 60 soccer players from the under-16, under-17 and under-19 teams of a French elite Ligue 1 football club for study 2. This was done to identify potential relationships between hamstring muscle architecture and knee-flexor eccentric hamstring strength with basic anthropometric measurements and maturity offset status. The process by which this imaging and analysis was performed is shown in Figure 12.

The muscle insertion, superficial aponeurosis, deep aponeurosis, and fascicles were manually digitised using the multipoint tool in Image J. For SM and BFlh muscles, superficial and deep aponeurosis and four clearly visible fascicles spreading throughout the muscle distally, medially, and proximally were required.

Given that fascicles cannot consistently be imaged over their entire course, each fascicle was digitized over ten points of its clearly visible (i.e., echogenic) portions. The same procedure was used to label aponeuroses. The x-y coordinates of all labelled points were recorded and then fitted using a seconddegree polynomial order separately applied for each aponeurosis and each fascicle using custom-written scripts (Origin 2020, OriginLab corporation, USA). The coefficients of the polynomial fit were used to produce a dataset over an evenly distributed 10 points comprised: (i) between the insertions of each fascicle on the superficial and deep aponeurosis for each fascicle; (ii) and between the most distal and most proximal digitized points for each aponeurosis.

Fascicle length was computed as the sum of the distance between each pair of points of the fit. Pennation angle was computed as the average of the pennation angle computed at 25, 50, 75 and 100% of the fascicle length between the two aponeuroses in order to accommodate for angle spatial variability throughout the muscle. This procedure was applied for each fascicle and values were averaged across images and fascicles totaling 40 measured fascicles per player. Muscle thickness was measured from the superficial to the deep aponeurosis using the average of three measurements at 33%, 50% and 66% of the length of the muscle, commencing at the upper insertion to ensure the muscle belly was evenly represented. A diagrammatic representation of this process is shown in the methods section of chapter 6. 

Femoral Length Measurements

For study 2, the femoral length measurements of each participant were measured using a Cescorf aluminum large bone anthropometer sliding caliper (60 cm) (Figure 13). Players stood in a neutral position and measurements were taken from the most superior point on the greater trochanter of the femur to the most superior point on the lateral border of the head of the tibia. Measurements were repeated 3times and averaged on each leg to ensure the accuracy of the measurement. The Nordbord™ (Vald Performance, Australia), shown in Figure 14, is a Nordic hamstring exercise testing device which is used to test knee flexor eccentric strength. When compared to an isokinetic dynamometry (considered a gold standard for muscular strength testing), it was found the Nordbord showed excellent levels of reliability for identifying the break angle (knee angle at which peak torque is achieved). Moderate intraclass correlation coefficient (ICC) test-retest reliability was also found for average torque and peak torque using the Nordbord in comparison with the isokinetic dynamometer 139 .

While knee-flexor eccentric strength is largely Body Mass (BM) dependent, it is possible to control for this using a regression equation to predict individual body mass expected results. The equation is as follows:

N = 4 x BM (kg) + 26.1
Where N is the body mass expected newtons to achieve during the eccentric hamstring strength test 4 . 66 Knee flexor eccentric strength was measured using the Nordbord device for study 2 in which relationships between anthropometric measures and maturity offset were explored with hamstring muscle architecture and knee flexor eccentric strength measurements.

In regard to the protocol used to perform the Nordic hamstring strength test, athletes knelt on a padded platform with their ankles fixed in place, centered with the lateral malleolus by individual ankle braces which in turn were fixed to load cells. Athletes completed 1 set of 3 maximal repetitions of the bilateral Nordic hamstring exercise. Athletes were instructed to lean forward as slowly as possible while maintaining neutral positions of the trunk and hips with arms held across the chest. A trial was deemed as representative of maximum knee flexor eccentric strength once the force output reached a distinct peak followed by a sudden decline in force (indicating the athlete was no longer able to resist the effects of gravity acting on the segment of the body above the knee joint). An average of the left and right peak force outputs were used for the study 4 .

. 

Force Plates

Force plates (Force Decks-Vald Performance©, Australia) are considered the gold standard for reliability and validity for jump tests to measure jump height and force outputs. The countermovement jump has been found to be the most reliable test performed on force plates (see below) 140 . Therefore, this test was used extensively throughout this body of research to measure jump height, concentric peak force, takeoff peak force and peak power to compare with the reliability and usefulness of the BHT in order to assess the ability of the BHT to be a useful neuromuscular assessment test. Force plates were used to measure BHT performance in study 1 by measuring concentric peak force, takeoff peak force and peak power.

Countermovement Jumps (CMJ)

Due to its on-field practicality and quick process, the CMJ is a common testing method used to test lowerbody explosive power output (In the vertical plane). The test isolates the lower limbs by fixing the upper limbs (through having an athlete keep their hands on their hips throughout the test) in place so they pose no influence on the performance of the test. As with many of the other tests outlined, this test would have been used within the testing battery of the cancelled chronic WR study to evaluate changes in the aerobic capacity of participants pre-and posttraining intervention. However, the researcher was also fortunate enough to be an author on an additional Throughout these studies, player tracking systems was used to quantify the external load of the control and intervention groups using STATSports GPS (Back mounted, inter-scapulae 18-Hz GPS units sampling with 952-Hz accelerometer, STATSports, Newry, Northern Ireland). External running-based locomotor load metrics using STATSports GPS units have been shown to be reliable and valid for soccer training 153 . GPS data will undergo further analysis using athletic data innovations software (ADI Sydney, Australia) to calculate leg stiffness, mechanical work (sum of accelerations, decelerations and change of directions (CODs)), velocity load (vL), force load (fL) and running economy using propulsion efficiency (vL/fL) to give a measure of external load and player neuromuscular fatigue. ADI derived metrics have been shown to have acceptable levels of reliability and validity for measuring neuromuscular fatigue and locomotor activity [START_REF] Buchheit | Neuromuscular Responses to Conditioned Soccer Sessions Assessed via GPS-Embedded Accelerometers: Insights Into Tactical Periodization[END_REF]154 .

Using player tracking technology, it is possible to calculate the leg stiffness (KN.m -1 ) of each individual player during running activities. Vertical stiffness has been shown to be affected by lower-limb fatigue thus, can provide an indication of the loading and fatiguing effects of specific activities performed during training [START_REF] Buchheit | Neuromuscular Responses to Conditioned Soccer Sessions Assessed via GPS-Embedded Accelerometers: Insights Into Tactical Periodization[END_REF] . Velocity load is calculated using body mass and running velocity across a training session/drill and increases by a power of 2 as speed increases. Force load is a cumulative variable derived from body mass and the force of each foot strike during a training session/drill. Propulsion efficiency is the ratio of these two metrics where a low vL/fL ratio indicates the requirement for greater forces (fL) to reach specific velocities thus, providing an indication of neuromuscular fatigue. On the contrary, a high vL/fL ratio suggests a lower magnitude of force (fL) is required to reach specific velocities (vL) so indicates the athlete has a low level of neuromuscular fatigue 155 .

The vL/fL ratio is compared on an intra-player level by comparing current vL/fL load with average of previous vL/fL ratio. Box to box runs are used as a standard distance (4 x 72 metres -between the two 18

-yard boxes on a standard soccer field) at a specific speed (21.6 km/h -12 second duration) to measure this and therefore can be used to measure player fatigue levels compared to historical data 155 . Box to box standardised runs can also be used to identify acute fatigue levels by performing pre-and post-training tests. This data will be specifically useful to identify differences in levels of neuromuscular fatigue between players training with the exoskeleton and the control group during complete soccer specific training sessions. Comparing the impact of training using the exoskeleton both acutely (chapter 8) and chronically will provide an insight in its potential neuromuscular and metabolic benefits and impacts within a team sport environment. Player tracking technology in the form of GPS devices with embedded accelerometers mounted on the upper back between the scapulae were used for the studies published in chapter 7 and 8. Between 15-and 30-minutes post training, players were shown the scale that included the numbers of the scale (1-10) with colour coding surrounding each number (e.g., green colours for RPE scores considered to represent light levels of exertion transforming into orange and red colours to represent numbers that represent high levels of exertion) and verbal expressions ranging from 'extremely easy' corresponding to 1 on the scale to 'extremely hard' corresponding to 10 on the scale. Players were asked privately (in order to minimize any influence or effects induced by knowing the scores given by other players within the group) to give a number between 1 and 10 to rate the perceived intensity of the training session.

Internal

Heart Rate Monitoring

For the on-field acute WR study, all players wore chest mounted heart rate monitors fixed with an elasticated strap (Polar, USA) as an additional method to measure between and within group internal training load. Polar heart rate monitors have been shown to have high levels of reliability and correlation with electrocardiogram (ECG) measures (instantaneous mean heart rate -calculated using time-frequency spectrum analysis) 158 . Therefore, HR monitors can be used as a practical alternative to ECG for on-field exercise to monitor heart rate variability (HRV) and the responses of HRV to the stresses of different training exercises for each participant.

Summary of Methodology

To summarise, this body of research aimed to use testing methods and equipment which provide accurate, reliable and valid data which could be used to best inform the outcomes of the testing and training interventions undertaken in order to compare and ultimately draw conclusions from these results compared to the hypotheses generated for each of the included studies. The author displayed competency and accuracy in their technique while using the equipment and performing testing to ensure human error was minimised for all of the data collected. All tests and testing equipment are supported by the scientific research community and are accepted as reliable and valid tests for use in sport science research.

Statistical Analysis

Statistical analysis was performed using a variety of analysis programs: Excel (Microsoft, Washington, USA) Data are presented as mean ± standard deviation (SD) in the text, tables and figures unless specified differently within the text or table/figure legends. Relative and absolute reproducibility was evaluated using intraclass correlation coefficient (ICC), typical error (TE) and coefficient of variance (CV) to evaluate the reliability of the BHT. CMJ and BHT usefulness (SWC/TE) were measured as the ratio between smallest worthwhile change (SWC -0.2 multiplied by the between-subject standard deviation) and TE. The magnitude of the correlation coefficients were calculated using the following Hopkins scale: ≤ 0.1 (very small), 0.1-0.3 (small), 0.3-0.5 (moderate), 0.5-0.7 (high), 0.7-0.9 (very high), ≥ 0.9 (almost perfect) 159 .

-
Using the step function of the MASS package (v7.3), a backward elimination stepwise regression was used to analyse relationships between anthropometric measurements and hamstring muscle architecture.

Using Excel, further analysis using linear regressions was performed where the r-value was calculated to analyse the strength of relationships between individual factors with the stepwise regression model. Oneway ANOVAs were used to analyse muscle architecture variance observed between age groups or maturity offset groups. Significance was set at p < 0.05.

Effect sizes ± confidence limits (ES ± CL) were used to determine the magnitude of differences between groups/tests using Hopkin's scale: 0.2 (Small), 0.6 (Moderate), 1.2 (Large), 2.0 (Very Large) 159 for the studies published in chapters 4, 5 and 6. The likelihood to obtain a meaningful change was assessed with Magnitude based decision framework to analyse the data from the studies in chapters 4, 5 and 6 where the following thresholds were used: 25-75% (possible), 75-95% (likely), 95-99% (very likely), >99% (almost certain) 159 .

Linear mixed modelling was performed using the R statistical software packages lme4 and multcomp, to compare external and internal training load between group differences for the final study of this thesis (Study 4).

Reliability and Usefulness of the Ballistic Hip Thrust Test: New Insight to Monitor Player Neuromuscular Status Study Rationale

The importance of the progression of the monitoring and neuromuscular development of the hamstring muscle groups for athletes and in particular for football, has been highlighted within the literature review.

In addition, this review has provided an overview of the current knowledge base and areas of research which are required to expand the current understanding of the monitoring and neuromuscular development of the hamstring muscle group further.

Considering this, this manuscript has produced two studies (study 1 and study 2) that aim to develop the monitoring processes used to assess hamstring muscle group architecture and neuromuscular status. The aim of these studies was to make currently available monitoring techniques more accessible for football clubs and more sport specific to football.

Study 1 investigated the reliability and usefulness of a neuromuscular status diagnostic test call the Ballistic hip thrust. This test was designed to be possibly more specific to high velocity movements in the horizontal plane than other hamstring muscle group/posterior chain neuromuscular status tests such as the Nordic hamstring test and the isometric hamstring bridge test [START_REF] Read | Knee Angle Affects Posterior Chain Muscle Activation During an Isometric Test Used in Soccer Players[END_REF]82 .

Abstract

Objectives: To investigate the reliability of the ballistic hip thrust (BHT) test performed on force plates as a diagnostic tool to monitor posterior chain neuromuscular status and compare its usefulness with the counter movement jump (CMJ). 

Introduction

Over the past decade, team-sport practitioners have increased their interest in load monitoring and players responses to that load, to better manage athlete fatigue 155 . To avoid training/playing in a fatiguedstate and potentially mitigate injury risk, practitioners often use monitoring of neuromuscular status as a means to manage players' load 160 . The counter movement jump (CMJ) is the most commonly used test in team-sports due to its high reliability (CV=2.8%) for measuring neuromuscular fatigue when compared to other jump tests such as the squat jump (CV=3.3%) 140 .However, CMJ is mostly a quadriceps-dominant exercise 161 with the hamstrings only activated during the breaking phase, thus, little-to-no information is available on the posterior chain neuromuscular status when using CMJ.

Hamstrings have the highest injury occurrence rate in soccer [START_REF] Opar | Hamstring strain injuries: factors that lead to injury and reinjury[END_REF][START_REF] Henderson | Factors associated with increased propensity for hamstring injury in English Premier League soccer players[END_REF] with up to 67% of thigh injuries in the English Premier League affecting hamstring muscles [START_REF] Henderson | Factors associated with increased propensity for hamstring injury in English Premier League soccer players[END_REF] . The stress placed on this muscle group during games will unlikely decrease as the trends favour an improvement in high-speed running and sprinting [START_REF] Henderson | Factors associated with increased propensity for hamstring injury in English Premier League soccer players[END_REF] .

It is therefore essential for practitioners to monitor the neuromuscular status of this muscle group. As hamstrings injuries and contractions mainly occur during sprinting at high angular velocity (700-1000°/s) [START_REF] Guex | Conceptual framework for strengthening exercises to prevent hamstring strains[END_REF] , it seems relevant to test posterior chain neuromuscular status in relatively similar kinetics and kinematics conditions. However, posterior-chain testing is mainly done on isolated, single joint (isokinetic testing) or no-to-low velocity, non-sprint specific velocities (nordic hamstring, isometric hamstring bridge) [START_REF] Guex | Conceptual framework for strengthening exercises to prevent hamstring strains[END_REF][START_REF] Mccall | Reliability and sensitivity of a simple isometric posterior lower limb muscle test in professional football players[END_REF][START_REF] Read | Knee Angle Affects Posterior Chain Muscle Activation During an Isometric Test Used in Soccer Players[END_REF] . This provided the rationale to develop a more specific test to monitor posterior chain neuromuscular status based on a high-velocity hip-extension movement.

The hip thrust is an exercise that is designed to improve hip flexor, gluteus maximus and hamstring strength 162 . The addition of a ballistic aspect (jump at the end of the concentric phase) forces the athlete to maximise this phase to generate the highest achievable power required to maximally jump from this position. Despite the potential advantages of the ballistic hip thrust (BHT) exercise to monitor posteriorchain neuromuscular status, there is to our knowledge no available data on its reliability or usefulness.

The purpose of this study was to investigate the intra-day and inter-day reliability of force and power outputs during the BHT test and compare its usefulness with CMJ. 

Methods

Participants

Design

Prior to testing, athletes participated in 2 BHT familiarisation sessions. Two different assessments were performed. Assessment 1 was designed to measure the intra-day (between workout sets 2 and 3) and inter-day (between testing day) reliability of the BHT. Assessment 2 was designed to compare the usefulness of the BHT with that of the CMJ. 

Methodology

BHT

The BHT test consisted of three consecutive phases (Figure 16): 

CMJ

From a standing position, the feet were placed on separate force plates with hands placed on hips.

Participants were instructed to perform the eccentric and concentric phases of the jump in one continual movement with no pause between them (self-selected eccentric phase depth) 164 . Participants had to land onto the force plates and stabilise in this position before repeating the jump.

The metrics assessed in the study were: Concentric mean force, Takeoff peak force, and Peak Power.

Statistical Analysis

Data are presented as means±90% confidence Limits (CL). All data were first log-transformed to avoid bias arising from non-uniformity error. Reliability analyses were performed using Hopkins specifically designed spreadsheet 159 to identify the mean ± standard deviation, standardised typical error (TE), coefficient of variation (CV), smallest worthwhile change (SWC), intraclass correlation coefficient (ICC).

The SWC was calculated by multiplying the between groups standard deviation (SD) by 0.2. Standardised TE were used to determine the magnitude of reliability between tests using Hopkins scale: 0.2 (Small), 0.6 (Moderate), 1.2 (Large), 2.0 (Very Large). The magnitude of the ICC was assessed using the following thresholds: >0.99, extremely high; 0.99-0.90, very high; 0.90-0.75, high; 0.75-0.50, moderate; 0.50-0.20, low; <0.20, very low 159 .

The usefulness of the tests were assessed by comparing the signal (SWC) to the noise (TE) for each test (BHT and CMJ) and metric 159 . Tests are usually considered as good when the noise (TE) is smaller than the SWC, where the higher signal to noise ratio, the better usefulness 163 .

Results

The results for the inter-and intra-day reliability of each metric can be found in Table 5. Overall, intra-day and inter-day standardised TEs were small for concentric mean force (CV: 5.5±2.7 and 7.2±3.8% respectively), small-to-moderate for takeoff peak force (4.2±2.1 and 12.7±6.1%) and large-to-very large for peak power (39.8±20.4 -57.8±24.3%). There were high between-days and between-sets ICC for concentric mean force (0.88-0.93) and takeoff peak force (0.70-0.96) and very low ICC for peak power (0.11-0.30). Usefulness data for the comparison of the CMJ and BHT tests can be found in Table 6. The CMJ and BHT show similar SWC and SWC/TE for concentric mean force and takeoff peak force. 

Discussion

The purpose of this study was to investigate the reliability of force and power outputs during the BHT and compare its usefulness with the CMJ. The main findings of this study were the following: (1) the BHT showed moderate levels of intra-and inter-day reliability for force-related metrics (mean force; takeoff peak force) (2) the BHT showed similar moderate levels of usefulness in comparison with the CMJ. The BHT test could therefore provide relevant information regarding posterior-chain neuromuscular status and be used in classics players monitoring testing batteries.

The BHT is a posterior-chain neuromuscular status assessment that is easily implementable for weekly-tobi-weekly monitoring. It presents the advantage to be likely less stressful than Nordics and more specific than CMJs (force orientation 161 , hip extension angular velocity) and in turn, better suited for decision making regarding the implementation of high-speed running training.

Concentric mean force and take-off peak force showed moderate standardised TE (<0.7) and high ICC (>0.7) for inter-and intra-day testing. Other studies reported high-to-moderate reliability (ICC: 0.83-0.90, CV: 5.8-8.5%) of the Nordic hamstring exercise and high reliability of the isometric posterior lower limb test muscle test (ICC: 0.95, CV: 4.3%) 82 . Previous research has shown that intra-day CMJ CV for mean force (2.2±1.1%) and peak force (2.8±1.6%) 165 was slightly lower than the CV of the BHT examined in the present study (concentric mean force=5.5±2.7%, takeoff peak force=4.2±2.1%). However, the BHT is a more specific test to measure posterior chain neuromuscular status in the horizontal plane in comparison to the vertical, quadricep-dominated CMJ 161 and no-to-low velocity, non-sprint specific exercises (Nordics, isometric hamstring bridge) [START_REF] Guex | Conceptual framework for strengthening exercises to prevent hamstring strains[END_REF][START_REF] Mccall | Reliability and sensitivity of a simple isometric posterior lower limb muscle test in professional football players[END_REF] . Currently the CMJ is a vastly popular test and is technically simpler to perform than the BHT which highlights the importance of greater familiarisation to the BHT prior to using it to measure neuromuscular status.

The CMJ, done on force plates, is perceived as the gold standard on-field test to measure neuromuscular status 161 . This study has shown the reliability and usefulness of the BHT to be similar to the CMJ. As TE decreases by a factor of √n, and the test is easily implementable and not stressful for players, pooling more trials would increase the signal-to-noise-ratio and in turn, the usefulness of this test. The BHT is then suitable to complement a classic testing battery 166 .

An important limitation to the study is due to the complexity of the BHT exercise, a prolonged familiarisation period would have been beneficial to improve the participants technique, potentially improving the reliability of the test. In addition to inter/intra-day reliability and usefulness, it would have been beneficial to assess the sensitivity to neuromuscular fatigue of this test with pre-and post-match testing for example (to ensure significant fatigue is endured). Furthermore, previously it was stated that the BHT is likely more specific to high velocity movement mechanics than other commonly used posterior chain neuromuscular status tests. However, a procedure to investigate the strength of correlations between the BHT, acceleration ability and maximal speed sprint running performance will need to be performed in order to provide the required evidence to assess the accuracy of this statement.

Commonly, hamstring injury occurs in the late swing phase of sprinting, suggesting potential greater risk of distal hamstring injury 167 . As the BHT is a hip dominant test, another limitation may be that the test 

Practical Applications

-This test provides reliable information regarding posterior chain neuromuscular status and its ease of implementation could allow for regular monitoring.

-The BHT could be used to complement a player monitoring testing battery.

Conclusion

This study showed that concentric mean force and take-off peak force were moderately reliable (intraand inter-day reliability) and presented similar moderate level of usefulness compared with the CMJ. This suggests that the BHT, could be a useful addition to a testing battery particularly in running based team sports to possibly monitor posterior chain neuromuscular status. However, before its integration into a physical testing battery, the sensitivity of the BHT needs to be established to identify its benefits to assess both weekly and post-match monitoring of neuromuscular status/fatigue.

Correlations between hamstring muscle architecture, maturation and anthropometric measures in academy soccer players Study Rationale

Another method to monitor the hamstring muscle group, identify athlete condition and performance is to measure the muscle architecture of the hamstrings as well as the eccentric strength [START_REF] Franchi | Ultrasound-derived Biceps Femoris Long Head Fascicle Length: Extrapolation Pitfalls[END_REF][START_REF] Franchi | Muscle Architecture Assessment: Strengths, Shortcomings and New Frontiers of in Vivo Imaging Techniques[END_REF][START_REF] Sarto | Implementing Ultrasound Imaging for the Assessment of Muscle and Tendon Properties in Elite Sports: Practical Aspects, Methodological Considerations and Future Directions[END_REF]82 . There are multiple methods designed to do this including MRI, EFOV ultrasound and ultrasound trigonometric equations [START_REF] Franchi | Muscle Architecture Assessment: Strengths, Shortcomings and New Frontiers of in Vivo Imaging Techniques[END_REF] . The method that is the most balanced in terms of the accuracy and practicality it offers is EFOV ultrasound imaging as it is more cost effective than MRI imaging techniques and EFOV allows the muscles entire length to be imaged and curvature of the fascicles to be accounted for which is not possible when using trigonometric equations [START_REF] Franchi | Muscle Architecture Assessment: Strengths, Shortcomings and New Frontiers of in Vivo Imaging Techniques[END_REF] .

In addition, measuring muscle architecture (fascicle length, pennation angle, muscle thickness) is a highly skilled task that needs to be carried out by trained personnel using musculoskeletal imaging [START_REF] Franchi | Ultrasound-derived Biceps Femoris Long Head Fascicle Length: Extrapolation Pitfalls[END_REF] . However, the majority of football clubs do not have access to such specialist staff or equipment. This provided the rationale for study 2 to investigate the relationships between hamstring muscle architecture and knee flexor eccentric strength with anthropometric measurements and maturity offset status in an aim to identify any practically relevant trends between these measurements. Such investigations may help to estimate intrinsic muscle properties related to sprint running-related performance potential.

It was important to compare muscle properties to maturity offset and not only chronological age as peak height velocity has been shown to be a more appropriate measure in which to compare adolescents who may be the same chronological age but at different stages of maturity [START_REF] Radnor | The Influence of Maturity Status on Muscle Architecture in School-Aged Boys[END_REF] . It would be therefore possible to guide individual training programs most appropriate to athletes depending on their stage of maturation [START_REF] Radnor | The Influence of Maturity Status on Muscle Architecture in School-Aged Boys[END_REF] .

The findings of this study could improve our understanding of how hamstring muscle architecture and hip extensor / knee flexor eccentric strength could potentially be developed using WR.

Introduction

Physical arrangement of muscle fibres, referred to as muscle architecture, is one of the primary drivers of muscle function [START_REF] Lieber | Functional and clinical significance of skeletal muscle architecture[END_REF] . It is theoretically accepted that shorter muscle fibres present a lower maximum shortening velocity which likely would influence the velocity of contraction at the entire muscle level 1,2 . In contrast, the angle between the fascicle's line of action and the aponeurosis (i.e., pennation angle) is considered proportional to the number of sarcomeres in parallel and in turn to the maximum forcegenerating capacity of a muscle 1,2 .

In addition to its influence on motor performance, muscle architecture has been associated with muscle strain injuries 168 . Longer muscle fascicles are assumed to juxtapose more sarcomeres in series and will in turn exhibit less strain per sarcomere than shorter muscle fascicles for a given muscle-tendon unit strain and stiffness [START_REF] Franchi | Ultrasound-derived Biceps Femoris Long Head Fascicle Length: Extrapolation Pitfalls[END_REF]169 . During the stance and late swing phases of sprinting, studies using computational musculoskeletal modeling showed that the hamstring muscles produce very high forces and withstand large amounts of negative work over repeated strides [START_REF] Schache | Mechanics of the human hamstring muscles during sprinting[END_REF]170 . The application of such singular highmagnitude or repeated stress may exceed the local mechanical limits of the hamstring muscle tissue [START_REF] Kalkhoven | A conceptual model and detailed framework for stress-related, strain-related, and overuse athletic injury[END_REF] . In line with such theoretical background, recent evidence suggests that short bicep femoris long head (BFlh) fascicle length (<10.56 cm) are 4.1 times more likely to sustain a future hamstring strain injury compared to athletes with longer fascicles 3 . This risk is further increased when short BFlh fascicle are associated with low levels of eccentric knee flexor strength. This has led to practitioners identifying athletes of greatest hamstring injury risk based on their BFlh fascicle lengths and knee flexor eccentric strength 5,[START_REF] Green | Recalibrating the risk of hamstring strain injury (HSI): A 2020 systematic review and meta-analysis of risk factors for index and recurrent hamstring strain injury in sport[END_REF] .

Fascicle length and pennation angle are commonly determined via simple B-mode ultrasound images and computed using trigonometry approaches that assume pennate muscle as a parallelogram [START_REF] Blazevich | Intra-and intermuscular variation in human quadriceps femoris architecture assessed in vivo[END_REF] . However, muscle fibres do not consistently present a homogeneous architectural arrangement along their whole length [START_REF] Blazevich | Intra-and intermuscular variation in human quadriceps femoris architecture assessed in vivo[END_REF] . Further, fascicles are often curved, which is not accounted for when fascicles are represented by a straight line [START_REF] Franchi | Muscle Architecture Assessment: Strengths, Shortcomings and New Frontiers of in Vivo Imaging Techniques[END_REF] . Therefore, future works have been encouraged to adopt more appropriate ultrasound methods (e.g., extended field of view ultrasound imaging) that would enable the exploration of muscles with long fascicles and spatially heterogeneous architecture (i.e., BFlh) [START_REF] Pimenta | Biceps Femoris Long-Head Architecture Assessed Using Different Sonographic Techniques[END_REF][START_REF] Sarto | Implementing Ultrasound Imaging for the Assessment of Muscle and Tendon Properties in Elite Sports: Practical Aspects, Methodological Considerations and Future Directions[END_REF] .

While BFlh architecture have been mostly considered as a surrogate of hamstring muscle heads, different muscles have distinct structural arrangements [START_REF] Kellis | Intra-and Inter-Muscular Variations in Hamstring Architecture and Mechanics and Their Implications for Injury: A Narrative Review[END_REF] . The fascicle length of a muscle considered having a fusiform arrangement such as the semitendinosus is likely directly related to the length of the femur and in turn, to the player's size [START_REF] Kellis | Intra-and Inter-Muscular Variations in Hamstring Architecture and Mechanics and Their Implications for Injury: A Narrative Review[END_REF] , which is largely related to their biological age. Further, maturity leads to increased body mass and fat free mass [START_REF] Radnor | The Influence of Maturity Status on Muscle Architecture in School-Aged Boys[END_REF] . However, little is known regarding how the maturation process influences muscle architecture. Literature suggests that muscle thickness and fascicle length increase while pennation angle remains stable from childhood to adulthood 171,172 . A recent study showed an increase in gastrocnemius medialis and vastus lateralis (VL) muscle thickness, pennation angle, and VL fascicle length from pre-to-post peak height velocity [START_REF] Radnor | The Influence of Maturity Status on Muscle Architecture in School-Aged Boys[END_REF] . Overall, these data suggest that muscle architecture changes with growth. However, the influence body mass and height may respectively have on knee flexor eccentric strength and muscle architecture is rarely taken into account 4 . Such investigations may contribute (i) to differentiate between training-induced adaptations versus changes associated with normal growth and maturation and (ii) to identify which basic anthropometrical measurements share relationships with hamstring muscle architecture.

The main aim of this study was to evaluate the relationships between hamstring muscle properties involved in motor performance and injury risk (i.e., fascicle length, pennation angle, muscle thickness, knee flexor eccentric strength) and anthropometric measurements. Additionally, this study aimed to identify the effect of age and maturation on hamstring architecture and knee flexor eccentric strength.

Methods

Participants

Sixty male football players (16. 

Design

All teams completed five training sessions and one game per week with one rest day. During the first 3 weeks of preseason training, all athletes had fascicle measurements taken for the BFlh and semimembranosus (SM) hamstring muscles from both legs using ultrasound. Peak knee flexor eccentric strength measurements were taken within one week of the ultrasound scans using a Nordbord.

Anthropometric measures (BM, Height, Sitting Height, Leg Length and Femoral Length) were also taken within one week of the ultrasound scans.

Athlete monitoring procedures and the associated data collection were accepted as part of the participants contractual agreement with the football club thus, ethical approval was not required for this study however, the study complied to the declaration of Helsinki 131 .

Methodology

Ultrasound Imaging and Processing

The BFlh and SM of each leg were scanned in lying prone position using an ultrasound device (Aixplorer V11, Supersonic Imagine, Aix-en-Provence, France) and an ultrasound transducer (2-10 MHz, SL10-2, Supersonic Imagine). The proximal (i.e., conjoint tendon of the BFlh and semitendinosus muscles) and distal musculo-tendinous junctions were firstly located and the path of the BFlh was pre-determined.

Cross-sectional images were first acquired in the transversal plane to determine the path of the BFlh muscle. Scans were then performed longitudinally along this path in the extended field of view (EFOV) panoramic mode in order to not extrapolate the nonvisible part of the fascicle [START_REF] Franchi | Muscle Architecture Assessment: Strengths, Shortcomings and New Frontiers of in Vivo Imaging Techniques[END_REF] . This mode uses an algorithm that stitches successive frames together to obtain a panoramic image. Scans were performed by following fascicles in the superficial compartment from the proximal insertion following the fascicle's plane while trying to manipulate the transducer in such a way that the fascicles remained continuous while superficial and deep aponeuroses were visible. The path of the best image was marked over the skin to appropriately position the transducer during EFOV scans. Scans were thereafter performed along the midline of the muscle until reaching the distal portion, at approximately 90% of the femur length (Fig. 17A). The transducer was moved slowly and continuously along the marked path with a constant pressure from the distal to the proximal musculo-tendinous junctions while transducer orientation was continuously adjusted in order to stay in the fascicle plane. The total scan time was 10-15s per scan. This was repeated for each muscle until two images with clear visible fascicles and aponeuroses were obtained.

The muscle insertion, superficial aponeurosis, deep aponeurosis, and fascicles were then manually digitised using the multipoint tool in Image J (ImageJ v. 1.48; National Institutes of Health, Bethesda, MD).

For SM and BFlh muscles, superficial and deep aponeurosis and four clearly visible fascicles spreading throughout the muscle distally, medially, and proximally were required. Given that fascicles cannot consistently be imaged over their entire course, each fascicle was digitized over ten points of its clearly 

Femoral length

A Cescorf aluminum large bone anthropometer sliding caliper (60 cm) was used to measure femoral lengths. Players stood in a neutral position and measurements were taken from the most superior point on the greater trochanter of the femur to the most superior point on the lateral border of the head of the tibia. Measurements were repeated 3-times and averaged on each leg to ensure accuracy.

Biological maturity

Biological maturity was determined using years from peak height velocity (PHV). Participants were categorized into three distinct maturity groups -1. Pre-PHV (Maturity offset = < -1), 2. PHV (Maturity offset = -1 < x > 1), 3. Post-PHV (Maturity offset = > 1) [START_REF] Radnor | The Influence of Maturity Status on Muscle Architecture in School-Aged Boys[END_REF] . Maturity offset was calculated using the following equation for measuring sex-specific peak height velocity (PHV) for males:

Maturity Offset = -29.769 + 0.0003007 * Leg Length and Sitting Height interaction -0.01177*Age and Leg

Length interaction + 0.01639*Age and Sitting Height interaction + 0.445*Leg by Height ratio 134 .

In this equation, interactions refer to the multiplication of the two factors involved (i.e., leg length and sitting height interaction = leg length * sitting height).

No participants qualified for the pre-PHV category; thus, comparisons were performed between the circa PHV and post-PHV categories.

The Mirwald equation for calculating maturity offset status exhibited similar levels of accuracy and reliability as other equations designed to calculate maturity offset and biological age 173 .

Knee flexor eccentric strength

Knee flexor eccentric strength was assessed using a Nordbord (Vald Performance, Queensland Australia).

Athletes knelt on a padded platform with their ankles fixed in place, centered with the lateral malleolus by individual ankle braces which in turn were fixed to load cells. Athletes completed 1 set of 3 maximal repetitions of the bilateral Nordic hamstring exercise. Athletes were instructed to lean forward as slowly as possible while maintaining neutral positions of the trunk and hips with arms held across the chest. A trial was deemed as representative of maximum knee flexor eccentric strength once the force output reached a distinct peak followed by a sudden decline in force (indicating the athlete was no longer able to resist the effects of gravity acting on the segment of the body above the knee joint). An average of the left and right peak force outputs were used for the study 4 . All athletes had previous experience of the Nordic hamstring exercise prior to the study.

Statistical Analysis

Data are presented as Mean ± SD, 90% Confidence Intervals. Data were then log transformed to minimise bias from non-uniformity error. One-way analysis of variance (ANOVA) tests (age-effect) were performed to analyse the variance of muscle architecture with age and maturity offset. Models were created using R statistical software (R v3. Length) as independent variables. The variables within the stepwise regression were checked for multicollinearity prior to the statistical analysis being undertaken. No significant correlations were found between the factors within the stepwise regression predictor sample. Significance was set at p < 0.05 for ANOVA and stepwise regression tests. Linear regressions were performed using Excel (Microsoft, Washington, USA) where the r-value was calculated to analyse the strength of relationships between anthropometric and muscle architecture measures. The magnitude of the correlation coefficients were calculated using the following Hopkins scale: ≤ 0.1 (very small), 0.1-0.3 (small), 0.3-0.5 (moderate), 0.5-0.7 (high), 0.7-0.9 (very high), ≥ 0.9 (almost perfect) 159 . Using a custom Excel spreadsheet 174 , effect sizes were calculated to determine the magnitude of differences between age groups (U16 vs U17, U16 vs U19, U17 vs U19) and maturity offset groups (pre-PHV vs PHV, Pre-PHV vs post-PHV, PHV vs post-PHV) using

Hopkin's scale: 0.2 (Small), 0.6 (Moderate), 1.2 (Large), 2.0 (Very Large) 159 . The likelihood to obtain a meaningful change was assessed with Magnitude based decision framework where the following thresholds were used: 25-75% (possible), 75-95% (likely), 95-99% (very likely), >99% (almost certain) 159 .

Results

Effect of age on muscle architecture

We observed no significant main effects of age group on BFlh fascicle length (p = 0.98), SM fascicle length (p = 0.94), BFlh pennation angle (p = 0.62), SM pennation angle (p = 0.29), BFlh muscle thickness (p = 0.72)

and SM muscle thickness (p = 0.72) (Table 7). 

Effect of maturity offset on muscle architecture

Moderately greater BFlh muscle thickness was shown for the post-PHV category compared to the PHV category (ES±90%CI; 0.72 ± 0.49). Unclear SM muscle thickness differences were observed between PHV and post-PHV groups (0.16 ± 0.67; Table 8).

Unclear differences for BFlh (0.29 ± 0.70) and SM (-0.02 ± 0.55) fascicle lengths were also found between PHV and post-PHV groups. Additionally, PHV and post-PHV differences in pennation angles were unclear for BFlh (0.31 ± 0.78) and SM (0.07 ± 0.65) muscles. 

Relationship between anthropometry and muscle architecture

The relationships between femoral length and muscle architecture measures show small correlations (r<0.21) (Figure 18).

Table 9 shows the relationships between anthropometric measures and muscle architecture. The predictor model was able to account for 24% of the variance observed in BFlh muscle thickness (r = 0.49) and 37%

in SM muscle thickness (r = 0.61) with body mass significantly related to both measures (p = 0.001).

Weak correlations were found between the predictor model and BFlh fascicle length (r = 0.34) where femoral length (p = 0.033) and leg length (p = 0.012) were significantly related to BFlh fascicle length. 

Relations between anthropometry, hamstring muscle architecture and knee flexor eccentric strength

No significant relationships were observed between BFlh and SM architecture and knee flexor eccentric strength. A large relationship was observed between knee flexor eccentric strength and body mass (p = 0.001, r = 0.50) (Table 10). 

Discussion

The main aim of this study was to evaluate the relationships between hamstring muscle properties involved in motor performance and injury risk and anthropometric data in a substantial cohort of 60 male youth elite football players. Three main findings originate from the present study: (i) moderately higher BFlh muscle thickness was shown for post-PHV compared to the PHV category, (ii) there were small relationships between hamstring muscle architecture and anthropometric measures, with leg length most notably accounting for 3.8% of the variance in BFlh fascicle length, (iii) knee flexor eccentric strength was strongly related with body mass.

No meaningful differences in muscle architecture were observed between age groups. However, there was only a 6.6 cm difference observed in height across all age groups and a BM difference of only 1.1 kg between the U17 and U19 age groups. This modest range of variability across ages may partly explain why hamstring muscle architecture did not share a relationship with age group. Regarding the relationships between muscle architecture and maturity offset, moderately greater BFlh muscle thickness was found for the post-PHV group compared with the PHV group. This is supported by previous research in which muscle thickness of the gastrocnemius medialis and vastus lateralis increased for the post-PHV group compared to the PHV and pre-PHV groups [START_REF] Radnor | The Influence of Maturity Status on Muscle Architecture in School-Aged Boys[END_REF] . A previous study reported similar increases in muscle size and hypertrophy only for post-PHV participants 175 . This finding is likely to reflect the growth-induced development of contractile material which translated into the amount of force the present football players were able to produce (Table 8). This growth-related muscle hypertrophy observed in the present study was associated with no changes in pennation angles or fascicle length of BFlh and SM. This outcome did not support previous reports of significantly larger pennation angle and fascicle length for post-PHV individuals [START_REF] Radnor | The Influence of Maturity Status on Muscle Architecture in School-Aged Boys[END_REF] . Together with previous findings, the present study highlights the importance of using maturity offset to make comparisons between adolescent athletes rather than age. It has been shown that athletes at different stages of maturity respond more effectively to different training programs 176,177 .

Therefore, it is paramount to ensure athletes of the same age but at different stages of maturity are not compared under the same protocols [START_REF] Radnor | The Influence of Maturity Status on Muscle Architecture in School-Aged Boys[END_REF]171 so training can be individualized to certify the safe and constructive development of each athlete, including muscle structure and capacities.

We observed weak relationships between fascicle length, pennation angle and muscle thickness of the BFlh and SM muscles and anthropometric measures. Only a slight portion of the variance of BFlh fascicle length was explained by basic anthropometric measurements with leg length accounting for 3.8% of this variance. Additionally, femoral length accounted for 4.5% of the variance observed for SM pennation angle. Our findings suggest that muscle architecture depends, in part on the lower limb segment size.

Musculoskeletal imaging is therefore required to accurately appraise individual hamstring muscle architecture in order to integrate these individual properties for training individualization purposes. This also reiterates the importance of using musculoskeletal imaging to measure static resting fascicle lengths to forecast injury risk. Previous research has shown BFlh muscles with fascicles shorter than 10.56 cm are 4.1 times more likely to sustain a future hamstring strain injury compared to athletes with longer fascicles 3 . As anthropometric measurements cannot be accountable for all variance observed in muscle architecture, musculoskeletal imaging is required to accurately measure fascicle length and pennation angle in order to estimate the exposure to injury risk. In addition, these findings suggest it is not necessary to control for athlete size when analysing the muscle architecture data of a team. Furthermore, regular monitoring of muscle architecture using ultrasound can provide information regarding the effects of training on the development of a muscle and be used to monitor accelerated changes during earlier periods of growth [START_REF] Sarto | Implementing Ultrasound Imaging for the Assessment of Muscle and Tendon Properties in Elite Sports: Practical Aspects, Methodological Considerations and Future Directions[END_REF] . This may be particularly useful to assess the effectiveness of the rehabilitation process for injured players that may be exposed to persistent atrophy 178 and force-generating capacity 179 as reported in BFlh after a muscle strain injury. Thus, the hamstring architecture during the return from injury can be compared to baseline levels to evaluate how rehabilitation process counterbalance this injury-mediated changes in muscle geometry. Therefore, it has been suggested that where possible, a specialised figure with adequate training in musculoskeletal imaging should be introduced in teams interested in implementing such approach [START_REF] Sarto | Implementing Ultrasound Imaging for the Assessment of Muscle and Tendon Properties in Elite Sports: Practical Aspects, Methodological Considerations and Future Directions[END_REF] .

Further, our results suggest that it is not possible to solely use basic anthropometric measurements to estimate hamstring architecture metrics. This finding is of importance for investigations using computational models to explore the behavior (i.e., dynamic length changes) of hamstring muscle fibres during ecological motor tasks such as walking, running or sprinting [START_REF] Schache | Mechanics of the human hamstring muscles during sprinting[END_REF]170 . Such approaches use cadaveric data or MR images to implement muscle-tendon unit length to be able to estimate, for instance BFlh fibre length changes. However, our results strengthen that these approaches based on generalized models may not be sufficiently personalized to reflect the actual hamstring muscle fascicle dynamics, which requires direct assessment of muscle geometry. In this context and given that other factors strongly influence muscle architecture (i.e., genetics, training level), direct measurements from musculoskeletal imaging (i.e., ultrasound) are required to obtain accurate appraisal of muscle architecture.

Our findings showed the presence of a strong relationship between knee flexor eccentric strength and BM measured using the Nordic hamstring exercise, with BM accounting for 25% of knee flexor eccentric strength variance. These results reflect those of a previous study in which BM accounted for 30% of knee flexor eccentric strength variance 4 . To account for the effect of BM, allometric scaling can be utilized to correct Nordic hamstring test scores to provide relative strength to BM outputs 4 . As the current study shows half of knee flexor eccentric strength is accounted for by BM, it is suggested to use allometric scaling to remove the influence of BM. Scaling for BM is particularly important when working with adolescents, whose BM will change regularly as they develop through the different stages of maturity. Allometric scaling allows for the minimisation of the effect of BM on Nordic hamstring test scores, thus, it is possible to assess true changes in knee flexor eccentric strength 4 . Additionally, it allows for accurate comparisons to be made between athletes within the same team regardless of BM in order to assess the performance of individual athletes against the baseline and required values to potentially improve performance and minimise injury risks. However, we found knee flexor eccentric strength did not share any further meaningful relationships with other anthropometric or hamstring architecture measurements. This finding did not support previous studies where it was found greater knee flexor eccentric strength was observed with greater lever arm (e.g., femoral length) and hamstring fascicle length 1,[START_REF] Kellis | Intra-and Inter-Muscular Variations in Hamstring Architecture and Mechanics and Their Implications for Injury: A Narrative Review[END_REF] . Numerous factors influence knee flexor eccentric strength (i.e., muscle volume, neural drive, muscle activation, specific tension, forcelength relationship, force-velocity relationship, inter-muscle coordination). It is therefore possible the influence these factors had, while they may have been small, accumulated to account for a proportion of the remaining variance observed for knee flexor eccentric strength in this cohort.

Regarding limitations of the study, one should remember that beyond these two main contributors (hamstring architecture and knee flexor eccentric strength), hamstring strain injury has multifactorial origins where age, injury history and body posture during sprinting (e.g. pelvic control) have been recognized as important risk factors 180 . Therefore, it is important to note that this study only addresses the structural and performance aspects of the hamstring injury risk matrix. One limitation of this study may be that no pre-PHV athletes were present within the testing cohort thus, it was not possible to compare muscle architecture between all three maturity offset categories like what was performed in previous studies [START_REF] Radnor | The Influence of Maturity Status on Muscle Architecture in School-Aged Boys[END_REF]175 . The present investigation should be further expanded to include younger age groups within the testing cohort in order to evaluate the differences in muscle architecture, anthropometric and knee flexor eccentric strength measures between pre-PHV, PHV and post-PHV groups. However, the present sample is relatively large compared to existing literature in the field. Using ultrasound scans to assess muscle geometry could be a relevant area of common work between performance and clinical staff to expand the anthropometric, hamstring architecture and knee flexor eccentric strength reference values and improve our understanding of hamstring muscle geometry in youth athletes. Additionally, it is important to note that we did not have complete control over the training regimen of the participants.

While slight differences in training contents may exist across age groups, all players trained in the same environment, likely resulting in negligible subsequent effect on hamstring muscle architecture. This assumption is strengthened by previous works from our group showing modest changes in hamstring muscle architecture even after high-volume eccentric training [START_REF] Lacome | Hamstring Eccentric Strengthening Program: Does Training Volume Matter?[END_REF] . Finally, within the stepwise regression prediction model, to access the accountability of variance for knee flexor eccentric strength, leg length and femoral length were not analyzed. It may have been advantageous to assess the level of variance these measures accounted for to evaluate if like body mass, body size also significantly accounted for knee flexor eccentric strength variance. If so, it may have then been necessary to also allometrically scale for body size as well as body mass when accessing inter-athlete knee flexor eccentric strength testing scores. A greater body size would likely result in greater lever lengths from the rotational centre (knee joint) thus, the COM would be further down the lever arm, potentially resulting in greater inertia and a greater force being required to overcome the inertia during the test [START_REF] Dolcetti | Wearable Resitance Training for Speed and Agility Training[END_REF] . This may result in the test being more stressful for athletes with greater body size.

Conclusion

In conclusion, the present study showed that muscle properties are poorly associated with anthropometric measurements, which suggests that it is not necessary to control for anthropometric measurements when considering muscle variables as part of a screening process for injury prevention strategy. Therefore, musculoskeletal imaging is required to directly assess accurate muscle architecture within a practical environment. In addition, using maturity offset may be favored to compare athletes rather than chronological age categories within adolescent populations. This would allow for more accurate differentiations to take place between muscle adaptations induced by maturation or the effects of training thus, allowing for further training individualization [START_REF] Radnor | The Influence of Maturity Status on Muscle Architecture in School-Aged Boys[END_REF] . Finally, this study supports previous findings regarding the large influence of body mass on knee flexor eccentric strength performance measured using a Nordbord and as such, allometric scaling should be used when between-player comparisons need to be made 4 .

Introduction

A key for athletic performance is believed to be the successful transference of strength and power adaptations from gym-based exercises to sport-specific movements [START_REF] Macadam | Effects of Different Wearable Resistance Placements on Sprint-Running Performance[END_REF] . A practitioner's main goal when developing a resistance training program is to develop an athlete's strength and power outputs [START_REF] Cronin | Does Increasing Maximal Strength Improve Sprint Running Performance?[END_REF]114 .

However, those improvements might not always transfer to on-field performance with factors such as training methodology, volume, duration and intensity influencing the transfer effect of training induced strength and power adaptations [START_REF] Cronin | Does Increasing Maximal Strength Improve Sprint Running Performance?[END_REF]114 . To alleviate those inherent limitations, wearable resistance (WR) training has been thought to be a practical solution with a better ecological fit than traditional gym-based resistance training. Indeed, this training modality allows athletes to perform sport-specific movements 106 while loaded which is hypothesized to provide greater levels of transference to sport-specific movement performance in comparison with traditional gym-based exercises [START_REF] Macadam | Effects of Different Wearable Resistance Placements on Sprint-Running Performance[END_REF] .

WR has been used extensively for track and field training and in particular sprint training [START_REF] Feser | The effects of lower limb wearable resistance on sprint running performance: A systematic review[END_REF][START_REF] Macadam | Effects of Different Wearable Resistance Placements on Sprint-Running Performance[END_REF][START_REF] Simperingham | Acute changes in acceleration phase sprint biomechanics with lower body wearable resistance[END_REF]127,181 .

Collectively, this research suggests WR can be used to increase horizontal force production and in turn improve sprint performance [START_REF] Feser | The effects of lower limb wearable resistance on sprint running performance: A systematic review[END_REF][START_REF] Macadam | Effects of Different Wearable Resistance Placements on Sprint-Running Performance[END_REF][START_REF] Simperingham | Acute changes in acceleration phase sprint biomechanics with lower body wearable resistance[END_REF]127,181 . Additionally, investigations have also explored the potential performance benefits of using WR for team sports [START_REF] Bustos | Effects of Warming Up With Lower-Body Wearable Resistance on Physical Performance Measures in Soccer Players Over an 8-Week Training Cycle[END_REF]100,101 . A recent study investigating the benefits of using calf-loaded WR during warm-ups for elite adolescent footballers reported improvements in maximal horizontal (e.g., 10-and 20-m sprints) but not vertical (e.g., counter movement jump) performance [START_REF] Bustos | Effects of Warming Up With Lower-Body Wearable Resistance on Physical Performance Measures in Soccer Players Over an 8-Week Training Cycle[END_REF] .

Moreover, in rugby union players, the use of WR on the calves (1% body mass, BM) resulted in a better maintenance of acceleration and sprint performance during a six-week training period compared to unloaded players 101 . Furthermore, WR resistance training has been shown to increase within session training load for high-school American football athletes loaded with 1% BM on the lower limbs 100 .

While this research provided some promising evidence regarding the effects of WR training on locomotor performance, there is also a growing base of knowledge regarding movement kinematics and muscle coordination involved with WR loading [START_REF] Feser | The effects of lower limb wearable resistance on sprint running performance: A systematic review[END_REF]105,127 . During loaded sprinting for example, stride length and frequency have been shown to decrease, while contact time and ground reaction forces increased [START_REF] Feser | The effects of lower limb wearable resistance on sprint running performance: A systematic review[END_REF]119,122 .

Previous research has shown that the positioning of WR impacts stride kinematics [START_REF] Macadam | Effects of Different Wearable Resistance Placements on Sprint-Running Performance[END_REF]105 . For example, greater kinematic changes were observed for lower limb WR loaded conditions compared to WR loaded on the thigh [START_REF] Macadam | Effects of Different Wearable Resistance Placements on Sprint-Running Performance[END_REF] . However, it is yet to be extensively investigated how the effect of WR varies based on the location of the load on the lower limbs (e.g., proximal vs. distal placement, anterior vs. posterior, bilateral/unilateral). If stride mechanics were to be altered, and/or specific muscles to be more or less recruited in relation to various WR placements (and potentially affecting muscle coordination), this may have important implications for the integration and prescription of WR in training practices (e.g., rehabilitation).

Therefore, the aims of this preliminary study were to investigate changes in muscle activation amplitude and stride characteristic parameters induced by the effects of WR calf loading of different loads (0.75%BM vs 1.5%BM), different load placements (anterior vs posterior and proximal vs distal), unilateral loading and loaded vs. unloaded conditions during high-speed running efforts.

Methods

Participants

Ten well-trained male subjects (30.9±6.0 yrs, 178.6±5.4 cm, 75.8±5.8 kg), who regularly partake in running and resistance-based training (8 hours per week) were recruited for this study. Table 11 shows the individual anthropometric data of the participants. 

Data Collection Procedures

Electromyography: A BTS FREEEMG 300 wireless surface EMG system (BTS® Quincy, USA) was used with sensors being placed on the gluteus maximus (Gmax), bicep femoris (BF), semitendinosus (SM), rectus femoris (RF), vastus lateralis (VL) and vastus medialis (VM) muscles for each leg. The skin was shaved, gently abraded and cleaned with alcohol to minimize inter-electrode impedance. The bipolar, silver/silver chloride, surface disc electrodes (Blue Sensor N-00-S/25; Ambu, Baltorpbakken, Denmark) were placed with a centre-to-centre distance of 2.5 cm, and longitudinally with respect to the underlying muscle fiber arrangement and located according to the Surface EMG for the Non-Invasive Assessment of Muscles recommendation's (SENIAM).

The sampling frequency was 1,000 Hz. The EMG data processing technique started with filtering the EMG signal (High pass, 15 Hz, third order Butterworth filter). Secondly, the calculation of the muscle activity (mean root mean square, RMS) during each of the trials was performed. The first and last few steps were excluded of the recording window to keep only the stable phase of the run. The mean RMS for each trial was calculated. The three trials for each condition were averaged. The mean RMS of the control condition was used to normalize all other conditions. EMG data is displayed as a % of the normalized condition.

Stride characteristics: Embedded accelerometers (952 Hz accelerometer) in GPS units (StatSports®, Northern Ireland) were used in indoor mode to calculate bilateral stride kinematics. Accelerometry raw data was further analyzed using ADI software (Athletic Data Innovations, Sydney, Australia) to derive floor contact time (CT [seconds]), peak force (Newtons), stride frequency (steps/second), and vertical stiffness (kvert [KN.m-1]) [START_REF] Buchheit | Neuromuscular Responses to Conditioned Soccer Sessions Assessed via GPS-Embedded Accelerometers: Insights Into Tactical Periodization[END_REF]154 . The ADI-derived metrics were shown to be reliable with small to moderate error during high-speed running (standardized typical error: 0.52-0.67) [START_REF] Buchheit | Neuromuscular Responses to Conditioned Soccer Sessions Assessed via GPS-Embedded Accelerometers: Insights Into Tactical Periodization[END_REF]154 .

Data analysis: Muscle activity and accelerometry data for bilaterally loaded conditions was calculated using the average of the three repetitions per condition from both legs and then normalized in relation to the control condition (%). Muscle activity for the unilateral condition used the pooled average from the loaded legs (average of loaded left and loaded right legs) to compare with the average data from the unloaded legs (average of unloaded left and unloaded right legs) to observe possible changes in muscle activation patterns.

Statistical Analysis

Data are presented as mean ± standard deviation (SD) and as effect size ± 90% confidence limits (CL). Data was first checked for normality (Shapiro Wilks test). Log-transformation was then used when required to transform skewed data to approximately conform to normality. Within athlete between-muscle comparisons were made using effect sizes based on Cohen's d principle to determine the magnitude of change between conditions (0.75 vs 1.5% BM, Anterior vs Posterior, Proximal vs Distal, Unilateral loading,

Control compared with all conditions) using Hopkins' scale: 0.2 (small), 0.

(very large) 159,182 . When the CL of the ES didn't overlap the SWC (0.2), the change was considered meaningful and of the observed magnitude; if the CL overlapped the SWC, the change was considered as unclear.

Results

The differences between conditions for accelerometry date are presented in Table 12 and the differences between conditions for EMG data are presented in Table 13. Intra-subject between condition stride frequency data is displayed in Figure 20 showing large individual responses to the load and load placement. 

Discussion

The aims of this preliminary study were to investigate the effects of different WR loads and loading placements during high speed-running efforts on stride characteristic variables and EMG responses. The main findings were as follows: 1) Bilateral WR loading induced no meaningful changes in stride characteristics or force metrics for all loads and load placements, 2) Proximal loading patterns moderately decreased Gmax, VL and VM EMG activity while distal loading patterns induced moderate decreases in VM EMG activity, 3) Anterior and posterior WR load placement induced decreases in ST and VM EMG activity.

Overall loading effects

Accelerometry data showed no meaningful changes in stride characteristics (contact time, stride frequency) and force metrics (peak force, Kvert) of the loaded conditions compared to the control. This study does not support previous findings regarding the effects of WR on stride characteristics and force metrics [START_REF] Feser | The effects of lower limb wearable resistance on sprint running performance: A systematic review[END_REF] . Previous research has highlighted that a WR induced increase in stride frequency can occur in parallel to a decrease in stride length 125 , which may result in decreased lower limb muscle activity 183 .

However, as the observed changes in stride frequency were not meaningful, changes in muscle activity may have been as a result of participants changing their joint kinematics, which in turn may change the amount of muscle under the electrode thus, potentially changing EMG amplitudes and recorded muscle activity [START_REF] Macadam | Effects of Different Wearable Resistance Placements on Sprint-Running Performance[END_REF] . Regarding stride frequency (Figure 2.), there were large differences in individual responses to the load and load placements which are difficult to explain without EMG and accelerometry synchronization but would be an interesting concept worth investigating in future studies. Previous studies have shown WR to increase the metabolic load of training 102 . This, in addition to its ability to decrease neuromuscular load (work of muscles and tendons, related to movements and the level of neuromuscular strength engagement [START_REF] Buchheit | Neuromuscular Responses to Conditioned Soccer Sessions Assessed via GPS-Embedded Accelerometers: Insights Into Tactical Periodization[END_REF] ), may highlight the ability of WR to be a useful tool for coaches to utilize for training purposes while minimizing the risk of injury. However, further research is necessary to quantify the effects of calf loaded WR on all stride kinematics parameters.

Effect of the load

When examining the effect of load, it was found when compared to the control there were no meaningful effects of 0.75% or 1.5% BM WR loading on stride characteristics or force metrics. In addition, no differences were observed from the accelerometry data between the two loaded conditions. However, we found that EMG activity of the quadricep muscles (VL and VM) were meaningfully lower for the 0.75% BM loaded condition compared to the control. Furthermore, the VM muscle showed decreased EMG activity for the 1.5% BM condition compared to the control. The VL and VM are responsible for force production and the lateral and medial stabilization of the knee during running 184,185 . These muscles have been shown

to exhibit their highest workload during the foot strike and early stance phase of running 184 . These finding suggests that 0.75% and 1.5% BM loading induced decreases in neuromuscular workload for quadricep muscles responsible for force production during running compared with the control without effecting running mechanics. Therefore, WR could potentially be a useful tool for rehabilitation and return from injury protocols to reduce neuromuscular load and thus potentially minimize injury risk. However, further research is required to investigate these findings more extensively with a larger testing cohort.

The finding of no meaningful differences in accelerometry data between the two loaded conditions supports previous findings whereby there were no meaningful changes in stride frequency between 3% and 5% BM lower-body loading [START_REF] Feser | The effects of lower limb wearable resistance on sprint running performance: A systematic review[END_REF] . Contrary to the previous study in which the load was distributed on the thighs and calves, the load in this study was focused solely on the calves. Load on the calves can induce a greater rotational inertia than thigh loaded WR due to its increased distance from the rotational centre (hip joint) [START_REF] Feser | The effects of lower limb wearable resistance on sprint running performance: A systematic review[END_REF] thus, an increase in calf load could potentially result in greater effects to stride frequency than changes in thigh load. However, this will need to be more extensively investigated using a larger scale research study with more participants that carries greater statistical power. This information may be useful in a practical sense for coaches who want to utilize WR loading patterns that may maximize potential performance adaptations elicited by this training modality. Interestingly, EMG data showed no changes in muscle activity between the 0.75% and 1.5% BM loaded conditions. This was potentially due to minimal increases in motor unit recruitment from the small loads relative to BM. Alternatively, and in accordance with previous studies showing that EMG changes did not reflect changes in load 186,187 , the lack of EMG change in this study may have been due to a reduced EMG sensitivity to these small differences in loads 188 .

Effect of load placement

Investigating the effects of load placement, we found that anterior, posterior, proximal and distal load placements did not have any clear specific effects on stride characteristics. Previous research has investigated the acute changes of kinetic parameters of shank vs thigh loading [START_REF] Macadam | Effects of Different Wearable Resistance Placements on Sprint-Running Performance[END_REF] with varying loads, but to the best of knowledge, this is the first study to investigate varying calf loading patterns. Additionally, there were no meaningful differences found between posterior and anterior 3% BM thigh loaded WR during sprint running acceleration phases for kinematic measurements 127 . However, we found that proximal loading caused decreases in Gmax, VL and VM EMG activity compared with the control, and distal, anterior and posterior loading also caused decreases in VM EMG activity, whereas no changes in stride frequency were observed between these conditions. The roles of the VL and VM muscles during running have been previously stated and due to the importance of their roles for force production, proximally placed lowerlimb WR loading may be a useful tool to reduce the neuromuscular workload of these muscles and reduce injury risks during this activity 184,185 . Moreover, due to their force generation role involved in vertical movement patterns within sprint running, the decreases in VL and VM EMG activity may suggest an association with decreases in stride length 185 . However, further investigations are required to research these points in the context of WR training.

As previously stated, decreases in Gmax EMG activity was induced by proximal WR loading. The major functions of the glutes during running are to provide trunk stability during the stance phase, decelerate the swing leg and assist with leg extension 189 . The Gmax is most active during high-speed running 189 . In correspondence with the observed decreases in activity of the VL and VM induced by proximal loading, the decreases in EMG activity of the Gmax may also be useful to reduce the neuromuscular load during high-speed running thus, proving to be a useful tool for rehabilitation or return to sport training by reducing potential injury risks. However, as with the previous points made, further research is required to investigate these findings further.

Unilateral loading

Unilateral WR loading showed no meaningful differences in EMG activity between the loaded and unloaded leg for all muscles. As previously discussed, it is possible the lack of meaningful differences observed between the loaded and unloaded leg may have been due to a reduced EMG sensitivity to these small differences in loads 188 . Further research is required to assess the effects of WR unilateral loading on stride characteristic and EMG activity of the lower limbs using greater loads.

While the findings of this study may not have been conclusive in terms of identifying the stride characteristics and EMG activity of using lower-limb WR, the results from previous lower limb loaded WR studies imply that using WR may allow coaches to induce a training overload specific to the movement mechanics required within their sport [START_REF] Macadam | Effects of Different Wearable Resistance Placements on Sprint-Running Performance[END_REF][START_REF] Bustos | Effects of Warming Up With Lower-Body Wearable Resistance on Physical Performance Measures in Soccer Players Over an 8-Week Training Cycle[END_REF]100,101 . Furthermore, lower-limb WR can possibly be used by coaches to increase acute training workloads, but further research is required with larger sample sizes in order to further understand the locomotor and neuromuscular effects of this training modality 100,101 .

Future research may also aim to increase the WR load or increase exposure times to the load, with the use of longer exercise intervals (>10-s) to further investigate the potential performance benefits of this training modality. From a chronic standpoint, it is not known what performance adaptations a prolonged period of WR training could potentially provide, thus, further research will be required to investigate this.

Additionally, the use of WR in youth athletes may be an effective and safe training modality for coaches to introduce them to progressively increasing loads while avoiding heavy loading that may increase the risk of injury [START_REF] Bustos | Effects of Warming Up With Lower-Body Wearable Resistance on Physical Performance Measures in Soccer Players Over an 8-Week Training Cycle[END_REF]100 .

Limitations

The main limitation of this preliminary study was the lack of synchronization between mechanical data and EMG data. Such a synchronization would have allowed us to observe the EMG differences of the different stride phases. While using a within activity normalization approach for a high-speed, highly dynamic activity seems preferable, another approach would have been to perform maximal voluntary contractions (MVC) of each of the lower limb muscles before undertaking the testing and using this data to normalize the EMG signals from the control and loaded conditions. This classical EMG normalization method would have ensured accurate comparisons of intra-and inter-muscle activity. Another limitation of this study is that it was not possible to measure unilateral accelerometry data to identify the effects of unilateral load placement on stride kinematics. To add to this, the sample size of this preliminary study is small with only 10 participants thus, it lacks statistical power in which to draw general conclusions, but its value will allow for larger studies on this training modality to be implemented with greater statistical power. Finally, there were large differences in individual responses to the load and load placements which in turn deserve investigating within future research too.

Practical Applications

-Prescribing WR with as little as 0.75% -1.5% BM loads can possibly impact muscle activation patterns which can be manipulated for training purposes.

-Proximal, distal, anterior and posterior loading patterns are more beneficial than unloaded conditions to reduce neuromuscular load without effecting stride frequency. This suggests the load orientation can be used to periodise WR training.

Conclusion

In The final completed study of this manuscript used a combination of the findings from the previous three studies, the current literature and observational findings from using WR for trials within football specific training prior to the commencement of the study.

While the majority of the previous studies have investigated the use of WR for athletics and sprint training [START_REF] Feser | The effects of lower limb wearable resistance on sprint running performance: A systematic review[END_REF] , there were only three studies that were performed in team sports with one in football [START_REF] Bustos | Effects of Warming Up With Lower-Body Wearable Resistance on Physical Performance Measures in Soccer Players Over an 8-Week Training Cycle[END_REF]100,101 .

This study was performed to investigate the effects of using WR for football specific warmups [START_REF] Bustos | Effects of Warming Up With Lower-Body Wearable Resistance on Physical Performance Measures in Soccer Players Over an 8-Week Training Cycle[END_REF] . However, upon writing the authors believe that this was the first study to assess the effects of using WR for complete football specific training sessions with a particular interest in the use of WR for game simulations drills.

Abstract

Objectives: To investigate the acute locomotor, heart rate (HR) and neuromuscular responses to using 

Introduction

Wearable resistance (WR) training is an ecological modality of resistance training which allows athletes to perform sports-specific movements while loaded and is designed to deliver a higher specificity to on-field sport than traditional gym-based resistance training [START_REF] Dolcetti | Wearable Resitance Training for Speed and Agility Training[END_REF] . The training methodology, volume, duration and intensity of traditional gym-based resistance training can all be limiting factors to the on-field transference of strength and power adaptations [START_REF] Cronin | Does Increasing Maximal Strength Improve Sprint Running Performance?[END_REF]114 . However, it may be possible to overcome these limitations through the use of WR training. Therefore, WR training may offer a practical solution to improve transference of strength and power adaptations from gym-based exercises to on-field sport-specific performance [START_REF] Macadam | Effects of Different Wearable Resistance Placements on Sprint-Running Performance[END_REF] .

There has been a plethora of research investigating the acute and chronic effects of using WR for running, sprinting and athletics training [START_REF] Feser | The effects of lower limb wearable resistance on sprint running performance: A systematic review[END_REF][START_REF] Macadam | Effects of Different Wearable Resistance Placements on Sprint-Running Performance[END_REF][START_REF] Dolcetti | Wearable Resitance Training for Speed and Agility Training[END_REF][START_REF] Feser | Changes to horizontal force-velocity and impulse measures during sprint running acceleration with thigh and shank wearable resistance[END_REF][START_REF] Simperingham | Acute changes in acceleration phase sprint biomechanics with lower body wearable resistance[END_REF][102][103][104][124][125][126][127][190][191][192] . Generally, findings from these studies suggest WR training is effective in increasing horizontal force outputs which in turn may improve acceleration and sprint performances of athletes [START_REF] Feser | The effects of lower limb wearable resistance on sprint running performance: A systematic review[END_REF][START_REF] Macadam | Effects of Different Wearable Resistance Placements on Sprint-Running Performance[END_REF][START_REF] Dolcetti | Wearable Resitance Training for Speed and Agility Training[END_REF][START_REF] Feser | Changes to horizontal force-velocity and impulse measures during sprint running acceleration with thigh and shank wearable resistance[END_REF][START_REF] Simperingham | Acute changes in acceleration phase sprint biomechanics with lower body wearable resistance[END_REF][102][103][104]122,[124][125][126][127][190][191][192] . In addition, there are a growing number of research studies that have investigated the potential performance benefits of using WR training for team sports such as soccer, rugby and American football [START_REF] Bustos | Effects of Warming Up With Lower-Body Wearable Resistance on Physical Performance Measures in Soccer Players Over an 8-Week Training Cycle[END_REF]100,101 . Once again, these studies have shown improvements in horizontal force production thus leading to improvements in acceleration and sprinting performance [START_REF] Bustos | Effects of Warming Up With Lower-Body Wearable Resistance on Physical Performance Measures in Soccer Players Over an 8-Week Training Cycle[END_REF]100,101 . Specifically for soccer, results showed using WR (200 -600g loading per lower limb) during 3 warmups per week for 8 weeks significantly improved 10 m and 20 m sprint performances and standing long jump performance compared to soccer players who carried out warmups unloaded [START_REF] Bustos | Effects of Warming Up With Lower-Body Wearable Resistance on Physical Performance Measures in Soccer Players Over an 8-Week Training Cycle[END_REF] .

However, to the best of knowledge, all WR training studies completed in team sports thus far have utilized WR for warmups or specific on-field physical training drills (e.g., training drills with specific focuses such as speed, strength, power, aerobic fitness or anaerobic fitness normally led by a strength and conditioning coach) [START_REF] Bustos | Effects of Warming Up With Lower-Body Wearable Resistance on Physical Performance Measures in Soccer Players Over an 8-Week Training Cycle[END_REF]100,101 . Currently, no studies have explored the potential performance benefits elicited from using WR for soccer specific training such as whole training sessions, possession drills or small side games (SSG).

Possession drills and SSG can be manipulated regarding their game rules, team sizes, pitch sizes, playing time and player instructions to overload certain physical actions (e.g., high-speed running distance, sprint distance, number of accelerations/decelerations) compared to the normal game of soccer [START_REF] Lacome | Small-Sided Games in Elite Soccer: Does One Size Fit All?[END_REF][START_REF] Buchheit | Neuromuscular Responses to Conditioned Soccer Sessions Assessed via GPS-Embedded Accelerometers: Insights Into Tactical Periodization[END_REF][START_REF] Lacome | Locomotor and Heart Rate Responses of Floaters During Small-Sided Games in Elite Soccer Players: Effect of Pitch Size and Inclusion of Goalkeepers[END_REF] .

Therefore, it may be possible to use WR to provide a further neuromuscular overload during possession drills or SSG compared to training without load in an aim to develop certain physical attributes required by soccer players for competition. However, before using this approach in the long-term, it is essential to understand the acute effects of WR on the typical external (locomotor) and internal load measures and the associated neuromuscular responses to specific football training; this would allow an adjustment of training volume or intensity if needed, both at the drill (i.e., SSG) and session level.

Therefore, the aim of this study was to provide acute locomotor and heart rate (HR) responses of soccer players loaded with lower limb wearable resistance for soccer specific training sessions and SSG.

Additionally, this study aimed to investigate the effects on neuromuscular status of using lower limb WR for soccer specific training. 

Methods

Methodology

External (locomotor) load monitoring

Players' locomotor activity was recorded using GPS (Back mounted, inter-scapulae 18-Hz GPS units sampling with 952-Hz accelerometer, STATSports, Newry, Northern Ireland 153 ) for each complete training session, possession drill and game simulation 153 . Each player wore the same GPS unit throughout the time course of the training intervention to limit inter-unit error [START_REF] Lacome | Small-Sided Games in Elite Soccer: Does One Size Fit All?[END_REF] . Total distance, total Distance /min (m.min -1 ), distance over 14.4 km.h -1 (high-speed distance), 19.8 km.h -1 (very high-speed distance) and 25.2 km.h -1 (sprint distance) were all recorded 153 .

The Athletic Data Innovations analysis software (ADI, Sydney, Australia 150 ) was used to further analyse GPS data to obtain mechanical work (au) (a metric derived from an algorithm combining accelerations, decelerations and changes of direction > 2 m.s -1 ) and mechanical work per min (au.min -1 ).

Internal load monitoring

Furthermore, players' average heart rate (HR) (H10, Polar, Kempele, Finland) relative to max HR (%HRmax)

was recorded for each session, possession drill and game simulation. 

Statistical Analysis

First, external (locomotor) and internal training load data from D+2 and D+4 was grouped and then averaged for the 9-week intervention for each of the following categories: 1) whole training sessions, 2)

small SSG, 3) large SSG to compare between the WR and control groups. Within-group neuromuscular responses to training analysis was performed using an average of all pre vs post box to box run data for each group, and then also compared between groups (between-groups differences in the change).

Statistical analyses were performed using R statistical software (R 3.1.0, R Foundation for Statistical Computing) using the lme4 and multcomp package. Data are presented as mean ± standard deviation or effect size (ES) ± 90% Confidence limits (CL). Linear mixed modelling was used to compare the external and internal data between the WR and control groups where the fixed effect were the two groups (WR and control), the dependent variables were the GPS, heart rate and RPE data and the players were considered as random effects for which the data was normalized. Each model was further investigated using effects sizes ± confidence limits to determine the magnitude of differences between groups (WR vs Control) using

Hopkin's scale: 0.2 (Small), 0.6 (Moderate), 1.2 (Large), 2.0 (Very Large). The likelihood to obtain a meaningful change was assessed with magnitude-based decision framework (MBD) where the following thresholds were used: 25-75%, (possible); 75-95%, (likely); 95-99%, (very likely); >99%, (almost certain) 159 .

Results

Full training session comparison

Data was collected and averaged for a total of 18 training sessions with GPS and HR data collected for an average of 13 ± 3. 

Discussion

The aim of this study was to assess the external (locomotor) and internal load and the associated acute neuromuscular responses to soccer-specific training sessions and SSG in soccer players loaded with lower limb WR. The main findings of this study were as follows: 1) The WR group showed slightly greater locomotor loads for full training sessions compared to the control group but observed no differences in internal load 2) Slightly smaller SSG HR data was observed between the WR and control group but varying between group SSG locomotor differences were observed 3) Football-specific training performed with WR loading did not impact neuromuscular status differently than training without load.

Training Session Comparisons

At the full soccer-specific training sessions level, the WR group performed slightly greater total distance, total distance/min, sprint distance and mechanical work compared to the control group. However, for the HR and RPE) variables, there were no meaningful differences between the WR and control group.

Therefore, these findings suggest that training with WR has a specific effect on external training load without impacting internal load. Previous studies have stressed that using an exoskeleton for sport specific training is a form of light WR training that should add resistance without impacting an athlete's ability to cope with the demands of training [START_REF] Dolcetti | Wearable Resitance Training for Speed and Agility Training[END_REF] . Therefore, this suggests that for this cohort of soccer players, the load used for this study may have been of an appropriate mass and location on the lower limbs to equate with this principle. It would be interesting to conduct further research to investigate the effects induced by WR loaded soccer-specific training on kinematic measures and technical actions in order to understand how WR truly effects the ability of soccer players to perform on the field.

SSG Comparisons

Regarding SSG comparisons, for small SSG the WR groups showed slightly lower mechanical work and mechanical work per minute compared to the control group while high-speed running was slightly higher for the WR group. Regarding internal load data, the WR group showed moderately lower average HR than the control group for small SSG. However, no between group differences in external and internal load data metrics were observed for large SSG. In agreement with the analysis of training session data, these findings also further suggest that using WR for soccer specific training induces minimal effects on locomotor training load compared to performing the same training unloaded. Due to the ability to induce specific physical outcomes from using SSG through the manipulation of team size, playing time, game rules and playing area size, [START_REF] Lacome | Small-Sided Games in Elite Soccer: Does One Size Fit All?[END_REF][START_REF] Lacome | Locomotor and Heart Rate Responses of Floaters During Small-Sided Games in Elite Soccer Players: Effect of Pitch Size and Inclusion of Goalkeepers[END_REF] 160,193 . However, further research is required to assess the 24hr, 48hr and 72hr post-training neuromuscular status of athletes using WR loading for soccer specific training. In addition, the effects of chronic exposure to soccer specific WR training on neuromuscular status needs to be investigated (e.g., using a crossover study design during a prolonged time period in which WR training is used consistently within regular soccer-specific training microcycles).

The parallel group design of this study may be considered as a limitation. A crossover study design may have given the study more statistical power as intra-player comparisons of locomotor and internal load data could have been performed with each participant acting as their own control condition 194 . Therefore, potential inter-player variability must be taken into account when comparing locomotor and internal load data from the training sessions and SSG. However, due to unforeseen circumstances in the form of nationwide enforced lockdown due to the Covid-19 pandemic which suspended all sporting activity, it was not possible to complete a crossover study thus, the study was carried out with a parallel design. 

Practical Applications

Conclusion

In conclusion, while the chronic effects of WR are beyond the scope of this study and should be the matter of future investigations, the present findings suggest that WR could be used to load soccer players during Understanding the high-speed running and sprint running movement mechanics which activate the hamstrings helped in part to identify the optimal WR load orientation to overload the neuromuscular loads of the hamstring during the acute WR study. In addition, understanding the reactions and experiences of players who used WR in different load orientations before the acute study on a trial basis provided value

Study 2 'Correlations between hamstring muscle architecture, maturation and anthropometric measures in academy soccer players'

-Muscle properties are poorly associated with anthropometric measurements, which suggests that it is not necessary to control for anthropometric measurements when considering muscle variables as part of a screening process for injury prevention strategy.

-Therefore, musculoskeletal imaging is required to directly assess accurate muscle architecture within a practical environment.

-Using maturity offset may be favored to compare athletes rather than chronological age categories within adolescent populations. This would allow for more accurate differentiations to take place between muscle adaptations induced by maturation or the effects of training thus, allowing for further training individualization [START_REF] Radnor | The Influence of Maturity Status on Muscle Architecture in School-Aged Boys[END_REF] .

-Finally, this study supports previous findings regarding the large influence of body mass on knee flexor eccentric strength performance measured using a Nordbord and as such, allometric scaling should be used when between-player comparisons need to be made 4 .

Study 3 'Neuromuscular and kinematic effects of wearable resistance placement and unilateral loading'

--Prescribing WR with as little as 0.75% -1.5% BM loads can possibly impact muscle activation patterns which can be manipulated for training purposes.

--Proximal, distal, anterior and posterior loading patterns are more beneficial than unloaded conditions to reduce neuromuscular load without effecting stride frequency. This suggests the load orientation can be used to periodise WR training.

-This preliminary study suggests WR induces locomotor and neuromuscular change during highspeed running.

-The findings from this study have provided the rationale to design further research studies using -This makes this promising loading strategy even easier to implement on a medium to long term basis during the season.

Discussion

Owing to the nature of this body of research, and how it was performed within an industrial setting, it was important that the findings of the research studies produced practical applications that could be used to benefit the soccer club where they were carried out and progress the delivery of sport science within this setting. Each of the studies was designed not only to collectively assist with achieving the encompassing aim of the thesis but also on an individual level, to progress and develop the specific area they focused on within a practical environment.

Development of a new posterior chain neuromuscular status test

This body of research has been successful in producing a new posterior chain neuromuscular status test that is likely less stressful and more ecological than the Nordic hamstring 82 and isometric hamstring bridge tests [START_REF] Mccall | Reliability and sensitivity of a simple isometric posterior lower limb muscle test in professional football players[END_REF] . The current universally accepted jump tests, the CMJ and DJ are quadricep dominant actions performed in the vertical plane 195 . However, a sprint action relies on both knee flexor and knee extensor power production as crucial determinants of sprint performance in the horizontal plane [START_REF] Morin | Sprint Acceleration Mechanics: The Major Role of Hamstrings in Horizontal Force Production[END_REF] . The BHT is an exercise performed in the horizontal plane and is a hamstring/glute dominant exercise which possibly more closely matches that of high velocity movements compared to the Nordic hamstring test, isometric bridge test, CMJ and DJ [START_REF] Brown | Reliability and usefulness of the Ballistic Hip Thrust test: New insight to monitor player neuromuscular status[END_REF] . To provide evidence for this statement regarding the specificity of the BHT to orientation of the study investigating the acute effects of using WR for soccer specific training.

Additionally, the methods developed from both of these studies would have been directly used in the study investigating the chronic effects of using WR for soccer specific training. The BHT, ultrasound imaging and elastography would have been used to quantify the neuromuscular adaptations and fatiguing effects induced by the use of WR during soccer training. Nevertheless, the findings of these studies have helped to progress the scientific field in which they were written for and also helped to better inform practice within the soccer club they were carried out in.

The results within this manuscript have supported the previous findings of Radnor et al (2020) [START_REF] Radnor | The Influence of Maturity Status on Muscle Architecture in School-Aged Boys[END_REF] showing that using maturity offset is a more appropriate method of comparing muscle properties than chronological age in developing adolescents [START_REF] Radnor | The Influence of Maturity Status on Muscle Architecture in School-Aged Boys[END_REF] . Moreover, these findings have also emphasized the importance of using specific methods to measure and compare adolescents that are undergoing development and maturation at different times and that they cannot be compared using the same techniques or calculations as fully developed adults, who have surpassed their peak height velocity and have completed their development into adulthood.

Upon writing, this study is the only one to assess relationships between anthropometric measurements and muscle architecture measurements derived from ultrasound musculoskeletal imaging to explore the influence of maturity on hamstring muscle geometry. This was originally performed to identify if anthropometric measurements could be used to estimate muscle architecture features without the need for musculoskeletal imaging. This would have made this data much easier to obtain particularly for sporting organizations who are without access to such musculoskeletal imaging tools. However, it was clear to see due to the large level of variance between participants for muscle architecture measures and the weak relationship shared between isolated anthropometric measurements and muscle architecture measurements that this was not possible to achieve accurately. For example, the anthropometric measurements accounted for only 10 -37% of the variance observed in BFlh and SM muscle architecture measurements within this cohort. One limitation of this study may be that while it included a relatively large sample size (n = 60), no pre-PHV athletes were present within the testing cohort thus, it was not possible to compare muscle architecture between all three maturity offset categories like what was performed in previous studies [START_REF] Radnor | The Influence of Maturity Status on Muscle Architecture in School-Aged Boys[END_REF] . The present investigation should be further expanded to include younger age groups within the testing cohort in order to evaluate the differences in muscle architecture, anthropometric and knee flexor eccentric strength measures between pre-PHV, PHV and post-PHV groups.

Study 2 has shown that to accurately measure hamstring muscle architecture, musculoskeletal imaging is required because more basic, but more readily available measures such as anthropometric measurements do not share strong enough relationships with hamstring muscle architecture measures in order to accurately make predictions of muscle architecture measurements from anthropometric data. Measuring muscle architecture using this method requires a practitioner to be trained and to accumulate a lot of hours of experience to ensure accurate, reproducible results are acquired. Therefore, if sporting organizations are interested in attaining this information about their athletes in order to better inform practice, an imaging specialist is required to provide this information and accurately measure the muscle properties of each athlete [START_REF] Sarto | Implementing Ultrasound Imaging for the Assessment of Muscle and Tendon Properties in Elite Sports: Practical Aspects, Methodological Considerations and Future Directions[END_REF] .

Furthermore, this manuscript has also been successful in confirming previous findings from Buchheit et al that knee flexor eccentric strength testing scores measured using the Nordic hamstring exercise need to be allometrically scaled to account for body mass 4 . The removal of the influence of body mass on these testing scores will allow sports science practitioners to understand the relative knee flexor eccentric strength of each athlete and identify athletes who may be at risk of hamstring injury due to weak knee flexors without body mass influencing and skewing these testing scores. It will allow the knee flexor eccentric strength testing results of athletes to be analysed on a level playing field throughout a team or squad and ensure any athletes at possible risk of hamstring injury are identified in order to modify their training to reduce these injury risks [START_REF] Radnor | The Influence of Maturity Status on Muscle Architecture in School-Aged Boys[END_REF] .

Assessing the effects of using WR loading on muscle activity and stride kinematics

Upon writing this manuscript, study 3 was the first of its kind to use EMG to assess the effects of WR loading on the lower limb muscles (hamstrings, quadriceps and glutes) during a submaximal running task.

This study was a pilot study with a small cohort of ten participants. However, even though WR loads of only 0.75% and 1.5% BM were placed with varying load orientations on the calves, the results showed that WR had effects on muscle activation. It is possible that the results were observed due to the possible error associated with using EMG such as the probe moving over the skin during high-intensity exercise thus, interfering with the signal induced by muscle activation 186,187 or the EMG's possible insensitivity to relatively small changes in load compared to BM 188 . While it is difficult to draw general conclusions from a study with such a small testing cohort and thus, relatively low statistical power, these findings are promising and warrant an opportunity to further investigate the potential muscle activation effects induced by WR loading using a larger cohort of participants and in a more ecological, sport-specific setting.

Regarding the effects of WR loading observed on stride kinematics, there were no meaningful findings in terms of contact time, peak force, step frequency and vertical stiffness measures. These metrics were measured using back mounted accelerometers in which the data was further analysed using an external software (ADI) 154 . However, it may be possible to use specific IMUs (Inertial Measurement Units) attached to each foot to provide more accurate stride kinematic and asymmetry data compared to the previously used back-mounted accelerometer 198 . This technology may be more sensitive to the small changes observed in study 3 most likely due to the small changes in load relative to BM. In addition, this technology would enable the possibility of accurately measuring possibly asymmetries that may be induced by the effects of unilateral loading which was beyond the scope of study 3 due to the back mounted accelerometer used. In addition, the use of foot mounted accelerometers would have allowed the authors to make this study more football specific. For example, testing conditions accessing the effect of WR on lower limb muscle activation during lateral movement mechanics or during kicking actions could have been used. This would have been a beneficial addition to this study and would have provided more value in regard to the information that could have been used to inform loading patterns used in study 4 for football specific training.

While the findings of this pilot study may not have been conclusive due to the small testing cohort, they have provided a rationale to perform further research investigating the effects of WR lower limb loading on muscle activation and stride kinematics. Understanding further how WR effects the activation of certain muscle groups and running stride kinematics, depending on the load and load orientation used may be a valuable resource for rehabilitation specialists who may be interested in using WR for athletes returning from injury. However, further research is most certainly required before WR can be considered as a tool that can be used for the rehabilitation of previously injured athletes or to potentially address lower limb running asymmetries.

While not included as a quantifiable measure within study 3, the experience gained by the author in terms of understanding WR loads and load orientations and how the participants of the study reacted to and interpreted these loads, combined with the quantified EMG and accelerometry findings, provided useful insights into the best loading patterns to use for study 4. Through asking simple questions and acquiring feedback from the participants about how the load felt while running, in addition to sampling WR firsthand on-field in a football specific environment (prior to study 4) enabled the author to emphasize with the participants and better understand which loads and load orientations would be most appropriate for soccer specific full training sessions, SSG and possession drills.

Introducing wearable resistance to soccer specific training

This body of research has been successful in introducing WR to soccer specific training. Previously to the completion of these studies, the only study published on WR in soccer was investigating the effects of using WR for soccer specific warm-ups [START_REF] Bustos | Effects of Warming Up With Lower-Body Wearable Resistance on Physical Performance Measures in Soccer Players Over an 8-Week Training Cycle[END_REF] . However, no previous studies have investigated the effects of using WR during whole soccer training sessions, possession drills or game simulation drills. The majority of WR research has been performed in athletics or sprint running populations [START_REF] Feser | The effects of lower limb wearable resistance on sprint running performance: A systematic review[END_REF][START_REF] Macadam | Effects of Different Wearable Resistance Placements on Sprint-Running Performance[END_REF][START_REF] Simperingham | Acute changes in acceleration phase sprint biomechanics with lower body wearable resistance[END_REF]123,124,190 . The movement mechanics of which are mainly linear and performed in a controlled environment. Therefore, while this previous research provided some information regarding WR load and load orientation, it was not possible to use it to predict how WR would affect performance measures in a chaotic, uncontrolled environment using a wide range of multidirectional movement patterns such as soccer specific training.

This manuscript has been successful in assessing the acute effects of using WR for soccer specific training.

The findings of study 4 have shown WR to be a training modality that can in fact elicit slight increases in full training session external load measures (possibly greater total distance, total distance/min, sprint distance and mechanical work) compared to a control group training without additional load.

Furthermore, regarding SSG, WR loading induced mixed effects on external (locomotor) and internal loads compared to the control group but all of which were small to moderate differences. In addition, WR loading for soccer specific training does not cause acute neuromuscular fatigue greater than that of soccer training without additional load. This suggests that WR loading is a relatively safe method of training with additional load and that football sessions and SSGs may not need to be altered when training with WR in terms of their playing time, playing rules or playing area sizes. This makes this promising loading strategy even easier to implement on a medium to long term basis during the season.

Similarly, to study 3, using foot mounted accelerometers to measure the locomotor outputs of training as an alternative to the back-mounted GPS system, would have provided more value to this study as it would have allowed for the measurement of kicking metrics. This would have provided an understanding of the effects WR loading may have induced on kicking speed and frequency for complete training sessions and game simulation drills. In addition, the author would have expected the neuromuscular fatigue of soccer training with additional load to have manifested in the lower limbs. Therefore, using foot mounted accelerometers may have been more appropriate than back mounted GPS systems with embedded accelerometers to measure these potential effects.

However, as previously stated, it was not possible to complete the study investigating the chronic effects of using WR for soccer specific training. This, therefore, must be the next logical research step in order to truly know the universal acute and chronic effects on the potential performance adaptations of using WR for soccer specific training. It will only then be possible to draw conclusions on the impacts of using WR for soccer specific training. However, this body of research has provided a platform for further research into the use of WR for soccer specific training to be performed and has highlighted the possible performance benefits that may be induced by using this training modality for soccer specific training.

Recommendations for Future Research

The research studies that complete this manuscript have been successful in answering the questions they aimed to. However, the answers to these questions have opened doors to further questions and areas of interest which will require further research studies to investigate these. These ideas for future research are outlined in this section:

Completion of the investigation to assess the chronic effects of using WR loading for soccer specific training It is the desire of the author first and foremost, is to restart and complete this study investigating the chronic effects of using WR for football specific training, post doctorate. This study would be carried out using a crossover style study design over an 18 week in-season training period. The squad of soccer players would be split into two groups where for the first 8 weeks, one group would train with WR and the other would train without additional load. There would then be a 2-week period of normal training to act as a 'washout' period and then the groups would swap roles for the final 8 weeks. Testing would take place on week 0, 4, 8, 10, 14 and 18 so each group completed a pre-, mid-and post-testing session for each condition (WR or control). The findings of this study combined with the findings of the study investigating the acute effects of using WR for soccer specific training would provide an in-depth overview of exactly how WR can be used to potentially benefit and develop the neuromuscular and metabolic performance characteristics of soccer players. The BHT test will be incorporated into the pre-mid-and post-training intervention testing battery to quantify the effects WR loading has on the posterior chain muscles. The chronic study would also incorporate hamstring musculoskeletal imaging to investigate the chronic effects using WR for soccer specific training may have on these muscle properties. This would provide information on whether WR can be used to develop BFlh and SM muscle fascicle lengths, pennation angle or muscle thickness and knee flexor eccentric strength in an effort to improve neuromuscular performance and possibly reduce hamstring injury risk 7,[START_REF]Sprinting: a potential vaccine for hamstring injury?[END_REF] . Using elastography, this study would also provide a measure of the extent of muscle damage caused by WR in comparison to a control group training without WR [START_REF] Guilhem | Muscle force loss and soreness subsequent to maximal eccentric contractions depend on the amount of fascicle strain in vivo[END_REF][START_REF] Lacourpaille | Early detection of exerciseinduced muscle damage using elastography[END_REF] .

Shear wave elastography can be used to quantify changes in the shear modules (an index of muscle stiffness) of individual muscles [START_REF] Lacourpaille | Early detection of exerciseinduced muscle damage using elastography[END_REF] . It is thought that an increase in the shear modulus of a passive/relaxed muscle post damaging exercise may be closely related to myofibrillar disruptions and membrane damage which will lead to a loss of calcium ion homeostasis and therefore provide an indication of muscle damage 51,54 . Therefore, this musculoskeletal imaging technique may be useful in quantifying the impact of WR loaded soccer-specific training on muscle stiffness thus providing an indication of muscle damage.

While there are a large number of studies investigating the benefits of using WR training for athletics and in particular sprint training, research investigating the effects of using WR for soccer specific training is still in its infancy thus, there are many areas of research that can be explored to assess these effects. Outlined below are two potential areas in which WR may prove to be a beneficial training tool that the author would also like to investigate further. In addition, a potential research study to further investigate the benefits of using the BHT within a regular performance testing battery has also been outlined:

Further research to assess the Ballistic Hip Thrust

The initial study published in this manuscript has shown the BHT to be a reliable and useful test compared to the CMJ. However, further research is still required to assess the sensitivity of the BHT to neuromuscular fatigue. Additionally, it would be interesting to assess the correlations of sprint performance compared to peak force outputs of both the BHT and CMJ to truly assess if the BHT has greater specificity to high velocity movements compared to other neuromuscular status tests.

The former would be analysed using pre-and post-match peak force development from BHT testing and assessing the effect of a fatiguing bout of exercise such as a 90-minute soccer match on BHT performance compared to other commonly used neuromuscular status tests. If the BHT is shown to be sensitive to this, then it may be a useful tool for neuromuscular status monitoring and can be used as a non-invasive method to measure post-match neuromuscular fatigue. It would also be useful to compare the sensitivity to fatigue of the BHT to other tests such as the CMJ or a standardized box to box run test 193 . If the BHT is shown to be as sensitive to fatigue as the tests mentioned above, then this would provide confidence to sport science and strength and conditioning practitioners in this testing method and its use in a performance testing battery.

In order to analyse the latter, BHT, Nordic hamstring test, isometric hamstring bridge test and CMJ performance would be compared to maximal 40-metre sprint times with splits measured by timing gates at 5, 10, 20, 30 and 40-metres. Therefore, it would be possible to identify correlations between maximal acceleration and sprint performance compared to each of the tests mentioned above including the BHT.

Performing maximal sprints can pose an injury risk to the knee flexor muscles 96 thus, if it is possible to identify an athlete's sprint performance from their BHT performance then it may be a useful tool to identify athletes who need to develop their maximal sprint speed and possibly help to minimise risks of hamstring injury.

Using WR for substitute compensation/ top-up training

It is important in soccer to ensure substitutes commit to an adequate training load to ensure their neuromuscular and metabolic fitness is maintained in line with those players who play the majority of competitive matches within a season. One method to achieve this, is for the players to complete a bout of Therefore, WR may be a useful tool to maximise the short time frames available for compensation training by increasing the intensity of these training sessions by increasing the neuromuscular and metabolic load experienced by the players closer to that of a full match. Using WR may also help to maintain the soccer specific neuromuscular and metabolic conditioning of substitute players more effectively throughout the competitive season thus, ensuring their readiness if they are required to step up to the first team.

In terms of how this research objective could be achieved is a potentially difficult narrative due to the vastly changing team line-ups throughout the season. It would not be possible to perform this study only using specific players as there is no guarantee that they will be substitutes regularly enough to collective enough data for an adequate research study with a good level of statistical power.

On an acute level, it may be possible to load half of the substitutes with WR to complete the compensation training while the other half complete this training as normal. All substitutes would undergo elastography on specific lower-limb leg muscles pre-and post-compensation training in order to assess possible changes in neuromuscular fatigue/ damage and investigate the between group differences in these results. In addition, if the BHT proves to be sensitive to fatigue, it may also be beneficial to use this test to assess between group differences between the WR and control group for this study.

Regarding the chronic effects of using WR for compensation training it may be possible to assess these over the course of a soccer season. The author would suggest using a neuromuscular and metabolic 

Using WR to increase training session neuromuscular and metabolic load

As soccer develops, players are expected to play increasing numbers of matches every season and the end of season breaks are reduced to make room for international tournaments and preseason training tournaments. In addition, the frequency in which matches are played is increasing too with players regularly expected to play 2/3 matches per week. This increases the pressure on what can be achieved in a reduced number of training sessions between matches from a technical, tactical and physical perspective. Often, managers will prioritize the technical and tactical aspects of training sessions over physical aims in order to prepare their team for the approaching games. This loss of specific physical aims within training sessions can result in soccer players receiving inadequate conditioning to maintain their neuromuscular and metabolic properties during the season. Furthermore, this can result in increased injury risks and potentially increase the loss of players through injury.

However, potentially, WR can be a useful tool to integrate within the technically and tactically focused training drills to enhance the physical demands of these training sessions without having to include specific strength or power focused training drills. This would ensure the players neuromuscular and metabolic properties are better maintained during times of congested fixtures thus, reducing injury risks and maintaining/improving overall on-field performance.

Similarly, to study 4 within this manuscript, changes in neuromuscular and metabolic load could be measured acutely for each training session. The players would be split into two groups with one group using WR for full training sessions and the others training unloaded as normal. The groups would then swap after a specified time frame in a crossover style study. External loads could be measured using GPS while HR and RPE monitoring could be used to monitor internal loads. Furthermore, neuromuscular tests mentioned in the methodology section of this manuscript could be appropriate to assess between group differences in pre-and post-training neuromuscular status. As previously mentioned, in addition to the other monitoring methods mentioned, it would be possible to use elastography to assess pre-and posttraining levels of muscle fatigue/damage between players from the WR group compared to players who trained unloaded.

WR as a specific training modality for soccer is a relatively new concept and its true value needs to be further investigated. There are a plethora of research areas and ideas than can be explored as part of this concept. Due to the variability and complexity of the WR load and load orientation available to use, the potential performance benefits for soccer may be vast and much more research is required to provide answers to the questions raised not only from this body of research but from practitioners who may be interested in using WR for soccer specific training.

Conclusion

In conclusion, this doctorate has produced four research studies that as a collective, have investigated the potential performance benefits of using WR in the form of an exoskeleton for ecological football specific training, with a particular focus on developing knee flexor and posterior chain muscle properties including muscle architecture, muscle strength and resistance to injury. It is the desire of the author to continue to develop this field of research and further assess the effects and potential performance benefits of using WR for soccer specific training post-doctorate. There is a lot of research required before WR training can be confirmed as a training modality which should be integrated injury, without risking player fatigue before matches etc.) which may have been detrimental to the study design and ultimately the statistical power of the studies.

Opportunities

However, the weakness mentioned above may also be portrayed as a strength as the embedded PhD provided an opportunity to perform research that was required from the start to be practical and The findings from the studies within this PhD have provided an opportunity and rationale to perform further research using hamstring muscle group monitoring techniques to truly assess if WR can be a viable neuromuscular development tool for football specific training.

Threats

All of the studies that formed the body of research were subject to the acceptance of the football academy staff and players in order for them to be completed with scientific rigor and to be considered as scientifically sound studies. While gaining acceptance, gaining trust, and developing professional relationships with staff and players to be given an opportunity to perform research within the football club whilst also being under a certain degree of time pressure, was an interesting challenge, it also posed a threat as the staff and players had the right to stop or pull out of any study whenever they felt that they needed or wanted to. Therefore, it was paramount that the research process was delivered to the staff and players with transparency and understanding to achieve buy-in and to show them the added value the findings of these studies could potentially add to improve the development of the academy players.

Conclusion

Upon reflection, the author believes that the challenges and difficulties faced from an industry embedded doctoral program were controlled and overcome to successfully produce a body of research that has helped to advance monitoring and development processes for the hamstring muscle group within an elite level football club. On a personal level, the author also believes that the challenges and threats faced, and

Abstract

Hamstring muscle properties (muscle architecture, strength and endurance) are directly linked to physical performance and resistance to injury 1,2 . Long muscle fascicle lengths and high knee flexor eccentric strength improve an athlete's ability to produce greater horizontal forces during sprinting and may be associated with reducing the risk of hamstring strain injuries 3,4 . Therefore, it is paramount to utilise onfield and gym-based training methods to elicit hamstring performance adaptations to ensure athletes can produce and withstand the necessary forces required to perform their sport with increased efficiency while possibly reducing the risk of injury [5][6][7][START_REF]Sprinting: a potential vaccine for hamstring injury?[END_REF][START_REF] Morin | Technical ability of force application as a determinant factor of sprint performance[END_REF] .

For performance coaches, one method to ensure the adequate conditioning of the muscles of the lower limbs within soccer training, is the integration of different physiological aspects (strength, speed, aerobic capacity, reactivity etc.) into soccer specific drills [START_REF] Lacome | Small-Sided Games in Elite Soccer: Does One Size Fit All?[END_REF][START_REF] Buchheit | Neuromuscular Responses to Conditioned Soccer Sessions Assessed via GPS-Embedded Accelerometers: Insights Into Tactical Periodization[END_REF] . In an aim to overload certain physical aspects of a soccer game (high speed running/ sprint distance or number of accelerations, decelerations and change of directions) it is possible to manipulate the size of teams, the playing area size and the rules for possession drills and small sided games (SSG) [START_REF] Lacome | Small-Sided Games in Elite Soccer: Does One Size Fit All?[END_REF][START_REF] Buchheit | Neuromuscular Responses to Conditioned Soccer Sessions Assessed via GPS-Embedded Accelerometers: Insights Into Tactical Periodization[END_REF] .

Additionally, the use of traditional gym-based resistance training is a common method regularly used to improve the strength and power outputs of soccer players [START_REF] Cronin | Does Increasing Maximal Strength Improve Sprint Running Performance?[END_REF] . However, those improvements may not always be reflected by on-field sport specific developments in strength and power outputs [START_REF] Feser | The effects of lower limb wearable resistance on sprint running performance: A systematic review[END_REF][START_REF] Macadam | Effects of Different Wearable Resistance Placements on Sprint-Running Performance[END_REF] . Multiple factors such as training methodology, volume, duration and intensity can all influence the level of transference between gym-based resistance training and on field performance adaptations [START_REF] Feser | The effects of lower limb wearable resistance on sprint running performance: A systematic review[END_REF][START_REF] Macadam | Effects of Different Wearable Resistance Placements on Sprint-Running Performance[END_REF] .

However, another way to elicit overload of specific physical demands of soccer and possibly alleviate the aforementioned inherent limitations of traditional resistance training, could be to use wearable resistance (WR) during soccer specific training, possession drills and SSG [START_REF] Bustos | Effects of Warming Up With Lower-Body Wearable Resistance on Physical Performance Measures in Soccer Players Over an 8-Week Training Cycle[END_REF] . Although, there is currently little research into the benefits of using WR in soccer specific training and how its use may elicit changes in neuromuscular performance. The rationale for the experimental chapters in this thesis were established to answer this question and provide an insight into the potential benefits of WR as a training modality with a particular focus on testing and developing knee flexor and posterior chain muscle properties.

Prior to undergoing the experimental procedures to investigate the use of WR for soccer-specific training, an introduction to the research questions and rationale were developed which can be seen in chapter 1 of this manuscript. Thereafter, a literature review of published peer-reviewed research surrounding the areas of interest was performed to identify the most effective methods to use to investigate this research area and perform the necessary studies to achieve the objectives. The literature review can be found in chapters 2 and 3.

Prior to the introduction of WR into training, experimental procedure was undertaken to develop and streamline knee flexor and posterior chain muscle testing methods which could later be used to evaluate and assess the neuromuscular and mechanical performance effects of WR on these muscle properties.

Chapter 5 and chapter 6 contain the research and conclusions of the testing methods which were integrated into the studies and chapters that follow.

The study in chapter 5 aimed to investigate the reliability of the Ballistic Hip Thrust test to be used as a diagnostic tool to monitor posterior chain neuromuscular status and compare its usefulness with the counter movement jump (CMJ). The BHT showed moderate levels of intra-and inter-day reliability in addition to displaying similar moderate levels of usefulness compared to the CMJ [START_REF] Brown | Reliability and usefulness of the Ballistic Hip Thrust test: New insight to monitor player neuromuscular status[END_REF] .

Whereas the study in chapter 6 aimed to investigate the relationship between hamstring muscle architecture and knee flexor eccentric strength with anthropometric measurements. It was found that weak correlations between muscle architecture and anthropometric measurements suggested that other factors (i.e., genetics, training regime) influence muscle architecture. Furthermore, the moderate effect of maturity on BFlh muscle thickness strongly suggested there was a post-PHV hypertrophy in BFlh muscle.

Our results also confirmed previous findings that eccentric knee flexor strength is influenced by body mass thus, should therefore be allometrically scaled for.

Chapter 7 contains the first experimentation using WR. Participants performed repeated high intensity runs on a motorised treadmill with different WR loads placed in different locations on the calves.

Electromyography (EMG) and global positioning systems (GPS) embedded accelerometers were used to identify which muscles were activated and how different loads and load orientations affected this. This study found no differences in accelerometry data were observed between the loaded conditions and the control. However, EMG activity of the Gluteus maximus, Vastus lateralis and Vastus Medialis muscles were lower for proximal loading compared to the control. Additionally, anterior loading induced lower EMG activity for the Semitendinosus and Vastus Medialis muscles compared to the control and EMG activity of the Vastus Medialis muscle was also lower for posterior loading compared to the control. This study was designed to provide information on different loads and loading patterns and their effect on participants in order to provide a rationale for the WR loading used for chapter 8.

  visait à étudier la relation entre l'architecture des muscles ischio-jambiers et la force excentrique des fléchisseurs du genou avec des mesures anthropométriques. Il a été constaté que de faibles corrélations entre l'architecture musculaire et les mesures anthropométriques suggéraient que d'autres facteurs (c'est-à-dire la génétique, le régime d'entraînement) influençaient l'architecture musculaire. De plus, l'effet modéré de la maturité sur l'épaisseur du muscle BFlh suggérait fortement qu'il y avait une hypertrophie post-PHV dans le muscle BFlh. Nos résultats ont également confirmé les découvertes précédentes selon lesquelles la force excentrique des fléchisseurs du genou est influencée par la masse corporelle et devrait donc être mise à l'échelle allométriquement. Le chapitre 7 contient la première expérimentation utilisant WR. Les participants ont effectué des courses répétées à haute intensité sur un tapis roulant motorisé avec différentes charges WR placées à différents endroits sur les mollets. Des accéléromètres intégrés à l'électromyographie (EMG) et aux systèmes de positionnement global (GPS) ont été utilisés pour identifier quels muscles étaient activés et comment différentes charges et orientations de charge affectaient cela. Cette étude n'a trouvé aucune différence dans les données d'accélérométrie entre les conditions chargées et le contrôle. Cependant, l'activité EMG des muscles Gluteus maximus, Vastus lateralis et Vastus Medialis était plus faible pour la charge proximale par rapport au contrôle. De plus, la charge antérieure induit une activité EMG plus faible pour les muscles Semitendinosus et Vastus Medialis par rapport au contrôle et l'activité EMG du muscle Vastus Medialis était également plus faible pour la charge postérieure par rapport au contrôle. Cette étude a été conçue pour fournir des informations sur les différentes charges et modèles de charge et leur effet sur les participants afin de fournir une justification pour la charge WR utilisée pour le chapitre 8.

  journalière et a affiché des niveaux d'utilité similaires avec le CMJ. Le chapitre 6 a étudié les relations entre l'architecture des muscles ischio-jambiers et la force excentrique des fléchisseurs du genou avec des mesures anthropométriques. De faibles corrélations entre l'architecture musculaire et les mesures anthropométriques suggèrent que d'autres facteurs (c'est-à-dire la génétique, le régime d'entraînement) influencent l'architecture musculaire. xv Le chapitre 7 contient la première expérimentation WR. Les participants ont effectué des courses répétées à haute intensité avec différentes charges WR placées à différents endroits sur les mollets. Des accéléromètres intégrés à l'électromyographie (EMG) et aux systèmes de positionnement global (GPS) ont été utilisés pour identifier les muscles activés par différentes charges et orientations de charge. L'activité EMG a montré que différentes orientations de chargement affectaient l'activité des muscles des membres inférieurs par rapport au contrôle. Cette étude a fourni des informations sur les effets de différentes charges et modèles de charge pour fournir une justification pour la charge WR utilisée pour le chapitre 8. Les procédures du chapitre 8 ont été établies à partir du chapitre 7 et de Bustos A et al (2020) qui ont montré que l'utilisation du chargement du mollet WR pour les échauffements spécifiques au football peut améliorer les performances de sprint et de saut horizontal. L'étude du chapitre 8, selon les connaissances actuelles, est la première à utiliser WR pour des séances d'entraînement spécifiques au football et SSG. Il visait à étudier les réponses locomotrices, cardiaques (FC) et neuromusculaires aiguës à l'utilisation de la charge WR pour un entraînement spécifique au football. WR a augmenté la charge locomotrice des séances d'entraînement complètes, mais a réduit le travail mécanique et les réponses RH au SSG. En outre, il pourrait être utilisé pour un entraînement spécifique au football sans induire de fatigue neuromusculaire aiguë supplémentaire par rapport à un entraînement sans charge supplémentaire. Le chapitre 9 conclut les conclusions des chapitres 5 à 8. La recherche utilisant WR pour l'entraînement spécifique au football en est encore à ses balbutiements, mais nos études ont montré qu'elle peut être utilisée de manière intensive pour charger les joueurs de football sans induire de fatigue neuromusculaire supplémentaire par rapport à l'entraînement sans charge. xvi All of the research presented in the manuscript was performed at the Laboratoire Sport, Expertise and Performance EA 7370, of the French Institute of Sport (INSEP) and the Centre du Formation au Paris Saint Germain football club.
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 141242343446549651752855956106411651291139314941516171819202122232425 Figure 1. The anatomy of the hamstring muscles viewed from the rear with the semimembranosus located medially on the upper leg (thigh), the bicep femoris located laterally and the semitendinosus located between the other two muscle heads respectively. Page 41
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 256 This manuscript has corroborated the work completed within a CIFRE funded, industry embedded PhD in collaboration with Paris Saint Germain football club, the French Institute of Sport (INSEP) and the University Paris Cité. This PhD was designed to utilize the expertise within PSG and INSEP to produce research that aimed to add value and develop the methods used within the football club to improve the delivery of the monitoring, training and development of the players.Throughout the duration of the doctoral program, the author worked as an applied sport scientist within the academy of the football club for the first two years and later in a hybrid role between the first team and the academy for the final two years.Within this applied role the author was expected to manage the following responsibilities in tandem with the integrated research projects that formed the experimental chapters of this manuscript: 1. Monitoring of the locomotor and internal responses to training and matches for the reserve team, Under-19, Under-17 and Under-16 teams. Monitoring of player wellbeing and neuromuscular status induced by training and matches. 3. Implementation, analysis, and data management of physical testing batteries to measure neuromuscular status and development. 4. Collaborate with technical, medical and performance staff to plan and implement training microcycle and mesocycle plans throughout the different phases of the football season. Collaborate with technical, medical and performance staff to develop the on-field and gym-based delivery of training in an aim to maximize the technical and physical development of the football players. Report training and match load and testing results to the team managers, medical staff and directors of the club in order to make data driven informed decisions regarding player performance and well-being.This thesis contains the research studies that were performed within the football club in parallel with the aforementioned applied sport scientist role. These studies were required to work with and comply with the club training and match schedule whilst maintaining a research and development focus as well as considering the other commitments of the players (e.g., school attendance). For example, study 1 and 2 contributed to the monitoring of player status and data management of player's physical testing battery data. Furthermore, study 3 and 4 collectively contributed towards the development of on-field and gym based training delivery and player physical development.Throughout the final two years of the program, the PhD support team consecutively left the football club to pursue new external roles due to unforeseen circumstances (e.g., the arrival of new managers and their coaching teams). These conditions increased the difficulty of the author to be granted approval by new staff members (who were not necessarily aware of the situation), to implement and complete the planned integrated studies within the club in the expected timeframe. In addition, due to the geographical location of the football club compared to INSEP, the distance and the workflow did not facilitate a connection in person with the other PhD students and their research expertise apart from at the staff research meetings

Figure 1 .

 1 Figure 1. The anatomy of the hamstring muscles. (a) 3-D Magnetic Resonance Imaging (MRI) acquisition representing the positioning of hamstring muscles, Diagrams (b) to (e) show the anatomy of each of the hamstring muscles, (b) semimembranosus, (c) semitendinosus, (d) bicep femoris long head, (e) bicep femoris short head. Figures adapted from Storey et al (2016) and Woodley and Mercer (2005).

Figure 3 .

 3 Figure 3. Muscle architecture measures shown on an ultrasound image of a semimembranosus muscle. From left to right: Fascicle length, muscle thickness, pennation angle. Ultrasound images adapted from those taken by the author for study 2.

Figure 4 .

 4 Figure 4. Ultrasound techniques to image the Bicep femoris long head and Semimembranosus hamstring muscles adapted from Lacome et al (2019) 56 .

Figure 5 .

 5 Figure 5. A diagrammatic representation of the process of actin-myosin cross bridge formation within a skeletal muscle that leads to muscle contraction. Adapted from Droual R 66 .

Figure 6 .

 6 Figure 6. A) A diagrammatic representation of the technical stride phases of the lower limbs during maximal speed sprint running adapted from Miyashiro, K. et al (2019) 68 .

Figure 7 .

 7 Figure 7. Phases of football kicking actions: (a) the side foot kick, (b) the instep kick. Adapted from Brophy et al (2007) 73 .

Figure 8 .

 8 Figure 8. The Nordic Hamstring Strength Exercise. (a) Starting position with head, neck and back in a straight, neutral position, arms crossed over chest, body supported on the knees while the feet are held firmly in place. (b) Athletes are instructed to lean forward as slowly as possible while maintaining neutral positions of the trunk and hips with arms held across the chest. A trial is deemed as representative of maximum knee flexor eccentric strength once the force output has reached a distinct peak followed by a sudden decline in force (indicating the athlete is no longer able to resist the effects of gravity acting on the segment of the body above the knee joint).

Figure 9 .

 9 Figure 9. Setup of the single leg isometric hamstring bridge test adapted from McCall et al (2015)[START_REF] Mccall | Reliability and sensitivity of a simple isometric posterior lower limb muscle test in professional football players[END_REF] 

7, 56 , 80 .

 5680 This sub-chapter has outlined the findings of previously published literature that have explored a variety of resistance training techniques that are commonly used with an aim to induce hamstring muscle group neuromuscular development. The effectiveness of training interventions used to target adaptations in the muscle properties of the hamstrings can vary depending on exercise selection, volume and timing within the training program 6 .

2 .

 2 research has shown that an eccentric hamstring exercise (Nordic hamstring exercise) increased BFlh fascicle lengths and pennation angle to a larger extent in comparison to a concentric hamstring exercise (prone unilateral leg curl) following a 5-week training intervention 86 . This was supported by a similar training intervention which showed that eccentric strength testing scores were significantly improved more from a Nordic hamstring exercise training intervention compared to a prone leg curl training intervention over a 10-week training period 87 . As previously stated, hamstring muscle architecture has a direct impact on hamstring muscle force generation capacity thus, it may be beneficial to focus on using resistance training exercises that will maximize the development of the hamstring muscle architecture As previously stated in the 'Evaluating Hamstring Neuromuscular Performance' section, a common method used to develop hamstring eccentric strength and muscle architecture through a training intervention is to use the Nordic hamstring exercise. Previous studies have shown that a brief training intervention of only 6-weeks in which as few as 48 repetitions of the Nordic hamstring exercise; or 4 repetitions per week mixed with other hamstring dominant exercises are performed, can increase kneeflexor eccentric training by 53.6 -63.4 N and increase hamstring fascicle length by up to 4.5% 56,80 .

Figure 10 .

 10 Figure 10. Lila™ Exogen™ Exoskeleton. The exoskeleton is made up of multiple compression garments (lower and upper arms sleeves, body piece, shorts and calf sleeves). Teardrop shaped fusiform loads of 50-, 100-, 200-or 300-grams that flex naturally with the body as it moves can be fixed onto any areas of the exoskeleton.

Figure 11 .

 11 Figure 11. Comparison of the kinetic energy output of a 100kg back squat at 70% of a 1-repetition max and running at 6.1m.s (22 kmh -1 ) with a WR load of 1 kg distributed on the lower limbs (load distributed on the calves).

  One regularly used training method, used by coaches integrating strength training into their program is small-sided games (SSG). SSG refers to football played in smaller areas, with less players and can often be played with modified rules or additional objectives compared to traditional(11 vs. 11) soccer[START_REF] Lacome | Small-Sided Games in Elite Soccer: Does One Size Fit All?[END_REF] . The target of SSG is to elicit a specific physical overload compared to 11 vs 11 soccer[START_REF] Lacome | Small-Sided Games in Elite Soccer: Does One Size Fit All?[END_REF]128,129 . For example, SSG played with a player per field density less than 11 vs 11 soccer (also known as intensive training) can elicit an overload in the number of horizontal accelerations and decelerations which in turn, provides a neuromuscular overload of the quadricep and adductor muscle groups[START_REF] Lacome | Small-Sided Games in Elite Soccer: Does One Size Fit All?[END_REF] . On the contrary, SSG played with a larger area per player (extensive training) than standard sized soccer elicit high-speed running and sprint running overloads which provide a neuromuscular overload to the hamstring muscle group[START_REF] Lacome | Small-Sided Games in Elite Soccer: Does One Size Fit All?[END_REF] . Studies have shown SSG can elicit responses similar to the use of long and short high intensity interval training (HIIT) thus, are a very useful tool for integrating both physical and technical targets within training sessions 128 . With the use of SSG over a 4-week training period, it was possible to improve the repeated sprint ability and running economy of elite level soccer players 130 . Therefore, showing it is possible to elicit specific metabolic and neuromuscular responses in conjunction with soccer specific training without the need for additional HIIT 130 .

Assessment 1 :

 1 Two testing sessions were separated by one week with each player testing on the same day of each week (D+3). Each session consisted of a standardised warm-up (5-min on a WattBike, 10 bodyweight squats, 10 body-weight squats with jumps, 10 explosive hip thrusts, 10 submaximal BHTs) followed by a 3-set workout of 4 repetitions of BHTs on force plates (Force Decks-Vald Performance©, Australia).

Assessment 2 :

 2 Participants performed a 1-set workout of 3 repetitions of the CMJ and 4 repetitions of the BHT tests pre/post a non-fatiguing training session to compare the usefulness165 of the tests. The training consisted of a technical warm-up, a possession drill and small-sided-games and was performed 2 days after the game thus, was not designed to elicit fatigue.

  performed during the thesis were an integral part of evaluating the performance of the implemented tests and training interventions. Each of the experimental procedures conformed to the principal ethics of the declaration of Helsinki. When necessary, specific monitoring equipment and software (GPS, Heart rate monitors, Nordbord, force plates, ultrasound imaging) were used to measure testing outcomes (STATSports, Newry, Northern Ireland; Polar, New York, USA; Nordbord, Vald Performance, Australia; Force Decks, Vald Performance; Australia; Ultrasound, Aixplorer, Supersonic Imagine, Aix-en-Provence, France).The following section outlines and evaluates the reliability, validity and relevance of these methods and research tools to justify their use within the studies included within this body of research. 4.4. Anthropometric Monitoring 4.4.1. Ultrasound -Evaluation of Muscle geometry/architecture Material Muscle architecture metrics (i.e., fascicle lengths, muscle thickness and pennation angle) can be estimated through optimization, or measured directly in two (i.e., using B-mode ultrasound imaging) or three dimensions with ultrasound, diffusion tensor imaging (DTI) and fiber tractography, in combination with

Figure 12 .

 12 Figure 12. The processes taken to image and analyse the fascicle length, pennation angle and muscle thickness of the BFlh and SM muscles from both legs for 60 soccer players from the under-16, under-17 and under-19 teams of a French elite Ligue 1 football club.

Figure 13 .

 13 Figure 13. Cescorf aluminum large bone anthropometer sliding caliper (60 cm)

Figure 14 .

 14 Figure 14. The Nordbord™ (Vald Performance, Australia).

  paper (not included as one of the core PhD papers) in which the training load elicited by the 30-15 test was identified, and advice on the best way to program this test during soccer preseason training microcycles was offered in an aim to minimise the additional neuromuscular fatigue the 30-15 test would incur for soccer players 149 . 4.7. External Load Monitoring 4.7.1. Player Tracking Technology: Global Positioning Systems (GPS) In recent years, player tracking technology has become the most important component of player external running locomotor/physical load monitoring in soccer (e.g., monitoring of metrics such as total distance, high-speed running distance, sprint distance, numbers of accelerations and decelerations from both training and matches to obtain an understanding of both the running-based volume and intensity that players are subject to). These training loads are monitored for individual training sessions, training microcycles and training mesocycles with an aim to exposure players to an external running-based load that will prepare them for the demands of competitive football matches while also ensuring that injury risks and neuromuscular fatigue are minimisied by controlling the level of training overload the players are subject to. Most, if not all elite teams use microtechnology integrated with other tracking systems to continuously monitor the external locomotor training loads experienced by players 150 . Measuring training load enables practitioners to provide a direct appraisal of the displacements performed during a given activity, and provide information regarding the external load sustained by one individual during a givenexercise make informed decisions regarding player loading to minimise the risk of injury and enhance performance 151 . However, there is great enthesis and importance placed on the ability of the practitioner to integrate the information provided from these techniques into the coaches planning and schedule through effective data analysis and presentation 151 152 .

Studies 1 - 4 ;

 14 OriginPro 2020 (OriginLab Corporation, Northampton, USA) -Study 2; R Studio (V 3.6.1; R Studio, Boston, USA) -Study 3 and 4.

  Methods: Twenty-two male football players from an elite Under-19 French Ligue 1 football club (16.4±0.6 years) performed two assessments; Assessment 1: Two testing sessions separated by one week were performed to assess the reliability of the test. Participants performed a 3-set workout of 4 repetitions of the BHTs each session. Intra-day (between set) and inter-day (between testing day) reliability of concentric mean force, takeoff peak force and peak power were assessed. Assessment 2: Participants performed a 1set workout of 3 repetitions of the CMJ and 4 repetitions of the BHT tests pre-and post-training to compare the usefulness of both tests.

Assessment 1 :Assessment 2 :

 12 Two testing sessions were separated by one week with each player testing on the same day of each week (D+3). Each session consisted of a standardised warm-up (5-min on a WattBike, 10 body-weight squats, 10 body-weight squats with jumps, 10 explosive hip thrusts, 10 submaximal BHTs) followed by a 3-set workout of 4 repetitions of BHTs on force plates (Force Decks-Vald Performance©, Australia). The second and third sets were used for data analysis. Participants performed a 1-set workout of 3 repetitions of the CMJ and 4 repetitions of the BHT tests pre/post a non-fatiguing training session to compare the usefulness 163 of the tests. The training consisted of a technical warm-up, a possession drill and small-sided-games and was performed 2 days after the game thus, was not designed to elicit fatigue.

1 )

 1 Test Starting Position (hip Flexion): A pair of force plates were placed next to each other roughly 1-m from a gym bench. Feet were placed flat on the Force Decks (one foot per plate) and shins were aligned vertically. The body was supported on the gym bench by the upper back (rhomboids, trapezius and upper Latissimus Dorsi). Arms were crossed over the body with hands on the front of the shoulders. The head was facing forwards with chin tucked into the body throughout the exercise. Glutes were lowered to the floor. Before jumping, the player paused in the start position for 3 -s. 2) Pre-jump explosive phase (hip extension): To start, the player explosively extended the hips upwards with contraction of the glutes and hamstrings. 3) Jump Phase: As maximal hip extension was achieved the force generated was used to raise the feet off the force plates and into the air while the body was supported by the upper back on the gym bench. The player then landed back onto the force plates into the starting position. The player paused again before repeating for the next repetitions.The chin remained tucked into the chest throughout the exercise.

Figure 15 .

 15 Figure 15. BHT Setup: Picture 1: Test Starting Position (hip Flexion). Picture 2: Pre-jump explosive phase (hip extension). Picture 3: Jump Phase.

  does not activate this portion of the hamstring as much as knee dominant tests (Nordics). A final limitation to consider refers to the position of the back on the bench and how it supported the body mass throughout the exercise. It may be important to quantify or account for the percentage of body mass supported by the upper back during the BHT and to access how this may have affected BHT performance. A possible way to quantify this may be to use an additional force plate under the upper back and link this with the force plates for the feet. It may then be possible to analyze the distribution of body mass between the three contact points throughout the course of the test. This additional data could potentially be used to analyze if the BHT test performance was affected by the percentage of body mass supported by the upper back.

6 ± 1 .

 61 05 years, 174.4 ± 7.4 cm, 63.8 ± 9.2 kg) including 17 participants from the Under-16 (15.3 ± 0.4 years, 170.9 ± 10.1 cm, 59.9 ± 11.2 kg), 17 participants from the Under-17 (16.4 ± 0.4 years, 174.7 ± 7.5 cm, 65.2 ± 9.7 kg) and 26 participants from the Under-19 (17.5 ± 0.7 years, 177.5 ± 4.5 cm, 66.3 ± 6.8 kg) teams of an elite French Ligue 1 football club were included in this study. All participants began training with the elite club at 13 years old thus, their experience of professional football training and sports science support ranged from 2-5 years depending on their age category. Since all athletes competed in the same sport, potential confounding effects of different training regimes on muscle architecture were unlikely.

Figure 16 .

 16 Figure 16. Typical example of the methods employed to extract muscle architecture from ultrasound extended field of view scan of the semimembranosus muscle (A). Superficial and deep aponeuroses, and clearly visible fascicles (between 3 to 5 for each scan, 4 I the current example) are first labelled over 10 points from the ultrasound image using Image J software (B). The x-y coordinates of the label dots are recorded (C). The coordinates of the two aponeuroses and fascicles are then fitted using a seconddegree polynomial order function to finally compute the fascicle length and pennation angle (D). Fascicle length was computed as the sum of the distance between each point of the fit. Pennation angle was computed as the average of the pennation angle computed at 25, 50, 75 and 100% of the fascicle length between the two aponeuroses.

4 . 1 ,

 41 R Foundation for Statistical Computing) using the step function of the MASS package (v7.3) to perform a backward elimination stepwise regression to analyse relationships between muscle architecture (fascicle length, pennation angle, muscle thickness) and knee flexor eccentric strength as dependent variables with anthropometric measures (BM, Height, Sitting Height, Leg Length and Femoral

Figure 18 .

 18 Figure 18. The experimental conditions -WR lower limb loading patterns. Pictures from left to right: A) 0.75% BM distal, posterior loading; B) 1.5% BM distal, posterior loading; C) 1.5% BM proximal, posterior loading; D) 1.5% BM distal, anterior loading; E) 1.5% BM distal, posterior, unilateral loading.

Figure 21 shows

 21 Figure 21 shows the synchronization of left and right EMG data with vertical acceleration data for different loading patterns.

Figure 19 .

 19 Figure 19. Intra-subject stride frequency (steps/sec) values for each WR load and loading pattern with group statistics shown within box plots. Each subject is represented by a line on each graph. A) Anterior and posterior loading compared to control, B) Proximal and distal loading compared to control, C) 0.75% and 1.5% BM loads compared to control.

Figure 20 .

 20 Figure 20. Typical raw data for vertical acceleration and EMG activity for four different conditions. EMG activity is expressed for the right (R) and left (L) vastus lateralis (VL). The mean root mean square (RMS) is indicated for each muscle and each trial presented. The four presented conditions are: control condition; 1.5% BM proximal, anterior loading; 1.5% BM distal, posterior loading; 0.75% BM distal, posterior loading.

  wearable resistance (WR) loading for soccer-specific training. Methods: Twenty-six soccer players (27.6±5.0years) from a French 5th division, semi-professional team participated in this study. Participants completed a 9-week parallel-group training intervention, where the intervention group trained with WR (200g on the posterior, distal portion of each calf) on D+2 and D+4and unloaded on D+5. Between-group differences in locomotor (GPS variables) and HR data were analyzed for full training sessions and small-sided games (SSG). Neuromuscular status (e.g., vertical stiffness) was evaluated using pre-and post-training standardized running tests. Data was analyzed using linear mixedmodelling with magnitude and likelihood of changes shown using effects sizes±90% confidence limits (ES±90%CL) and magnitude-based decisions.Results: For full training sessions, the WR group showed possibly greater total distance (ES±90%CL:0.25±0.

8. 4 . 1

 41 Participants Twenty-six soccer players (27.6 ± 5.0 years, 178.9 ± 5.4 cm, 76.8 ± 7.4 kg) from a semi-professional soccer team playing in the 5th division of French football participated in this study. They completed on average ~7 hours of soccer-specific training and competitive play per week (3 conditioned training sessions and 1 game per week) alongside gym-based lower body training (focus on injury prevention) of ~30 minutes before each training session. Participants were free from injury and illness for a minimum of 4 weeks before the commencement of the study. Each participant gave consent for their data to be used and data collection was part of the club's regular monitoring procedures and conformed to the Declaration of Helsinki 131 .

Figure 21 .

 21 Figure 21. WR group loading pattern for the training intervention. 200g loads placed on the posterior, distal portion of each calf aligned with the gastrocnemius aponeurosis line of action.

  Absolute session-RPE (adapted Borg, 0-10 scale 157 ) was recorded for each training session, on the field, within 5 min of the end of training. Based on this scale, players were asked to give a number between 1 and 10 to rate the perceived intensity of the training session. All players had a minimum of 5 years of experience of giving RPE scores.Neuromuscular response monitoringA standardized running sequence, aimed at assessing players neuromuscular status (4 × ~72-m box to box runs, ran in 12 s, speed reached: 22-24 km.h-1, interspersed with a 33-s walked period)154,193 was performed on 3 occasions on D+2 of training in week 4, 6 and 8. These runs were performed both before and immediately after training to compare possible within-session changes for the two experimental groups. Box to box run data was analysed on two levels: 1) All box to box run data was pooled over the length of the entire experimental phase and averaged and compared between the WR and control groups, 2) Data from each individual pre-and post-training box to box run were compared between each group.The ADI 150 analyzer was used to calculate peak force (N), vertical stiffness (KN.m -1 ), velocity load (vL), force load (fL) and propulsion efficiency (vL/fL -the ratio of velocity load to force load) during each run 154 .25 ADI-derived 150 metrics have been shown to have acceptable levels of reliability and validity for measuring neuromuscular fatigue and locomotor activity (standardized typical error:0.52-0.67)[START_REF] Buchheit | Neuromuscular Responses to Conditioned Soccer Sessions Assessed via GPS-Embedded Accelerometers: Insights Into Tactical Periodization[END_REF]154 . Velocity load is calculated using body mass and running velocity across a training session/drill and increases by a power of 2 as speed increases. Force load is a cumulative variable derived from body mass and the force of each foot strike during a training session/drill. Propulsion efficiency is the ratio of these two metrics where a low vL/fL ratio indicates the requirement for greater forces to reach specific velocities thus, providing an indication of a likely increased neuromuscular fatigue or a loss in propulsion efficiency. On the contrary, a high vL/fL ratio suggests a lower magnitude of force is required to reach specific velocities so indicates a low level of neuromuscular fatigue or an increase in propulsion efficiency[START_REF] Buchheit | Neuromuscular Responses to Conditioned Soccer Sessions Assessed via GPS-Embedded Accelerometers: Insights Into Tactical Periodization[END_REF] . Changes in those variables from pre-and post-training box to box runs were used to assess potential acute changes in neuromuscular status.

Figure 22 .

 22 Figure 22. External and internal loads of full training sessions for the WR and control group. Each data point corresponds to one participant from one training session.

Figure 23 .

 23 Figure 23. External and internal loads of small SSG drills (player dispersion < 190m2) for the WR and control group. Each data point corresponds to one participant from one SSG drill.

Figure 24 .

 24 Figure 24. External and internal loads of large SSG drills (player dispersion > 190m2) for the WR and control group. Each data point corresponds to one participant from one SSG drill.

Figure 25 .

 25 Figure 25. Neuromuscular responses to the pooled pre-and post-training box to box runs for the WR and control groups. White data points represent pre-training box to box run data and grey data points represent post-training box to box run data.

-

  WR training, when utilized within soccer-specific training sessions has specific effects on external load without impacting internal load. -Using WR for soccer-specific training may induce a slight neuromuscular fatiguing effect compared to training without additional load.

  soccer specific training without substantially affecting their internal responses to training nor their neuromuscular status post-training in comparison to normal (unloaded) practice. While further research is required to identify whether WR elicits specific levels of acute fatigue within the next days following its use, present findings suggest that football sessions and SSGs may not need to be altered when training with WR. This makes this promising loading strategy even easier to implement on a medium to long term basis during the season.The chronic study would have brought together the findings of the first three studies and used them to evaluate the chronic effects of using WR for soccer specific training. It would have integrated the BHT into the pre-, mid-and post-training intervention testing batteries while hamstring musculoskeletal imaging using ultrasound and elastography imaging would have also been used to assess hamstring muscle architecture changes[START_REF] Franchi | Muscle Architecture Assessment: Strengths, Shortcomings and New Frontiers of in Vivo Imaging Techniques[END_REF] and muscle damage[START_REF] Guilhem | Muscle force loss and soreness subsequent to maximal eccentric contractions depend on the amount of fascicle strain in vivo[END_REF] induced by the use of WR. Finally, the third study within this body of research would have been used to inform the practitioner of the most appropriate WR loads and load orientation to use for the duration of the chronic study. However, the 4 completed studies are still closely linked in terms of the story they portray and have been used to reach the collective goal and achieve the overall aim of this thesis. The first two studies aimed to develop the specificity, practicality and accessibility of the hamstring muscle group monitoring process within the football club. Progressing from these studies, the observations of the authors identified a rationale for the final two studies where the use of WR was recognized as a potential tool to develop the hamstring muscle group during on-field training. As a result of the external demands on the players within the academy setting (e.g., school attendance), the academy staff only had two hours of contact time per day with the players. Ninety minutes of this was used for on-field training and 30 minutes for pre-training non-fatiguing gym-based resistance work. Therefore, the players neuromuscular development needed to be maximized on the training field. This was where the interest with WR started as this tool was identified as a training modality that may offer an opportunity to maximize the neuromuscular development of the players during football specific training sessions. Study 3 provided a link to the first two studies as it continues with the monitoring theme as it monitored the effects of calf loaded WR on lower-limb muscle activation and stride kinematics. Finally, this link was completed with study 4 which used previous findings and observational findings from trialing WR within the club, to assess the acute effects of using WR for football specific training.Studies 1 and 2 have provided a greater understanding of the mechanisms by which the hamstrings work during high-speed running and sprint running within football and also how the hamstring muscle properties (fascicle length, pennation angle, muscle thickness and knee flexor eccentric strength) can be developed. The findings of these studies informed the methodology used for the final two studies.

a 4 '

 4 larger sample size to investigate what stride characteristic and neuromuscular performance adaptations can be provided by acute and chronic exposure to this training modality.9.2.4. Study Acute, locomotor, heart rate and neuromuscular responses to added wearable resistance during soccer specific training' -WR training, when utilized within soccer-specific training sessions has specific effects on external load without impacting internal load. -Using WR for soccer-specific training may induce a slight neuromuscular fatiguing effect compared to training without additional load. -The findings suggest that WR could be used to load soccer players during soccer specific training without substantially affecting their internal responses to training nor their neuromuscular status post-training in comparison to normal (unloaded) practice.

  high-speed running and sprint drills post-match in an effort to increase their training load and maintain their fitness. This training technique is known as compensation or top-up training and is commonly used by sports science and strength and conditioning practitioners. However, often these additional training sessions are carried out immediately after the match or before the next training session on the day after the game. This can pose problems in terms of the availability of time to complete these training sessions. After matches there are time constraints to ensure the players are ready to take the team bus home and performing compensation training during normal training sessions can be difficult without impacting on the team training the coach requires the substitute players for.

  performance measuring testing battery in addition to musculoskeletal imaging of lower-limb muscle properties at strategic points in the season. The tests highlighted in the methodology section of this manuscript would be appropriate. Player performance of these tests could then be tracked throughout a season and compared to the playing time of the players, training time of the players and the frequency of WR vs unloaded compensation training use on a sliding scale. It may be possible to identify differences in neuromuscular and metabolic performance levels between players who were frequently substitutes and used WR for compensation training compared to players who completed this training type unloaded throughout the season. However, due to the number of external factors that could affect this study including player injury, training variability, error rate of tests and external stresses it may be very difficult to identify whether changes in performance tests were induced directly by using WR for compensation training thus, it is likely to be a very difficult study to perform accurately.

Study 1 and 2

 2 both developed methods which can be used to monitor the effects on neuromuscular status and muscle properties of the hamstrings induced by WR loading. In addition, they also provided a greater understanding to the author of the mechanisms by which these hamstring properties can potentially be developed by WR training. Study 3 was the first of its type to use EMG to assess muscle activation patterns of different WR loads and loading patterns of the lower limbs. It also provided an insight into the most appropriate loads to use for the ecological, on-field WR loaded soccer-specific training study. Study 4 was the first study to use WR loading for soccer specific full training sessions, SSG and possession drills. This study measured the acute locomotor and HR effects of using WR for soccer specific training. Due to only inducing small locomotor effects during full training sessions, the findings suggest that football sessions and SSGs may not need to be altered when training with WR. Therefore, making this promising loading strategy even easier to implement on a medium to long term basis during the season. As previously mentioned, due to uncontrollable circumstances, it was not possible to complete the planned 5 th study of this doctorate which was supposed to investigate the chronic effects of using WR for soccer specific training. However, this manuscript, through its research studies has progressed the field of WR training and helped to advance the sports science delivery within the soccer club in which it was performed. WR loading for soccer specific training requires further research to investigate the effects and potential performance benefits of using it from a chronic standpoint and for different aspects of soccer training such as SSG, possession drills, compensation training, rehabilitation training and for full training sessions. The findings of the four research studies included within this manuscript have shown promising results in terms of the potential performance benefits using WR for soccer specific training can offer thus, have therefore provided a rational to perform further research into the use of this training modality for soccer in the future.

  applicable in terms of its training interventions within a professional football club environment using an elite population of athletes. It would not have been possible to complete the studies if they did not comply with the daily routine upheld within the training ground thus, these training interventions and testing techniques should easily be transferable to other football teams and team sports that work within similar environments.
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Table 1

 1 

provides a summary regarding the literature on hamstring muscle properties to identify what has been learned from the current literature and in turn, research areas which can be developed or further research that is required in the future.

Table 1 .

 1 A summary of the hamstring properties literature review and research areas that may be developed from this.

	What is known?	What is not known/What is needed?
	Hamstring muscle architecture is directly linked	More accurate and reliable methods to analyze
	with hamstring muscle force generation	ultrasound images of hamstring muscle
	capacity 2,41,57 .	architecture.
	The hamstring muscles work agonistically as hip	Further research is required to understand
	extensors and knee flexors and are thought to be	preventative measures to reduce hamstring strain
	a driver of sprint running 19 .	injury risks.

Ultrafast ultrasound and Elastography are the most cost-effective, quick and practical methods to image hamstring muscle architecture and estimate the level of muscle damage

Table 2

 2 below has summarized the main current findings from published research studies which have investigated the biomechanical and physiological effects of training with WR to improve the physical performance characteristics mentioned previously. Light WR training is still a relatively new training modality thus, there is limited published research which can be used to provide an insight into the most beneficial WR soccer training methods. To date, most of this research has been performed within athletics and sprinting populations. While soccer involves additional complex movement mechanics in comparison

Table 2 .

 2 

	Author	Year of	No. of Participants	Testing	Load	Intervention Time	Study Conclusions
		Publication		Equipment	(kg/%BW)		
	Simperingham	2014	8 males with > 2 years	Lila TM	Set 1-	4 sets × 2 6-second	Lower body load increase
	K and Cronin J		experience of sprint-	Exogen TM	unloaded	maximal effort	by 5% BM causes increase
	119		based team sports	exoskeleton	Set 2-5% BM	sprints	in Vertical Ground
				body piece,	on upper	Passive rest of 5-6	Reaction Force (GRF) by
				arm sleeves,	body	minutes between	5%.
				shorts and	Set 3-5% BM	sets.	Upper body load increase
				leg sleeves	on lower body		by 5% BM reduced flight
					Set 4-		time by 15% with a
					unloaded		decrease in GRF by 6%.
	Macadam P et	2017	439 Subjects from various	Various	Varied Loads	Varied between	WRT provides a novel
	al (Review) 102		sporting backgrounds.	weighted	across many	studies (Acute -10	training method
				clothing -	studies (0.7%	Weeks)	with potential to improve
				WRT	-65.3% BM)		sporting performance;
				(Wearable			however,
				Resistance			research in this area is still
				Training)			clearly in its infancy,
							with future research
							required into the optimum
							load
							placement, orientation
							and magnitude required
							for
							adaptation."
	Macadam P et	2018	22 male amateur rugby	Lila™	1% BM on	Acute changes in	WR forearm loading
	al 120		athletes	Exogen™	each forearm	kinematics and	provides a movement
						kinetics during short	specific overload of the

displays a summary of the main current findings from published research studies which have investigated the biomechanical and physiological effects of training with WR to improve physical performance characteristics.

Table 3 .

 3 Table 3 provides a summary regarding the literature on wearable resistance training to identify what has been learned from the current literature and in turn, research areas which can be developed or further research that is required. A summary of the wearable resistance training literature review and research areas that may be developed from this.

	What is known?	What is not known/What is needed?
	Acute exposure to WR loading while sprinting	The effects of lower limb WR loading on lower
	increases ground contact time and ground	limb muscle activation (glutes, hamstrings,
	reaction forces but decreases stride length and	quadriceps) has not yet been investigated.
	stride frequency 13 .	
	Training interventions with chronic exposure to	The muscle activation, kinematic and
	WR loading can be used to increase horizontal	neuromuscular effects of different WR loads and
	force outputs for athletics and sprint training 13 .	load placements is largely unknown.

Using WR loading for sport specific movements should improve strength and power output transference from gym-based training to ecological field-based training 15,38,101 . The acute locomotor, metabolic and neuromuscular effects of using WR loading for soccer specific training are unknown.

  6 ± 1.05 years, 174.4 ± 7.4 cm, 63.8 ± 9.2 kg) including 17 participants from the Under-16 (15.3 ± 0.4 years, 170.9 ± 10.1 cm, 59.9 ± 11.2 kg), 17 participants from the Under-17 (16.4 ± 0.4 years, 174.7 ± 7.5 cm, 65.2 ± 9.7 kg) and 26 participants from the Under-19 (17.5 ± 0.7 years, 177.5 ± 4.5 cm, 66.3 ± 6.8 kg) teams of an elite French Ligue 1 football club were included in this study.

Table 4 .

 4 Characteristics and anthropometric data of the participants from each of the studies within this manuscript.

	STUDY	NO. OF	AGE	HEIGHT	BODY	WEEKLY	SPORTING	STATISTICAL
		PARTICPANTS	(YEARS)	(CM)	MASS	TRAINING	LEVEL	POWER
					(KG)	HOURS		
	1	22	16.4 ± 0.6 177.5 ±	66.3 ±	12	Elite	0.76
				4.5	6.8			
	2	60	16.6 ±	174.4 ±	63.8 ±	12	Elite	0.97
			1.05	7.4	9.2			
	3	10	28.2 ± 4.4	179 ±	75.7 ±	6	Amateur	0.40
				0.05	6.0			
	4	26	27.6 ± 5.0 178.9 ±	76.8 ±	10	Elite	0.83
				5.4	7.4			

  The 30-15 IFT is a running test integrated with change of direction, designed to measure an intermittent sport athlete's maximal aerobic speed and cardiorespiratory function 147 . The test is reliable to 0.3km/h and as each stage increases in 0.5km/h increments the smallest worthwhile change is greater than the typical error so therefore each change is significant148 . Participants are required to run at specific running speeds beginning at 8km/h for 30 seconds followed by 15 seconds of passive recovery. The speed then increases in increments of 0.5km/h for each running stage. Athletes must continue the test until they can no longer maintain the required running speed for the specific stage they are running in. The speed at which they fail to complete the stage is considered as the VIFT (Velocity for the Intermittent Fitness Test) which can be used as the test result but can also be employed to program training.

	4.6. Metabolic Fitness Testing
	4.6.1. 30-15 Intermittent Fitness Test (IFT)
	athletes showing small to moderate effect sizes (0.2-0.77) 143,144 . However, it has been shown that jump
	height is not a reliable measure of fatigue when performing a CMJ and is not a sensitive metric to fatigue
	145,146 .

Through the comparison of a variety of different jumps it was concluded the CMJ and SJ were the most reliable tests and carried the most validity when investigating an athletes' explosive power capabilities 140 . It has also been shown that CMJs pose a high test-retest reliability when measuring jump height in trained subjects

141 

. Peak force output from a single CMJ measured using a portable force plate has shown to have high intra-, inter-day and overall reliability. Flight time and relative peak force (N.kg -1 ) displayed the highest levels of reliability in repeated CMJs (5consecutive jumps). Overall single CMJs had a greater level of reliability than the repeated CMJ test for measuring mean force outputs 142 . Further to this, multiple studies have shown the flight time:contraction time ratio calculated from force plates to be a reliable metric to measure post-training fatigue in trained

Table 5 .

 5 Mean ± standard deviation, standardised typical error (TE) ± 90% confidence limits (CL), coefficient of variance (CV) ± 90% CL, smallest worthwhile change (SWC), intraclass correlation coefficient (ICC) and usefulness (SWC/TE) of the 3 -metrics for inter-and intra-day testing (Testing day 1 (D1) and day 2 (D2)) for the Ballistic Hip Thrust (BHT).

	Inter Day	Mean ± Standard Deviation					
		D1	D2	D1 -D2	TE ± 90% CL	CV ± 90% CL	SWC (%) ICC SWC/TE
	Conc Mean Force (N)	456 ± 80	477 ± 91	-19 ± -11	0.4 ± 0.2	7.2 ± 3.8	4.16	0.88	0.58
	Takeoff Peak Force (N)	761 ± 132	745 ± 140	16 ± -8	0.7 ± 0.4	12.7 ± 6.1	4.68	0.7	0.37
	Peak Power (W)	794 ± 339	817 ± 305	-23 ± 34	2.9 ± 1.5	57.8 ± 24.3	12.38	0.11	0.21
	Intra Day	Mean ± Standard Deviation					
		Set 2	Set 3	S2-S3	TE ± 90% CL	CV ± 90% CL	SWC (%) ICC SWC/TE
	Conc Mean Force (N)	484.7 ± 92.5	469.4 ± 90.2	15.3 ± 2.3	0.3 ± 0.2	5.5 ± 2.7	4.24	0.93	0.77
	Takeoff Peak Force (N)	748.4 ± 144.7	741.6 ± 135.8	6.8 ± 8.9	0.2 ± 0.1	4.2 ± 2.1	4.44	0.96	1.06
	Peak Power (W)	754.1 ± 274.6	880.0 ± 333.3	-125.9 ± -58.7	1.6 ± 0.8	39.8 ± 20.4	9.78	0.3	0.21

Table 6 .

 6 Mean

					TE as a		
			Pre	Post	CV ±90%	SWC (%) SWC / TE
					CL		
	Conc. Mean Force	CMJ	1268 ± 180	1277 ± 170	5.9 ± 2.5	2.8%	0.47
	(N)	BHT	478 ± 75	489 ± 65	5.1 ± 2.1	3.1%	0.61
	Peak Power	CMJ	3328 ± 876	3647 ± 988	21.8 ± 9.9	5.3%	0.24
	(W)	BHT	1384 ± 448	1295 ± 259	18.8 ± 8.4	6.5%	0.35
	Take-off Peak Force	CMJ	1639 ± 205	1687 ± 228	3.9 ± 1.6	2.5%	0.64
	(N)	BHT	844 ± 116 820 ± 109	5.5 ± 2.3	2.7%	0.49

± standard deviation, typical error expressed as a coefficient of variation (TE as a CV) ± 90% confidence limits (CL), smallest worthwhile change (SWC), for Pre-and Post-training data as well as usefulness (SWC/TE) analysis for comparison between the Ballistic hip thrust (BHT) and Counter movement jump (CMJ) tests.

Table 7 .

 7 Comparison between muscle architecture measures (fascicle length, pennation angle and muscle thickness) of different age groups; Analysis of variance (ANOVA), effect size ± 90% CI and the likelihood to obtain a meaningful change.

			Mean±SD		ANOVA			Effect Size±90%CI; Likelihood
	Fascicle Length	U16	U17	U19	p-value	U16 vs U17	U16 vs U19	U17 vs U19
	Bicep Femoris	7.79 ± 0.98	7.73 ± 1.20	7.72 ± 1.22	0.98	-0.08 ± 0.42 13/56/31	-0.18 ± 0.52 11/42/47	-0.10 ± 0.63 21/40/39
	Semimembranosus 5.93 ± 1.20	5.81 ± 1.04	5.83 ± 0.92	0.94	-0.08 ± 0.58 21/43/36	-0.13 ± 0.61 18/40/43	-0.05 ± 0.61 24/42/34
	Pennation Angle							
	Bicep Femoris	11.71 ± 1.52 12.22 ± 2.15 12.33 ± 2.36	0.62	0.21 ± 0.40	52/43/4	0.38 ± 0.46	74/24/2	0.16 ± 0.66 46/36/17
	Semimembranosus 18.27 ± 3.52 19.41 ± 3.14 18.01 ± 2.26	0.29	0.38 ± 0.58	70/25/5	0.06 ± 0.64 35/40/25	-0.32 ± 0.54 6/29/65
	Muscle Thickness							
	Bicep Femoris	2.09 ± 0.23	2.07 ± 0.16	2.13 ± 0.30	0.72	-0.05 ± 0.36 12/64/24	0.09 ± 0.64 39/40/22	0.15 ± 0.72 45/34/21
	Semimembranosus 2.03 ± 0.23	2.13 ± 0.39	2.08 ± 0.42	0.72	0.25 ± 0.55	57/35/9	-0.04 ± 0.56 24/46/31	-0.29 ± 0.72 13/29/58

Table 8 .

 8 Comparison between muscle architecture measures (fascicle length, pennation angle and muscle thickness) of different maturity offset groups; Analysis of variance (ANOVA), effect size ± 90% CI and the likelihood to obtain a meaningful change.

		Mean±SD		ANOVA	PHV vs Post-PHV
	Fascicle Length	PHV	Post-PHV	p-value Effect Size±90%CI	Likelihood
	Bicep Femoris	7.61 ± 0.77 7.72 ± 1.20	0.74	0.29 ± 0.70	59/29/12
	Semimembranosus 5.85 ± 1.12 5.84 ± 1.01	0.99	-0.02 ± 0.55	25/47/28
	Pennation Angle					
	Bicep Femoris	11.53 ± 1.66	12.29 ± 2.03	0.22	0.31 ± 0.78	60/27/13
	Semimembranosus 18.33 ± 3.77 18.55 ± 2.74	0.82	0.07 ± 0.65	37/40/23
	Muscle Thickness					
	Bicep Femoris	2.01 ± 0.14 2.11 ± 0.23	0.12	0.72 ± 0.49	96/4/0
	Semimembranosus 1.96 ± 0.22 2.07 ± 0.32	0.25	0.16 ± 0.67	46/36/18

Table 9 .

 9 Stepwise regression results to identify relationships between anthropometric measures (body mass, femoral length, height, leg length and age) and muscle architecture measures (fascicle length, pennation angle and muscle thickness) for the bicep femoris long head (BFlh) and semimembranosus

	(SM) muscles.
	p -value

Table 10 .

 10 Stepwise regression results to identify relationships between knee flexor eccentric strength and both anthropometric (body mass, age, height) and muscle architecture measures (BFlh = bicep femoris long head, SM = semimembranosus, FL = fascicle length, PA = pennation angle, MT = muscle thickness).

	p -values

Table 11 .

 11 Individual subject anthropometric data: age (yrs), height (cm) and body mass (kg).

	Subject	Age (yrs)	Height (cm)	Body Mass (kg)
	1	25.0	185	80.9
	2	23.2	175	68.3
	3	35.2	178	75.5
	4	31.2	170	68.0
	5	23.5	181	77.2
	6	26.0	172	69.7
	7	41.4	183	73.7
	8	37.4	188	83.6
	9	33.3	176	85.1
	10	33.1	178	76.0
	Mean ± SD	30.9 ± 6.0	178.6 ± 5.4	75.8 ± 5.8

Table 12 .

 12 Accelerometry data: Mean ± Standard Deviation; Effect Size ± 90% Confidence Limits. Bilaterally loaded conditions -0.75 vs 1.5% BM loading, Anterior vs Posterior loading, Proximal vs Distal loading.

			Mean ± SD		Effect Size ± 90% CL	
		Control	0.75%	1.50%	Control vs 0.75%	Control vs 1.5%	0.75 vs 1.5%
	Contact Time (ms)	0.17 ± 0.01	0.17 ± 0.01	0.17 ± 0.01	0.12 ± 0.28	0.11 ± 0.22	0.00 ± 0.20
	Peak Force (N)	4439.41 ± 299.33	4448.42 ± 250.95	4499.20 ± 232.09	0.04 ± 0.19	0.22 ± 0.24	0.18 ± 0.20
	Freq (step/s)	2.99 ± 0.10	3.01 ± 0.15	3.07 ± 0.10	0.08 ± 0.48	0.53 ± 0.44	0.45 ± 0.43
	kVert (KN.m -1 )	121.01 ± 14.92	119.62 ± 15.43	121.14 ± 15.94	-0.09 ± 0.33	0.00 ± 0.28	0.09 ± 0.17
		Control	Ant	Post	Control vs Ant	Control vs Post	Ant vs Post
	Contact Time (ms)	0.17 ± 0.01	0.17 ± 0.01	0.17 ± 0.01	0.27 ± 0.75	0.12 ± 0.22	-0.15 ± 0.95
	Peak Force (N)	4439.41 ± 299.33	4491.51 ± 230.77	4499.20 ± 232.09	0.38 ± 0.50	0.23 ± 0.24	-0.09 ± 0.47
	Freq (step/s)	2.99 ± 0.10	3.06 ± 0.12	3.07 ± 0.10	0.67 ± 0.50	0.59 ± 0.49	0.06 ± 0.78
	kVert (KN.m -1 )	121.01 ± 14.92	120.43 ± 16.28	121.14 ± 15.94	-0.50 ± 0.57	0.00 ± 0.27	0.07 ± 0.81
		Control	Prox	Dist	Control vs Prox	Control vs Dist	Prox vs Dist
	Contact Time (ms)	0.17 ± 0.01	0.17 ± 0.01	0.17 ± 0.01	0.17 ± 0.20	0.11 ± 0.22	-0.06 ± 0.18
	Peak Force (N)	4439.41 ± 299.33	4530.84 ± 237.92	4499.20 ± 232.09	0.34 ± 0.45	0.23 ± 0.24	-0.11 ± 0.45
	Freq (step/s)	2.99 ± 0.10	3.08 ± 0.17	3.07 ± 0.10	0.60 ± 0.64	0.52 ± 0.43	-0.08 ± 0.58
	kVert (KN.m -1 )	121.01 ± 14.92	121.59 ± 17.65	121.14 ± 15.94	0.02 ±0.24	0.00 ± 0.27	-0.01 ± 0.20

  conclusion, this preliminary study suggests WR induces changes in lower-limb muscle activation during high-speed running. The findings from this preliminary study have provided the rationale to design further research studies using a larger sample size to investigate what muscle activation, stride characteristic and
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Table 14 .

 14 Unclear differences were observed between the WR group and control for high-speed running, very high-speed running and average HR during complete training sessions. Between-group differences in RPE scores were also unclear. Comparisons of external and internal load data for complete training sessions between the WR and control groups are shown in figure 23 and table 15. Training session locomotor activity data: duration (min), volume (m), high-speed running distance (Dist > 14.4 km.h-1 (m)), very high-speed running distance (Dist > 19.8 km.h-1 (m)), sprint distance (Dist > 25.2 km.h-1 (m)), total Distance /min (m/min) and RPE (Borg scale 1-10).

	3 players from the WR group and 11 ± 4.0 players from the control group per training
	session. The inter-session comparison of training session differences in locomotor activity data is shown
	in table 14. The WR group showed possibly greater total distance (ES ± 90% CL: 0.25 ± 0.19), total
	distance/min (0.2 ± 0.19), sprint distance (0.27 ± 0.19) and mechanical work (0.32 ± 0.19) compared to the
	control group.

Table 15 .

 15 Complete full training session average external locomotor and internal loads for the WR and control groups.

	Variable	Group	Mean ± SD	Estimate	Standard Error	Effect Size ± 90% CI	Likelihood
	RPE (Borg 1-10)	WR Control	4.62 ± 0.51 4.48 ± 1.24	0.11	0.32	0.14 ± 0.19	Unclear
	Average Heart Rate (%HRMax)	WR Control	72.36 ± 3.25 71.84 ± 5.69	-0.83	2.39	-0.15 ± 0.59	Unclear
	Total Distance (m)	WR Control	6181.12 891.39 6170.4 ± 441.93 ±	267.23	138.43	0.25 ± 0.19	Possibly Positive
	Total Distance /min (m/min -1 )	WR Control	68.60 ± 8.56 68.21 ± 6.08	1.75	1.42	0.2 ± 0.19	Possibly Positive
	High-speed distance (kmh -1 )	WR Control	907.32 ± 298.61 54.78 939.68 ± 233.56	57.09	0.14 ± 0.19	Unclear
	Very high-speed distance (kmh -1 )	WR Control	399.92 ± 156.18 21.99 422.26 ± 147.68	35.36	0.07 ± 0.19	Unclear
	Sprint distance (kmh -1 )	WR Control	73.86 ± 37.54 53.75 ± 64.88	26.35	14.01	0.27 ± 0.19	Possibly Positive
	Mechanical Work (au)	WR Control	40.29 ± 9.34 35.42 ± 9.68	2.96	2.00	0.32 ± 0.19	Possibly Positive
	Mechanical Work/min (au)	WR Control	0.42 ± 0.11 0.39 ± 0.11	0.04	0.08	0.27 ± 0.19	Unclear

Table 18 .

 18 Neuromuscular responses to the individual pre-and post-training box to box runs for the WR and control groups. Data are presented as mean ± standard deviation, effect size ± 90% confidence limits, likelihood and inference.

	Mean ± SD

  it would be interesting to investigate in the future, if varying WR load and load orientations can further manipulate the physical outcomes of SSG on a neuromuscular level. In addition, it may be useful to research if WR training can be used to target or overload specific locomotor, internal load, or neuromuscular performance outcomes within SSG depending on the combination of WR load and load orientation used. This study found there to be no immediate change between pre-and post-training neuromuscular status for the WR group. However, training induced very likely moderate increases in vL/fL during post-training compared to pre-training box to box runs for the control group. These findings suggest that as the control group post-training neuromuscular activation effect (indicated by an increase in vL/fL) was not reflected for the WR group then this could possibly show that using WR for soccer-specific full training sessions could have induced a slight neuromuscular fatiguing effect in comparison to the control group. It is possible to measure neuromuscular fatigue up to 72hrs post-training so it could be possible that the neuromuscular status of athletes performing soccer specific WR training may change on the days after WR training sessions

	Acute Neuromuscular Responses

. The SM is the second most frequent hamstring muscle to be injured followed by the ST[START_REF] Opar | Hamstring strain injuries: factors that lead to injury and reinjury[END_REF][START_REF] Kellis | Intra-and Inter-Muscular Variations in Hamstring Architecture and Mechanics and Their Implications for Injury: A Narrative Review[END_REF] . It is possible the length of the ST muscle fascicles helps to minimize injury risks as the ST muscle displays less relative muscle strain for the same physical actions as the other hamstring muscles[START_REF] Opar | Hamstring strain injuries: factors that lead to injury and reinjury[END_REF][START_REF] Kellis | Intra-and Inter-Muscular Variations in Hamstring Architecture and Mechanics and Their Implications for Injury: A Narrative Review[END_REF] . It is also possible, as previously mentioned, that the ST fascicles will possess more sarcomeres in series compared to shorter fascicles thus, reduce the amount of relative muscle strain per sarcomere and in turn reducing hamstring strain injury risks[START_REF] Opar | Hamstring strain injuries: factors that lead to injury and reinjury[END_REF][START_REF] Kellis | Architectural differences between the hamstring muscles[END_REF] .
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Chapter Three

Wearable Resistance: A Narrative Literature Review Study 4 The final study aimed to investigate the acute locomotor, heart rate, RPE and neuromuscular status of using WR for complete football specific training sessions.

Twenty-six soccer players (27.6 ± 5.0 years, 178.9 ± 5.4 cm, 76.8 ± 7. force load [fL] and propulsion efficiency [vL/fL]) to each training session 156,196 . Data was collected for a total of 18 training sessions with participants completing an average of 87% of these recorded sessions.

Participants

All participants were completely aware of the research studies they were partaking in, and the study interventions were thoroughly explained to all participants. All participants were free from injury and/or illness for a minimum of 4-weeks prior to the beginning of any training intervention or testing. Maximum commitment to all testing or training sessions was instructed and expected from the participants for each study. The studies completed for studies 1 and 2 were carried out on players from the under-16, under-17 and under-19 male teams of a French Ligue-1 elite soccer academy. Study 3 was performed with male amateur, well-trained athletes and the final study was carried out with adult, male, semi-professional soccer players from a French National 3 league team. Regarding study sample size, due to the elite environment in which the studies were completed, the sample size for each study was limited by

Maturation Monitoring

Within study 2, each athlete's maturity offset, and peak height velocity (PHV) status was measured using the following male specific Mirwald equation: N = -29.769 + 0.0003007 * Leg Length and Sitting Height interaction -0.01177*Age and Leg Length interaction + 0.01639*Age and Sitting Height interaction + 0.445*Leg by Height ratio 134 In this equation, interactions refer to the multiplication of the two factors involved (i.e., leg length and sitting height interaction = leg length * sitting height).

Participants were categorized into three distinct maturation groups -1. Pre-PHV (Maturity offset = < -1), 2. PHV (Maturity offset = -1 < x > 1), 3. Post-PHV (Maturity offset = > 1) [START_REF] Radnor | The Influence of Maturity Status on Muscle Architecture in School-Aged Boys[END_REF] .

Maturity offset calculations were used to identify relationships between peak height velocity and muscle architecture and knee flexor eccentric strength. Within academy football, due to a non-linear relationship between physical stature, development and chronological age, there are often large variations in anthropometric and physical fitness characteristics [START_REF] Radnor | The Influence of Maturity Status on Muscle Architecture in School-Aged Boys[END_REF] . Therefore, it was important to identify differences in muscle architecture, geometry and performance between participants of different biological ages rather than just chronological ages.

The gold-standard techniques for determining maturation status are using x-ray to provide an evaluation of skeletal development or the use of an intimate physical examination 135 . Due to the procedure's intrusive nature, adopting these techniques can be considered as inappropriate, unethical and unobtainable within a practical environment 136 . Other maturity offset calculation techniques such as the Khamis and Roche approach are considered within the literature as a preferred method, but they require anthropometric measurements of the participant's parents which was not feasible at the time of testing 137 . Therefore, a technique which calculated maturity offset from non-invasive anthropometric measurements from the athletes alone was required thus, the Mirwald technique of measuring maturity offset was used as it is non-invasive, quick and does not require data to be collected from the participant's parents 134 . Recent studies have validated the most accurate methods with the smallest error rates to calculate maturity offset for athletes 137,138 . These studies found that it may have possibly been more beneficial to use the Fransen method to calculate maturity offset as it has been shown to have a lower error rate than the Mirwald calculation 137,138 . 17B). The same procedure was used to label aponeuroses. The x-y coordinates of all labelled points were recorded (Fig. 17C) and then fitted using a second-degree polynomial order separately applied for each aponeurosis and each fascicle (Fig. 17D) using customwritten scripts (Origin 2020, OriginLab corporation, USA). The coefficients of the polynomial fit were used to produce a dataset over an evenly distributed 10 points comprised: (i) between the insertions of each fascicle on the superficial and deep aponeurosis for each fascicle; (ii) and between the most distal and most proximal digitized points for each aponeurosis. Fascicle length was computed as the sum of the distance between each pair of points of the fit. Pennation angle was computed as the average of the pennation angle computed at 25, 50, 75 and 100% of the fascicle length between the two aponeuroses in order to accommodate for angle spatial variability throughout the muscle. This procedure was applied for each fascicle and values were averaged across images and fascicles totaling 40 measured fascicles per player.

Chapter Five

Muscle thickness was measured from the superficial to the deep aponeurosis using the average of three measurements at 33%, 50% and 66% of the length of the muscle, commencing at the upper insertion to ensure the muscle belly was evenly represented.

Strong correlations were found between the anthropometric predictors and SM pennation angle (r = 0.58).

Within this model, body mass (p <0.001) and femoral length (p = 0.025) were significantly related to SM pennation angle. This study was novel as previous research had investigated the differences between thigh and calf loading [START_REF] Macadam | Effects of different wearable resistance placements on sprint-running performance: A review and practical applications[END_REF] but no studies at the time of writing had investigated differences in muscle activation induced by different calf loads and load orientation patterns.

Abstract

Objectives: Investigate acute neuromuscular and stride characteristic responses to wearable resistance (WR) loads and calf placements during high-speed running.

Methods: 10 well-trained subjects completed a workout of 10-sets of three 10-s runs at 18kmh-1. Five conditions were tested: 1) unloaded control, 2) bilateral 0.75 vs. 1.5% body mass (BM), distal, posterior calf loading, 3) bilateral proximal vs. distal loading of 1.5% BM positioned posteriorly, 4) bilateral anterior vs. posterior 1.5% BM distal loading, 5) 1.5% BM, distal, posterior, unilateral calf loading. Data collected using Electromyography (EMG) and GPS-embedded accelerometers. Magnitude of differences calculated using effect sizes (ES).

Results: No differences in accelerometry data were observed between loaded conditions and control. EMG activity of the Gluteus maximus (ES±90%CL;-0.72 ± 0.41), Vastus lateralis (-0.89±0.47) and Vastus Medialis All subjects were free from injury and illness for at least 4-weeks prior to the start and gave their consent for the data obtained to be used in this study. Data collection conformed to the Declaration of Helsinki 131 .

Design

The subjects completed a workout of 10 sets of three 10-s runs at 18 kmh-1 with 20-s rest between runs, and 1-min between sets. Each run was performed on a motorized treadmill (Skillrun Unity 7000, Technogym, Italy). Before each set, WR (Lila™ Exogen™, Malaysia) were placed on subject's lower limbs.

Five different WR conditions were tested: 1) control without load, 2) 0.75 vs. 1.5% of body mass (BM) loading positioned on the distal posterior calf, 3) proximal vs. distal loading of 1.5% BM positioned posteriorly 4) anterior vs. posterior loading of 1.5% BM positioned distally, 5) unilateral loading of 1.5%

BM positioned on the distal, posterior calf (conditions 2-4 were bilaterally loaded). The WR loading patterns of the experimental conditions are shown in Figure 1. Subjects were unaware of the load and placement used for each set. Data was collected using surface Electromyography (EMG) and an embedded accelerometer within a GPS unit placed on the upper back.

Methodology

Effect of load: 0.75% or 1.5% BM loading was applied using loads placed on the posterior, distal portion of the lower limbs, aligned with the gastrocnemius aponeurosis line of action (fig. 19A andB).

Anterior/Posterior: To assess the effect of anterior/posterior loading, a 1.5% BM load was placed distally either on the front (anterior) or the rear (posterior) of the lower limbs, aligned with the tibialis anterior insertion and with the gastrocnemius aponeurosis line of action respectively (fig. 19B andD).

Proximal/Distal: To test the effect of proximal/distal loading, a 1.5% BM load was placed posteriorly either on the upper calf (proximal) or lower calf (distal) between the origins of the medial and lateral heads of the gastrocnemius and in alignment with the gastrocnemius aponeurosis respectively (fig. 19B andC).

Unilateral condition:

The unilateral condition involved load placement on only one leg with 1.5% BM placed on the posterior, distal portion of the lower limb, aligned with the Gastrocnemius aponeurosis, while the other leg was unloaded (fig. 19E). Participants completed the unilateral trial with both legs and this data was pooled to give an average unilateral measure.

Control condition:

The control condition involved running without any additional load. 

Effect of Load

No meaningful differences were observed between 0.75% BM loading, 1.5% BM loading and the control condition for all stride characteristic metrics (all ES rated as unclear). Likewise, no meaningful differences in stride characteristics were observed between 0.75% and 1.5% BM loading.

EMG activity for the VL and VM muscles were moderately lower for 0.75% BM loaded conditions compared with the control (ES: 0.63-0.92). Additionally, 1.5% BM loading induced moderate decreases in EMG activity of the VM compared to the control condition (0.70±0.44).

Anterior vs. Posterior Load Placement

Accelerometry data showed no meaningful differences for all stride characteristics of the anterior and posterior conditions compared to the control (all ES rated as unclear).

Anterior loading induced moderately lower EMG activity for the ST and VM muscles compared with the control condition (ST: 0.70±0.48, VM: 0.64±0.39). EMG activity of the VM muscle was also moderately lower for posterior loading compared to the control (0.73±0.46).

No meaningful differences in stride frequency were observed between anterior and posterior loading.

Furthermore, no meaningful differences in EMG activity were observed for any muscle between anterior and posterior loading (all ES rated as unclear).

Proximal vs. Distal Load Placement

Proximal and distal loading conditions showed no meaningful differences in stride characteristics compared with the control. Moreover, accelerometry data showed no meaningful differences in stride characteristics were observed between proximal and distal loading (all ES rated as unclear).

The EMG activity of the Gmax, VL and VM was moderately lower for proximal loading compared to the control while the EMG activity of the VM was moderately lower for distal loading compared to the control (ES: 0.65 -0.97).

Unilateral Loading

For unilaterally loaded conditions no meaningful differences in EMG activity were observed between the loaded and unloaded leg (all ES rated as unclear) force load [fL] and propulsion efficiency [vL/fL]) to each training session 154,193 . Data was collected for a total of 18 training sessions with participants completing an average of 87% of these recorded sessions.

SSG comparison

WR and control group data for small SSG (player dispersion < 190m2) is shown in figure 24 Unclear within-group differences were observed between the pre-and post-training runs for kvert and peak force for the WR and control group.

The differences in between-group (WR compared to control) neuromuscular response data from the pooled pre-and post-training box to box runs were calculated. Unclear differences were observed for kvert, vL/fL and peak force between the WR and control groups.
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Discussion, Summary and Recommendations 145 9 Discussion, Summary and Recommendations

Thesis summary and Discussion

The encompassing aim of this thesis is to develop screening methods in which to assess posterior chain muscle properties to inform individualized soccer player strength training programs and to use these methods to investigate the effects of using WR loading for football specific training. In order to achieve this goal, four studies were developed to provide clarity for the direction this body of research needed to take to achieve this global aim:

1. Develop a posterior chain neuromuscular status test with greater specificity to high velocity movement mechanics compared to currently available tests.

2. Investigate relationships between hamstring muscle properties, anthropometric measures and maturity offset. Ultimately, this manuscript aimed to assess the potential acute and chronic performance benefits of using WR for soccer specific training. Originally, aim 4 was split into two studies to assess the acute and chronic performance effects of using WR for soccer training. However, due to the Covid-19 pandemic, the chronic study was halted three times due to the announcement of nationwide lockdowns in France. Due to the time constraints required to restart the chronic study for a fourth time, and the fact that the author was successful in taking a new sport science position within another entity, so no longer worked within the football club at the end of the doctorate, it was no longer possible to complete this study and process the results and adjoining research paper once the lockdowns had ended. While regretfully it was not possible to complete the chronic study, enough data was collected between each lockdown to complete study 4 which investigated the acute effects of using WR loading for soccer-specific training sessions, SSG and possession drills. However, regardless of these circumstances, the author has produced 4 research studies (2 published in peer reviewed journals and 2 currently within the peer review process) which have aimed to provide novel findings within their specific scientific fields.

when assessing where the WR should have been loaded to maximize the development of the hamstrings for the on-field ecological studies.

In conclusion, the studies within this manuscript have collectively achieved an end goal of investigating the effects of using WR during soccer specific training in an aim to develop hamstring muscle architecture and knee flexor eccentric strength in elite youth soccer players. The practical applications from both a collective standpoint and for each study on an individual level are outlined in the next section of this manuscript.

Main Results

The following section provides a recap of the main findings from each of the four research studies that form this thesis. These findings and their implications within their research area and for guiding future research will then be discussed further in the subsequent sections.

Study 1 'The Ballistic Hip Thrust Test: A Potential Tool to Monitor Neuromuscular Performance'

-This BHT test provides reliable information regarding posterior chain neuromuscular status and its ease of implementation could allow for regular monitoring.

-This study showed that concentric mean force and take-off peak force were moderately reliable (intra-and inter-day reliability) and presented similar moderate level of usefulness compared with the CMJ.

-This suggests that the BHT could be a useful addition to a testing battery to monitor posterior chain neuromuscular status.

-The BHT sensitivity needs to be established to identify its benefits to assess both weekly and postmatch monitoring of neuromuscular status/fatigue.

high velocity movements, it will be necessary to perform a further study to assess the strength of correlations between acceleration and sprint performance with each of the neuromuscular status tests mentioned previously including the BHT. Future research interests are documented in more detail in the 'recommendations for future research' section of this chapter.

The CMJ performed on force plates are considered to be the gold standard in terms of reliability 165 and the BHT has shown it shares a similar level of reliability and usefulness as the CMJ. Therefore, the BHT can be considered as a useful addition to a testing battery to measure the force and power outputs of athletes in the horizontal plane.

In addition to its acceptable levels of reliability and usefulness, the BHT is a test which offers the same levels of practicality as the aforementioned tests in terms of the time required for testing, the equipment required and the technical ability of the participants to perform the test with effective movement mechanics. Within the soccer club in which this study was conducted and throughout broader athlete populations, the hip thrust exercise and its adaptations are regularly used, common gym-based exercises used by sports science and strength and conditioning practitioners to improve the lower body horizontal force development of athletes 196,197 . Therefore, soccer players will largely be accustomed to this lift and will be comfortable with the BHT testing protocol which further promotes its potential benefits within a performance testing battery.

Due to the BHTs possible greater specificity to high-speed movements in terms of the direction of its force production compared to other neuromuscular performance tests (e.g., Nordic hamstring test, isometric hamstring bridge test, CMJ, DJ) [START_REF] Brown | Reliability and usefulness of the Ballistic Hip Thrust test: New insight to monitor player neuromuscular status[END_REF]162 , it was developed with the idea of using it in the testing battery to assess the effects of chronic exposure to WR loading during soccer specific training. This would have supported the narrative of this manuscript well but as previously explained, it unfortunately was not possible to complete the study investigating the chronic effects of WR loading for soccer specific training.

However, as outlined in the 'Recommendations for Future Research' section of this conclusion, further research studies are planned to further validate the BHT and embed it within performance testing batteries to supplement already available and commonly used tests.

Understanding hamstring properties

Developing the authors understanding of hamstring properties and how these properties can be developed and strengthened formed a valuable part of this thesis. The information acquired within this study and the study investigating the reliability of the BHT was used to inform the loading and load into the training regimes of professional soccer teams but early findings from these initial studies are very promising. These findings in conjunction with the success of WR training in athletics and sprint populations suggest that in the future, WR training could be a very useful implement to manage the neuromuscular and metabolic loads of soccer specific training.

Reflections

This section aims to provide some reflections focusing on the learnings of the author from working as an applied researcher and how the findings and experiences from the journey and included studies may impact future practices.

Strengths

At the time of writing, this doctorate had produced four research studies where two were published and the other two were accepted with edits while three of those studies had been presented at international congress. There are certain hurdles and external issues that are to be expected when completing a doctoral program embedded within industry thus, the author believes the number of successfully completed research studies that were performed within an applied setting using elite athletes as participants is a strength of the thesis.

In addition, regarding the findings of the research studies, the author believes that the results have made constructive contributions to the research areas and have provided a foundation and rationale for further, future studies to develop upon these findings for both the monitoring and development of the hamstring muscle group within football specific environments. Furthermore, the studies aimed to develop the accessibility and practically of neuromuscular status monitoring and development tests for use within sport specific environments which aimed to add value for the industry in terms of the benefits they received from the CIFRE collaboration.

Weaknesses

One weakness of this doctoral program may be that the studies may have had a lower statistical power than if these studies were performed within a laboratory where it was possible to use more participants and design the studies without having to comply to the natural time and availability constraints that were present within the football club academy. The studies had to be designed so that they could be performed without impacting on-field training sessions or matches and only with available players (e.g., free from overcome will be beneficial within a professional environment and the skillset developed from facing these difficulties will support the author throughout their career.

Footnote

The 

Chapter Ten

The experimental procedure for chapter 8 were established from the conclusions to chapter 7 and the findings from Bustos A et al (2020) [START_REF] Bustos | Effects of Warming Up With Lower-Body Wearable Resistance on Physical Performance Measures in Soccer Players Over an 8-Week Training Cycle[END_REF] Finally, chapter 9 draws general conclusions from the collective findings of the studies from chapters 5-8.

To conclude, research into using WR for soccer-specific training is still in its infancy but our studies have shown it can be used acutely for soccer-specific training to load football players without inducing additional neuromuscular fatigue compared to training without load. However, due to the enforced Covid-19 pandemic lockdowns, efforts to assess the chronic effects of using WR for soccer-specific training were hampered. The aim of the author is to continue to perform research studies post-doctorate to assess this and other areas of interest surrounding the use of WR for soccer. There is still a wide scope of WR research areas which should be investigated including the optimal loads and loading patterns to use on-field, the use of WR for rehabilitation and the integration of WR into the periodisation of soccer-specific training.

The author believes the studies within this body of research have provided a rationale to continue researching the potential performance benefits of using WR for soccer-specific training in an effort to integrate WR training as a common training modality within soccer.